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Abstract

After animals are euthanized, their tissues begin to die. Turtles offer an advantage because of a longer survival time of their tissues, especially
when compared to warm-blooded vertebrates. Because of this, in vitro experiments in turtles can be performed for extended periods of time
to investigate the neural signals and control of their target actions. Using an isolated head preparation, we measured the kinematics of eye
movements in turtles, and their modulation by electrical signals carried by cranial nerves. After the brain was removed from the skull, leaving the
cranial nerves intact, the dissected head was placed in a gimbal to calibrate eye movements. Glass electrodes were attached to cranial nerves
(oculomotor, trochlear, and abducens) and stimulated with currents to evoke eye movements. We monitored eye movements with an infrared
video tracking system and quantified rotations of the eyes. Current pulses with a range of amplitudes, frequencies, and train durations were
used to observe effects on responses. Because the preparation is separated from the brain, the efferent pathway going to muscle targets can be
examined in isolation to investigate neural signaling in the absence of centrally processed sensory information.

Video Link

The video component of this article can be found at https://www.jove.com/video/56864/

Introduction

Rationale for Using Red-eared Slider Turtles in Electrophysiological Experiments:

Red-eared slider turtles (Trachemys scripta elegans), are considered one of world's worst invasive species1 and can indicate that an ecosystem
is in trouble. The reason why red-eared slider turtles are so successful is poorly understood but it may in part be due to their tolerant physiology
and possession of nervous tissues that can survive under hypoxic conditions2,3,4. Using them for experimentation does not threaten their
numbers and with minimal efforts, electrophysiological preparations can remain viable over extended durations, as long as 18 hours5,6. The
benefit is similar to the advantage of using invertebrate animals such as crayfish7, which also have the ability to withstand low levels of oxygen8.

Techniques for Measuring Eye Movements:

Approaches to measure eye movements in frontal-eyed animals using non-human primates have been well developed9. The eye rotates in
the orbit around three axes: horizontal, vertical, and torsional. The magnetic search coil method is generally considered the most reliable for
measuring rotations, but is invasive, requiring small coils to be inserted into the scleras of animals10,11. Video-based systems also can measure
rotations and have the advantage of being non-invasive. The development of better cameras along with innovative image processing have
enhanced their functionality making video-based systems an attractive alternative to consider12,13,14.

The techniques developed for measuring eye movements in nonmammals have been much less significant. Measures are either low resolution
or describe only some of the rotations15,16,17,18. The lack of development can be partially blamed on the difficulty in training nonmammals to
follow visual targets. Although eye movements have been well studied in red-eared slider turtles19,20,21,22,23,24,25,26,27,28,29,30, because of the
challenge in training animals to track targets, the precise kinematics of their eye movements is poorly understood.

Red-eared slider turtles are generally considered lateral-eyed vertebrates, but because they can fully retract their heads into their shell31,
significant occlusion of the lateral visual fields by the carapace occurs32. The result is that their visual line of sight is forced toward the front,
making them behave more like frontal-eyed mammals. Therefore, their use as a model for developing approaches for measuring eye movements
also offers a unique evolutionary perspective.

The protocol described in this work uses an in vitro isolated head preparation to identify the kinematics of the eye movements in red-eared slider
turtles. Brains are dissected from the skulls leaving the cranial nerves intact. Heads are placed into a gimbal to calibrate eye movements and
evoke responses by electrical stimulation of the cranial nerves innervating the eye muscles. Measures of rotations by the eyes are done by a
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video-based system, using software algorithms, which track the dark pupil and the markings of the iris. The preparation provides the opportunity
to measure kinematics of both extraocular (i.e., horizontal, vertical, and torsional rotations)32 and intraocular (i.e., pupil changes)33 movements.

Model System for Analysis of Efferent Neural Pathways:

More generally, the approach provides investigators the chance to study how efferent neural signals generate eye movements when muscles
start from their relaxed states and in the absence of integrated sensory information processed by the brain32,33. Therefore, the eye kinematics
can be examined in a model system in which they are solely processed by the efferent neural pathway leaving the brain and synapsing onto the
muscles.

Protocol

NOTE: Red-eared slider turtles, both male and female, were purchased from a vendor. Turtles were housed in a warm animal suite containing
two 60-gallon tubs equipped with brick islands for sunning under 250-W infrared lights. The environment was maintained on a 14/10-h light/dark
cycle with the water temperature at 22 °C. Lights were turned on at 6:00 am and turned off at 8:00 pm. The tanks equipped with filtering systems
were cleaned weekly, and turtles were fed ad libitum every other day. The care of red-eared slider turtles and all of the following experimental
procedures described here32,33 were approved by the Institutional Animal Care and Use Committee (IACUC) at Lafayette College.

1. Equipment Setup

1. Prepare turtle Ringer's solution. Add the following to distilled water in this order: sodium chloride 96.5 mM (58.44 g/mol), potassium chloride
2.6 mM (74.56 g/mol), magnesium chloride 2.0 mM (203.31 g/mol), sodium bicarbonate 31.5 mM (84.01 g/mol), dextrose 20.0 mM (180.16 g/
mol), concentrated hydrochloric acid to adjust the pH to 7.51, and calcium chloride 4.0 mM (110.98 g/mol) (see Table of Materials). Mix the
solution while adding each salt.
 

CAUTION: Concentrated HCl is hazardous (skin, eyes, inhalation, and ingestion hazards).
2. Make tips for the suction electrodes from 5-cm-long capillary glass (see Table of Materials), by fire-polishing to different sizes of inner

diameters in order to accommodate cranial nerves of varying thickness.
1. Use a small file to etch a line across a piece of capillary glass. Place in tissue paper and break in half.
2. Slowly roll one of the ends of the capillary glass into the flame of a Bunsen burner. Periodically examine the tip for size, smoothness,

and symmetry using a dissection scope and a fiber optic light source (see Table of Materials).
 

NOTE: For turtles with head widths between 20 and 30 mm, optimal fitting inner diameter sizes typically range from 0.4 to 0.8 mm for
the oculomotor nerve (nIII), 0.3 to 0.6 mm for the trochlear nerve (nIV), and 0.2 to 0.4 mm for the abducens nerve (nVI).

3. Clean and organize Rongeurs, a blunt dissection probe, microscissors, fine forceps, curved forceps, and a scalpel handle with blades (see
Table of Materials) for the dissection.
 

NOTE: Sterilization of instruments is optional.

2. Anesthesia and Euthanasia

1. Place the turtle in an ice bucket for 60 min to cryoanesthetize it.
2. Euthanize the turtle by decapitation using a small animal guillotine (see Table of Materials).

1. Gently pry the jaws of the animal open with a small weighing spatula so that a hook can be inserted and turned to fit under the tip of the
upper jaw.

2. Pull with steady pressure to extend the animal's head through the guillotine. Swiftly decapitate the animal.

3. Place turtle head in a dissection dish. Have enough turtle Ringer’s solution on hand to irrigate the tissue. Oxygenize the solution with 95/5%
O2/CO2 (see Table of Materials).

4. Maintain the tissue at 4 °C by placing ice around the outside of the dish.

3. Dissection

1. Use the dissection scope with a fiber optic light source to carry out the dissection.
2. Remove the lower jaw. Place a blunt dissection probe through the mouth to provide easier handling of the head. Cut the joint connecting the

dentary bone to the cranium with a scalpel. Use rongeurs to pull the lower jaw away from the cranium. Use rongeurs to pull off the skin and
muscles from their attachments at the dorsal and lateral regions of the cranium.

3. Remove the vertebral column.
1. Identify the vertebral column at the caudal end of the cranium. Bend the vertebral column ventrally to expose the spinal cord. Use

microscissors to snip the spinal cord. Use rongeurs to remove the vertebral column and other tissue from the cranium by pulling
caudally.

4. Remove the brain from the cranium after cutting the cranial nerves.
1. Starting at the foramen magnum, use rongeurs to cut two incisions on the dorsal cranium. Make cuts superficial to avoid damaging the

brain beneath.
2. Use rongeurs to carefully pull off the dorsal cranium. Use microscissors to remove the meninx to expose the rest of the brain. Remove

enough meninx until the olfactory bulbs, in the anterior cranial cavity, can be identified (see Figure 1A). Continue to irrigate the brain
with turtle Ringer's solution, as necessary.

3. Use curved forceps to gently pull the cerebrum caudally and produce slight tension on the cranial nerves. Carefully cut away and
remove the olfactory bulbs and cerebrum with curved forceps.
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4. Use microscissors to gently push the midbrain toward the midline to expose the cranial nerves; nIII, about 0.6 mm, can be seen in front
of nIV, and the diameter of nIV will be slightly less than nIII. Cut nIII and nIV where they attach to the midbrain (see Figure 1B). Repeat
this on the other side.

5. Cut the left and right optic nerve (nII) with microscissors. Then tilt the brainstem to one side. Observe nVI emerging from the ventral
surface near the junction of the pons and the medulla (see Figure 1C); the diameter of nVI is small and approximately 0.3 mm. Cut
both the left and right nVI.

6. Remove the remaining parts of the brainstem from the turtle with fine forceps and microscissors. Once the cranium is empty, examine
the cranial cavity floor. Identify nIII, nIV, and nVI.

5. Remove the upper and lower eye-lids with fine forceps and microscissors.

4. Calibration of Eye Movements

1. Use a rigid table (see Table of Materials) to support the placement of the gimbal and other instruments. Place the turtle head into the gimbal
chuck so that the dorsal surface of the head is parallel to the horizon using a small bubble-level resting across the skull. Roughly position one
of the eyes at the center of the gimbal's horizontal and vertical rotations.

2. Place the infrared camera, fitted with an infrared light emitting diode (LED), which is part of the video-based eye tracking system (see Table
of Materials), at a viewing distance of approximately 12 cm from the turtle's eye.

1. Angle the camera 45 degrees above the line of sight of the eye. The LED should be at the 11 o’clock position when looking at the
camera lens. Center the LED along the optical axis of the eye. The camera will be slightly off axis (as viewed from above the eye).

2. Adjust the distance of the camera from the eye so that the camera view is maximally filled by the eyeball. Ensure that the corners of the
eyes (canthi) are at the edges of the horizontal view.

3. Connect the camera to the video-based eye tracking system to process the data. Split the signal to a DVD-recorder to capture the raw video.
Focus the camera to obtain a clear image of the eye. Take care to fine-position the eye at the center of the camera view using the three
degrees of linear adjustment (x, y, z) provided with the gimbal.

4. Detect the dark pupil by setting the threshold and contrast appropriately using the program provided with the video-based eye tracking
system.

1. Using the mouse, click on the "Video" menu and under "Mode" select "High Precision" to capture images at a sampling rate of 30 Hz
(resolution of 640 pixels x 480 lines). Also under "Video", select "Dark Pupil" for "Pupil Type" and "Ellipse (rotated ellipse)" for "Pupil
Segmentation Method".

2. In the "EyeCamera" window, click on the "Pupil Search Area Adjustment" icon (small vertical rectangle with a dot in the center). Use the
mouse to drag out a rectangle that limits an area around the pupil. Avoid dark areas that could be confused with the pupil.

3. In the "Controls" window, confirm that boxes for "Auto Image" and "Positive-Lock Threshold-Tracking" are checked. Click on "Auto-
Threshold" to optimize the density of scanning, which will show as green dots over the dark pupil.

5. Calibrate the video-display of the video-based eye tracking program to the rotations of the gimbal 12.5 ° (+/-) around its horizontal axis and 10
° (+/-) around its vertical axis.

1. In the "Controls" window, click on "Display". Check the boxes under both "Gaze" and "Stim" for "Gaze Point", "Calib Region", and
"Geometry Grid". After checking the boxes under "Geometry Grid", a window will pop up and say, "The stimulus display geometry must
be measured before the geometry grid can be displayed. Do you wish to do this now?" Select "Y" for yes.

2. Using the mouse, click on the "Windows" menu and select "Stimulus". The "Stimulus" window will open showing a vertical and
horizontal line crossing at the center of the display. Measure the lengths of the lines to the nearest mm. Press "Esc" on the keyboard to
exit the "Stimulus" window.

3. Using the mouse, click on the "Stimulus" menu and select "Geometry Setup". Input the lengths of the lines that were just measured.
Adjust the viewing distance so that the degrees/line equal 25 ° for the horizontal line and 20 ° for the vertical line. Click on the "Store"
button and close the window.

4. In the "EyeSpace" window, select the number of calibration "Data Point" to be "9". With the turtle's eye positioned at the center, click on
the center data point and click the "Re-present" button.
 

NOTE: The "Stimulus" window will open, and "Get Ready" will appear at the center of the screen. A box will appear at the center
location and then disappear. On its disappearance, the "Stimulus" window will close. The center position should now be calibrated.

5. Repeat the procedure by rotating the gimbal right/left, +12.5 °/-12.5 °, and up/down +10 °/-10 ° to calibrate the remaining data points.

6. To calibrate torsional rotation, use the template fitting algorithm provided with the video-based eye tracking program. The algorithm sets a
zero position based on markings of the iris and computes an angle of rotation when the markings become offset from the centroid of the pupil.

1. Using the mouse pointer, click on the "Windows" menu and select "Torsion". Click the "START" button in the "Torsion" window. In the
"EyeCamera" window, an arc will appear over the image of the eye.

2. Adjust the radius, the angle, and the length of the arc using the sliders at a location where irregular markings are present in the iris.
Check the boxes for "Real-time graphics" and "Auto-Set after adjust". If necessary, adjust the brightness and contrast in the Controls
window and re-threshold the dark pupil (see step 4). Click the "Set Template" button.

7. Place a ruler in the same focal plane as the pupil and record the width of the full camera view. The value will be used later to determine the
actual width of the pupil.

5. Positioning of Suction Electrode on Cranial Nerve to Evoke Eye Movements

1. Carefully place a pin reference electrode into the connective or muscle tissue remaining on the head.
2. Place the suction electrode (see Table of Materials) on the cranial nerve using a micromanipulator and dissection scope mounted on a

boom. Use a fiber optic light source to view and guide the placement.
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1. Match the size of a nerve to a capillary glass tip. Trial and error is necessary to obtain a best fit around the diameter of a nerve (see
step 1.2 for size recommendations). Place the glass tip onto the suction electrode. Fill the suction electrode with Ringer's solution and
adjust the volume within the syringe to about half of its capacity.

2. Carefully move the glass tip of the electrode using the micromanipulator to a position above the cut-end of the selected nerve. Ensure
that Ringer's solution fills the cranium and the tip is below its surface. If necessary, use modeling clay to dam up locations where the
Ringer's solution is leaking out of the cranium.

3. Pull back on the plunger of the syringe.
 

NOTE: The vacuum will draw the nerve into the end of the capillary tip. A good fit is indicated by the nerve remaining within the tip with
little or no additional vacuum applied.

6. Stimulation of Cranial Nerve and Analysis of Eye Movements

1. Use a general purpose nerve/muscle stimulator with a current isolation device (see Table of Materials) to stimulate the cranial nerve via the
suction electrode.

1. Connect the suction electrode to the current isolation device using a cable. Connect the lead from the pin reference electrode to the
ground connection of the isolation device.

2. Select parameters of the currents using the dials and switches on the stimulator and isolation device. Use a range of currents from 1 to
100 µA, with frequency of 10 to 400 Hz. Use 1- or 2-ms pulses in trains lasting 100, 500, or 1,000 ms.

2. Record the timing of stimulations.
 

NOTE: Transistor-transistor-logic (TTL) pulses are synchronized with the deliveries of the currents from the stimulator and communicate in
real-time via a cable to input channels of the video-based eye tracking system. A software module provided with the video-based eye tracking
program controls the communication.

1. To visualize the timing of the current applications and their influence on eye movements, click on the "PenPlots" menu. Select "X
Gaze Position", "Y Gaze Position", "Torsion", and "Pupil Width" to show real time raw data plots for X and Y eye positions, torsion, and
pupil width. Also select the "Seconds & Markers" from the "PenPlots" menu to show a timing plot with tick marks, which appear at 1 s
intervals.
 

NOTE: A capital letter "T" will appear marking the onset of the TTL pulse, occurring simultaneously with the current application.
2. To store the data of eye movements evoked by currents, click on the "File" menu and select "New Data File" under "Data". Input a file

name and press "Enter". Saving data can be paused and then restarted using the combination of key commands, "Ctrl" + "p". When an
experimental session is completed, select "Close Data File" off "File" menu under "Data".

3. To help keep track of the type of currents applied, click on the "Windows" menu and select "Data Pad". The "KeyPad/DataMarker"
window will appear. Click on a letter or a number to identify parameters of the current stimulations being delivered to the nerve.
 

NOTE: For example, "X" could stand for 10 µA. Clicking on "X" stores its entry into the data file in real time for post hoc analysis. It also
appears on the "PenPlot" for "Seconds & Markers" for ongoing observation.

3. Analyze data from the eye tracker system.
1. Open the saved data file, which is in a text delimited format, into a spread sheet program of choice to organize the data and carry out

statistical analysis.
1. Convert the pupil width values stored in the file to real sizes in mm.
2. Convert the values of X and Y eye positions and torsions to units of degree and use conventions for describing eye movements;

therefore, positive directions of rotations: intorsion, elevation, and adduction; and negative directions of rotations: extorsion,
depression, and abduction.

2. Copy the header information onto a new worksheet. This will include values for the screen size (width and height) and the viewing
distance. Eight columns of data collected at a rate of 30 Hz will follow below the header information.

3. Go back to the worksheet containing the raw data. Do a "Find" for "X" in the last column titled "Marker" to locate where stimulation
was applied with 10 µA. Find incidence of "T", marking the beginning of the current stimulation. Copy 15 rows (0.5 s) of data occurring
before "T" and 90 frames after "T" (3.0 s); i.e., 3.5 s total. Paste the data in the new worksheet below the header information.

4. Insert a blank column after "PupilWidth". In the blank column, convert to the calibrated dimension in mm:
 

Horizontal pupil diameter = "PupilWidth" × the dimension of camera view width
5. Insert 2 blank columns after both "X_Gaze" and "Y_Gaze". Normalize positions to the dimensions of the viewing screen: coordinates

(0, 0) at the top left of the screen extending to (1, 1) at the bottom right. In the first blank column, translate positions to a coordinate
system having (0, 0) at the center of the screen. Include the conversion to the dimensions of the screen in mm:
 

X = (0.5 × width)  – ("X_Gaze" × width); Y = (0.5 × height) – ("Y_Gaze" × height)
 

NOTE: The sequence of operation is for the left eye. The sequence will need to be reversed for the right eye in order to follow
convention of negativity for abduction and positivity for adduction.

6. In the second columns, use trigonometry functions to convert to angles (°) of rotation:
 

horizontal rotation = arctan (X/viewing distance);vertical rotation = arctan (Y/viewing distance)
7. Torsion is already shown in units of degrees, but to conform to convention of positivity for intorsion, if measuring is done on the left eye,

multiply by -1. For the right eye, no multiplication is necessary. The program codes clockwise rotation as positive.
8. Plot the pupil diameter and rotations as a function of time.
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Representative Results

Figure 1 shows stills of images taken from a video describing the dissection. Images provide typical locations of the nerves prior to cutting from
the brain.

 

Figure 1: Stills of images captured from the video of the dissection to show locations of the optic nerve (nII), oculomotor nerve (nIII),
trochlear nerve (nIV), and abducens nerve (nVI). (A) Image with labeled regions of the brain after removal of the meninx. White scale bar = 10
mm. (B) Image shows location of nII, nIII, and nIV where they connect to the right side of the midbrain (after removal of the olfactory bulbs and
cerebrum). (C) Image shows location of nVI where it connects to the left side of the brainstem (after removal of the midbrain). White dashed lines
are drawn around the nerves. Please click here to view a larger version of this figure.

Figure 2 shows the mean change in pupil diameter occurring after stimulating nIII. Although extrinsic eye movements also are observed,
which change the location of the pupil, the measure of the action by the sphincter pupillae of the iris remains reliable. Measures are from one
preparation and show the typical variability of responses to repeated current stimulations. Mean pupil diameter is reduced from 1.95 ± 0.01 mm
to 1.60 ± 0.01 mm. The narrow standard deviation indicates a successful fit of the electrode to the nerve. When measuring among different
preparations (N = 5), typical variability is ± 0.08 mm. Although still relatively narrow, the value is about eight times greater than the variability
observed from a single preparation.
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Figure 2: Example of pupil constriction evoked by stimulating the oculomotor nerve (nIII) in the whole-head preparation. Black trace is
the mean pupil diameter (PD) from six stimulations in one preparation, and dashed lines show ± standard deviation (SD). Rectangular waveform
on the x-axis denotes onset and offset of a 100-Hz train of 1-ms pulses with an amplitude of 50 µA. The sketch at the lower left shows the
orientation ofthe iris line in the eye prior to stimulation,and images at the bottom show still frames from a representative trial before(A), during
(B), and after stimulation (C). White scale bar = 1 mm. This figure has been reprinted with permission33. Please click here to view a larger
version of this figure.

Measures of pupil responses do not require calibration of eye rotations; however, if measuring extrinsic movements, placement of the head in
a gimbal must be carefully done to allow comparisons among preparations (Figure 3). When the head is placed in the gimbal with the dorsal
surface of the skull parallel with the horizon, the iris line is offset from the horizon toward the nostril. Figure 3D shows a typical offset (28.6°)
in a preparation. For three different preparations the mean offset was 30.1 ± 9.0°. An angle of offset within the standard deviation indicates
acceptable fit within the gimbal.

https://www.jove.com
https://www.jove.com
https://www.jove.com
https://cloudflare.jove.com/files/ftp_upload/56864/56864fig2large.jpg
https://cloudflare.jove.com/files/ftp_upload/56864/56864fig2large.jpg


Journal of Visualized Experiments www.jove.com

Copyright © 2018  Journal of Visualized Experiments June 2018 |  136  | e56864 | Page 7 of 12

 

Figure 3: An isolated turtle head preparation positioned in the gimbal. (A) Region of the white rectangle shows the location of the turtle
head in a photograph of the equipment setup. (B) Magnified view of the white rectangle (seven times). Dotted white line is drawn on the image
from nostril to pupil center and is level with the horizon. A solid white line is superimposed and parallel to the iris line. (C) Cartoon of the left side
of the head. (D) Image of the eye captured by the camera of the video-based eye tracking system. Black scale bar: 5 mm in B; 1 mm in D. This
figure has been modified with permission32. Please click here to view a larger version of this figure.
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Figure 4 shows the mean rotations of the eyes from ten preparations evoked by stimulation of the nIV going to the superior oblique muscle.
Typical peak rotations for intorsion, elevation, and abduction (in response to 70 µA, orange trace) are 10.0 ± 5.7°, 2.8 ± 1.2°, and 3.0 ± 2.1°
respectively. Magnitudes measured for rotations in single preparations to repeated stimulations are similar but with less variability (e.g., N = 5),
14.8 ± 1.0° for intorsion, 3.2 ± 0.2° elevation, and 2.4 ± 0.2° for abduction. The pattern of variabilities among different preparations compared
to a single preparation is comparable (within one logarithmic unit) to what is observed for measures of pupil changes: 6 times greater for both
intorsion and elevation, 11 times greater for abduction.

 

Figure 4: Mean eye rotations evoked after stimulating the left trochlear nerve (nIV) with 500-ms 100-Hz trains of 2-ms pulses in 10
preparations (six applied to the left side and four applied to the right side, five trials measured for each). The rectangular waveform on
the x-axis of the bottom plot denotes timing of the stimulus. Responses from left and right eyes were not significantly different from each other.
Intorsion was accompanied by elevation and abduction (see overlying cartoon of the head-on view of the turtle, whose arrows summarize the
components of the eye movements). The eye movement amplitude roughly corresponds to the seven current amplitudes applied to nIV (see
code in legend box). This figure has been reprinted with permission32. Please click here to view a larger version of this figure.
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In contrast to nIV, which goes only to the superior oblique muscle, nIII and nVI innervate multiple muscles so movements are more challenging
to interpret. Resultant eye movements depend on what motor units are recruited (Figure 5) (See Discussion). Consequently, variability from
preparation to preparation can become significant. For example, nVI evokes intorsion, elevation, and abduction (Figure 5C). Abduction is likely
from the motor units promoting the action of the lateral rectus; intorsion and elevation instead result from other motor units going to targets such
as the retractor bulbi or the nictitating membrane.

 

Figure 5: Mean eye movement responses evoked by stimulating three cranial nerves with 10-, 50-, 100-, and 400-Hz trains in four
preparations. All of the stimulus trains were 500 ms in duration, consisting of 2-ms pulses with amplitude of 70 µA, a value above the threshold.
Eye movements are displayed as before, with columns A-C showing responses to stimulation of nIII, nIV, and nVI, respectively. This figure has
been reprinted with permission32. Please click here to view a larger version of this figure.

Because nIII innervates several targets (superior rectus, inferior rectus, inferior oblique, medial rectus, and the sphincter pupillae), analysis of the
evoked movements are the most complex. For the example shown in Figure 5A, extorsion, adduction, and elevation occurs. Based on this, a
reasonable interpretation is that the actions are mostly from the inferior oblique with possible contribution from the medial rectus. Superior rectus
and inferior rectus may cancel each other. A higher variability of the actions for nIII likely stems from the greater branching of the nerve and the
location of the cut for fitting the electrodes.
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Discussion

Critical Steps:

The critical steps within this protocol are the following: 1) the dissection and the care taken to maintain the viability of the transected nerves; 2)
the matching of sizes by the suction electrodes to cranial nerves to provide consistent responses; and 3) the placement of the head in the gimbal
to provide adequate calibration of the rotations of the eye.

Troubleshooting:

The dissection can be challenging, but after completing it a few times, the steps should become relatively straight forward. If nerves appear non-
responsive, the most likely cause is a failure of the dissection. During the removal of the brain only minimal tensions and pressures should be
applied to the nerves during their cutting. Touching the nerves with metallic surgical instruments should also be avoided as much as possible,
and so glass hooks and plastic forceps can substitute for metal tools if troubles persist34. Although the turtle tissues have the ability to survive
variable levels of oxygen, the use of freshly made turtle Ringer's solution bubbled with 95/5% O2/CO2 and chilled is advisable; however, this is
less critical. After all, the advantage of using the preparation is the survivability under varying oxygen levels and temperature fluctuations2,3,4,35.
More important is the periodic irrigation of the preparation with turtle Ringer's solution to avoid drying out the tissue.

Making a set of tips of varying sizes for the suction electrode in advance of carrying out an experiment will improve chances of a good fit to the
nerve. Similar to the dissection, fire polishing the tips takes some practice. Preserving a head with nerves from a prior experiment and using it as
a reference while making the tips can help. Arranging the tips from small to large diameter size and storing them on some modeling clay allows
for quick fitting during an experiment. For smaller tips, more time rolling the tips into flames is required. The tips should be free of cracks and
possess smooth edges to allow for a good seal onto the nerve.

The orientation of the head in the gimbal must be adequate. If not, the axis of the measurements will be skewed. For example, a rotation to the
right that is greater than the same increment to the left, indicates that the center of the eye is offset and needs to be shifted to the right. Some
trouble also can occur in maintaining a reliable signal from the pupil during the rotations. Adjusting the illumination of the pupil by the infrared
LED slightly can help achieve better results.

Limitations:

A shortcoming of the preparation is the difficulty in identifying the kinematics of actions by specific muscles. This is especially true for movements
measured after stimulations of nIII and nVI. One way to resolve individual muscle actions is to make systematic transections of nerve branches
in order to isolate a pathway traveling to a particular muscle. For example, we have been successful in cutting nIII distal to the ciliary ganglia and
stimulating the short ciliary nerve to isolate the action of the sphincter pupillae33,36. Another approach is to mount a strain-gauge system on both
the agonist and antagonist muscles and then correspond the movements with the activities of specific muscles37,38 . For that method, isolation of
a pathway traveling to a specific muscle would not be as necessary.

The preparation also allows for passive stretching associated with visco-elastic elements acting in opposite directions on the corresponding
muscles (e.g., lateral rectus versus medial rectus muscles, or sphincter dilator versus sphincter pupillae)39. To parse out visco-elastic elements,
the responses obtained by stimulating transected nerves as described here can be compared to those obtained using a preparation in which the
subcortical areas and the cerebellum are sparred; therefore this keeps the functional neural integrators intact, and then it is possible to stimulate
single motoneuron areas within the brainstem innervating each muscle40.

Significance with Respect to Other Vertebrate Models:

Although cryoanesthesia is acceptable for turtles, this approach cannot be approved with work in warm-blooded animals41,42. Therefore, a
pharmacological agent such as pentobarbital or ketamine is necessary. The agents, however, confound eye movements43. Nonetheless, the
approach is useful for reptiles and could be applied to other lateral-eyed non-mammalians, such as amphibians and fish44,45, because it allows
comparison of behaviors generated by an isolated efferent neural pathway to those made by an intact animal32,33.

Future Applications:

The preparation could serve as an assay for nervous tissue survivability. A protocol could be designed to systematically address how various
factors influence eye movements. Approaches could be as simple as testing different temperatures or pharmacological agents including
analgesics. Because movements are more difficult to interpret for nIII and nVI, their use is more limited. Therefore, nIV would likely be the best
choice for manipulation.

However, to resolve individual muscle kinematics resultant from stimulating nIII and nVI, modification of the preparation would be necessary,
such as making a systematic transection of branches of nerves or including strain gauges on targeted muscle sets. Lastly, measuring responses
in a preparation where neural integrators are kept intact would enable determination of how visco-elastic elements could possibly be limiting
quantifications of kinematics.
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