American Journal of Pathology, Vol. 167, No. 1, July 2005
Copyright © American Society for Investigative Pathology

Molecular Pathogenesis of Genetic and Inberited Diseases
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Yields a Mouse Model for Ocular Surface Disease
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X-linked anhidrotic/hypohidrotic ectodermal dyspla-
sia (EDA) is caused by mutations in the (EDA) gene,
which is required for the morphogenesis of ecto-
derm-derived tissues. Although EDA function in skin
appendage development has been studied in Eda mu-
tant “Tabby” mice, we have recently identified char-
acteristic abnormalities in the ocular surface, an
ectoderm-derived tissue. Histology of eyes of Tabby
males revealed that 1) as previously reported, mice
lacked meibomian glands; 2) >80% developed cor-
neal lesions such as neovascularization, keratitis, ul-
ceration, and Kkeratinization identifiable from 9 weeks
of age; and 3) > 80% showed ocular surface inflam-
mation (blepharitis and conjunctivitis) when housed
in a standard environment. Strikingly, both corneal
defects and inflammation were prevented in Tabby
mice bearing a transgene for the Eda-A1 isoform, but
meibomian glands were restored little if at all. These
findings suggest that intact ocular surface health is
EDA dependent and that Tabby corneal abnormalities
are not solely dependent on meibomian gland lipid
secretion. Alternatively, susceptibility to inflamma-
tion and other phenotypes could result from failure
of the usual EDA receptor to activate nuclear factor-«B
transcription factors. This can be further tested in
Tabby and Tabby-EDA transgenic mice, which pro-
vide unique models of severe ocular surface disease.
(Am J Pathol 2005, 167:89-95)

Ectodermal dysplasia (ED) comprises a group of genetic
syndromes characterized by abnormalities in at least two
ectodermal-derived tissues: sweat glands, hair, teeth,
and nails. There are greater than 175 different ectoder-

mal dysplasia syndromes with varying inheritance pat-
terns and phenotypes. X-linked anhidrotic ectodermal
dysplasia (EDA) is the most frequent form of ED, charac-
terized by abnormal formation of ectoderm-derived tis-
sues.’? The responsible gene for X-linked EDA encodes
a transmembrane protein, ectodysplasin A% a new
member of the tumor necrosis factor ligand superfamily.
Human patients and mouse models demonstrate that
EDA interacts with its receptor EDAR and a receptor
adaptor protein EDARADD® @ to activate downstream
nuclear factor-«B (NF-«B) transcription factors, but the
range and mechanism of EDA actions are only partially
known.® "

The phenotype of Tabby mice, the mouse counterpart
of human EDA, was initially reported in the 1970s."%"3
Documented abnormalities in skin appendages included
the absence of sweat glands and some types of hair
follicles, as well as abnormal teeth.’*'* Some glandular
tissues, including submandibular, preputial, and meibo-
mian glands™'® were also absent in Tabby mice; how-
ever, apart from the absence of meibomian glands, the
eye, which is partially derived from ectoderm, had not
been examined and reported in detail.

During the husbandry of a colony of Tabby animals, we
noted that with increasing age, mutant mice demon-
strated abnormal visual behavior and appeared to have
impaired vision. This suggested that there might be ad-
ditional effects of EDA on the eye, and we have observed
a range of ocular surface phenotypes in the mutant mice.
They include corneal epithelial defects, keratitis, corneal
ulceration, neovascularization, keratinization, blepharitis,
and conjunctivitis. Furthermore, as we had previously
observed for guard hair and sweat glands,’®"” a trans-
gene encoding mouse ectodysplasin A1 protein isoform
also prevented most ocular pathology. These mice also
permit the demonstration that EDA can affect ocular
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Table 1. Number of Male Mice Analyzed

Mice from
Mice from conventional
Strain barrier facility Total
TA 15 (5-45W) 12 (4-40W) 27
TATG 0 4 (9-12W) 4
WT 5 (5-45W) 7 (9-21W) 12
WTTG 0 4 (13-25W) 4

Numbers in parentheses indicate age of mice. w, weeks

health independent of its effect on meibomian glands.
Thus, ocular surface homeostasis in mice is EDA depen-
dent, and the Tabby and Tabby-EDA transgenic mice
provide a unique model for ocular surface disease.

Materials and Methods

The eyes from EDA mutant Tabby mice (C57BL/6J-A"-
Ta%’) (27 males), mEDA-A1 transgenic Tabby (4 males),
transgenic mice in wild-type background (4 males), and
wild-type controls (12 males) ranging from 4 to 45 weeks
of age were examined. Mice were housed in two different
facilities. One is a pathogen-free barrier facility; the other
is the conventional facility with free access. Twenty mice
studied below were from the barrier, and 27 were from
the conventional facility (see Table 1). Treatment of ani-
mals was in compliance with Institutional Guidelines, and
all animal study protocols were approved by an Institu-
tional Review Board.

Generation of mMEDA-A1 transgenic mice was reported
previously.'” Briefly, linearized mouse EDA-A1 cDNA un-
der a tetracycline-controllable promoter was injected into
C57BL eggs, and potential founders were mated to het-
erozygous Tabby females. Tabby females carrying the
transgene were then mated to Tet-off male mice [C57BL/
6J-TgN (MMTVtTA); Jackson Laboratory, Bar Harbor,
ME] to activate the transgene. Sample photographs of
mice are in Figure 1A. The genetic background of trans-
genic mice was detected by single-strand confirmational
polymorphism (Figure 1B).'® Transgene expression lev-
els were determined by Tagman one-step real-time poly-
merase chain reaction (PCR) with RNA samples from
age-matched adult back skin (Applied Biosystems, Fos-
ter City, CA) of transgenic, Tabby, and wild-type mice
(Figure 1C)."® Real-time PCR demonstrated significantly
lower expression of EDA in Tabby skin (10% wild type)
and, in agreement with our previous studies,'” signifi-
cantly higher expression of the transgene in transgenic
mice (250-fold wild type).

Direct determinations of relative expression levels of
EDA and its receptor EDAR were extended to microdis-
sected cornea, conjunctiva, and back skin of 9-week-old
male mice from the pathogen-free facility. Real-time PCR
was carried out on total RNAs that were isolated with
Trizol (Invitrogen, Carlsbad, CA), reprecipitated with
phenol:chloroform:isoamyl alcohol (25:24:1; Invitrogen)
to eliminate contaminating protein that can inhibit real-
time PCR, and again reprecipitated with lithium chloride
(final concentration, 2.5 mol/L; Ambion) to remove DNA
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Figure 1. Phenotype, genotype, and mRNA expression of transgenic mice.
A: Gross eye phenotype. Narrow palpebral fissure (blepharophimosis),
thickened eyelid margins, and missing hair around eyelashes, but normal
eyelashes in Tabby male mice (TA). Note white (arrow) and red corneal
opacities (insert, also mucus) in Tabby (TA). mEDA-A1 transgene (TATG)
almost fully rescued Tabby phenotype. Note “yellow hair ring” around
eyelids in TATG and wild-type transgenic (WTTG) mice. B: Genotyping of
transgenic mice. Lane 1, 390-bp PCR product from endogenous genomic
EDA; lane 2, 330 bp of PCR product only from transgene; lane 3, SSCP for
genetic background detection. PCR product from Tabby is 1 bp shorter than
wild type, so that it moves faster on gel electrophoresis. C: Expression level
of EDA in mice. Note lower EDA expression in Tabby (TA) and very high
expression in transgenic mice (TATG and WTTG).

contamination. RNAs obtained by this procedure gave
consistent results with high efficiency in real-time PCR.
The Tagman probe/primer sets for EDA and EDAR have
been described previously.'”'® The expression levels of
EDA and EDAR were normalized to GAPDH with a ro-
dent-specific probe/primer set (Applied Biosystems).
Gross eye phenotypes were examined before histolog-
ical studies for all 47 mice. For histological analyses, one
eye with intact eyelids and conjunctiva was removed from
sacrificed mice under visualization with a dissecting mi-
croscope and fixed in 10% buffered formalin. Eye sam-
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Figure 2. Photomicrographs showing corneal pathology in Tabby males
from the pathogen-free facility. A: Normal histology of wild-type cornea at 30
weeks. B to F: Tabby corneas. B: Superficial corneal epithelial defect (ar-
row). C: Bullous keratopathy; separation between epithelium and stroma
(arrow). D: Keratitis characterized by inflammatory cells (arrow) infiltrating
the cornea. E: Ulceration, keratitis, hemorrhage, and neovascularization
(arrow). F: Keratinization (arrow) and neovascularization (arrowhead).
Epi, epithelium, Str, stroma. Numbers in parentheses represent age of mice
(H&E staining at an original magnification of X200).

ples were then embedded in methacrylate, sectioned
through the vertical pupillary optic nerve axis, and
stained with hematoxylin and eosin (H&E); the other eye
from each animal was embedded in OCT, snap frozen,
and sectioned as described above.

Results

Corneal Lesions and Resultant Blindness in
Tabby Mutant Mice

Tabby male mice housed in conventional or barrier facil-
ities (see Materials and Methods) demonstrated nar-
rowed palpebral fissures, thickened eyelid margins, and
loss of hair along the eyelid margins. Most also had
dramatic corneal defects.

Nine of 15 Tabby male mice housed in a barrier facility
demonstrated grossly visible white or white and red cen-
tral, elevated corneal opacities at around 23 weeks of
age (Figure 1A, TA and insert); several had abundant
mucus in the eye; and one had an even smaller palpebral
fissure than the others. Only three Tabby mice showed no

Table 2. Time Course of Pathogenesis in Tabby Cornea
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Figure 3. Photomicrographs showing rescue of corneal lesions by EDA-A1
transgene in Tabby mice. A: Age-matched Tabby control shows acanthosis
(arrow) and neovascularization (arrowhead) in cornea. B: Cornea lesions
were recovered to wild type in EDA-A1 transgenic Tabby mice. Wild-type
mouse with normal cornea (C) and EDA-A1 transgenic wild-type mice (D)
show normal cornea morphology. H&E staining at an original magnification
of X200.

grossly visible corneal defects. Histological analysis re-
vealed corneal abnormalities including central epithelial
defect, bullae formation, keratitis, ulceration, keratiniza-
tion, and neovascularization (Figure 2, arrows in B to F
show various corneal lesions of Tabby males). Corneal
abnormalities were observed histologically as early as 4
weeks, and severe blinding lesions such as corneal neo-
vascularization were demonstrated at 9 weeks, but in
general, the severity of pathological changes increased
with age: progressing from mild corneal epithelial defect
to neovascularization, keratitis to ulceration and keratini-
zation (Table 2). Limbitis, conjunctivitis to blepharitis
were also observed (see below). Wild-type male mice
housed in the same facility did not show any ocular
surface abnormalities (Figures 1A and 2A). Similar cor-
neal abnormalities were found in Tabby mice housed in
the conventional facility (Figure 3, A compared with wild
types in C). In summary, histological analysis revealed
that various corneal abnormalities were found in 80% of
Tabby males housed in the barrier and 83% of Tabby
males from conventional facility (Figure 4A). However,
inflammatory lesions were significantly less in Tabby
males housed in the barrier compared with the Tabby
mice from conventional facility (see below).

A transgene coding for the EDA-A1 isoform in Tabby
mice essentially completely prevented the ocular pheno-
types. Among the grossly visible wild-type features re-
stored by EDA-A1 transgene were nearly normal sized
palpebral fissures and hair along the eyelid margins (Fig-
ure 1A, TATG). No clinically visible corneal lesions were

Age (wk) No. of mice* Pathology
4-5 1/2 Descemet’s detachment
8-9 4/4 Epithelial defect, epithelial edema, neovascularization
12-13 2/2 Neovascularization, epithelial acanthosis
16-19 1/3 Mild keratinization
20-25 4/5 Neovascularization, keratitis, ulcer
30-36 6/7 Neovascularization, keratitis, ulcer, bullae formation, keratinization
39-45 4/4 Neovascularization, keratitis, ulcer, scar

* Number of abnormal mice/number of mice examined.
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Figure 4. Summary scores of ocular phenotypes of Tabby mice. A: Corneal
lesions in 80% of Tabby males housed in the pathogen free and 83% in the
conventional facility (TA). One of four TATG mice showed minimal corneal
keratinization (TATG), and no lesions were found in wild-type (WT) or
transgenic mice in wild-type background (WTTG). B: Majority of the Tabby
males housed in the conventional facility developed ocular surface inflam-
mation (TA). Inflammation was decreased in transgenic Tabby (TATG) mice
housed in the same facility. C: Tabby males lack meibomian glands (TA).
EDA-A1 transgene failed to rescue meibomian glands in Tabby mice (TATG).
BA, pathogen-free facility; CN, conventional facility.

WT WTTG

observed in the transgenic Tabby mice. Histological
analysis revealed no evidence of corneal abnormalities,
including neovascularization and overall normal ocular
surface morphology [except for minimal corneal keratini-

Figure 5. Photomicrographs showing ocular surface inflammation in Tabby
mice. A: Thickened eyelids (double-headed white arrows), absence of
meibomian glands (single-headed white arrow), blepharitis (single-
headed black arrows), and sparse hair follicles in Tabby eyelids (upper
skin). B: Nearly normal eyelids, with partially rescued meibomian gland and
fully restored hair follicles (upper skin) in EDA-A1 transgenic Tabby mice. C:
Conjunctivitis (arrow) in Tabby. D: Follicular conjunctivitis in the fornix
(arrow). E: Limbitis showing inflammatory cells (arrow) infiltrating the
junction of the cornea and sclera. F: Normal conjunctiva, limbus, and cornea
in transgenic wild-type mice. H&E staining; original magnifications in A and
B, X100; in C to F, X200.

zation in one mouse (Figures 3B and 4A)], demonstrating
significant rescue of corneal lesions by EDA-A1 trans-
gene. Also, in contrast to the blunt, thicker eyelid margins
in Tabby, transgenic Tabby mice demonstrated tapered
eyelid margins and thinner skin around eyelids charac-
teristic of wild-type animals (Figure 5, A and B, double-
headed arrows).

The transgenic Tabby animals showed a single distinc-
tive trait that was also seen in transgenic wild-type mice:
transgenic eyelids showed a ring of “yellow hair” with
slightly thicker than wild-type skin around the eyelashes
(Figure 1A, TATG and WTTG). This may be a result of
hypertrophic sebaceous glands caused by the EDA-A1
transgene (see below)."”” The EDA-A1 transgenic mice
on wild-type background showed no other abnormal oc-
ular features (Figure 1A, WTTG). Also, darker guard hair
was restored around transgenic Tabby eyes (Figure 1A,
compare TATG hair coat with TA).

Susceptibility to Inflammation in Tabby Mice
and Its Prevention by an EDA-AT Transgene

In addition to the lack of meibomian glands, Tabby males
housed in the conventional facility demonstrated dra-
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Figure 6. Photomicrographs showing prevention of inflammation by
EDA-A1 transgene in Tabby mice hosted in the conventional facility. Tabby
(A), transgenic Tabby (B), and wild-type (C) mice are littermates housed in
the same cage. A: Moderate conjunctivitis (arrow) in Tabby. B to D: No
inflammation in transgenic Tabby (B), wild-type (C) or transgenic wild-type
mice (D). H&E staining at an original magnification of X100.

matic ocular surface abnormalities. Ten of 12 Tabby
males showed various manifestations of ocular surface
inflammation. Five had blepharitis, four with conjunctivitis,
and one had both conditions (Figures 4B and 5, C to E,
arrows indicate various inflammatory lesions), demon-
strating a propensity for ocular inflammation in these
mice. Similar to corneal lesions, inflammation was clearly
seen from 8 weeks of age (Figure 5, C and D). In contrast,
only one of seven wild-type mice in the same facility
showed minimal blepharitis (Figure 4B, black column for
WT). The increased susceptibility to inflammation was
apparently dependent on environmental challenges in
conventional housing, because Tabby mice kept in the
barrier (pathogen-free) facility showed no infectious-
related features. Only 2 of 15 mice demonstrated mild
conjunctivitis, and none had blepharitis, limbitis, or other
inflammatory processes (Figure 4B, hatched bar for TA).
However, central corneal epithelial defects persisted and
even progressed to corneal ulceration and neovascular-
ization in these older Tabby mice. Because a diseased
ocular surface represents the loss of a physical barrier to
infection, for the possible presence of bacteria eyes from
two Tabby mice from each of the facilities, conventional
and pathogen-free, were examined with gram stain.
There was no evidence of gram-positive or -negative
bacteria, indicating a lack of active infection (data not
shown); however, these results do not exclude the in-
volvement of pathogens.

As observed for the cornea, an EDA-A1 transgene
sharply restored eyelid abnormalities, especially increas-
ing the resistance to inflammation. Among four trans-
genic Tabby mice housed in the conventional facility,
only one showed mild conjunctivitis, and none developed
blepharitis (Figures 4B and 6B, TATG).

Meibomian glands produce the lipid layer of the tear
film, which is critical to maintenance of tear film stability.
Meibomian gland dysfunction can result in evaporative
tear deficiency and secondary mechanical damage to
the ocular surface. A healthy ocular surface requires the
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Figure 7. Quantitative real-time PCR showing expression of EDA and EDAR.
Relative expression level of EDA and its receptor, EDAR, in wild-type cornea
(WTCR) and conjunctiva (WTCN) compared with wild-type (WTBS) and
Tabby (TABS) back skin. Real-time PCR expression levels of EDA (A) and
EDAR (B). Data normalized to GAPDH.

appropriate complex of the lipid, mucin, and aqueous
components of the tears. The meibomian gland aplasia
seen in Tabby mice results in absence of meibum, lead-
ing to enhanced tear evaporation, and may indirectly
increase the risk of ocular surface inflammation. The sta-
tus of meibomian glands in transgenic mice was there-
fore analyzed in some detail. Histological sections
showed partial restoration of meibomian glands in one
transgenic Tabby animal, but in agreement with our pre-
vious studies,’” no restoration at all was seen in the other
three animals studied (Figure 4C, TATG). Meibomian
gland loss is therefore not the primary factor in increasing
eyelid inflammation or blepharitis in Tabby mice.

EDA-A1 transgenic Tabby mice also showed signifi-
cant hypertrophy of sebaceous glands associated with
hair follicles of eyelids (Figure 5B, upper skin; data not
shown). This was similar to findings in back skin'” and
was also seen in EDA-A1 transgenic wild-type mice,
which showed no eyelid defects.

The expression levels of EDA and its receptor EDAR
were directly determined in tissues by quantitative real-
time PCR. They were comparable in back skin and cor-
nea (Figure 7, A and B). Interestingly, EDAR expression,
but not EDA, was fourfold higher in conjunctiva than in
back skin (Figure 7B). These data indicate that the EDA
pathway is active in both cornea and conjunctiva and are
also consistent with in situ studies in which EDA and
EDAR expression was detected in the cornea and con-
junctiva of embryonic eyelids, respectively.'®
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Discussion

The X-linked anhidrotic ectodermal dysplasia (EDA) gene
encodes ectodysplasin, a protein that regulates develop-
ment of ectoderm-derived tissues.®>* Whereas meibo-
mian gland abnormalities have been described in EDA,
ocular surface abnormalities had not been documented.
Here, we discuss the possible mechanism of action of
EDA in relation to the eye phenotypes caused by inacti-
vation of the EDA gene.

Corneal Neovascularization and Keratinization in
Tabby Mutant Mice

Absence of meibomian glands in Tabby mice was re-
ported 30 years ago, and a report published during
preparation of this manuscript highlighted alterations
of the meibomian glands in EDA patients detected by
“meibomianoscopy” as a reliable ocular feature of ec-
todermal dysplasia syndromes.’®2° However, there
has been little standardized phenotypic study of the
ocular surface in animals or EDA patients. During a
reexamination of Tabby mice and their ectodermal
structures, we noticed abnormalities of the cornea and
other ocular surface structures that appeared to affect
visual behavior (Figure 1A). Severe central corneal
neovascularization and keratinization were the pre-
dominant lesions that were associated with corneal
opacification consistent with loss of vision. Confirming
the role of EDA, these ocular defects were almost
completely prevented by the provision of the EDA-A1
isoform from a transgene (Figures 3 and 6).

The corneal defects in Tabby mice could have resulted
from mechanical- or desiccation-related damage in the
absence of the protective lipid layer of the tear film pro-
duced by meibomian glands. We verified that all of the
Tabby mice lacked meibomian glands; but in contrast to
the significant prevention of cornea defects in transgenic
Tabby mice, meibomian glands were generally not re-
stored (Figure 4C). Thus, the lack of meibomian glands
could not be the sole cause of the cornea defects. Baum
and Bull®' have proposed that corneal changes are a
primary sign of ectodermal dysplasia syndromes, starting
with mild epithelial defect and ending with stromal scar-
ring and vascularization. Our data support this notion,
and EDA function appears to be required for intact cor-
neal physiology regardless of whether meibomian glands
were present.

Corneal abnormalities in Tabby male mice progress
with aging (see Results), indicating that EDA is required
more for maintenance than for morphogenesis of ocular
surface structures. This is consistent with our previous
finding of disparate effects of EDA on hair follicles and
sebaceous glands."” Expression levels of EDA and its
receptor EDAR in adult cornea are comparable with lev-
els in back skin, the classical target organ of EDA, con-
sistent with the notion that an active EDA pathway in
cornea is involved in ocular surface physiology (Figure
7). Corneal lesions were seen in about 80% of Tabby
male mice, much more than the observed 19.4% of EDA

human patients.?° The lower prevalence in patients may
result from protective treatment such as instating lubri-
cant ocular solutions.

Tabby Mouse Susceptibility to Inflammation as
a New Aspect of EDA Function

In contrast to constitutive corneal defects, which showed
relatively high penetrance in both facilities, strikingly in-
creased susceptibility to inflammation was only observed
in the context of conventional mouse housing. Tabby
mice from the pathogen-free facility showed no signifi-
cant increase, but blepharitis and conjunctivitis were ob-
served in animals raised in conventional facilities (Figure
4B). No specific pathogens have been identified in the
conventional facility; but the EDA-A1 transgene pre-
vented the inflammation, indicating that it too is contin-
gent on EDA loss.

EDA may prevent inflammation by supporting ocular
surface homeostasis. As seen in the cornea, the action of
EDA is apparently involved in maintenance rather than
morphogenesis; we similarly propose that the inflamma-
tion susceptibility may not be solely attributable to the
relative absence or presence of meibomian glands.

Regarding possible mechanistic features, EDA oper-
ates through the NF-«B signal pathway, and mice dis-
rupted in NF-kB were recently reported to display ocular
phenotypes nearly identical to those described here in
Tabby mice: skin changes and absence of meibomian
glands were observed along with conjunctivitis, corneal
neovascularization, and keratinization consistent with
loss of vision.?? One might then suppose that EDA and
NF-«kB mutations both directly affect the immune system
and thereby influence inflammatory responses. However,
unlike mutations in NEMO or other downstream NF-«B
pathway genes, which invariably show immune system
abnormalities,?® 24 true EDA mutations (in EDA, its recep-
tor EDAR, or the auxiliary protein EDARADD) show only
skin appendage dysplasias, with no evidence of any
effect on the immune system (see Online Mendelian In-
heritance in Man entries 305100 and 300291 for details).
Thus, high expression of EDAR in conjunctiva®® (Figure
7B) suggests a higher activity of EDA pathway; but its use
of NF-«B apparently supports the ocular surface rather
than intervening directly in the inflammation process. This
is a new and different feature of EDA action.

One can ask whether the ocular defects in the absence
of EDA occur in other species. It could be relevant that
among a number of reported animal models,?®2® ocular
surface inflammation has thus far been noted only for
EDA in the dog, with conjunctivitis and mucoid dis-
charge,®” but this is the first report of such effects in
Tabby mice, a strain that has been studied since the
1930s. Thus, the ocular defects may be widespread but
not yet characterized in other species.

There are reports of one or two patients with ill-defined
“corneal abnormalities” or scars and decreased corneal
sensation, which have often been attributed to the recur-
rent inflammation or tear deficiency common in these
patients.?°2° However, human studies have not de-



scribed detailed examination of the cornea and have
focused on the status of the meibomian glands. In addi-
tion, longitudinal patient studies are lacking. Further
study of the Tabby model should provide a dissection of
the pathogenic mechanisms of the corneal lesions, which
appear to be distinct from the meibomian gland abnor-
malities, along with the identification of possible down-
stream targets for intervention.
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