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Abstract

Purpose

We have observed that the commonly used ketamine/xylazine anesthesia mix can induce a

focally severe and permanent corneal opacity. The purpose of this study was to establish

the clinical and histological features of this deleterious side effect, its sensitivity with respect

to age and anesthesia protocol, and approaches for avoiding it.

Methods

Young C57BL/6J, C57BLKS/J, and SJL/J mice were treated with permutations of anesthe-

sia protocols and compared using slit-lamp exams, optical coherence tomography, histo-

logic analyses, and telemetric measurements of body temperature.

Results

Ketamine/xylazine induces corneal damage in mice with a variable frequency. Among 12

experimental cohorts, corneal damage associated with ketamine/xylazine was observed in

9 of them. Despite various treatments to avoid corneal dehydration during anesthesia, the

frequency of corneas experiencing damage among responding cohorts was 42% (26%

inclusive of all cohorts), which is significantly greater than the natural prevalence (5%). The

damage was consistent with band keratopathy. It appeared as a white or gray horizontal

band located proximal to the pupil and was positive for subepithelial calcium deposition with

von Kossa stain.

Conclusions

The sum of our clinical and histological observations is consistent with ketamine/xylazine-

induced band keratopathy in mice. This finding is relevant for mouse studies involving the

eye and/or vision-dependent behavioral assays, which would both be prone to artifact
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without appreciation of the damage caused by ketamine/xylazine anesthesia. Use of yohim-

bine is suggested as a practical means of avoiding this complication.

Introduction

Mice are widely utilized in many types of ophthalmic research and development[1–6], includ-

ing the study of diseases of infancy and childhood that necessitate studies with young mice.[7–

10] We have recently uncovered an unusual and deleterious influence that the commonly used

ketamine/xylazine anesthesia mix has on the cornea of young mice. In searching the literature

for a potential explanation of this phenomenon, we found that this complication is currently

not widely appreciated. Here, we present data demonstrating that this anesthesia-induced side-

effect is a form of band keratopathy and that it can readily be prevented by use of yohimbine.

Methods

Animals

The precise strain, age, and source, as well as treatments, of all mice in this study are summa-

rized in Table 1. All animals were housed in non-barrier facilities maintained by the Office of

Animal Resources at The University of Iowa. All animals were treated in accordance with the

ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. All experimental

protocols were approved by the Animal Care and Use Committee of The University of Iowa.

Anesthesia and ocular examination

For all cohorts involving ketamine/xylazine, mice were injected with a standard mixture of

ketamine/xylazine (intraperitoneal injection of 100 mg ketamine + 10 mg xylazine / kg body

weight; Ketaset1, Fort Dodge Animal Health, Fort Dodge, IA; AnaSed1, Lloyd Laboratories,

Shenandoah, IA). During induction of anesthesia, mice were placed in an empty cage and pro-

vided supplemental indirect warmth either by an electrical heating pad placed over the cage or

an animal temperature controller connected to a rectal probe (TCAT-2LV controller, RET-3

probe, Physitemp Instruments, Clifton, NJ). Among cohorts receiving dilating drops (2%

Cyclogyl, Alcon Laboratories, Fort Worth, TX), drops were applied immediately following

anesthesia and after 2 minutes the corneas were then hydrated with balanced salt solution

(BSS; Alcon Laboratories, Fort Worth, TX), Systane Ultra (Alcon Laboratories, Fort Worth,

TX), GenTeal Mild to Moderate (Novartis Pharmaceuticals Corp., East Hanover, NJ), Hypo

Tears (Novartis Pharmaceuticals Corp., East Hanover, NJ), Neomycin and Polymyxin B Sul-

fates and Bacitracin Zinc Ophthalmic Ointment USP (Bausch and Lomb, Rochester, NY), or

Artificial Tears (AKORN Animal Health, Lake Forest, IL). Among cohorts receiving retinal

scans by optical coherence tomography (OCT; Bioptigen, Morrisville, NC), the eye was

exposed for 1 minute to OCT. During recovery from anesthesia, both eyes were hydrated as

indicated in Table 1 and all mice were again placed in an empty cage and provided supplemen-

tal indirect warmth either by an electrical heating pad placed over the cage or an animal tem-

perature controller connected to a rectal probe. A subset of mice was injected with yohimbine

(intraperitoneal injection of 2 mg yohimbine / kg of body weight; Yobine1, Lloyd, Inc., Shen-

andoah, IA) upon placement in an empty cage for recovery. The incidence of corneal opacities

was evaluated one week following anesthesia either by OCT or slit-lamp. Mice evaluated by

OCT one week post-anesthesia were re-anesthetized, corneas were hydrated with BSS, and
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both corneas were imaged using OCT. To evaluate the natural prevalence of corneal opacities,

slit-lamp examinations were performed on our colony of C57BL/6J mice (>1 year of age;

n = 72 eyes). Histologic analyses followed previously described standard methodologies.[11]

Among cohorts anesthetized with isoflurane, mice were anesthetized with 2.5% isoflurane

+ 100% oxygen for 15 minutes.

Telemetric monitoring of body temperature

Implantable temperature transponders (IPTT-300; Bio Medic Data Systems; Seaford, DE) were

injected subcutaneously into 21-day-old (n = 3) and 18-week-old (n = 3) C57BLKS/J mice

anesthetized with isoflurane. Two days post-injection, body temperature was measured using

an external recording device (DAS-7009 small smart reader; Bio Medic Data Systems; Seaford,

DE) and then mice were injected with ketamine/xylazine, placed in an empty cage, and pro-

vided supplemental indirect warmth by an electrical heating pad placed over the cage.

Table 1. Summary of experiments.

Cohort Experiment

Date

Strain Age Sex Sourcea Anesthesiab Drops and

Hydrationc

Yohimbine OCT Retinal

Scand

Temperature

Transponder

Supplemental

Heate
Eyes with

damage

1 1/10/12 C57BL/6J 3 wks F JAX AX4 K/X G + D OU Heating Pad 3/4 (75%)

1/10/12 C57BL/6J 3 wks F JAX AX4 K/X S + D OU Heating Pad 3/4 (75%)

1/10/12 C57BL/6J 3 wks F JAX AX4 K/X H + D OU Heating Pad 3/4 (75%)

1/10/12 C57BL/6J 3 wks F JAX AX4 K/X B + D OS Heating Pad 6/8 (75%)

1/10/12 C57BL/6J 3 wks F JAX AX4 K/X B + D OU Heating Pad 9/12 (75%)

2 1/24/12 C57BL/6J 12 wks F JAX AX4 K/X B + D OS Heating Pad 2/8 (25%)

3 4/2/12 C57BL/6J 3 wks F JAX AX4 K/X None Heating Pad-cont. 0/4 (0%)

4/2/12 C57BL/6J 3 wks F JAX AX4 K/X None Yes Heating Pad-cont. 0/8 (0%)

4/2/12 C57BL/6J 3 wks F JAX AX4 I None Heating Pad-cont. 0/8 (0%)

4 2/12/13 C57BL/6J 3 wks F JAX MP15 K/X B OU Heating Pad 8/8 (100%)

2/12/13 C57BL/6J 3 wks F JAX MP15 K/X B Yes OU Heating Pad 0/8 (0%)

2/12/13 C57BL/6J 3 wks F JAX MP15 I B OU Heating Pad 0/8 (0%)

5 8/8/13 C57BLKS/J 3 wks F IOWA K/X B Yes Heating Pad 2/4 (50%)

8/8/13 C57BLKS/J 18 wks F IOWA K/X B Yes Heating Pad 0/4 (0%)

6 10/29/13 SJL/J 3 wks F IOWA K/X B Heating Pad 4/10 (40%)

7 10/30/13 C57BLKS/J 3 wks F IOWA K/X B Yes Physitemp 2/6 (33.3%)

10/30/13 C57BLKS/J 3 wks F IOWA K/X B Yes Physitemp-cont. 2/8 (25%)

8 3/6/14 C57BL/6J 3 wks M/F IOWA K/X B Heating Pad 4/6 (66.7%)

3/6/14 C57BL/6J 3 wks M/F IOWA K/X P-N Heating Pad 0/8 (0%)

9 3/13/14 C57BL/6J 3 wks F IOWA K/X B Heating Pad 1/4 (25%)

3/13/14 C57BL/6J 3 wks F IOWA K/X P-AT Heating Pad 0/6 (0%)

10 4/7/14 C57BL/6J 3 wks F JAX RB07 K/X B Heating Pad 0/10 (0%)

4/7/14 C57BL/6J 3 wks F JAX RB07 K/X P-AT Heating Pad 0/10 (0%)

11 6/10/14 C57BL/6J 3 wks F JAX RB07 K/X B Heating Pad 7/14 (50%)

6/10/14 C57BL/6J 3 wks F JAX RB07 K/X P-N Heating Pad 2/12 (14.3%)

6/10/14 C57BL/6J 3 wks F JAX RB07 K/X P-AT Heating Pad 2/14 (16.7%)

12 6/10/14 SJL/J 3 wks F JAX RB04 K/X B Heating Pad 0/14 (0%)

6/10/14 SJL/J 3 wks F JAX RB04 K/X P-N Heating Pad 0/12 (0%)

6/10/14 SJL/J 3 wks F JAX RB04 K/X P-AT Heating Pad 0/14 (0%)

aJAX, received from The Jackson Laboratory, colony indicated, experiments initiated the day following receipt
bK/X, ketamine/xylazine; I, isoflurane
cG, Genteal; S, Systane; H, Hypotears; B, balanced salt solution; D, dilation drops; P-N, petrolatum with Neomycin antibiotic; P-AT, petrolatum-based

artificial tears
dOU, both eyes; OS, left eye
econt., continuous supplemental heat

doi:10.1371/journal.pone.0132804.t001
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Immediately upon anesthesia, temperature was recorded (t = 0) and mice were removed from

heat and placed on the OCT platform for 2.5 minutes. Mice were then given standard indirect

warmth by an electrical heating pad placed over the cage for the recovery period and body tem-

perature was monitored throughout recovery for up to 40 minutes. Body temperature measure-

ments were taken every 2 minutes for the first 10 minutes, and then every 5 minutes for the

remainder of the experiment.

Results

We initially observed an induction of central corneal opacities in longitudinal studies of post-

natal ocular maturation in mice using OCT. For the original study, anesthetized mice were to

be imaged on a weekly basis starting at 3 weeks of age. Based on prior studies of ocular growth

in C57BL/6J mice, we expected to observe a clear and healthy cornea that gradually thickened

through subsequent weeks of postnatal development.[12, 13] Unexpectedly, at the second week

of imaging most of the corneas were damaged with opacities (Fig 1), making our original

planned studies impossible. Subsequent characterization identified several features consistent

with band keratopathy.[14, 15] Observed by OCT and slit-lamp examination, the opacities

were centrally located, appearing as a horizontal band between the subepithelial layer and

anterior stroma (Fig 1). Eyes appeared free from inflammation and there was no evidence of

vascularization. Histologically, damaged corneas showed accumulation of a granular substance

that raised the epithelial layer (Fig 2). Von Kossa staining showed the appearance of brown-

black granules at the site of the lesion, indicating calcium deposition characteristic of band ker-

atopathy (Fig 3). To our knowledge, neither band keratopathy nor corneal damage of any type

Fig 1. Grossmorphological changes in four-week-old C57BL/6J corneas after exposure to ketamine/xylazine.Optical coherence tomography (OCT)
of the anterior segment (A-C) and slit-lamp images (D-F) of mice injected with ketamine/xylazine show a range of mild (middle column) to severe (right
column) corneal damage. In the OCT images, note the presence of corneal opacities between the stromal and epithelial layers. Naïve C57BL/6J mice (no
prior injection with ketamine/xylazine; left column) have healthy, clear corneas and are free of opacity.

doi:10.1371/journal.pone.0132804.g001
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has previously been reported in association with this strain of mice, imaging modality, or anes-

thesia protocol.

To suggest factors influencing the induction of these opacities, we next performed a series of

experiments testing the effects of various permutations to each component of the experiment

(Table 1). Among three-week-old mice receiving ketamine/xylazine anesthesia and standard

post-anesthetic follow-up (supplemental warmth during induction and recovery, treatments to

Fig 2. Histological changes in four-week-old C57BL/6J corneas after exposure to ketamine/xylazine.Glutaraldehyde-fixed, plastic-embedded
sections stained with toluidine blue at low (A-C) and high (D-F) magnification. Naïve C57BL/6J corneas (left column) showed normal epithelial cell and
stromal morphologies. Corneas with mild damage (middle column) and severe damage (right column) showed deposition of a crystalline substance between
the epithelial and stromal layers. There was a loss of cellularity of the basal and wing epithelial cells and flattening of the stromal lamellae compared to
corneas of naïve mice. Scale bars: A-C, 50 μm; D-F, 10 μm.

doi:10.1371/journal.pone.0132804.g002

Fig 3. Calcium deposition of damaged corneas. Paraffin-embedded sections were stained with von
Kossa. Calcium deposition is indicated by the brown staining at the interface of the epithelial and stromal
layers. Scale bar, 20 μm.

doi:10.1371/journal.pone.0132804.g003
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prevent corneal dehydration), 26% of all eyes exhibited corneal damage after 1 week (n = 55/

210 eyes). Opacities were induced in cohorts of mice newly received from The Jackson Labora-

tory and cohorts born from existing colonies at The University of Iowa. Thus, the opacities

were not obviously related to husbandry. Corneal opacities were observed in C57BL/6J,

C57BLKS/J and SJL/J mice, inbred strains of mice with disparate central corneal thicknesses.

[11] Thus, the induced opacities were also not a phenomenon unique to a single strain of mice.

Opacities were equally present regardless of whether or not an eye had previously been imaged

by OCT. Thus, the opacities were not the consequence of the imaging modality. Dilating drops

were ruled out as a causative factor because their omission did not prevent the corneal damage.

Having eliminated the above components as potential causative factors, the remaining agent

utilized with all of the mice with corneal damage was ketamine/xylazine.

To explore the potentially damaging influence of ketamine/xylazine, we repeated the experi-

ment with a cohort of 3-week-old C57BL/6J mice using isoflurane as a substitute anesthetic,

yohimbine (Fig 4), a xylazine antagonist that accelerates recovery from ketamine/xylazine

anesthesia, or using ketamine/xylazine with only standard post-anesthetic follow-up as a con-

trol (Table 1; cohort 4). No corneal damage was observed in any of the eyes from mice with

either treatment (n = 0/8 eyes per treatment), whereas the control mice for this cohort had

damage in all eyes (n = 8/8). Combined, these data support ketamine/xylazine as the damage-

inducing agent.

To test the hypothesis that ketamine/xylazine anesthesia induces corneal opacities in mice,

we compared the incidence in cohorts of naïve mice versus those that had been anesthetized

with ketamine/xylazine. Corneal opacities are not a known naturally occurring feature of

C57BL/6J, C57BLKS/J, or SJL/J mice and we have previously reported detecting only a single

instance of a corneal opacity among a screen for corneal phenotypes among these strains.[11]

To confirm the rate of naturally occurring central corneal opacities analogous to those we

observed in our studies, we screened a cohort of naïve C57BL/6J mice (>1 year old) from our

colony with a slit-lamp and observed this type of central corneal opacity to occur at a frequency

of 5% (n = 4/72 eyes), which is significantly less than the frequency among ketamine/xylazine-

treated responding cohorts (n = 60/144 eyes; 41.7%; p< 0.0001, Chi Square test) or all keta-

mine/xylazine-treated mice (n = 60/224 eyes; 26.8%; p< 0.0001, Chi Square test).

In considering potential mechanisms contributing to this phenomenon, we hypothesized

that body temperature might have a role. Ketamine/xylazine anesthesia is known to cause a

decrease in body temperature[16], as confirmed by our measurements using subcutaneous

transponders throughout anesthesia in young and adult mice (Fig 5). To test whether this drop

in body temperature contributes to the corneal damage, 3-week-old mice were anesthetized

with ketamine/xylazine (without yohimbine), but rather than transferring the mice to the OCT

for imaging, were instead maintained constantly with externally supplied warmth (delivered

either by use of an electric heating pad or an animal temperature controller connected to a rec-

tal probe) during all stages of the experiment. After one week, 17% (n = 2/12 eyes) of the mice

developed opacities (Cohorts 3 & 7, Table 1). Thus, body temperature fluctuations may influ-

ence the corneal damage, but our attempts to minimize changes in body temperature were

none-the-less unsuccessful in completely preventing it.

We also considered corneal desiccation as a potential mechanism. Opacities were observed

in mice receiving independent water-based solutions influencing corneal dehydration (Systane

Ultra, Alcon Laboratories, Fort Worth, TX; GenTeal Mild to Moderate, Novartis Pharmaceuti-

cals Corp., East Hanover, NJ; Hypo Tears, Novartis Pharmaceuticals Corp., East Hanover, NJ).

Use of petrolatum-based ointments (Artificial Tears, AKORN Animal Health, Lake Forest, IL;

Neomycin and Polymyxin B Sulfates and Bacitracin Zinc Ophthalmic Ointment USP, Bausch
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and Lomb, Rochester, NY;), however, potentially influences the incidence of corneal opacities,

but was not able to completely prevent corneal damage.

Discussion

Ketamine/xylazine is one of the most common anesthetics utilized with mice,[17] but to our

knowledge, a corneal-damaging influence of ketamine/xylazine has not previously been

reported for mice. If not prevented or controlled for, this phenomenon could obviously have a

significant impact on many different kinds of experiments, altering the anatomy and physiol-

ogy of the anterior chamber and distorting the ability to image or record responses from the

entire eye. Because this phenomenon is of broad experimental significance to ophthalmic

research using mice, we felt it prudent to bring attention to the issue despite some lingering

questions concerning the mechanism.

In investigating the literature, there are several potential side-effects of ketamine/xylazine. It

is known that ketamine/xylazine can induce reversible cataracts in rodents[18] and can affect

intraocular pressure.[19, 20] Corneal damage in young rats due to ketamine/xylazine has previ-

ously been observed. In 1988, it was reported by Guillet and colleagues that 84% of 3-week-old

rats anesthetized with ketamine/xylazine developed corneal lesions.[21] No lesions were

observed in rats administered ketamine or xylazine alone, nor if rats were treated with

Fig 4. Rescue of ketamine/xylazine-induced corneal damage by yohimbine.OCT (A) and slit-lamp (B)
images showmice that were injected with yohimbine as a post-anesthesia follow-up are clear from opacity.
The corneal epithelial cell layers and the stromal lamellae (C, D) look normal in yohimbine-injected mice.
Scale bars: C, 50 μm; D, 10 μm.

doi:10.1371/journal.pone.0132804.g004

Fig 5. Body temperature loss during ketamine/xylazine anesthesia of 3-week-old (filled circles) versus 3-month-old (open squares) C57BLKS/J
mice. Immediately upon anesthesia, mice were placed on the OCT platform for 2.5 minutes and then given indirect heat for the remainder of the experiment.
There is no significant difference (P > 0.05 at all time points, unpaired t-tests) in body temperature loss between young (small) and adult (large) mice (n = 3
mice per group). Error bars are standard deviation.

doi:10.1371/journal.pone.0132804.g005
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yohimbine during recovery. Similar results in rats were subsequently reported by Tita et al.[22]

and Turner and Albassam who additionally showed that if rats were anesthetized with isoflur-

ane instead of ketamine/xylazine, damage was avoided completely.[23] Similar to our observa-

tions, these studies using rats injected with ketamine/xylazine reported damage involving

central corneal opacities and seem likely to indicate that the same deleterious side-effect we

have observed occurs in multiple rodent species.

The mechanism for this phenomenon is unknown. In both humans and animals, band kera-

topathy has been associated with a variety of ocular and systemic conditions that, through a

variety of mechanisms, leave Bowman’s membrane prone to calcification in areas of greatest

environmental exposure.[24, 25] In the context of anterior uveitis, band keratopathy is more

frequently observed in children than adults.[26, 27] Current hypotheses of pathophysiology

center on events such as tear evaporation and changes in pH that may promote calcium precip-

itation, but much remains unknown concerning the precise mechanism(s).[25] Our studies of

the ketamine/xylazine-induced form of this disease are consistent with a complex age-depen-

dent interaction involving combined use of both compounds, though other mechanisms can’t

be ruled out. Ketamine is primarily classified as an NMDA receptor antagonist, although inter-

actions with other receptors and channels have also been reported.[28] Xylazine is an α2

adrenergic agonist and is commonly used with ketamine as an adjunct agent because of its

analgesic and muscle relaxant properties.[29] Drawing from the experiments of Guillet et al.

who showed that the damage in rats does not occur with ketamine or xylazine alone, and that

the damage can be prevented by treatment with yohimbine (an α2 adrenergic antagonist), it

appears that the phenomenon may be due to a complex drug interaction or physiologic conse-

quence of the ketamine/xylazine mixture.Potential implications of this observation to humans

are unclear. Ketamine is used clinically as a pediatric anesthetic[30] and increasingly as an anti-

depressant.[31] The safety of ketamine use in children has had some controversy.[32, 33] How-

ever, we are unaware of any reports of corneal damage in children and there is only one case

report linking ketamine use to corneal damage in an adult.[34] Ketamine is also used non-clini-

cally as a recreational drug.[35] To our knowledge, the use of xylazine is limited to veterinary

practice. It is unknown, but possible, that other α2 adrenergic agonists that are used in human

clinical practice could have a similar interaction if used concurrently with ketamine. Because

reports of irreversible ketamine/xylazine-induced corneal damage are thus far limited to

rodents, and the combination of scenarios placing humans potentially at risk unlikely, a case

for imminent human relevance seems challenged but not impossible.

Among caveats of this study, an issue regarding variability merits particular mention.

Cohort-to-cohort variability was notably present in our study. Among 12 total experimental

cohorts comprising all of the experiments described above (see Table 1), induced corneal dam-

age was not observed in controls (i.e., mice injected with ketamine/xylazine, given BSS drops to

maintain corneal hydration, and provided standard post-anesthetic care) for 3 of them

(Cohorts 3, 10, 12; yielding a frequency for ketamine/xylazine-induced damage of 42% for cor-

neas within responding cohorts and 26% inclusive of all cohorts). Although we were unable to

isolate a factor explaining this variability, it remains possible that a nuance of procedure, envi-

ronment, or physiology may in fact explain this phenomenon.

It is important to draw a distinction between statistically supported conclusions of our

study (i.e., ketamine/xylazine increases the incidence of band keratopathy in mice) versus sev-

eral observations that do not rigorously distinguish various mechanisms. As discussed above,

the cohort-to-cohort variability makes this phenotype difficult to study. Regarding incidence,

based on our past experiences using ketamine/xylazine with mice[11, 36, 37], we anecdotally

have the impression that damage is more likely to occur in young mice (< 1 mo of age), but

our current study was not sufficiently powered to test this robustly. With respect to
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mechanism, it’s important to point out that our current results do not distinguish whether this

occurs due primarily to a drug interaction (ketamine, xylazine, or their combined use), or a sec-

ondary physiological consequence such as decreased body temperature, corneal desiccation, or

time under anesthesia. Regarding prevention, although we observed indications that petrola-

tum-based ointment and careful monitoring of body temperature may reduce the incidence of

corneal opacities, we have added yohimbine to our standard anesthesia protocol because it was

the most effective and efficient solution in our hands.

In sum, we have observed that ketamine/xylazine anesthesia induces corneal damage in

mice. A small body of literature from experiments in rats might have predicted this phenome-

non, but our unfamiliarity with it–perhaps the unfamiliarity of most in our field–caused an

experimental complication with our intended experiments. The precise age-dependency,

strain-dependency, and mechanism of this phenomenon remain ill-defined, so we encourage

investigators to examine its influence more closely in their own experiments.
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