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Abstract
Objective—To determine the extent of fluctuation in circadian intraocular pressure (IOP) and the
efficacy of topical dorzolamide 2% q 8h in lowering IOP and blunting circadian fluctuation in IOP
in glaucomatous cats.

Animals Studied—7 adult cats with primary congenital glaucoma (PCG).

Procedures—Measurements of IOP and pupil diameter were obtained for both eyes (OU) of
each cat q 4h for 12 days. Cats were housed in a laboratory animal facility with a 12 hour
light:dark cycle. Baseline values were established for 2 days. For the next 5 days, placebo (1.4%
polyvinyl alcohol) was administered OU q 8h. Dorzolamide 2% (Trusopt, Merck and Co., Inc.,
West Point, PA) was then administered OU q 8h for a further 5 days. A multivariate mixed linear
model was fitted to the data, with parameters estimated from a Bayesian perspective. The 4am
time point was selected as the reference for the purposes of comparisons.

Results—Estimated mean IOP for the reference time point pre-treatment was symmetric (about
33mmHg OU). In all cats, IOP was significantly lower during the diurnal phase, relative to the 4
am measurements, with highest IOP observed 2-6h after the onset of the dark-phase. Circadian
fluctuations in IOP were dampened during the treatment period. There was a significant decrease
in IOP in all cats during the dorzolamide treatment period (estimated mean for the treatment
period reference =17.9 mmHg OU).

Conclusion—Topical dorzolamide 2% q 8 h is effective in reducing IOP and IOP fluctuation in
cats with PCG.
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Introduction
The glaucomas are a group of disorders associated with increases in intraocular pressure
(IOP) that ultimately result in optic nerve atrophy, retinal ganglion cell death and visual field
loss.(1) Glaucoma is generally classified as either primary, without an antecedent cause, or
secondary to other ocular disease. Feline glaucoma occurs most commonly as a sequela to
uveitis, neoplasia or trauma,(2-3) although primary glaucoma has been reported in the
Siamese,(4-5) Persian,(6) Burmese,(7) and European Shorthair breeds.(6, 8) Both open-
angle glaucoma,(9) and glaucoma secondary to a syndrome of aqueous humor misdirection
have been reported in older cats.(10) Primary congenital glaucoma is inherited as an
autosomal recessive condition in the Siamese cat and is associated with bilateral IOP
elevation and glaucomatous optic nerve cupping and loss of retinal ganglion cell axons.
(McLellan, G.J. et al, manuscript in process)

In veterinary ophthalmology, the medical management of glaucoma is problematic and often
only transiently effective, with marked species differences noted in drug efficacy. Elevation
in IOP represents a major risk factor for the progression of vision loss, thus medical
management has primarily focused on controlling IOP. Topical medications are often
preferred, decreasing the frequency and severity of systemic side effects relative to their
systemically administered counterparts. Topical adrenergic agents, such as the non-selective
beta blocker timolol and the alpha-2 agonist apraclonidine, have been investigated in normal
cats.(11-12) Topical timolol administration may cause decreases in heart rate and blood
pressure as well as bronchoconstriction, while only resulting in modest reduction in
intraocular pressure in cats.(11, 13)Timolol administration is therefore contraindicated in
cats with cardiac and pulmonary disorders.(13)Although mildly effective at lowering
intraocular pressure in normal cats, decreases in resting heart rate and vomiting were noted
with apraclonidine administration.(12)

Topical prostaglandin analogues have demonstrated conflicting results when used to control
intraocular pressure in cats.(14) Commercially available topical prostaglandin analogues
optimized for human use, with enhanced FP receptor specificity, are generally ineffective at
lowering IOP in normal cats.(15-16) In contrast, the administration of PGF2α lowered IOP
in normal cats possibly due to non-selective binding to EP1 receptors in the ciliary body.
(17-19)

As a result of the questionable IOP-lowering efficacy of other drug classes, medical
management of glaucoma in cats has focused on the use of topical carbonic anhydrase
inhibitors(CAIs). The active secretion of aqueous humor is dependent on carbonic
anhydrase, a metalloenzyme that catalyzes the formation of bicarbonate from carbon dioxide
and carbonic acid. As bicarbonate is formed, water enters into the posterior chamber of the
eye, contributing to the volume of aqueous humor.(20)Aqueous humor production is
decreased and intraocular pressure is lowered when carbonic anhydrase isoenzyme II in the
pigmented and nonpigmented ciliary epithelium is inhibited.(20)Carbonic anhydrase is also
found in high concentrations in the nephrons of the kidney, in erythrocytes, and in the
respiratory tract. Since CAIs will inhibit all carbonic anhydrase isoenzymes to some degree,
the oral CAIs initially used in the treatment of glaucoma resulted in diuresis, potassium
depletion and metabolic acidosis.(21)Topical CAIs were developed in order to decrease the
undesirable systemic effects associated with oral administration.(20)

Dorzolamide hydrochloride (Trusopt, Merck and Co., Inc., West Point, PA) was the first
CAI approved for the topical treatment of glaucoma in humans.(22)Dorzolamide effectively
penetrates the cornea and sclera, achieving an effective concentration of 2-10 μM which is
comparable to that achieved with the administration of systemic CAIs. (23)In contrast,
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plasma concentrations are about 100 times lower than with systemic CAIs and are 1/200 of
that needed to induce systemic side effects. (23)Topical CAIs have documented -IOP-
lowering efficacy in humans, (22)rabbits and monkeys,(24)and dogs.(25-27)

The clinical effect of topical CAIs on normal cats has been equivocal. In one study, topical
dorzolamide administered twice a day significantly lowered IOP in normal cats,(28) but
another study found no significant decrease when brinzolamide was administered topically
twice daily.(29) Previous studies in dogs have documented that topical CAIs will lower IOP
to a much larger degree in glaucomatous compared to normal animals.(25-27) To our
knowledge, there have been no published studies that document the effect of topical anti-
glaucoma medications in cats with glaucoma.

The aims of this study were to: 1) determine the degree of circadian variation in IOP and its
relationship with pupil diameter in cats with primary congenital glaucoma; and 2) determine
if topical dorzolamide 2% is effective at decreasing IOP and blunting circadian fluctuation
in IOP in cats with primary congenital glaucoma.

Materials and Methods
All procedures were conducted in accordance with the Association for Research in Vision
and Ophthalmology’s Statement for the Use of Animals in Ophthalmic and Vision Research
and with the approval of the institutional animal care and use committee.

Seven adult Siamese cats (mean age = 2.4 years) with recessively inherited primary
congenital glaucoma were included in the study. Two cats were intact males (2 years and 4
years old) and 5 cats were intact females (ages 1-4 years old). All cats belonged to a
research breeding colony established in 2004 at Iowa State University and were housed in a
laboratory animal facility with a 12 hour light (6am-6pm) and dark cycle. Cats were fully
conditioned and were accustomed to measurement of IOP on a regular basis. A full
ophthalmic exam, including slit-lamp biomicroscopy, indirect ophthalmoscopy, gonioscopy
and applanation tonometry, was performed on each cat prior to the study. Diagnosis of
primary congenital glaucoma was based on the presence of characteristic clinical signs of
globe enlargement, elongation of the ciliary processes, subtle optic disc cupping and IOP
elevation. With the exception of these characteristic features of primary congenital
glaucoma, no other evidence of significant ocular disease was evident at the time of the
study. No topical medications were administered for at least one month prior to the study,
with the exception of proparacaine HCl 0.5% prior to applanation tonometry.

Horizontal pupil diameter and intraocular pressure measurements were obtained by one
trained observer (KJS) every 4 hours (8 am, 12 pm, 4 pm, 8 pm, 12 am, 4 am) for 12 days in
both eyes. The maximal horizontal pupil diameter was measured using Jameson calipers
held approximately 8-10mm from the corneal surface and IOP was measured by applanation
tonometry (Tonopen XL, Mentor, Norwell, MA) following the administration of 50 μl of
proparacaine HCl 0.5% solution. All cats were monitored for blepharospasm and
conjunctival hyperemia. Light-phase measurements (8 am, 12 pm and 4 pm) were obtained
under consistent ambient light conditions in the same rooms of the animal laboratory animal
facility. During the dark phase, measurements were obtained under dim red light.

During the first two days of the study, baseline values were established. For the next 5 days,
a single drop of placebo (1.4 % polyvinyl alcohol) was administered to both eyes every 8
hours (7 am, 3 pm, 11 pm) and one hour prior to pupil and IOP measurements. For the next
5 days, a single drop (30μl) of dorzolamide 2% (Trusopt, Merck and Co., Inc., West Point,
PA) was administered to both eyes every 8 hours (7am, 3 pm, 11 pm) and one hour prior to
subsequent pupil diameter and IOP measurements. All cats were observed grossly for
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several minutes following application of placebo or drug, and at each ensuing time point
thereafter, for clinical signs of ocular discomfort such as squinting, rubbing or tearing and
for conjunctival hyperemia or other adverse effects.

Statistical Analyses
A linear mixed model with a fixed effect for treatment and measurement time and a random
effect for cat was fitted to the two-dimensional measurements obtained for each cat at each
time point. The correlation between the measurements from the two eyes of the same cat
was accommodated by jointly modeling both eyes. The correlation between measurements
over time in the same cat was accommodated via the inclusion of the cat-specific random
effect in the model. Bayesian methods were used to estimate model parameters and
WinBUGS version 1.4.1 was used for computations. The Bayesian methodology permits
fitting a complex model, such as the one required in this study, even when the sample size is
relatively small. Ninety five percent credible sets (roughly equivalent to classical confidence
intervals) can be used to decide whether the effect of treatment is significantly different
from zero and whether the differences in outcome between measurement times are also
significant. As in the classical approach, we can conclude that the effect of treatment is
significant if the credible set (CS) for the difference between two treatments does not
include the value 0. For all tests we selected a significance level equal to 95% and based our
conclusions on credible sets as described above.

Results
No adverse effects, such as ocular irritation, were noted in any cat at any time point as a
result of the administration of either the placebo or topical dorzolamide 2%.

Circadian Fluctuations in IOP
During the two day acclimation phase of the study and during the 5 day placebo period a
circadian variation in IOP was evident in all cats, with marked elevations in IOP occurring
during the dark phase. (Fig. 1). Light-phase measurements (8 am, 12 pm and 4 pm) were not
significantly different from each other and dark-phase measurements (8 pm, 12 am and 4
am) were not significantly different from each other at the 5% level. The degree of
fluctuation in IOP was significantly decreased in each cat during the treatment phase relative
to both the acclimation and the placebo phases of the study (Fig. 2). The average fluctuation
in IOP during the acclimation phase was 20.3 mmHg OD and 18 mmHg OS; in the placebo
phase was 18.3 mmHg OD and 18.1 mmHg OS, and during the treatment phase was 7.3
mmHg OD and 8.5 mmHg OS.

Mean Intraocular Pressures
Estimated mean IOPs for the placebo reference time period (4 am) were 32.8 mmHg OD
(CS: 30.3-35.4 mmHg) and 33.2 mmHg OS (CS: 30.6-35.7 mmHg). Estimated mean IOPs
for the treatment reference time period (4 am) were 17.9 mmHg OU (CS: 16.5-19.2 mmHg).
The differences between IOPs prior to and during dorzolamide treatment were significant (p
< 0.05), and represented a decrease in mean IOP of 14.9 mmHg OD (CS: 12.1-17.9 mmHg)
and 15.3 mmHg OS (CS: 12.4-18.2 mmHg). This corresponded to an approximately 45%
decrease in IOP at the 4am reference time in both eyes.

Estimated mean IOPs for all cats for all time points during the placebo period were 28.0
mmHg OD (CS: 27.2-28.9 mmHg) and 29.2 mmHg OS (CS: 28.3-30.1 mmHg) while in the
treatment period these values were 17.5 mmHg OD (CS: 17.0-18.0 mmHg) and 17.7 mmHg
OS (CS: 17.3-18.1 mmHg). The mean differences between the estimated mean IOPs for all
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time points for all cats were 10.6 mmHg OD (CS: 9.6-11.5 mmHg) and 11.5 mmHg OS
(CS: 10.5-12.5 mmHg); corresponding to a 38% decrease in estimated mean IOP OU.

Pupil Diameter
Estimated mean pupil diameters for the reference time point (4 am) were 11.7 mm OD (CS:
11.0-12.3 mm) and 11.6 mm OS (CS: 11.0-12.2 mm) for the placebo phase and 12.8 mm
OD (CS: 12.2-13.3 mm) and 12.7 mm OS (CS: 12.2-13.3 mm) for the treatment phase.
Estimated mean pupil diameters for all cats over all time points were 10.9 mm OD (CS:
10.7-11.1 mm) and 10.8 mm OS (CS: 10.6-11.0 mm) during the placebo phase and 11.0 mm
OD (CS: 10.8-11.2 mm) and 10.8 mm OS (CS: 10.7-11.0 mm) during the treatment phase.
There was no significant difference in pupil diameter during the treatment versus the
placebo phase of the study for either the 4am reference time point or for the average of all
time periods. Pupil diameters were not significantly correlated (p > 0.05) with IOP. A degree
of circadian variation was noted in pupillary diameter, with diameters being larger during
the dark phase than during the light phase.

Discussion
A marked circadian variation in IOP was noted in the glaucomatous cats in our study, with
pressures lowest during the light phase and highest early in the dark phase. Our findings are
in agreement with previous reports in normal cats that documented lower IOP in the
morning, although IOP was only measured for a 12 hour period and no overnight
measurements were obtained in those studies.(11, 30) More recently, a study of circadian
rhythm in IOP of normal cats documented peak IOP values soon after the onset of the dark
phase,(31) consistent with our findings in glaucomatous cats. This circadian pattern is
similar to normal rabbits,(32-33) but is in contrast to normal and glaucomatous dogs, in
which IOP is highest in the morning.(34-35)

In the present study, pupil diameter was poorly correlated with IOP and there was no
significant difference noted between the treatment and placebo phases of the study. The cats
in this study however had relatively advanced glaucoma. All subjects were buphthalmic, and
had blue irides with varying degrees of iris stromal hypoplasia. As such, the extent of pupil
constriction, regardless of IOP, may have been limited by their pre-existing disease. Their
relative degree of pupil dilation may have limited our ability to establish a clear relationship
between pupil diameter and IOP, as may our protocol which dictated collection of dark-
phase measurements under lower levels of ambient light in order to limit disruption of the
normal light-dark cycle.

The physiologic basis for circadian fluctuations in IOP in both normal and glaucomatous
animals remains unclear. Circadian fluctuations in IOP have been attributed to cyclic
changes in the volume of aqueous humor produced, changes in outflow facility and
episcleral venous pressure, and alterations in systemic arterial and venous blood pressure.
(36-38) It has been speculated that changes in cortisol levels may be involved in circadian
fluctuations in IOP.(39-40) Measurement of serum cortisol levels was beyond the scope of
the current study. Sympathetic (adrenergic) tone also plays a role in circadian IOP rhythms,
as demonstrated in rabbits.(41) A study conducted in humans found that IOP measurements
obtained immediately upon waking were initially relatively high but fell to baseline within a
15 minute period, indicating that a transient “waking spike” may occur. In the present study,
no cat was awakened in order to obtain an IOP since they were all observed to be awake at
the front of their cages when the investigator entered the room. In cats, it seems unlikely that
the circadian variation in IOP is related to a sleep cycle. Cats, unlike humans, are a
crepuscular species that nap throughout the day and do not sleep continuously at night.
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The magnitude of circadian fluctuation in IOP observed in glaucomatous cats (mean 19.14
mmHg, with a range of 8.5-32.5 mmHg) was dramatic in comparison to that reported for
normal cats (which demonstrate circadian IOP fluctuations in IOP in the order of 4mmHg).
(31) The actual magnitude of circadian fluctuation in glaucomatous cats is likely
substantially higher than reported in the present study, as the Tono-pen XL applanation
tonometer that was used to measure IOP in this study has been shown to underestimate IOP
above about 30mmHg in both normal and glaucomatous cats.(42-44) Rebound tonometry
has recently been shown to provide a more accurate means of measuring IOP in normal and
glaucomatous cats, but was not available at the time that the present study was conducted.
(44-45) The range of circadian variation in glaucomatous dogs and humans is 1.5 to 3 times
that of normal individuals.(34, 46) Large diurnal fluctuations in IOP are thought to be more
damaging to the eye.(47-48) A retrospective analysis of humans with open-angle glaucoma
and a normal IOP during office visits found that the range of the initial daily IOP variation
was more predictive of the progression of visual field loss than was the mean or peak IOP.
(47) As such, medications that decrease the magnitude of daily fluctuations in IOP should be
selected in an effort to slow the progression of glaucoma. In our study, dorzolamide
effectively “blunted” circadian fluctuations in IOP in glaucomatous cats.

The topical application of dorzolamide 2% three times daily to glaucomatous cats resulted in
a statistically significant decrease in IOP, representing an approximately 45% reduction in
mean IOP. In previously published studies, topical dorzolamide administration in normal
cats, applied at the lower frequency of twice daily, decreased IOP by 18-20% in one study,
(28) and by 8.8% in another.(49) Since the current study was completed, other investigators
have reported a significant reduction in both aqueous humor flow rate and IOP in normal
cats treated three times daily with topical dorzolamide.(50) It has been shown in a number of
species, including cats, dogs, rabbits and monkeys, that carbonic anhydrase inhibitors
demonstrate a greater IOP-lowering effect in glaucomatous versus normal animals.(27,
51-53)

One of the limitations of our study is that all of the subjects were affected by a single form
of primary glaucoma that is infrequently encountered in clinical practice. Caution should be
exercised in extrapolating data regarding response to glaucoma therapies between subjects,
without giving consideration to underlying mechanisms of aqueous outflow obstruction.
However, CAIs target aqueous production rather than aqueous humor outflow. Thus,
dorzolamide should have broad applicability in feline glaucoma patients.

In humans, the most common side effects associated with the administration of topical
dorzolamide include a burning and stinging sensation, conjunctival hyperemia and punctuate
epithelial erosions.(22) Although the assessment of tolerability of the topical formulation
was not a specific aim of the current study, we noted no ocular adverse effects following
topical administration of dorzolamide in the relatively small number of glaucomatous cats
evaluated. This observation is in agreement with previously published studies in normal cats
and dogs.(25, 28, 49)

In summary, topical dorzolamide 2% was effective at lowering IOP, and blunting circadian
fluctuations in IOP, in glaucomatous cats in our study. A pronounced circadian fluctuation
in IOP was identified in all cats, with IOPs significantly higher during the dark phase. The
range of IOP fluctuation observed was extreme and suggests that caution should be
exercised when interpreting a single daytime measurement of IOP in a glaucomatous cat, or
feline glaucoma suspect. A 24 hour IOP curve may be necessary to establish glaucoma
status in some cats and to determine if medical control of IOP is adequate, particularly in
cats with evidence of disease progression despite apparently “successful” IOP-lowering
therapy.
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Figure 1.
Plot of circadian intraocular pressure (IOP) in a representative glaucomatous cat. Dramatic
dark-phase increases in IOP are reduced by dorzolamide treatment. Data for right eye is
represented in black and for left eye is represented in gray. (Each tick mark on the abscissa
represents 4 hours).
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Figure 2.
Box and Whiskers plot illustrating significant reduction in circadian intraocular pressure
(IOP) fluctuation in glaucomatous cats (n=7) during treatment with dorzolamide 2%,
relative to pre-treatment and placebo phases of the study. Data are shown for left eyes (OS)
and right eyes (OD). Lines within boxes represent median values, whiskers represent 5-95%
confidence intervals.
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