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Abstract High-resolution magnetic resonance

imaging (MRI) provides non-invasive images of

retinal anatomy, physiology, and function with

depth-resolved laminar resolution. Eye movement

and drift, however, could limit high spatial resolution

imaging, and anesthetics that minimize eye move-

ment could significantly attenuate retinal function.

The aim of this study was to determine the optimal

anesthetic preparations to minimize eye movement

and maximize visual-evoked retinal response in rats.

Eye movements were examined by imaging of the

cornea with a charge-coupled device (CCD) camera

under isoflurane, urethane, ketamine/xylazine, and

propofol anesthesia at typical dosages in rats. Com-

bination of the paralytic pancuronium bromide with

isoflurane or ketamine/xylazine anesthesia was also

examined for the eye movement studies. Visual-

evoked retinal responses were evaluated using full-

field electroretinography (ERG) under isoflurane,

ketamine/xylazine, urethane, and ketamine/xylazine

? pancuronium anesthesia in rats. The degree of eye

movement, measured as displacement per unit time,
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was the smallest under 1% isoflurane ? pancuronium

anesthesia. The ketamine/xylazine groups showed

larger dark-adapted ERG a- and b-waves than other

anesthetics tested. The isoflurane group showed the

shortest b-wave implicit times. Photopic ERGs in the

ketamine/xylazine groups showed the largest b-waves

with the isoflurane group showing slightly shorter

implicit times at the higher flash intensities. Oscilla-

tory potentials revealed an early peak in the isoflu-

rane group compared with ketamine/xylazine and

urethane groups. Pancuronium did not affect the a-

and b-wave, but did increase oscillatory potential

amplitudes. Compared with the other anesthetics

tested here, ketamine/xylazine ? pancuronium was

the best combination to minimize eye movement and

maximize retinal function. These findings should set

the stage for further development and application of

high-resolution functional imaging techniques, such

as MRI, to study retinal anatomy, physiology, and

function in anesthetized rats.

Keywords Anesthesia � Eye movement � ERG �
fMRI � Magnetic resonance imaging

Introduction

In vivo investigations of the retinas in animal models

are routinely performed under general anesthesia for

easy restraint and to control anxiety. Stable and

adequate anesthesia is important because data acqui-

sition may not be instantaneous, data may need to be

acquired in time series to detect temporal responses

to multiple stimuli, and/or multiple types of clinically

relevant data may need to be acquired in a single

setting. However, many of the anesthetic agents used

in retinal studies alter retinal function [1–7] and do

not completely remove eye movements [8–10]. A

systematic evaluation of commonly used anesthetic

agents may be helpful to facilitate experimental

investigation of retinal function in vivo.

Eye movements are generally classified as gaze-

stabilizing or gaze-shifting mechanisms. Gaze-stabi-

lizing mechanisms, such as the vestibule ocular reflex

and optokinetic reflex, keep the object of interest in

the field of vision when the head or the object is

moving. Gaze-shifting mechanisms involve involun-

tary eye movements such as saccades, pursuit, and

vergence [11]. Under light general anesthesia, the eye

moves in slow oscillatory sweeps due to the incom-

plete recovery from saccades. For example, optoki-

netic studies in rabbits and monkeys [12, 13] showed

that eye movements under ketamine were coordi-

nated to the visual input with the activation of the

sensorimotor loop. Increased depth of anesthesia can

generally reduce eye movements, although not

always effective. For example, microsaccadic motion

has been observed even under deep anesthesia

[14, 15]. Moreover, different anesthetics may have

different effects on eye movements [9, 16].

Dosages and the types of anesthetics are also

important considerations for minimizing their effects

on retinal functions. High dose of anesthetics could

markedly attenuate retinal function, and thus, evoked

functional responses [1–7]. A number of studies have

noted various effects of different anesthetic types

and doses on retinal function measured with elect-

roretinograms (ERG) [5, 7, 17–20]. With increasing

interest in functional imaging of the retina using

emerging techniques such as optical imaging

[21–24], functional MRI [25–30], blood flow MRI

[31–34], and optical coherence tomography [35–37]

in animal models, the ability to maintain stable eye

position and preserve optimal retinal function is

important.

The goals of this study were to evaluate several

commonly used anesthetics at their typical dosages

for their effectiveness in suppressing eye motion and

their effects on retinal functions. The anesthetics

studied include isoflurane, urethane, ketamine/xyla-

zine, propofol, isoflurane ? pancuronium bromide

(a paralytic), and ketamine/xylazine ? pancuronium

bromide. Eye movements were evaluated using

optical recording of the corneal surface via a CCD

camera. Retinal function was evaluated using scoto-

pic and photopic ERGs. While the primary purpose

for this study was to determine the optimal conditions

for achieving high-resolution magnetic resonance

imaging (MRI) that provides non-invasive images

of retinal anatomy, physiology, and function with

depth-resolved laminar resolution [25–34], these

findings may be applicable to many other experi-

mental investigations of the retina.
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Methods

All experiments were performed with the approval of

Institutional Animal Care and Use Committees

(IACUC) at Emory University and the Atlanta

Veterans Affairs Medical Center, and in accordance

with the ARVO Statement for the Use of Animals in

Ophthalmic and Visual Research. Two sets of

experiments were performed on separate groups of

male Sprague–Dawley rats: one to evaluate eye

movement studies using a CCD camera and the other

to evaluate retinal function responses using ERG with

Ganzfeld stimuli.

Eye movement measurements

Animal preparation

Six groups of male Sprague–Dawley rats (3 months

old, 275–350 g) were investigated: (1) 1% isoflurane

(n = 6, recommended standard dose for isoflurane is

1-3%), (2) 2% isoflurane (n = 6), (3) urethane (1 g/kg

body weight, i.p., n = 6, AD50 of 1 g/kg), (4)

ketamine/xylazine (75 mg/kg and 10 mg/kg, respec-

tively, i.p., every 30 min, n = 6, AD50 between

47.5 mg/kg to 123 mg/kg of ketamine i.p.), (5)

propofol (45 mg/kg/hr continuous i.v. infusion,

n = 6, AD50 of 30 mg/kg/h), (6) 1% isoflurane ?

pancuronium bromide (3 mg/kg first dose, 1 mg/kg/hr,

i.p., n = 4), and (7) ketamine/xylazine ? pancuroni-

um bromide (n = 5). Rats were anesthetized, orally

intubated with a 14-gauge catheter, mechanically

ventilated, and immobilized in a stereotaxic head

frame. End-tidal CO2 was monitored throughout the

experiment and maintained within normal physiolog-

ical ranges. Rectal temperature was monitored and

maintained between 37.5 and 38.5oC using feedback

circulating warm water pad. Blood pressure was

monitored continuously via a catheter in the femoral

artery connected to a pressure transducer (Harvard

Instruments, Holliston, MA). In the propofol group,

the femoral vein was catheterized for the adminis-

tration of the anesthetic. In the isoflurane group, the

arterial catheterization was performed under 2%

isoflurane for blood pressure monitoring and the

anesthetic level was turned down to the desired level

after surgery. Rats were transferred to a stereotaxic

device to immobilize the head and allowed to

stabilize for 30 min after setup before proceeding to

eye movement recordings. Finally, a small mark was

made on the cornea using a black permanent marker

pen for quantitative tracking of eye movements.

CCD recording

Eye movements were monitored using an optical

imaging instrument (Imager 3001, Optical Imaging

Inc., Rehovot, Israel) which was equipped with a CCD

camera (7.4 lm/pixel resolution). Recordings were

repeated 4 times with a gap of 10 min between

recordings. Magnification of up to 49 could be

achieved with this arrangement. The final resolution

of the image was determined for every setup by taking

a photograph of a millimeter scale. To minimize

the movement of the eye relative to the camera, the

camera was mounted on the same platform as the

stereotaxic headset. Movies were recorded at two

different frame rates: 1 frame/s for 4 min (low frame

rate, LFR) and 25 frames/s for 20 s (high frame rate,

HFR). LFR recordings were performed in all groups.

HFR recordings were done on rats in the isoflurane ?

pancuronium group at different respiration rates as

modulated by the mechanical ventilator.

Data analysis

Recordings of eye movements were analyzed using

programs written in Matlab (Mathworks, Natick,

MA). For the LFR data, the frame-by-frame displace-

ment of the center-of-mass of the black ink spot was

calculated in units of mm/s as a measure of eye

movement (motion index), and the eye movement was

plotted on a graph (movement pattern). The distances

between the center-of-mass coordinates in each frame

were also plotted as a time series (movement wave-

form). For the HFR data, Fourier transform was

applied to the movement waveform data to determine

its frequency components. Two-tailed t-tests were

used for statistical testing, and a P \ 0.05 was

considered to be statistically significant.

Retinal function measurements

Animal preparation

Four groups of rats (male Sprague–Dawley, 3 months

age, 275–300 g) were investigated using the same
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anesthetic dosages as described above: (1) 1% isoflu-

rane (n = 4), (2) urethane (n = 4), (3) ketamine/

xylazine (n = 4), (4) ketamine/xylazine ? pancuro-

nium bromide (n = 6). Rats were dark adapted

overnight. Oral intubation was performed under dim

red lighting in the ketamine/xylazine ? pancuronium

group after the induction of ketamine/xylazine anes-

thesia. The rats were setup on a ventilator and end-

tidal CO2 monitored, followed by i.p. administration

of pancuronium. For all groups, physiological param-

eters were monitored and maintained within normal

physiological ranges as described above. Eye drops

were applied and they included 0.5% proparacaine

HCl for topical anesthetic, and 2.5% phenylephrine

HCl, 1% tropicamide (Mydriacyl), and 1% cyclopen-

tolate (Alcon, Fort Worth, Texas) for pupil dilation. A

silver-impregnated nylon fiber, placed on the surface

of the cornea after application of methylcellulose (for

lubricating and hydrating the cornea), was used as the

recording electrode [38, 39]. Ground and reference

subdermal needle electrodes were inserted into the tail

and both cheeks, respectively. The impedance of the

electrodes was checked periodically and maintained

around 20 kX by repositioning electrodes or with

application of methylcellulose.

ERG recordings

Five steps of scotopic stimuli were presented to the

rat using a Ganzfeld (UTAS E-3000, LKC systems,

Gaithersburg, MD), starting with the lowest time

integrated luminance of 0.00095 cd s/m2, followed

by 0.0155, 0.249, 4.1, and 137 cd s/m2. Luminance

was calibrated using a radiometer (IL1700 Radiom-

eter, International Light, Newburyport, MA) with the

scotopic and photopic filter for dark- and light-adapted

flashes, respectively. Interstimulus intervals ranged

from 4.1 s at the lowest stimulus strength to 65.1 s at

the brightest stimulus. The scotopic equivalent for the

strongest photopic calibrated stimulus (81 cd s/m2)

was 54 cd s/m2. A gap of 1–2 min was given between

stimulation steps. Following 10 min of light adapta-

tion with a rod-saturating background (30 cd/m2),

photopic stimuli were presented at 0.476 Hz, with

0.151, 0.961, 1.9, and 75 cd s/m2 stimuli. ERG

waveforms from both eyes were band-pass filtered

from 1 to 1,500 Hz (standard protocol) and sampled

onto a computer for further analysis (UTAS E-3000,

LKC systems, Gaithersburg, MD).

Data analysis

ERG waveforms were analyzed by measuring a-wave

and b-wave amplitudes and implicit times. The

a-wave was measured from baseline to the trough

of the first-negative peak and the b-wave was

measured from the trough of the a-wave to the peak

of the large positive wave, excluding the OP peaks.

OPs were extracted from the scotopic ERG recorded

in response to the 4.1 cd s/m2 stimulus using a band-

pass filter of 75–500 Hz. This time integrated

luminance was chosen because the OP component

wavelets were more distinctly visible and a-wave

interference was minimal. The OP wavelets were

numbered OP1 through OP3, starting at the first

detected positive peak. Individual OP amplitudes

(peak-positive amplitude and peak-negative ampli-

tude of previous peak) and latencies were determined

from both eyes in each rat. No differences were found

between left and right eyes using paired t tests and

thus, values for only left eyes are presented. Statis-

tical analysis between treatment groups was per-

formed using repeated measures ANOVA or one-way

ANOVA (SigmaStat 3.5, Chicago, IL) with P \ 0.05

taken to be statistically significantly different.

Results

Animal physiology

Heart rate and mean arterial blood pressure (MABP)

recorded from all groups in the eye movement studies

were within the normal physiological ranges. Follow-

ing pancuronium administration, heart rate increased

from 380 ± 30 to 428 ± 5 bpm (P \ 0.01) and

MABP dropped from 120 ± 9 to 108 ± 5 mmHg

(P \ 0.01).

Eye movement measurements

Low frame-rate recording

The iris and the black spot on the cornea were clearly

visible on images obtained using the CCD camera,

facilitating quantification of frame-to-frame eye

motion. Representative patterns of motion recorded

over 4 min under different anesthetics are shown in

Fig. 1. The eye was seen to move in a slow rolling
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fashion under isoflurane anesthesia, similar to Stage 1

or light sleep [15]. Preliminary data showed the

amplitude of these oscillatory eye movements

became larger and with reduced frequency as the

isoflurane level increased from 1 to 2%. Thus, 2%

isoflurane group was not further analyzed. In the

urethane, ketamine/xylazine, 1% isoflurane ? pan-

curonium, and ketamine/xylazine ? pancuronium

groups, the amplitudes of the eye movements were

comparatively smaller but with higher frequencies.

All movements were confirmed to originate from the

movement of the eye within the orbit by the relative

movement of the black ink spot with respect to extra-

orbital landmarks, such as the supra-orbital ridge.

Among the anesthetics tested, motion index was

the highest under 1% isoflurane and propofol with

motion indices of 14 ± 13 and 7 ± 1 microns/s,

respectively (Fig. 1F). The eye movement was

significantly smaller under urethane, ketamine/xyla-

zine, and ketamine/xylazine ? pancuronium bromide

with motion indices of 2.3 ± 0.9, 4 ± 3, and

3 ± 2 microns/s, respectively (P \ 0.05). Rats anes-

thetized with 1% isoflurane ? pancuronium showed

smallest eye movement among all anesthetics tested,

with motion index under 1.3 ± 0.5 microns/s

(P \ 0.01).

High frame-rate recording:

Fourier decomposition was performed on time-course

data from rats anesthetized with 1% isoflurane ?

pancuronium to correlate with possible sources of the

Fig. 1 Representative traces of eye movement in Sprague–

Dawley rats anesthetized with (A) isoflurane (1% in air,

inhalation), (B) urethane (1,000 mg/kg, i.p.), (C) ketamine/

xylazine cocktail (75 and 10 mg/kg, respectively, i.p.),

(D) propofol (45 mg/kg/hr, i.v. infusion), and (E) 1% isoflu-

rane ? pancuronium (3 mg/kg, i.p.). These traces were

generated from movies recorded over 4-minute duration, at 1

frame-per-second (low frame rate). (F) Group averaged motion

index (average distance moved by the eye in 4 min, in mm/s ±

SD) in rats in various anesthetic groups. X- and y-axes are in

mm for (A) through (E), N = 6 all groups except N = 4 for 1%

isoflurane with pancuronium and N = 5 for ketamine/xylazine

with pancuronium. *P \ 0.05 and **P \ 0.01 compared to 1%

isoflurane anesthesia). Panels (A) and (E) previously appeared

in a review paper and is reprinted with permission from Jpn J

Ophthalmol. 2009; 53: 352-367 [64]
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movement (Fig. 2). The Fourier spectrum showed

two distinct peaks: *1 Hz (mid-frequency compo-

nent) and *12.2 Hz (high-frequency component), in

addition to the zero frequency peak. The mid-

frequency component was linearly correlated with

respiratory frequency with an R2 of 0.99 (P \ 0.01).

The high-frequency component did not vary with

respiratory nor cardiac pulse rates (the cardiac peak

would have shown up at *7 Hz).

Retinal function measurements

Scotopic stimulation

Representative scotopic ERG waveforms from each

anesthetic group are shown in Fig. 3. While a-, b- and

OP waves could be clearly identified in each anes-

thetic group, the isoflurane and ketamine/xylazine ?

pancuronium groups showed more prominent OP

waves. The a-wave amplitude increased with increas-

ing stimulus strength as expected. The b-wave

amplitude, on the other hand, increased moderately

across the brighter time integrated luminances.

The scotopic a-wave amplitudes from the ketamine/

xylazine groups were consistently greater than those

from the isoflurane and urethane groups across all time

integrated luminances (Repeated ANOVA F (12,

89) = 5.26, P \ 0.001; Fig. 4A; Table 1). The latency

of a-wave of the ketamine/xylazine groups was

significantly shorter from other anesthetic groups

(Repeated ANOVA F (9, 70) = 4.40, P \ 0.001,

Fig. 4B) at the lowest flash stimulus strength

(0.0155 cd s/m2). In response to the brightest stimulus,

the latency was similar for all three groups (Table 1).

The scotopic b-wave amplitudes from the ketamine/

xylazine groups were significantly higher than the

other groups at the brightest time integrated

Fig. 3 Stacked plots of representative scotopic ERG wave-

forms recorded from rats anesthetized under isoflurane (1% in

air, inhalation), ketamine/xylazine cocktail (75 and 10 mg/kg,

respectively, i.p.), urethane (1,000 mg/kg, i.p.), or ketamine/

xylazine ? pancuronium (K/X ? pancuronium; ketamine: 75

and 10 mg/kg, respectively, i.p.; pancuronium: 3 mg/kg, i.p.).

The stimulus strengths are indicated at the right side of the graph

Fig. 2 (A) Representative eye movement waveforms (position

of the eye with respect to the initial frame) and (B) frequency

components in the movement waveform in (A) determined by

Fourier transformation in a high frame-rate recording (25

frames-per-second). Two peaks were consistently detected in

the frequency decomposition at * 1 Hz (M), and 12.2 Hz (H).

(C) The mid-frequency component (M) was highly correlated

with respiration rate (R2 = 0.99, P \ 0.01). Data were

obtained from rats anesthetized with 1% isoflurane ?

pancuronium (3 mg/kg, i.p.)
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luminances (Repeated ANOVA F (12, 89) = 3.04,

P = 0.002, Fig. 4C; Table 1). Unlike a-wave latency,

the b-wave latency was considerably shorter in the

isoflurane anesthetized rats for the three brightest flash

stimuli compared with the other groups (0.0155–

137 cd s/m2; Repeated ANOVA F (12, 89) = 5.12,

P \ 0.001, Fig. 4D; Table 1). The average b-wave

latency was not significantly different between the

ketamine/xylazine and urethane groups.

Photopic stimulation

Representative photopic ERG waveforms from each

anesthetic group are shown in Fig. 5. The b-wave and

OPs can be clearly identified in each group, and the

amplitudes of these waves increased with time

integrated luminance, as expected. Similar to the

scotopic recordings, the average b-wave amplitudes

were the largest in the ketamine/xylazine groups

(Repeated ANOVA F (9.71) = 4.74, P \ 0.001;

Fig. 6A; Table 1). The b-wave amplitudes were not

statistically different between the isoflurane and

urethane groups. The b-wave latency did not show

any significant interaction effects, but the isoflurane

group was significantly shorter than the ketamine/

xylazine ? pancuronium group (Repeated ANOVA,

main effect, F (3, 70) = 5.77, P = 0.0009; Fig. 6B;

Table 1).

Fig. 4 Average dark-adapted a- and b- wave amplitude and

latency in rats anesthetized with isoflurane (1% in air,

inhalation; n = 4), ketamine/xylazine (75 and 10 mg/kg,

respectively, i.p., n = 4), urethane (1,000 mg/kg, i.p., n = 4),

or ketamine/xylazine ? pancuronium (K/X ? pancuronium;

ketamine:75 and 10 mg/kg, respectively, i.p.; pancuronium:

3 mg/kg, i.p., n = 6). Ketamine/xylazine anesthetized rats had

greater (A) a-wave amplitudes and (B) shorter a-wave latency in

most scotopic stimulations. Similarly, (C) b-wave amplitude

was significantly greater in ketamine/xylazine groups compared

wtih isoflurane or urethane groups across all time integrated

luminances. However, the (D) b-wave latency was shorter in the

isoflurane group compared with other groups in response to the

brighter stimulus strengthes. P values were obtained from

repeated ANOVAs with asterisks indicating significant post hoc

comparisons. In panel D, the isoflurane group is significantly

shorter than urethane (step 1) or K/X ? pancuronium (step 2)

groups as indicated by # and significantly shorter than all

ketamine/xylazine and urethane groups where indicated by *
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OP analysis from scotopic 4.1 cd s/m2 stimulation

OP-waveforms were extracted from the ERG waves

obtained for scotopic 4.1 cd s/m2 stimulation using

band-pass filters. Representative OP-waveforms from

different anesthesia groups are shown in Fig. 7A.

There were visible differences in the OP-waveforms

(larger OPs) of the isoflurane and ketamine/xylazine

? pancuronium groups compared with the other

groups. OP wavelets were numbered from OP1

through OP3 starting from the first detected positive

peak (Fig. 7A, isoflurane waveform). Note that the

largest OP wavelet in the isoflurane group was OP1,

while the largest OP wavelet in the ketamine/xylazine

and urethane groups was OP2.

The amplitude of OP1 was significantly higher in

isoflurane group compared with either the urethane or

ketamine/xylazine (only) groups (one-way ANOVA F

(3, 17) = 7.24, P = 0.004; Fig. 7B; Table 1). The

amplitude of OP2 was largest for the ketamine/

xylazine ? pancuronium group while those of the

ketamine/xylazine and isoflurane group were similar

(one-way ANOVA F (3, 17) = 10.93, P \ 0.001;

Fig. 7B; Table 1). OP3 from each group showed

progressively reduced amplitudes. The ketamine/xyla-

zine ? pancuronium group had significantly larger

OP3 waves than the isoflurane and urethane groups

(one-way ANOVA F (3, 17) = 7.63, P = 0.003;

Fig. 7B; Table 1).

A trend for shorter implicit times in the ketamine/

xylazine group across all OPs compared with other

anesthetic groups was observed, with pancuronium

producing even shorter responses. Ketamine/xylazine

? pancuronium was shorter than urethane and isoflu-

rane for OP1 (Kruskal–Wallis one-way ANOVA on

Ranks, P \ 0.05) than urethane for OP2 (one-way

ANOVA F (3, 17) = 5.08, P = 0.01) as well as

urethane and isoflurane for OP3 (one-way ANOVA F

(3, 17) = 9.76, P \ 0.001; Table 1).

Table 1 Summary of ERG wave amplitudes and latencies from 1% isoflurane, ketamine/xylazine, urethane, and ketamine/xylazine

? pancuronium (K/X ? pancuronium) groups

Anesthesia group Scotopic a-wave Scotopic b-wave Photopic b-wave OP1 OP2 OP3

Amplitude (lV)

Isoflurane 119 ± 24 268 ± 65 68 ± 23 172 ± 66# 137 ± 7 30 ± 12

Ketamine/Xylazine 274 ± 89* 547 ± 146# 152 ± 57* 68 ± 27 147 ± 8 60 ± 19#

Urethane 140 ± 76 256 ± 148 61 ± 23 41 ± 28 49 ± 28# 14 ± 3

K/X ? pancuronium 233 ± 75 502 ± 191 136 ± 52 149 ± 67 280 ± 94 86 ± 29

Latency (ms)

Isoflurane 5.0 ± 0.4 35 ± 6* 42 ± 6 26.7 ± 1 35 ± 2 48 ± 4

Ketamine/Xylazine 4.5 ± 0.4# 54 ± 3 50 ± 5 25 ± 1 31 ± 2 44 ± 3

Urethane 4.9 ± 0.3 58 ± 11 56 ± 16 28 ± 5 36 ± 6 48 ± 5

K/X ? pancuronium 5.3 ± 0.3 58 ± 4.3 56 ± 4 19 ± 1 27 ± 1 39 ± 1

Values are mean ± SD. Scotopic a- and b-wave values were obtained from responses to 137 cd s/m2 flash. Photopic b-wave values

were obtained from responses to 75 cd s/m2 flash. OP values were obtained from responses to a scotopic 4.1 cd s/m2 flash. N = 4 rats

per group, expect K/X ? pancuronium where N = 6. (Repeated ANOVA, * P \ 0.001; # P = or \ 0.01; @ P \ 0.05)

Fig. 5 Representative photopic ERG waveforms recorded

from rats anesthetized with isoflurane (1% in air, inhalation),

ketamine/xylazine cocktail (75 and 10 mg/kg, respectively,

i.p.), urethane (1,000 mg/kg, i.p.), or ketamine/xylazine ?

pancuronium (K/X ? pancuronium; ketamine: 75 and 10 mg/kg

respectively, i.p.; pancuronium: 3 mg/kg, i.p.). Time integrated

luminances are indicated on the right side of the graph
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Discussion

This study reports the effects of a few commonly

used anesthetics at typical dosages on eye movement

and retinal function in rats. Eye movements were the

largest under isoflurane and smallest under urethane.

With the addition of a paralytic, eye movements were

markedly reduced. Robust ERGs were detected in all

anesthetic groups. The ketamine/xylazine groups

showed the largest a- and b-wave amplitudes.

The isoflurane group showed the largest OP1 ampli-

tudes and shortened b-wave and OP latencies. Pancu-

ronium reduced eye movements and enhanced inner

retinal function, as measured by OP2 amplitude.

Different anesthetics had different effects on eye

movement and retinal function. Ketamine/xylazine ?

pancuronium was the most effective at minimizing

eye movements and maximizing retinal function in

these studies. Due to these different effects, the choice

of anesthetic must be carefully considered to reduce

Fig. 6 Average light-adapted b-wave. amplitude (A) and

latency (B) in rats anesthetized with isoflurane (1% in air,

inhalation, n = 4), ketamine/xylazine (75 and 10 mg/kg,

respectively, i.p., n = 4), urethane (1,000 mg/kg, i.p., n = 4),

or ketamine/xylazine ? pancuronium (K/X ? pancuronium;

ketamine: 75 and 10 mg/kg, respectively, i.p.; pancuronium:

3 mg/kg, i.p., n = 6). The b-wave amplitude was greater in the

ketamine/xylazine groups (A), while the isoflurane group had

significantly shorter in b-wave latency (B) than the other

anesthetic groups. (P values are from repeated ANOVAs with

asterisks indicating significant post hoc comparisons.)

Fig. 7 (A) Representative oscillatory potentials (OP), extracted

from raw ERGs elicited from a stimulus of 4.1 cd s/m2 under

scotopic conditions, using a band-pass filter (cut off frequencies

of 75 and 500 Hz), from rats anesthetized under isoflurane (1%

in air, inhalation), ketamine/xylazine (75 and 10 mg/kg,

respectively, i.p.), urethane (1,000 mg/kg, i.p.), or ketamine/

xylazine ? pancuronium (K/X ? pancuronium; ketamine:75

and 10 mg/kg, respectively, i.p.; pancuronium: 3 mg/kg, i.p.).

The arrowheads indicated OP1 in each waveform. Group-

averaged (B) amplitude and (C) latency of OP wavelets (OP1

through OP3) showed greater OP wavelet amplitudes in rats

anesthetized with isoflurane for OP1 and ketamine/xylazine ?

pancuronium for OP2, and OP3. P values indicate significant

differences for all OP wavelets as calculated with one-way

ANOVAs
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eye movements and minimize the effects on specific

ERG components of retinal function. These results

could have important implications for high-resolution

MRI and other studies of the retina in animal models.

Effect of anesthesia on eye movement

Several studies have shown that most anesthetics

decrease peak saccadic velocity in a dose-dependent

manner, but this decrease in velocity is dependent on

the type of anesthetic used [8, 9, 16, 40]. Peak saccadic

velocity was found to be depressed in a dose-depen-

dent fashion at concentrations of 0.6 and 1.5 mg/kg/h,

15–25 min after i.v. infusion or propofol [8], and 9.5

and 14.1 maximum alveolar concentration (MAC) of

isoflurane in humans [40]. The peak saccadic velocity

was found to decrease linearly with log10 propofol

concentrations in the blood [40]. Peak saccadic

velocity was depressed to a significantly greater level

by cyclopropane than halothane at similar MAC [16],

while peak saccadic velocity did not change with

increasing concentrations of nitrous oxide, even at

anesthetic levels of 5 and 10% MAC [9].

However, eye movements under anesthesia are not

limited to saccadic movements. Large amplitude

oscillatory eye movements were observed in rats

anesthetized with isoflurane, ketamine/xylazine, and

propofol while those under urethane anesthesia could

be classified mainly as saccadic (Fig 1). These

observations suggest a need for a better measure of

eye movement than peak saccadic velocity and

latency to describe eye movement under anesthesia

for multimodal MRI where multiple repeated data

acquisitions could occur over relatively long duration

(minutes to hours). For the analysis herein, the

displacement of the eye was calculated frame-by-

frame and the pattern of eye movement was plotted

and compared between anesthetics to account for

both the saccadic and oscillatory movement of the

eye. It should also be noted that any significant eye

movement due to drift would be visible in the plots of

eye movement pattern.

Among the anesthetics studied here, isoflurane in

the absence of paralytic yielded the largest degree of

eye movement. Isoflurane is a commonly used

anesthetic in electrophysiological recordings and

functional MRI because a steady dose can be readily

maintained throughout the studies and isoflurane is

compatible with survival studies [41, 42]. Isoflurane

? pancuronium showed the least eye movement

among the conditions tested. Furthermore, pancuro-

nium added to ketamine/xylazine cocktail also

reduces eye movements. Pancuronium bromide is a

non-depolarizing competitive acetylcholine antago-

nist, acting primarily on postsynaptic nicotinic ace-

tylcholine receptors of the neuromuscular junction,

and it has little effects on function [43]. Pancuronium

can be readily reversed by neostigmine, allowing

survival and longitudinal studies. While paralytics

markedly reduced eye movement, there was still some

residual movement. Fourier analysis of the HFR

recordings showed that the majority of the movement

correlated with the respiratory rate. Respiratory

effects could compromise high-resolution functional

MRI directly through motion or indirectly by inducing

susceptibility-induced signal fluctuations [44]. These

artifacts can be eliminated by using respiratory gating

in MRI acquisition or through post processing of MRI

data (Fig. 2). In addition, there was also a residual

12.2 Hz in the power spectrum, which could be due to

ocular microtremors or equipment noise, and which

warrants further investigation.

Effect of anesthesia on ERG

Eye movement could potentially induce amplitude

variations in ERG due to either change in the contact

impedance of the ERG fibers with the cornea or

variations in incident flash intensity. It was noted that

while ketamine/xylazine and urethane caused the rat

eyelids to remain open, isoflurane often caused the

eyelids to partially close. Furthermore, significant eye

movement in the isoflurane group could result in the

movement of the corneal electrodes creating large

impedance and reduced ERG signals. Thus, care was

exercised in the ERG setup. First, the contact imped-

ance of the ERG electrodes was tested frequently, and

maintained around 20 kX, by repositioning electrodes

or with application of methylcellulose. Second, lid

speculums were used to keep the eyes open in the

isoflurane group. Third, the rat head was placed into

the uniform field Ganzfield so as to illuminate the eyes

with uniform light intensity, independent of the

direction in which the eye is pointing. Lastly, as a

control, the ERG waves from each step were normal-

ized to the a-wave amplitude, so that any reduction in

amplitude due to systemic errors such as large

impedance could be eliminated. The results of such
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analysis (data not shown) were not different from

those obtained without normalization presented here,

confirming that the differences between anesthetic

groups were not influenced by changes to electrode

impedances.

While the various anesthetics were tested here at

their typical dosages in MRI or ERG studies, it is

important to compare the depth of anesthesia

achieved in each group to better understand the

observations. The recommended dose of isoflurane to

induce anesthesia is 1–3% in air, with minimum

alveolar concentration (MAC) necessary to block

movement in response to noxious stimulus between

1.2 and 1.4% in Wistar and Sprague–Dawley rats

weighing between 350 and 600 g [45–47], and with

loss of righting reflex seen at isoflurane levels as low

as 0.65% in adult Fischer rats [48]. The preferred

dose for ketamine/xylazine i.p. is 40–80 and

5–10 mg/kg, respectively [47], with AD50 (anes-

thetic dosage effective in 50% of the animals)

ranging between 47.5 and 123 mg/kg i.p. when used

alone in 250–400 g Sprague–Dawley rats with vary-

ing duration of effectiveness [49, 50]. The recom-

mended infusion rate for propofol in rats is

30–55 mg/kg/hr i.v., with an AD50 of 30 mg/kg/hr

in 180–200 g male Sprague–Dawley rats [51]. Sim-

ilarly, the recommended dosage for urethane is

1,000–1,200 mg/kg i.p., with an AD50 of 1,000 mg/

kg [52]. The dosages used herein for all anesthetics

were within the recommended range, and slightly

higher than the AD50.

Of the anesthetics tested with the ERG, ketamine/

xylazine anesthesia provided the largest a- and b-wave

amplitudes in scotopic ERG and the largest b-wave

amplitude in photopic ERG, justifying its use as the

preferred anesthetic for ERG studies in rats. As the

dark-adapted a-wave originates from photoreceptor

cells [53–55] and the b-wave originates from bipolar

cells [56–58], these data did not indicate whether

these anesthetics affect the photoreceptors in isolation

or both the inner and outer retina simultaneously.

While urethane provided the most stable eye

preparation among the anesthetics tested in the

absence of a paralytic, retinal function was attenuated

more than other anesthetics tested. Urethane is

frequently used in many studies because it has minimal

cardiovascular or respiratory effects at doses of

1000 mg/kg used herein. However, urethane is known

to increase the levels of glucose and epinephrine in the

blood, especially with i.p. administrations, which

could affect the neuronal response to stimuli [59,

60]. Urethane appeared to attenuate OP amplitudes far

greater than the other anesthetics studied. Given that

OPs are generated by the inner retina, urethane may

selectively reduce inner retinal function that might

affect experiments involving visual stimuli. Addition-

ally, animals do not generally recover from urethane

anesthesia, which makes urethane unsuitable for

longitudinal studies.

Interestingly, two of the anesthetics produced a

selective effect on inner retinal components of the

ERG. The highest OP1 amplitude and earliest b-wave

implicit time were measured in the isoflurane group.

The OP waves could originate from the inhibitory

feedback circuits of the inner retinal layers [61],

while the b-wave originates from depolarizing bipolar

cells which are also located in the inner retina. The

addition of pancuronium bromide produced greater

OPs compared with the ketamine/xylazine group

alone (Fig. 7). Pancuronium bromide, a non-depolar-

izing competitive acetylcholine antagonist, acts pri-

marily on postsynaptic nicotinic acetylcholine

receptors [62], and the increase in OP amplitudes in

this group could be a direct result of postsynaptic

inhibition of cholinergic amacrine cells. If so, these

findings may suggest that the cellular generators of

OP2 are, at least in part, from cholinergic amacrine

cells. Thus, these results suggest that anesthetics can

have selective effects on inner retinal cell function.

Other studies in the literature also identified differ-

ences in how anesthetics affect retinal function, as well

as species differences. Isoflurane was found to elicit

shorter b-waves in mice and larger amplitude OPs [42]

as found here. In contrast, while this study found

ketamine/xylazine to elicit the maximal response,

mice did not show the same effect [42], suggesting

potential species differences. Furthermore, it has been

shown that halothane or isoflurane anesthesia used in

combination with nitrous oxide can reduce the phot-

opic a- and b-wave amplitudes and latencies as well as

the scotopic b-wave amplitude in humans, compared

with a normal awake state [2, 5]. Similar to the findings

here, the b-wave amplitudes and a- and b-wave

latencies were reported to decrease under isoflurane

anesthesia in dogs compared with tiletamine/zolaze-

pam [4]. Finally, some anesthetics have been shown to

have a dose-dependent manner on retinal function

such as methoxyflurane, halothane, and enflurane in
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rabbits [3]. A recent study showed time-dependent

increase in scotopic a- and b-wave amplitudes after

ketamine/xylazine anesthesia in the presence of both

atropine and phenylephrine [63]. While dynamic

variations in ERG amplitudes were not studied herein,

it is possible that the individual ERG waveforms were

not maximal. However, every effort was made to

ensure uniformity in ERG acquisition across animals

in the group, and only after complete induction

(approximately 15 min) of anesthesia.

Conclusion

This study reports the effects of a few commonly

used anesthetics at their typical dosages on eye

movements and retinal function in rats. Different

types of anesthetics have different effects on eye

movement and ERG. Although paralytics were not

tested with all anesthetics, a paralytic is, in principle,

ideal for minimizing eye movement and allowing

optimal functional responses from rat retinas under

anesthesia. However, our results indicate some cau-

tion is warranted with the use of pancuronium

bromide as it may alter inner retinal function. In

these studies, the combination of ketamine/xylazine

? pancuronium was most effective in minimizing eye

movements and maximizing retinal function. Future

studies could include other common anesthetics and

dose-dependent effects. These findings are expected

to set the stage for further development of depth-

resolved anatomical, physiological, and functional

MRI of the retina [64–66] as well as other functional

studies in animal models where anesthetic is needed

for immobilization.
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