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Effects of General Anesthesia on Intraocular
Pressure in Rabbits

] Jeremy Chae,! Mark R Prausnitz,>" and C Ross Ethier*”

Measurement of intraocular pressure (IOP) is a standard procedure in ophthalmic research in animals, specifically in glau-
coma research, and the control of IOP is essential during certain veterinary ophthalmic surgeries. We evaluated the effect
of isoflurane on IOP in the clinically healthy laboratory rabbits and tested a way to minimize the alteration of IOP during
isoflurane anesthesia. After measurement of the baseline IOP in each eye of 9 awake New Zealand white rabbits, animals
were anesthetized by using either: (1) isoflurane without premedication, (2) a combination of ketamine and xylazine, or (3)
isoflurane inhalation after an injection of ketamine-xylazine premedication. Isoflurane led to a sustained increase in IOP of
approximately 12 mm Hg. In contrast, ketamine and xylazine decreased IOP by nearly 5 mm Hg (all values compared with
baseline measurements in awake, unrestrained animals). The observed decrease in IOP after ketamine—xylazine anesthesia
is consistent with anesthetic effects generally seen during anesthesia in other studies. The increased IOP after isoflurane
anesthesia in rabbits in this study was an unexpected result that appears to be specific to this combination of anesthetic and
animal species. Premedication with ketamine-xylazine diminished the effect of isoflurane inhalation on IOP. These results
should be considered in the design of ophthalmic research studies using rabbits and in intraocular surgery where IOP sta-

bility is desired.
Abbreviation: IOP, intraocular pressure
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The measurement of intraocular pressure (IOP) is an
important procedure to ensure ocular health in both clini-
cal and research settings. IOP values in the normal range
indicate a low risk of glaucoma and severe uveitis, and reli-
able IOP measurement is a critical component of glaucoma
studies, ocular toxicity tests, and other preclinical studies.
Elevated IOP is a significant risk factor for glaucoma, which
is the leading cause of irreversible blindness in the world.
An estimated 75 million people are projected to have this
disease in 2020.32 Current glaucoma treatments focus on
lowering IOP to delay or stop vision loss. Research into the
pathophysiology of glaucoma relies extensively on animal
models in which IOP is elevated, leading to ocular changes
that mimic glaucomatous optic neuropathy. A critical aspect
of such models is the measurement of IOP during experi-
mental studies, which often are conducted on anesthetized
laboratory animals.

Anesthesia and associated drugs are well known to affect
IOP in both humans'®?® and animals,!153% thus potentially
complicating the interpretation of IOP measurements in ex-
perimental studies. Isoflurane is an inhaled anesthetic used
for general anesthesia. It is considered a primary choice as an
inhaled anesthetic for animals because it allows rapid recovery
from anesthesia and near real-time control of the plane of anes-
thesia. In addition, combined administration of ketamine and
xylazine is widely used for inducing and maintaining anesthesia
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both in veterinary clinics and in research.?® This combination
of medicine is easy to administer and provides a stable plane
of anesthesia. Generally, depressants of the CNS reduce IOP.
However, a dissociative anesthetic, ketamine, %153 increases
IOP when administered alone and thus may be contraindicated
for ophthalmic surgeries where low or normal IOP is desirable.!?
Xylazine is a selective o,-agonist that reduces IOP by suppress-
ing sympathetic neuronal function which causes a reduction
in aqueous flow.® Combining xylazine with ketamine causes
the ketamine-induced elevation of IOP to be reduced and even
reversed.”1

Although New Zealand white rabbits are a very widely
used laboratory animal in ocular research and pharmacologic
testing, the effects of isoflurane on IOP in this species have not
been reported. In the current study, we found that isoflurane
increases IOP in clinically healthy laboratory rabbits without
premedication and that premedication with a mixture of keta-
mine and xylazine counteracts the increased IOP that occurs
during isoflurane inhalation.

Materials and Methods

Because the tonometer (TonoVet, iCare, Espoo, Finland) that
we used in this study was designed for use in dogs and cats,
we first performed a calibration procedure by using 5 fresh, ex
vivo rabbit eyes according to a modified method from a previous
study.?23! A 25-gauge needle was inserted through the sclera 2
to 3 mm posterior to the limbus, angled such that the tip passed
anterior to the iris and entered into the anterior chamber. We
connected a needle to a reservoir containing a balanced salt
solution that could be manipulated to set IOP. Tonometric
measurements were collected as IOP was set at levels from 5 to
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20 mm Hg in increments of 5 mm Hg; the resulting data were
used for calculating a calibration curve.

Next, we evaluated both eyes in 9 SPF New Zealand white
rabbits (Oryctolagus cuniculi; Charles River Breeding Laborato-
ries, Wilmington, MA; male and female; weight, 3.0 to 3.5 kg).
All procedures were approved by the Georgia Institute of Tech-
nology IACUC and followed the ARVO statement for the Use
of Animals in Ophthalmic and Vision Research.? Rabbits were
housed in an animal facility at Georgia Institute of Technology
in compliance with the Guide for the Care and Use of Laboratory
Animals.'” These animals had not been involved in a previous
study nor had they received prior treatments that could interfere
with IOP measurement. The animals were housed in individual
cages at a controlled temperature of 19.0 + 0.8 °C and humidity
of 6 = 9% on a 12:12-h light:dark cycle. All rabbits were given
ad libitum access to food and water for preventing dehydration
effects on IOP5 Food and water uptake, and urine and stool
production were observed daily. After the rabbits completed a
7-d acclimation period, all eyes were confirmed to be clinically
normal by routine ophthalmic examination before starting the
experiment. All tonometric measurements in this study were
performed by an experienced veterinarian (JJC) without as-
sistance. All IOPs were measured in awake rabbits by using a
hand-held rebound tonometer (TonoVet, iCare) operated in the
‘d’ mode, with 5 consecutive measurements being averaged to
obtain a single value. Topical anesthetic was not used during
IOP measurement.

Baseline IOP in all eyes was obtained by averaging a single
measurement every hour over 12 h (from 0900) daily for 5d (that
is, 60 measurements per rabbit). During the baseline measure-
ment, no sedative agents or restraints were used. Each rabbit was
carefully removed from the cage by using a towel and placed on
a table in a quiet room where the animal was normally housed.

As soon as the rabbit was crouching without moving on the
table, the investigator’s thumb and index finger were applied
to the cheek and forehead, respectively. The other 3 fingers
were used for fixing the head of the rabbit, and the tonometer
was applied to the central cornea by using the other hand. Af-
ter baseline IOP measurements, rabbits were separated into 3
groups of 3 animals each and anesthetized as follows. All IOP
measurements under anesthesia, for all groups, were obtained
with the animal in a sternal recumbent position. All procedures
involving anesthesia were performed between 0900 and 1200,
and all IOP measurements were performed between 0900 and
2100. Corneal hydration was maintained by applying 2 drops
of ocular lubricant (Refresh Tears, Allergan, Irvine, CA) before
the loss of the Purkinje images.

Rabbits in the first group (1 male, 2 females; weight, 3.3 +
0.1 kg) received only inhaled isoflurane. After placement of
the animal in an induction chamber (model 90100, Bickford,
Wales Center, NY), 5% isoflurane (Isothesia, Henry Schein,
Melville, NY) was delivered by using an anesthesia machine
and isoflurane vaporizer (Isotec4, Surgivet, Dublin, OH), with
an oxygen flow rate of 400 mL/min maintained at all times,
unless otherwise specified. After removal of the rabbit from the
induction chamber, a nose cone was promptly applied, and the
concentration of the isoflurane was gradually decreased from
5% to 3% over 7.5 min. The isoflurane concentration was then
kept at 3% for 1 h to maintain anesthesia, after which the nose
cone was removed, and the rabbit was allowed to recover. The
rabbit’s IOP was measured before induction; at 7.5, 15, 30, 45,
and 75 min after induction; and at 3, 5, 10, 15, 30 min, and 1, 2,
and 3 h after removing the nose cone.
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Figure 1. Calibration curve for the TonoVet rebound tonometer by
using direct manometry. IOP values by rebound tonometry showed
a strong linear correction with the manometrically set pressure. Five
enucleated rabbit eyes were used for calibration. Each data point pre-
sents a measurement, with some points overlapping. The linear re-
gression line is shown as a solid line.

Rabbits in the second group (1 male, 2 females; weight, 3.3 +
0.1 kg) received a subcutaneous injection of a mixture of keta-
mine (25 mg/kg, Ketathesia, Henry Schein) and xylazine (5 mg/
kg, AnaSed Injection, Akorn, Lake Forest, IL). The IOP value
was measured before injection; at 15 and 30 min after injection,
and then hourly for 8 h.

Animals in the third group (3 females; weight, 3.3 + 0.1 kg)
received both injectable premedication and inhalational isoflu-
rane maintenance in a protocol designed to avoid significant IOP
changes. First, rabbits received subcutaneous premedication
consisting of a mixture of ketamine (10 mg/kg) and xylazine
(2 mg/kg). After 7.5 min, a nose cone was applied to deliver
isoflurane, with the concentration increasing gradually from 1%
to 3% over 7.5 min, after which the concentration of anesthesia
was maintained at 3% for 1 h. Then the nose cone was removed.
The IOP was measured before and at 7.5, 15, 30, 45, and 75 min
after injection; at 3, 5, 10, 15, and 30 min after completing the
anesthesia procedure; and then hourly for 6 h.

The data obtained from the tonometer were converted to the
actual IOP by using the relationship obtained from the calibra-
tion study, namely y = 0.8784x — 1.26 (R? =0.98; x, reservoir
pressure in mm Hg; y, tonometric measurement in mm Hg;
Figure 1). Data are presented as mean values = 1 SD. Repeated-
measures ANOVA was performed to determine statistical
significance of differences between postanesthetic and baseline
IOP by using SPSS 22.0 for Windows (SPSS, Chicago, IL). The
threshold for statistical significance was taken as a P value of
less than 0.05.

Results
The baseline IOP was 14.4 1.0 mm Hg in rabbits anesthetized
with isoflurane only, 13.9 + 0.9 in those given subcutaneous
ketamine and xylazine only, and 13.1 £ 1.0 mm Hg in animals
that received ketamine—xylazine premedication followed by
isoflurane anesthesia (overall average, 13.8 £ 1.1 mm Hg). Rab-
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Figure 2. Effect of general anesthetics on the intraocular pressure in healthy rabbit eyes. (A) Isoflurane was delivered to the rabbit by using an
induction chamber (5%) and a nose cone (3%) for induction and maintenance, respectively. (B) A combination of ketamine and xylazine (25 and
5 mg/kg, respectively) was injected subcutaneously. (C) A combination of ketamine and xylazine (10 and 2 mg/kg, respectively) was adminis-
trated subcutaneously as a premedication, and isoflurane (3%) administered by nose cone was used for maintenance. (D) The summary of all
data from panels A through C are shown on a single plot. The numbers indicate the stage of anesthesia: (1) induction, (2) maintenance, and (3)
recovery. Results are presented as mean + 1 SD from 6 rabbit eyes per group.

bits that received inhaled isoflurane only showed an almost
immediate increase (P < 0.001) in IOP of 12.0 + 2.2 mm Hg
over baseline during the maintenance period; this increased
IOP quickly (within 30 min) reversed to baseline levels after
isoflurane was discontinued (Figure 2 A). In the second group,
the ketamine—xylazine mixture decreased (P < 0.001) IOP for 4
h, with a peak reduction of 5.1 £ 0.6 mm Hg occurring 2 h after
injection; IOP then slowly recovered and returned to baseline
within 5 h (Figure 2 B). In rabbits that received injectable pre-
medication and then inhalant isoflurane, IOP dropped (P <
0.001) rapidly by 3.5+0.3 mm Hg by 7.5 min after ketamine—xy-
lazine injection; this decrease was reversed (P = 0.045) to a value
of approximately 1 mm Hg below baseline IOP on initiation of
isoflurane administration. After isoflurane administration was
stopped, IOP decreased again and then gradually recovered to
baseline over 4 h (Figure 2 C).

Discussion

We conclude from our current data that isoflurane anesthesia
can significantly increase IOP in the eyes of normal laboratory
rabbits and that ketamine-xylazine anesthesia can significantly
decrease IOP in these animals. Furthermore, these IOP changes
can be minimized by using a combination of ketamine—xylazine
premedication, followed by isoflurane anesthesia.

The isoflurane-induced increase in IOP in rabbits is oppo-
site to that reported in prior studies in rodents, in which IOP
decreases of 45.3% occurred in normal mice,!* and decreases
of approximately 11 mm Hg were seen in glaucomatous rats."”
This IOP-lowering effect of isoflurane has been suggested
to result from hemodynamic changes.*?! The different ef-
fects we observed in rabbits as compared with prior work
in rodents may reflect differences in species as well as in

anesthetic procedures, depth of anesthesia, or preexisting
glaucomatous factors.

Anesthesia involving isoflurane has been reported to lower
IOP, but in those studies, #2021 isoflurane administration was
preceded by premedication (thatis, as in group 3 of our study),
with the exception of research on normotensive nonhuman
primates.'8212 Those studies were conducted in normal dogs
premedicated with xylazine and thiopental,?° pigs premedicated
with thiopental,* human children premedicated with pentobar-
bital,! and glaucomatous NHP premedicated with ketamine.?!
These findings are generally consistent with our observations
in rabbits exposed to both isoflurane and ketamine-xylazine
premedication, in which IOP increases caused by isoflurane
were counteracted by premedication with the other agents.
However, in normotensive NHP, the effect of premedication
(ketamine or ketamine—xylazine) and isoflurane inhalation on
IOP was insignificant throughout the procedure.'$2? Premedi-
cation with ketamine and dexmedetomidine decreased IOP in
normotensive NHP, but the effect on IOP due to isoflurane was
not significant.!® This pattern of changes has been reported only
in NHP, suggesting species specificity. We were unable to find
literature reports on IOP changes in rabbits anesthetized with
isoflurane with or without premedication, rodents anesthetized
with isoflurane and premedication, or other animals anesthe-
tized with isoflurane alone.

Identifying the mechanism of IOP elevation due to iso-
flurane was well beyond the scope of our study. Inhaled
anesthetics could increase IOP by affecting the midbrain,
altering blood pressure and, therefore IOP, or by changing
intra- and extraocular muscle tone.?® Trichloroethylene,
another inhaled anesthetic, was reported to increase IOP by
increasing central venous pressure,®® and we speculate this
mechanism may also be the case for isoflurane. Alternatively,
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obstruction of blood flow by the nose cone could explain
our findings. However, the cone used in this study was fit-
ted with a very soft rubber gasket and thus was unlikely to
compress facial blood vessels; furthermore, rabbits have no
significant superficial veins in the face that might increase
IOP by compression.?

Elevation of IOP is usually undesirable during intraocular
surgeries because it increases the risk for severe consequences
such as vitreous prolapse or retinal detachment.!? By adding
premedication (that is, a combination of ketamine and xylazine),
we found that the IOP elevation due to isoflurane was prevent-
able, thus likely reducing the risk of surgical complications in
rabbits. Other premedications could also be considered for this
role. However, the combination of diazepam or midazolam with
ketamine as premedication is unlikely to decrease IOP or to do
in a short time, as was shown in dogs'#15 and sheep.!3 Alterna-
tively, the effect of isoflurane to elevate IOP could be used to
create a transient ocular hypertension model in the rabbit if a
well-equipped monitoring and control system could use isoflu-
rane could cause high IOP for a prolonged time. However, the
interpretation of any results from such a model would have to
account for any additional effects (that is, other than increasing
IOP) of extended anesthesia.

An acute stress response due to handling, tonometry, and
restraint can increase IOP in awake animals.'>18242534 To address
this issue, we carefully designed this study to minimize such
stress. All animals were handled by a well-trained veterinarian,
who treated the rabbits gently at all times and who measured
IOP in these animals many times to accustom them to the pro-
cedure. The housing environment was well-controlled, and
tonometry was performed in a quiet room where the rabbits
were normally housed, without extraneous personnel present.
The rebound tonometer was used without a restraint box or
topical anesthesia, which can cause stress and alter [OP;3?
this procedure was feasible for the New Zealand white rabbits
we used due to their docile and calm nature. Finally, repeated
measurements (60 per animal) were taken to establish a baseline
IOP, and these sessions served as a training regimen to acclimate
animals to IOP measurement and thus avoid stress-induced
ocular hypertension. These baseline IOP values were consistent
over time (variation of only around 1 mm Hg), further sug-
gesting that IOP measurements were well tolerated; otherwise,
we would have expected to see them decline over time as the
animals become acclimated to the procedure.

The average baseline IOP for the rabbits in this study (13.8 +
1.1 mm Hg) was consistent with prior studies, which reported
baseline IOP values between 12.2 to 13.5 mm Hg”??” without
anesthesia but lower than earlier reports of IOP (15 to 23 mm
Hg) in albino rabbits.?

In summary, we found that the widely used inhalation anes-
thetic agent isoflurane significantly increased IOP in laboratory
rabbits and that this alteration of IOP could be minimized by us-
ing a preinjection of ketamine and xylazine. These findings will
be of use to investigators using rabbits in ophthalmic research,
including glaucoma, ocular toxicology, and preclinical studies
and potentially during ocular surgery in companion rabbits.
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