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PURPOSE. Axenfeld-Rieger malformations of the anterior segment are clinically heterogeneous, and up to 50% of cases are
attributable to PITX2 or FOXC1 mutation. In view of PITX2’s
contribution to corneal development and the altered CCT in
some FOXC1-related cases, this study was undertaken to investigate whether a related phenotype is associated with the
PITX2/Pitx2 mutation.
METHODS. Central corneal thickness (CCT) was measured in
patients and mice with PITX2/Pitx2 mutations. CCT in affected individuals and unaffected first-degree relatives from a
large PITX2 mutation pedigree was measured with ultrasonic
pachymetry. For murine measurements, the optical coherence
tomogram (OCT) was calibrated against plastic films whose
thickness had been determined with scanning electron microscopy (SEM). Subsequently, CCT was measured in ex vivo eyes
from Pitx2⫹/⫺ and wild-type murine littermates by using OCT.
RESULTS. CCT in individuals with the PITX2 mutation (mean
484 m; range, 425–519; n ⫽ 8) was significantly lower than
in their unaffected first-degree relatives (mean 582 m; range,
550 –590; n ⫽ 5; P ⫽ 0.0002, t-test). Scanning electron microscopy (SEM) and OCT measurements of reference films correlated closely (r ⫽ 0.9995) and subsequent OCT analysis of
murine eyes revealed a significant reduction in CCT in
Pitx2⫹/⫺ compared with wild-type littermates (Pitx2⫹/⫺:
mean, 72 m; range, 57– 87, n ⫽ 6; wt: mean, 88 m; range,
63–100; n ⫽ 6, P ⫽ 0.035, t-test).
CONCLUSIONS. The results show that PITX2/Pitx2 mutation results
in reduced corneal thickness and provides the first example of
reduced CCT in a genetic subtype of glaucoma. These data will
facilitate management of developmental glaucoma and offer potential for guiding molecular genetic testing in patients with Axenfeld-Rieger. The similar CCT reduction observed in patients and
mice with comparable mutations emphasizes the utility of this
murine model. The technical advance of optical murine CCT
measurement also provides scope for serial in vivo imaging of the
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developing anterior segment and determining the effects of altered CCT on measured IOP. (Invest Ophthalmol Vis Sci. 2006;
47:4905– 4909) DOI:10.1167/iovs.06-0457

T

he glaucomatous optic neuropathies represent one of the
most prevalent causes of irreversible visual loss,1,2 and as
with other common diseases, treatment is seldom curative.
Lowering intraocular pressure (IOP) remains the sole therapeutic strategy,3 and in recent years it has been recognized that the
accuracy of IOP measurements is affected by variations in
ocular structure. Studies of the most readily measured parameter, central corneal thickness (CCT), revealed the IOP overestimation associated with increased CCT and the converse
effect of decreased CCT.4 –7 Increased CCT has also been identified in types of anterior segment maldevelopment (dysgenesis) associated with glaucoma, including iris hypoplasia
(FOXC1-encompassing duplications),8 aniridia (PAX6 and
Pax6),9,10 and dysgenetic lens (Foxe3),8 a murine correlate of
Peters anomaly.11–13 Such examples emphasize the need for
animal models to determine the cellular and molecular mechanisms underlying altered CCT, and their contribution to glaucoma. In view of the high risk of early-onset glaucoma present
in anterior segment dysgenesis, determining whether other
dysgenesis subtypes14,15 have altered CCT, is of clinical and
developmental significance.
Axenfeld-Rieger is a phenotypically heterogeneous group of
anterior segment malformations in which dental, facial, cardiac, and umbilical anomalies may be present.16 AxenfeldRieger is also genetically heterogeneous, with up to 50% of
cases caused by FOXC1 or PITX2 mutations, whereas a third
transcription factor (MAF) represents a potential cause of cases
linked to one of the mapped Axenfeld-Rieger loci.17–20 Although knowledge of the underlying genetic basis is prognostically important, with more severe glaucoma reported with
PITX2 mutation (Walter M, et al. IOVS 2000;41:ARVO Abstract
2809), attributing cases to PITX2, FOXC1 or other genes has
not been possible on phenotypic (clinical) grounds. Equally,
the wide spectrum of genetic mechanisms underlying Axenfeld-Rieger, including chromosomal duplications and deletions
(segmental and telomeric), chromosomal translocations, position effects as well as mutations15,21–25 have made it impractical to identify the molecular basis in individual patients. Such
impediments have combined to limit clinical application of the
genetic basis of these disorders.
Normal corneal development is critically dependent on PITX2,
neural crest cells that form the endothelium and stroma express
Pitx2 once they reach the future anterior segment,26 whereas in
Pitx2-deficient animals, corneal agenesis is observed.27 Prompted
by PITX2’s contribution to Axenfeld-Rieger and its key corneal
developmental role,26 –28 we investigated whether alterations in
corneal thickness were associated with the PITX2 mutation. This
involved CCT measurement of affected individuals and intrafamilial controls in an Axenfeld-Rieger pedigree of sufficient size to
achieve statistical significance plus adaptation of human ocular
imaging techniques to permit parallel measurements in a murine
Pitx2 mutation model. The similar results in patients and mice
with comparable hypomorphic PITX2/Pitx2 mutations, illustrate
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the benefits of combined clinical and scientific investigation of
ocular developmental genes and highlight the utility of the Pitx2
mutation model. The findings have implications for glaucoma
management in Axenfeld-Rieger, extend the range of structural
changes associated with ocular developmental gene mutation,
provide a new technique for studying anterior segment development in model organisms, and may facilitate identification of the
genetic basis of the disease in an individual patient.

METHODS
Measurement of Human CCT
The previous identification and extensive characterization of a PITX2
mutation in a local Axenfeld-Rieger syndrome pedigree provided an
opportunity for more detailed investigation of the ocular phenotype
associated with this sequence change (R69H).29 –31 Affected individuals and their unaffected first-degree relatives from this five-generation
pedigree29 were examined either at the University of Alberta Regional
Eye Centre or the patient’s home. The slit lamp examination included
ultrasonic measurement of central corneal thickness (Pachmate; DGH
Technology, Exton, PA) with the mean of 10 readings from the right
eye of each individual used for analysis (two-tailed t-test assuming equal
variance). Only a single large PITX2 mutation pedigree was available
for phenotyping. This study adhered to the tenets of the Declaration of
Helsinki and was approved by the University of Alberta Hospital Health
Research Ethics Board; informed consent was obtained from all participants.
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centered on the pupil and were repeated after rotating the stage through
90°. PBS was periodically applied to keep the globes moist. CCT was
determined with the OCT’s integral software and the measurement from
each eye that displayed the lowest CCT was included in the data analysis.
A correction factor, equal to the mean discrepancy between OCT and SEM
measurements, was applied to all readings. After the investigator was
unmasked to genotype status, CCT data from the right eyes of Pitx2⫹/⫺
and wild-type mice were compared (two-tailed t-test assuming equal
variance). Histology using plastic (epoxy-resin) embedded sections was
also performed on a small number (n ⫽ 5) of Pitx2⫹/⫺ and wild-type eyes.
The study adhered to the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research.

RESULTS
Human CCT Measurement
CCT in individuals with the PITX2 mutation (mean, 484 m;
range, 425–519, n ⫽ 8) was significantly lower than in their
unaffected first-degree relatives (mean, 582 m; range, 550 –
590, n ⫽ 5; P ⫽ 0.0002, t-test; Fig. 1). Decreased CCT was
present in every individual with the PITX2 mutation, all of
whom exhibited the characteristic Axenfeld-Rieger anterior

Calibration of OCT for Murine Range
To replicate the human findings and validate the clinical utility of an
existing murine model, we investigated the effect of a murine Pitx2⫹/⫺
mutation on corneal thickness.27 This null mutation is comparable to
R69H, which exhibits ⬃90% reduction in transactivation compared
with wild-type PITX2 as well as reduced DNA binding.31 As histologic
measurement of murine CCT is associated with appreciable inaccuracy,8 the human optical coherence tomogram (Stratus OCT, software
version 2.0; Carl Zeiss Meditec, Dublin, CA) was adapted for murine
use. This involved calibrating OCT measurements of the thickness of
uniform plastic films (n ⫽ 9) against those provided by scanning
electron microscopy (SEM; Electron Microscope Model 1430; LEO
Electron Microscopy, Ltd., Cambridge, UK). For SEM analysis, portions
of film were coated with gold (DESK-II cold sputter-etch; Denton
Vacuum, Cherry Hill, NJ) before SEM measurements were recorded.
For OCT, films were mounted vertically on a precision stand permitting x, y, and z-axis movement. The stand consisted of a rotatable
holder on which the sample was mounted and attached via a series of
stainless steel rods and a further clamp, to the side bar of the OCT
(model numbers: ASC, PR, CR0.5 and MPR; Siskiyou Inc., Grants Pass,
OR). The smallest thickness measurement obtained from three scans of
each film was used for analysis. The correlation between the OCT and
SEM measurements was subsequently determined.

Murine CCT Measurement
A preliminary study of OCT measurements revealed no significant
difference in CCT between fresh right and 4% paraformaldehyde-fixed
left C57 murine eyes (Charles River, Wilmington, MA; data not shown).
Accordingly, ex vivo eyes from Pitx2⫹/⫺ mice and wild-type littermates aged 12 weeks, stored in phosphate-buffered saline after 24
hours of fixation with 4% paraformaldehyde and labeled with a numeric identifier, were used for subsequent analysis. For these experiments, the Pitx2 null allele had been backcrossed (n ⫽ 7) onto an
inbred C57BL/6J background, making each animal essentially identical
genetically except at the Pitx2 locus.
CCT was measured on the stage described earlier, by using the OCT’s
corneal function. To ensure perpendicularity of the OCT scan to the iris
plane and hence measurement of central corneal thickness, all scans were
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FIGURE 1. Corneal thickness of affected and unaffected individuals
from the PITX2 mutation pedigree. The statistical significance, the
mean and 95% CI (solid and dotted lines; right) are displayed for each
data set. The mean CCTs were 484 m (affected) and 582 m (unaffected); the affected or unaffected status of individuals has been confirmed by genotyping.30

IOVS, November 2006, Vol. 47, No. 11

Corneal Thickness in an Axenfeld-Rieger Syndrome

4907

FIGURE 2. SEM (A, B) and OCT (C, D, E) images of reference plastic films used to calibrate OCT in the murine range (measurement scale or OCT
reading, bottom left). (F) OCT images of the murine anterior segment (wild-type C57) demonstrating the high level of resolution achievable. (G,
H) Photomicrographs of plastic-embedded sections from wild-type and Pitx2⫹/⫺ corneas respectively; note the reduced stromal and epithelial
thickness, and the number of epithelial cell layers, in Pitx2⫹/⫺ cornea. Magnification, ⫻20.

segment phenotype,29 even though some (n ⫽ 4) had had
neither glaucoma nor ocular surgery. Taken together with the
observation of reduced corneal diameter (10 –11 mm) in four
affected individuals, this excluded the possibility of either
iatrogenic or buphthalmic corneal thinning.

Validation of OCT Measurements
SEM measurements of plastic films of various thicknesses
(range, 43–318 m; examples in Figs. 2A, 2B) were highly
reproducible (data not shown), in keeping with the instrument’s 50-nm resolution, and providing a reference scale
against which to assess the OCT’s accuracy. The OCT provided clear cross-sectional images of the reference films
(Figs. 2C–E), from which thickness measurements were derived with the integral software (Table 1). Analysis of SEM
and OCT plastic film thickness measurements revealed that

Downloaded from iovs.arvojournals.org on 06/26/2019

these data were closely correlated (r ⫽ 0.9995), with the
OCT over-estimating the thickness by a mean of 16% (SD
2.7%, 95% CI 14.2–17.8; Table 1), compared with the SEM.
As the OCT’s measurement algorithm is based on the refractive index of cornea, one third of the overestimation is due
to the differing refractive indices of cornea (1.37) and plastic (1.45), with the remainder attributable to the OCT’s axial
resolution. In view of this and SEM’s 200-fold greater resolution than that of OCT (50 nm vs. 10 m), SEM measurements were selected as the reference standard, and a 16%
correction factor was applied to the subsequent OCT murine measurements.

Murine CCT Measurement
The anterior segment OCT of ex vivo murine eyes provided
detailed cross-sectional images of anterior chamber morphology.
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In addition to optical sections through the corneal stroma, the
conformation of the anterior chamber, iris, and angle were readily
visualized (Fig. 2F). This level of resolution facilitated scan centration on the murine pupil and orientation of scans perpendicular to the corneal surface (by rotating the stand holding the globe
by 90° around its z-axis). Analysis of murine CCT, corrected for
the mean 16% overestimation of the OCT compared with the
SEM, demonstrated a significant reduction in CCT in Pitx2⫹/⫺
mice (mean, 72 m; range, 57– 87; n ⫽ 6) compared with wild
type (mean, 88 m; range, 63–100; n ⫽ 6; P ⫽ 0.035, t-test; Fig.
3). Qualitative analysis of the plastic-embedded histologic sections
demonstrated decreased stromal and epithelial thickness, and a
decreased number of epithelial cell layers (Fig. 2H).

DISCUSSION
This study demonstrates that PITX2/Pitx2 mutation results in
reduced corneal thickness and describes a technical advance
that facilitates study of murine models of human anterior segment disease. The finding of decreased CCT in a large PITX2
mutation pedigree (P ⫽ 0.0002) extends the known AxenfeldRieger phenotype and is supported by results from mice with
a single functional copy of Pitx2 (P ⫽ 0.035); it is also consistent with previous studies in which Pitx2 was over- or underexpressed.26,27,32 The similar ⬃20% CCT reduction in patients
and mice with comparable mutations emphasizes the utility of
this murine model and optical CCT measurement technique.
These data are also in accordance with the known evolutionary conservation of developmental genes such as PITX2/
Pitx2 where correct gene dosage is critical for normal morphogenesis.27,28,33,34 Multiple embryological lineages contribute
to ocular and dental development with neural-crest– derived
cells forming most of the corneal stroma and dentine, respectively.26,27,35 Observation of reduced corneal thickness in
PITX2-attributable Axenfeld-Rieger thus parallels reduced
tooth size (hypodontia or microdontia) caused by dentine
hypoplasia. Such similarities between disparate neural crest–
derived tissues add biological plausibility to the finding of
reduced corneal thickness in mice and humans.
Exacting standards are needed to demonstrate that an allele
is associated with a phenotype more frequently than would be
expected by chance. Criteria include selection of appropriate
controls, masking as to the underlying genotype, suitable statistical methodology, plausible biological context, low probabilities, and, above all, independent replication.36 Such approaches, necessary to maximize the likelihood that
association studies are replicated, were used in this study, with
unaffected relatives used as intrafamilial control subjects. The
rarity of pedigrees of sufficient size to permit statistically significant comparison, combined with the close relationship
between orthologous genes, encouraged us to study a murine
model to verify this clinical observation. However, the lack of
TABLE 1. Comparison of SEM and OCT Measurements of Plastic
Reference Films
SEM (m)

OCT (m)

Ratio of OCT to SEM
Readings

43.7
48.0
110.4
121.8
135.2
142.9
148.1
174.4
318.1

51
53
127
143
158
168
178
199
369

1.167
1.104
1.150
1.174
1.169
1.176
1.202
1.141
1.160
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FIGURE 3. Corneal thickness of Pitx2⫹/⫺ and wild-type mice. The
statistical significance, the mean (solid bar), and the 95% CI (dotted
lines) are displayed for each data set. The mean CCTs were 72
(Pitx2⫹/⫺) and 88 (wild-type) m.

murine pachymeters and difficulties inherent in accurate histologic measurement, especially cutting axial sections in
⬍2-mm globes, required development of an alternative measurement technique. Accordingly the OCT, which uses optical
interferometry, was adapted for murine CCT measurement and
validated with scanning electron microscopy (r ⫽ 0.9995).
The findings of reduced CCT in patients and mice with comparable hypomorphic PITX2/Pitx2 mutations have several implications. Identifying the first genetic subtype of glaucoma with
decreased corneal thickness extends the range of phenotypes
associated with altered CCT and may facilitate setting appropriate
target pressures for these cases. These findings are important, as
⬃20% reductions in CCT cause sufficient IOP underestimation
(6.8 mm Hg; range, 5– 8.6)4 to provide one explanation for the
more severe glaucoma reported in PITX2-attributable AxenfeldRieger cases (Walter M, et al. IOVS 2000;41:ARVO Abstract 2809).
The observed genotype-phenotype correlation may also permit
phenotypic identification of cases with PITX2 mutation. If confirmed prospectively, phenotypic data could be used to guide
molecular analyses in Axenfeld-Rieger and aid identification of
genes that may cause up to 50% of cases. In view of the diversity
of Axenfeld-Rieger corneal phenotypes (increased CCT with
FOXC1 duplication8; decreased CCT with PITX2 mutation), and
the greater glaucoma severity observed with PITX2-attributable
cases (Walter M, et al. IOVS 2000;41:ARVO Abstract 2809), the
ability to identify patients at increased risk of visual loss would
have clinical applications.
From an imaging perspective, this study demonstrates that
the OCT available in many ophthalmic units can be used to
visualize and measure tissues in the murine anterior segment.
Although the current axial resolution (10 m) represents a
(genotype-independent) limitation, the OCT provides a robust
means of comparing CCT in different murine strains. Availability of higher-resolution instruments37,38 is likely to enable detection of much smaller differences than the ⬃20% reduction
identified in this study. The potential also exists to extend this
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technique to in vivo measurement to determine the temporal
effects of genetic mutation on anterior segment structure and
development. It is anticipated that such approaches will permit
analysis of a wider range of murine mutants. Subsequent study
of patients with corresponding mutations may be a fruitful
means of determining the effect structural changes have on
IOP measurement.
In summary, this study has identified reduced corneal thickness associated with PITX2/Pitx2 mutation and provided a
simple method of measuring murine CCT. The findings have
beneficial implications for clinical management, genetic analysis of Axenfeld-Rieger cases, and murine phenotyping. The
complementary benefits of avoiding undertreatment of glaucoma and potential for identifying genetic Axenfeld-Rieger
subtypes with a simple phenotypic marker, highlight the advantages of integrated clinical and scientific studies of developmental genes in species separated by many millions of years
of evolutionary time.
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