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Abstract
Accurate and reliable measurement of intraocular pressure (IOP) is crucial in the study of
glaucoma using the mouse model. The purpose of this study was to determine the relationship
between TonoLab-measured IOP and central corneal thickness (CCT) in mouse strains with single
gene mutations of matricellular proteins. Wild-type (WT) and transgenic mouse strains with single
gene mutations (KO) of thrombospondin-1 (TSP-1), thrombospondin-2 (TSP-2), osteopontin
(OPN), hevin, and secreted protein acidic rich in cysteine (SPARC) were imaged at six weeks
using optical coherence tomography (Stratus, Zeiss) to determine CCT. IOP was measured
between 11am and 3pm using TonoLab, one week later. For all measurements, mice were
anesthetized using intraperitoneal injection ketamine:xylazine. CCT and IOP were measured in
583 mice (TSP-1 n=71 and 41, TSP-2 n=60 and 32, OPN n=81 and 50, hevin n=59 and 76,
SPARC n=54 and 59, WT and KO, respectively). Mean CCT was 5–6% lower in three KO strains
—TSP-1, OPN, and SPARC—compared to their corresponding WT (p=1.55×10−7, 1.63×10−11,
and 1.91×10−7, respectively). The mean IOP was 8.3%, 6.6%, and 15.1% lower in three KO
strains—TSP-1, TSP-2, and SPARC—compared to corresponding WT (p=2.11×10−5, 2.93×10−3,
and 3.76×10−9, respectively. Linear regression of IOP versus CCT yielded no statistically
significant within-strain correlations for TSP-1 (p=0.12 and 0.073), TSP-2 (p=0.473 and 0.92),
OPN (p=0.212 and 0.916), Hevin (p=0.746 and 0.257), and SPARC (p=0.080 and 0.056), reported
as p-values considering a null hypothesis of zero slope (WT and KO, respectively). Neither C57-
derived strains (TSP-1 and OPN) nor 129-derived strains (TSP-2, hevin, SPARC) demonstrated a
correlation between mean IOP and mean CCT across different strains (p=0.75 and p=0.53,
respectively). Taken together, these results indicate that CCT is not required to interpret TonoLab
IOP readings in the mice when CCT varies 10% about the mean. This does not exclude the
possibility of an IOP-CCT correlation for CCT values outside this range or for inter-strain
comparisons where the mean CCT differs more than 10%.
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1. Introduction
Glaucoma is one of the leading causes of blindness worldwide and increased intraocular
pressure (IOP) is thought to contribute to the progression of the most common form, primary
open angle glaucoma (POAG) (Nemesure et al., 2007). Mouse models have been used in the
study of IOP regulation (Anderson et al., 2001; John et al., 1999; Savinova et al., 2001) and
have been made more accessible owing to recent advances in IOP measurement tools
(Danias et al., 2003; Iliev et al., 2006; Kontiola et al., 2001). In mice, IOP varies widely
within a mean normal range of 10 to 20-mmHg and can be affected by factors such as age,
obesity, and glycemic control (Savinova et al., 2001). Measurement tools, however, have
become increasingly reliable, noninvasive, and operator independent with lower variability
in measurements (Kontiola et al., 2001).

Prior to the development of rebound tonometry (RT), other techniques to measure IOP were
used such as microneedle catheterization of the eye (John et al., 1997) and a modified
Goldman applanation tonometry (GAT), which involves the reduction of biprism angles in
the instruments applanating tips, was the most widely used and closely studied method for
IOP measurement in mice (Cohan and Bohr. 2001; Kim et al., 2007). However, GAT is
highly operator dependent and has an observed decline in IOP readings with repeated
measurements as is often performed in research studies (Dohadwala et al., 1998).

Based on the induction-impact model, rebound tonometry (RT) rapidly bounces a
magnetized probe off of the central cornea and analyzes the return motion with a sensing
coil (Danias et al., 2003). The inverse of deceleration time correlates strongly with IOP.
Readings do not differ significantly as long as the probe is placed at a starting distance
between 3 and 5mm and at an angle of impact between 0 and 25 degrees (Kontiola et al.,
2001). RT has improved correlation with invasive manometry readings over GAT and is less
affected by corneal factors such as central corneal thickness (CCT), which is particularly
important in mice given the increased fraction of applanated area to the total corneal surface
(Kim et al., 2007). Compared to other methods, such as the TonoPen which overestimates
manometric IOP at low values and underestimates at high values, RT has greater accuracy
and less variability in rats (Nissirios et al., 2007), normal mice, and mice with experimental
glaucoma (Pease et al., 2011; Pease et al., 2006).

In humans, pneumotonometry, GAT, and TonoPen all have a positive correlation between
CCT and measured IOP (Bhan et al., 2002). The RT-based iCare has also shown a weak
positive correlation with CCT in humans (Iliev et al., 2006), which has raised the question of
whether CCT is a factor to consider when using RT in the mouse model. One study of five
commonly used mouse strains found significant differences in mean IOP, but found no
correlation between the IOP, CCT or other calibration constants (Nissirios et al., 2007). This
suggests that, in the mouse strains studied, CCT is not the primary factor influencing
calibration curves.

The matricellular family of proteins consists of nearly ubiquitous, secreted, non-structural
proteins that help cells regulate their surrounding extracellular matrix. Some, but not all,
mouse strains with single gene mutations of matricellular proteins have demonstrated an
alteration in IOP implying a possible regulatory role in IOP (Haddadin et al., 2009; Kang et
al., 2011; Chowdhury et al., 2011; Keller et al., Submitted). Because matricellular proteins
can affect extracellular matrix (ECM), it is possible that the transgenic mutations could
cause a significant change in CCT. We hypothesized that CCT and IOP would correlate both
within and across strains. Additionally, we hypothesized that the CCT would differ between
the transgenic knockout mice and their wild-type counterparts.
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2. Materials and methods
2.1 Animal Care and Husbandry

All experiments were in compliance with the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research and received IRB approval from the Massachusetts Eye
and Ear Infirmary (MEEI). Several wild-type (WT) and transgenic mouse strains with single
gene mutations (KO) of thrombospondin-1 (TSP-1), thrombospondin-2 (TSP-2), osteopontin
(OPN), hevin, and secreted protein acidic rich in cysteine (SPARC) were studied (Table 1).
Of note, the official Mouse Genome Informatics (MGI) symbols for the affected genes in
TSP-1, TSP-2, OPN, and hevin strains are Thbs1, Thbs2, Optn, and Sparcl1 (SPARC-like
1), respectively. However, for the sake of clarity and consistency with previous publications,
the above abbreviated mouse strain names are used throughout. TSP-1 KO mice and their
WT strain, TSP-2 KO mice and their WT strain, and OPN KO and their WT strain were all
purchased from Jackson Laboratory ies (Bar Harbor, Maine). Hevin KO mice and their WT
strain were provided as a generous gift from Renata Pasqualini (MD Anderson Cancer
Center, University of Texas, Houston). SPARC KO mice and their WT strain were initially
obtained from the Benaroya Research Institute at Virginia Mason (Seattle, WA) (Haddadin
et al., 2009). All mice were bred at the MEEI animal facility, fed ad libitum, and housed at
21°C in clear plastic rodent cages under 12-hour light/12-hour dark cycles (on 07:00, off
19:00). In order to prevent species drift, heterozygotes were bred and all progeny were
subsequently genotyped to separate and create the WT and KO populations for eventual
study. All measurements were taken on mice between 5 and 8 weeks of age. The mouse
iridocorneal angle and its structures reach maturity by 5 weeks (Smith et al., 2001).

2.2 Optical Coherence Tomography
Eyes of adult mice (at 6 weeks) were imaged using optical coherence tomography (OCT)
(Stratus; Carl Zeiss Meditec Inc.; Dublin, CA). Under general anesthesia by intraperitoneal
(IP) injection of a ketamine/xylazine mixture (100 mg/kg and 9 mg/kg, respectively;
Phoenix Pharmaceutica, St. Joseph, MO), mouse eyes were scanned to acquire images that
were analyzed using the OCT software (Stratus version 4.0.7; Carl Zeiss Meditec). CCT was
determined by measuring the distance between 2 peaks representing the corneal epithelium
and endothelium. Measurements were performed in triplicate for each eye by the same
investigator who was masked to the mouse strain. Values were averaged and reported as
means and standard deviations. We have previously validated the use of OCT in mice to
estimate CCT against high-frequency ultrasound and histology (Haddadin et al., 2009). As
previously reported in Haddadin et al., 2009, we generally study mice that are younger than
8 weeks to avoid the potential confounding effects of cataracts, such as phacomorphic or
phacolytic glaucoma. These conditions may occur in mature cataracts. SPARC KO mice, for
example, have been shown to develop immature cataracts after 1.5 months and mature
cataracts without complications between 3.5 and 4.5 months; some cataracts, however, cause
complications after 5 months of age (Norose et al., 1998).

2.3 Measurement of IOP
Mouse IOP was measured as previously described (Haddadin et al., 2009). Briefly, mice
were anesthetized by intraperitoneal (IP) injection of a ketamine/xylazine. Per manufacturer
recommendations, the rebound tonometer (TonoLab, Colonial Medical Supply, Franconia,
NH) was fixed horizontally to allow perpendicular contact with the central cornea, and the
tip of the probe was positioned between 2 and 3 mm from the eye. To reduce variability, the
rebound tonometer was modified to include a pedal that activated the probe, obviating
handling of the device. Target verification was performed under direct visualization at 5.5 ×
magnification. A single measurement was accepted only if the device indicated that there
was “no significant variability” (per the protocol manual; Colonial Medical Supply). The
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average IOP was taken from three sets of six measurements of IOP in each eye, alternating
right and left eye, with the starting eye picked at random (Wang et al., 2005; Saeki et al.,
2008). All measurements were taken between 4 and 7 minutes after IP injection, as previous
studies have shown this to be a period of stable IOP (Savinova et al., 2001; Aihara et al.,
2003). Previous studies (Danias et al., 2003) have shown that weekly administration of this
anesthesia mixture (ketamine/xylazine) does not affect IOP. IOP was measured once per
mouse, between 11 am and 3 pm at 7 weeks of age—1 week after CCT measurement.
Furthermore, as previously reported, we have performed manometric validations of
TonoLab IOP measurement in several mouse strains (Haddadin et al., 2009; Kang et al.,
2011). Briefly, mouse eyes were cannulated through the temporal limbus with a 30-gauge
needle attached to a water reservoir and pressure transducer as described elsewhere (Danias
et al., 2003). IOP measurements were taken at various reservoir heights between 7 and 37
mm Hg in random ascending and descending order with the open-stopcock technique, and
linear regressions of water reservoir height (mmHg) versus TonoLab IOP (mmHg)
confirmed strong correlation (r2>0.99).

2.4 Statistical Analysis
All CCT and IOP data were presented as mean ± SD. In order to achieve 90% power to
detect a 5% difference in CCT (roughly 5µm), a combined sample size of 44 is required. In
order to achieve 90% power to detect a 10% difference in IOP (roughly 1.7 mmHg), a
combined sample size of 60 is required. Differences in means were tested using a two-tailed
student t-test with p <0.05 considered a statistically significant difference. Since only
pairwise comparisons are reported (i.e. WT vs. KO in each case) we elected not to correct
for multiple comparisons. Linear regression equations were calculated after plotting IOP
versus CCT within strains and mean IOP versus mean CCT across strains and p < 0.05 was
considered a statistically significant deviation from a null hypothesis of zero slope.
Detecting an r2 of 0.10 or greater with 90% power requires n > 79 (Faul et al., 2009).

3. Results
CCT and IOP were measured in 583 mice (TSP-1 n = 71 and 41, TSP-2 n = 60 and 32, OPN
n = 81 and 50, Hevin n = 59 and 76, SPARC n = 54 and 59, for WT and KO, respectively).
Mean CCT ranged from 93.4 ± 4.6 to 108.0 ± 5.1 µm in the different strains (Fig. 1A) and
was 5–6% lower in three KO strains—TSP-1, OPN, and SPARC—compared to their WT
counterparts (p < 0.0001 for all three) (Table 2). Mean strain IOP ranged from 14.4 ± 1.6 to
19.9 ± 2.7 mmHg (Fig. 1B) and was 8.3%, 6.6%, and 15.1% lower in three KO strains—
TSP-1, TSP-2, and SPARC—compared to their WT counterparts (p < 0.01 in all cases)
(Table 3), confirming previously reported IOP differences in these strains (Haddadin et al.,
2009; Haddadin et al., 2012).

Linear regressions calculated from scatter plots of IOP versus CCT in each strain yielded no
statistically significant correlations, with the null hypothesis of zero slope (Fig. 2A–E).
Neither C57-derived mice nor 129-derived mice demonstrated a statistically significant
correlation between mean IOP and mean CCT across strains (Fig. 3). As previously
observed, 129-derived strains tended to have both higher CCT and IOP than C57-derived
strains (Fig. 3) (Chowdhury et al., 2011; Haddadin et al., 2009; Haddadin et al., 2012; Kang
et al., 2011).

4. Discussion
Differences in both mean CCT and mean IOP can be observed across mouse species. We
have previously performed manometric validations of TonoLab IOP measurement in
SPARC and hevin KO and corresponding WT mouse strains (Haddadin et al., 2009; Kang et
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al., 2011). The results of this study confirm our previous reports demonstrating a lower IOP
in SPARC, TSP-1 and TSP-2 KO mice compared to their corresponding WT mice (Tables 3
and 4), while transgenic mutations of hevin and OPN do not appear to alter the IOP
(Chowdhury et al., 2011; Haddadin et al., 2009; Haddadin et al., 2012; Kang et al., 2011).
We also confirmed the thinner CCT in TSP-1 KO mice (Tables 2 and 5); and similarly did
not find a difference in CCT of TSP-2 or hevin KO mice. Different from our previous
report, we found a thinner CCT in SPARC KO mice.

In this study, we measured 114 SPARC KO and WT mice compared to 20 in our first report.
In our initial report, we found that SPARC KO mice had a 1% thinner CCT (not statistically
significant). With the much larger sample, we now find SPARC KO mice as having a 5%
thinner CCT which achieved statistical significance. While the much larger sample size
allows for greater statistical power to differentiate small differences, there is an increased
chance of a type 2 statistical error (i.e. obtaining a statistically significant result where no
difference is truly present). We do not believe that this statistically significant difference in
CCT has biologic significance. In our initial report, we performed manometric validation of
the TonoLab indicating that its measurements, in those strains of mice, were not subject to
artifact of CCT as applanation tonometry can be in humans. Furthermore, the regression
analyses presented in this report show no CCT-IOP correlations for any of the species
studied.

While we have found statistical differences in CCTs, the small magnitude of the difference
indicates that experimental technique variability could have a significant effect. For
example, technique variation of OCT measurement could be relevant. Any angle away from
exactly 90 degrees of incident beam (i.e. an oblique cut) could artifactually thicken the
cornea. However, the measurement line across the cornea can be directly observed during
the time of measurement. The resolution of time-domain OCT is 10 microns (Forooghian et
al., 2008). Even though every effort is made to keep the cornea hydrated, differences in
corneal hydration could result in thinner corneas if there is dehydration. Every effort is made
to image the central cornea, but the cornea begins to change as measurements deviate away
from the center. We believe that all of the potential experimental confounders were
minimized due to the small standard deviations.

Our findings here suggest that CCT does not affect TonoLab IOP readings within strains and
are not needed to interpret IOP measurements in mice when CCT varies by no more than
10% about the mean (representing roughly 10 µm, or 2 standard deviations, in the strains
studied). Assuming a confidence level of 0.05, the study had 90% power to detect a 0.10
coefficient of determination (r2), suggesting that it is unlikely that we would fail to detect a
correlation in which at least 10% of the change in IOP is explained by CCT alone. Our
results do not, however, exclude the possibility of an effect on TonoLab IOP readings for
CCT values outside of this range. For extremely thick or extremely thin corneas, RT-based
measurements may still be affected in mice.

The current study failed to find evidence that measurement of IOP in closely-related mouse
strains can be correlated to CCT. Across-strain regression in the two subgroups—C57-
derived and 129-derived—demonstrated no statistically significant correlation between
mean IOP and mean CCT. Study of four different C57-derived strains and six different 129-
derived strains resulted in 7% and 10% power, respectively, to detect an r2 of 0.10 or
greater. In both groups of strain derivatives, mean strain CCT deviated at most by 5% (or
roughly 6 µm) from the overall group mean. While we observed a 5–6% decrease in CCT in
TSP-1, OPN, and SPARC KO mice, we detected no statistically significant correlation with
IOP across the several strains studied. These relatively small variations in CCT are likely
detected due to exceedingly precise measurements and are unlikely to affect IOP. We cannot
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exclude the possibility that TonoLab IOP measurements vary with CCT across strains that
differ more than 10% in mean CCT. Additionally, our results are not generalizable beyond
the strains included in this study; for example, DBA/2J mice are prone to corneal opacities
and it is unclear if the findings of the current study would extend to strains beyond B6 and
129.

Our results were similar to Nissirios et al who examined the relationship between CCT and
TonoLab IOP in mice (Nissirios et al., 2007). Unlike the previous study, the mice in this
study were sedated during IOP measurement, indicating the lack of effect of anesthesia as an
experimental variable so long as all mice are consistently measured awake or sedated. Our
study included multiple transgenic species used in the study of POAG that have
demonstrated differential expression of matricellular proteins in the trabecular meshwork—
such as OPN, Hevin, and SPARC—and show a broader range of mean IOPs (Rhee et al.,
2003; Kang et al., 2011; Chowdhury et al., 2011; Rhee et al., 2009) . Also, while Nissirios et
al limited their linear regression analyses to eight male mice per strain, our study included
both male and female mice, with sufficient power to detect even a smaller degree of within-
strain CCT-IOP correlation.

In the future, it may be important to study the effects of other corneal properties, such as
curvature, elasticity, and rigidity on RT-based mouse IOP measurements (Moreno-Montanes
et al., 2011), as these properties are not reflected in simple CCT measurement (Munger et
al., 2001) and may also have an impact on probe head deceleration times. Additionally,
studying mice at older ages may be needed as some have reported that CCT may not be fully
matured until 7–8 weeks for C57BL/6 mice (Burns et al., 2011). For now, the evidence
suggests no systemic influence of CCT on the ability of RT-based instruments to measure
IOP (Danias et al., 2003; Iliev et al., 2006).

4.1 Conclusion
Taken together, these data suggest that—in the matricellular transgenic mouse strains
studied—CCT need not be measured to interpret TonoLab-obtained IOP, but this does not
exclude the possibility of an IOP-CCT correlation in other species or when CCT falls
outside of this range. These data also confirm previous reports of IOP differences and reveal
a new CCT difference, but demonstrate no correlation between CCT and TonoLab-obtained
IOP measurements in these strains.
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Highlights

• • With increased sample size, we now find slightly thinner CCT in SPARC KO
mice.

• • We find no correlation between CCT and TonoLab-obtained IOP within these
strains.

• • We confirm previous reports showing lower IOP in SPARC, TSP-1 and TSP-2
KO mice.

• • We confirm previous reports showing thinner CCT in TSP-1 KO mice.
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Figure 1.
Mean (A) CCT and (B) TonoLab-obtained IOP in sedated mice of five matricellular KO
strains and WT counterparts. Error bars represent standard deviation (SD). Asterisks indicate
a statistically significant difference (p < 0.05) by student t-test.
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Figure 2.
Correlation of TonoLab-obtained IOP values with CCT within five strains of WT mice and
their matricellular KO counterparts, respectively. (A) p = 0.12 and 0.073 [n = 71 and 41],
(B) p = 0.47 and 0.92 [n = 60 and 32], (C) p = 0.21 and 0.92 [n = 81 and 50], (D) p = 0.75
and 0.26 [n = 59 and 76], and (E) p = 0.080 and 0.056 [n = 54 and 59]. In each case, the
mutated mouse gene is displayed at the top of the panel.
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Figure 3.
Correlation of mean TonoLab-obtained IOP with mean CCT across C57- and 129-derived
mouse strains. (p = 0.75 and 0.53, respectively).
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Table 2

Mouse CCT ± SEM

Strain WT (n) KO (n) % difference p-value

TSP-1 101.0 ± 0.51 (72) 96 ± 0.79 (41) −4.95* <0.0001

TSP-2 103.9 ± 0.50 (60) 102.7 ± 0.52 (32) −1.15 0.13

OPN 99.2 ± 0.58 (81) 93.4 ± 0.66 (49) −5.85* <0.0001

Hevin 108.0 ± 0.80 (59) 106.8 ± 0.51 (76) −1.11 0.19

SPARC 106.0 ± 0.68 (55) 100.7 ± 0.45 (59) −5.00* <0.0001
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Table 3

Mouse IOP ± SEM

Strain WT (n) KO (n) % difference p-value

TSP-1 15.7 ± 0.17 (72) 14.4 ± 0.25 (41) −8.28* <0.0001

TSP-2 18.1 ± 0.20 (60) 16.9 ± 0.36 (32) −6.63* <0.0001

OPN 17.3 ± 0.21 (81) 17.5 ± 0.29 (49) +1.16 0.57

Hevin 16.7 ± 0.29 (59) 16.3 ± 0.22 (76) −2.40 0.26

SPARC 19.9 ± 0.25 (55) 16.9 ± 0.24 (59) −15.08* <0.0001
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Table 4

Previously published mouse IOP ± SEM

Strain WT (n) KO (n) % difference p-value

TSP-1 15.8 ± 0.18 (68) 14.2 ± 0.24 (70) −10.13* <0.0001

TSP-2 18.1 ± 0.22 (54) 16.8 ± 0.27 (56) −7.18* <0.0001

OPN 17.3 ± 0.23 (68) 17.5 ± 0.27 (56) +1.16 0.57

Hevin 15.9 ± 0.28 (46) 15.3 ± 0.30 (44) −3.77 0.15

SPARC 19.9 ± 0.28 (104) 16.9 ± 0.20 (142) −15.07* <0.0001
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Table 5

Previously published mouse CCT ± SEM

Strain WT (n) KO (n) % difference p-value

TSP-1 101.1 ± 0.47 (92) 94.5 ± 0.73 (57) −6.53%* <0.0001

TSP-2 103.9 ± 0.47 (60) 102.7 ± 0.51 (32) −1.15% 0.12

OPN 99.2 ± 0.66 (70) 91.7 ± 0.51 (50) −7.56%* <0.0001

Hevin 107.9 ± 0.75 (44) 106.8 ± 0.54 (42) −1.02% 0.11

SPARC 105.6 ± 1.15 (14) 104.5 ± 1.59 (6) −1.04% 0.60
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