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READING
1. Purves, Chapter 12, pp. 258-259
2. Purves, Chapter 20

3. This syllabus

INTRODUCTION

There are several motor systems associated with the eyes. 
A. Motor control of tearing and blinking, which protects the surface of the eyes. 

B. The control of pupil constriction, which protects the retina from excessive amounts of light. The management of pupil dilation, which allows sufficient light into the eye to visualize biologically significant stimuli. 

C. The control of gaze and lens curvature, which moves both eyes onto a visual target. 

D. The control of gaze during head movements, which stabilizes the eyes on a visual target.
This lecture discusses the pupillary control systems (B) and the control of gaze (C). Gaze is very important as high-acuity vision is available only in the fovea. Gaze movements direct the fovea to objects or features of interest in the visual field.

PUPILLARY CONTROL SYSTEMS
1. Constriction

Pupillary constriction is induced by bright light; it reduces the amount of light entering the eye and is necessary to protect the retina from intense light, which can damage the photoreceptors. Pupil constriction is carried out by the sphincter muscle of the iris under the control of parasympathetic neurons. One can easily observe pupil constriction in a darkened room (which first dilates the pupils) by shining a small bright light into the eye. Bright light entering one eye causes the pupil of that eye to constrict (the direct response) and results in pupillary constriction of the other eye (the consensual response). When the light is removed, both pupils dilate again. 
Light-induced constriction of the pupil is a reflex mediated by the bilateral pathway diagramed in Fig. 1. Retinal ganglion cells from each eye project both ipsi- and contralaterally to the pretectal nucleus on each side of the midbrain (Fig. 1, red). The ganglion cells that form this projection are usually large and they integrate signals from a variety of photoreceptors. In addition, a proportion of these ganglion cells do not receive input from photoreceptor cells but contain their own photopigment, called melanopsin, that renders them light-sensitive. Thus, as a group, the ganglion cells that form this projection are not sensitive to object detail or particular colors but they are sensitive to the presence and the amount of light falling on the retina.
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Pretectal neurons, in turn, project their axons bilaterally to the Edinger-Westphal nucleus on each side of the midbrain (Fig. 1, green). One axonal projection to the contralateral Edinger-Westphal nucleus passes through the posterior commissure, while the other projection passes anterior to the peri-aqueductal gray matter to enter the Edinger-Westphal nucleus on each side of the midbrain. The Edinger-Westphal cells, which are preganglionic parasympathetic neurons, send their axons into the oculomotor nerve (cranial nerve III) to reach the cells in the ciliary ganglion (Fig. 1, blue). Ciliary ganglion cells, which are postganglionic parasympathetic neurons, enter the eye and innervate the sphincter muscle of the iris and the ciliary muscle that controls lens curvature.

2. Dilation

Dilation of the pupil is usually induced by an event or a memory. It typically allows more light into the eye to visualize elements of the visual field that are biologically significant. Pupil dilation is carried out by the dilator muscle of the iris under the control of sympathetic neurons. One can usually observe pupil dilation by quickly darkening the environment or having the subject experience or remember intense anger, pain, fear or sexual desire.
Pupil dilation is mediated by a unilateral pathway diagrammed in Fig. 1. The pathway begins in the hypothalamus which can activate certain very basic behaviors, such as eating, drinking, fleeing, etc. Hypothalamic neurons project their axons to many destinations but two of them are pertinent to the present discussion: the midbrain reticular formation and the intermediolateral cell column at levels T1-T3 of the spinal cord (Fig. 1, black). The midbrain reticular formation also receives signals from the cerebral cortex and other brain centers representing arousal, emotions, desires, etc. Thus, the reticular formation integrates these inputs and projects its axons to the intermediolateral cell column at spinal levels T1-T3 (Fig. X, black). These spinal cells, which are preganglionic sympathetic neurons, project their axons into the sympathetic trunk where they ascend to synapse on cells in the superior cervical ganglion (Fig. 1, purple). Superior cervical ganglion cells, which are postganglionic sympathetic neurons, innervate the iris dilator muscle and the superior tarsal muscle, which helps to open the upper eye lid. 
3. Balance
There is a constant competitive balance between parasympathetic constriction and sympathetic dilation of the pupil. The influence of each is called ‘tone’. Should one of these pathways be injured and lose tone, the responses of the pupils would reflect the new balance between sympathetic and parasympathetic tone, with the influence of the intact pathway predominating.
EYE MOVEMENT SYSTEMS
1. Extraocular muscles and eye movements 
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Six extraocular muscles are used to move each eye; four rectus muscles and two oblique muscles. Each rectus muscle originates posterior to the eye and inserts anterior to the equator of the eye. Thus, muscle contraction rotates the eye by pulling the insertion point posteriorly. By contrast, each oblique muscle inserts posterior to the equator of the eye. In this case, muscle contraction rotates the eye by pulling the insertion point anteriorly. The extraocular muscles function as pairs.

A. Horizontal eye movements (Fig. 2A).

Abduction or lateral rotation is executed by contraction of the lateral rectus muscle (LR). Adduction or medial rotation (toward the nose) is executed by contraction of the medial rectus muscle (MR). The medial and lateral rectus muscles comprise an antagonistic pair.

B. Depression of the eye (Fig. 2B)

Depression or downward rotation is achieved mainly by contraction of the inferior rectus (IR) and superior oblique (SO) muscles, which act synergistically. The inferior rectus inserts inferiorly, anterior to the equator, and pulls the insertion point posteriorly. The superior oblique inserts superiorly, behind the equator, and pulls the insertion point anteriorly.

C. Elevation of the eye (Fig. 2C) 

Elevation or upward rotation is accomplished mainly by contraction of the superior rectus (SR) and the inferior oblique (IO) muscles, which act synergistically. The superior  rectus inserts superiorly, anterior to the equator, and pulls the insertion point posteriorly. The inferior oblique inserts infero-laterally, behind the equator, and pulls the insertion point anteriorly.

2. Classification of eye movements

The entire surface of the retina can detect visual stimuli but only the fovea provides high acuity. Therefore, in viewing an object, we explore its detail by moving the eye to position various object features on the fovea. To do this we use a gaze system with two components: the oculomotor system, which moves the eyes, and a head movement system. Because the head movement system adds a level of complexity beyond the scope of this lecture, we will confine the discussion to the eye movement systems.

There are five types of eye movements that keep the foveas on target:

A. Fixation holds the foveas relatively still during intent gaze.

B. Saccadic eye movements rapidly shifts both foveas onto an alternate target.
C. Smooth pursuit movements keep both foveas on a moving target.
D. Vergence movements keep both foveas on a target moving toward or away from the observer.
E. Optokinetic movements keep both foveas on a target during head movements.

This lecture will discuss saccadic, smooth  pursuit and vergence movements.

3.  Saccadic eye movements
Each of these movements is a sudden shift of both foveas onto an alternate target. The eyes rotate together, very rapidly and can achieve rotation speeds of up to 900 degrees per second.

A. Horizontal saccades: Brain stem pathways (Fig. 3) 
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Before an eye movement, the eyes are typically fixed on a visual target. To achieve fixation, inhibitory neurons in the pontine raphe nucleus discharge action potentials to suppress the depolarization of cells in the horizontal saccade centers in the paramedian pontine reticular formation (PPRF) located on both sides of the pons.
We will assume that we will shift our gaze horizontally to the right to fixate on a new visual target. The inhibitory neurons in the pontine raphe nucleus cease their activity so that the eyes become ‘unfixed’. A high frequency pulse of action potentials is generated by cells in the right horizontal saccade center, the right PPRF. PPRF cells project their axons to cells into the right abducens nucleus and into the nucleus prepositus hypoglossi (NPH). 
The pulse of excitation reaching the right abducens lower motor neurons results in the sudden contraction of the right lateral rectus muscle and the abrupt abduction of the right eye. Internuclear interneurons carry the pulse of excitation from the right abducens through the left medial longitudinal fasciculus (MLF) into the left oculomotor nucleus. The pulse of excitation reaching the lower motor neurons in the left oculomotor nucleus results in the sudden contraction of the left medial rectus muscle which abruptly medially rotates the left eye. The internuclear neuron effectively yokes (binds) the two eye movements together.
This pulse of excitatory activity initiates and accelerates eye rotation toward the new target. This is a rapid ballistic event, with no opportunity for correction during the movement. Inaccurate targeting usually produces successive corrective saccades. 
Once acquiring the new visual target, the eyes must be held at their new position. Without the holding signal, the pulsed excitation of the lower motor neurons in the right abducens and left occulomotor nuclei would soon dissipate and the eyes would drift off of their new target. The holding signal is generated by neurons in the right NPH. On receiving the pulsed excitation from PPRF axons, NPH neurons transduce this signal into a very long-lasting chain of action potentials. Since the right NPH neurons project their axons into the right abducens nucleus, they transmit the long-lasting excitation through this pathway to the right abducens and left oculomotor lower motor neurons. This long-lasting excitation is sufficient to hold the eyes on the new target.
B. Vertical saccades: Brain stem pathways (Fig. 4)
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Before eye movement, eye fixation is achieved by the discharge of inhibitory neurons in the pontine raphe nucleus, which project their axons and suppress activity in the vertical saccade centers, which are located in the rostral interstitial nucleus of the MLF (RiMLF) lying on both sides of the midbrain.
To initiate a vertical saccade, the inhibitory neurons in the pontine raphe nucleus cease their activity, the eyes become unfixed, and a high frequency pulse of action potentials is generated by cells in the RiMLF. RiMLF neurons project their axons into the oculomotor and trochlear nuclei, which contain lower motor neurons of the eye muscles controlling vertical eye movements, and into the interstitial nucleus of Cajal (INC), located in the midbrain. The pulse of excitation reaching the lower motor neurons in the oculomotor and trochlear nuclei results in the sudden contraction of the relevant extraocular muscles and the abrupt execution of a vertical saccade. 
A holding signal is generated by neurons in the INC. On receiving the pulsed excitation from RiMLF axons, INC neurons transduce this signal into a very long-lasting chain of action potentials. Since INC neurons project their axons into the oculomotor and trochlear nuclei, they transmit the long-lasting excitation through this pathway to the lower motor neurons that control vertical eye movements. This long-lasting excitation is sufficient to hold the eyes on the new target.

C. Control of the brain stem saccade centers (Fig. 5)
The PPRF and RiMLF can be activated by axonal pathways originating in several areas of the cerebral cortex and the retina. These pathways can be divided functionally into ‘reflexive’ and ‘voluntary’ systems. 

The reflexive system requires little or no cognitive judgment to initiate eye movement and produces saccades in response to the appearance or movement of prominent objects in the visual field. The reflexive system can be activated by neurons in three locations:
1. The retina. Retinal ganglion cells sensitive to movement or bright objects project their axons to the superior colliculus.
2. Area MT. Area MT cells, which are sensitive to the movement of objects in the visual field, project axons into the superior colliculus.

3. Neurons in the posterior portion of the interparietal sulcus, which form the ‘parietal eye fields’ and are sensitive to movement and object size, also project their axons to the superior colliculus. 

Superior colliculus cells, in turn, project their axons into the RiMLF and the PPRF. Thus, excitation of this pathway can produce saccades with little participation of the prefrontal parts of the brain, which are devoted to volition.
The voluntary system requires a cognitive decision whether or not to gaze at a visual object. This decision is represented by activity in prefrontal cortical neurons which project their axons into the ‘frontal eye fields’, a motor area located anterior to the premotor cortex in the frontal lobe of the cerebral cortex. The frontal eye fields, together with neighboring areas of the prefrontal cortex, provide spatial working memory, interpret the significance of the visual stimulus and provide voluntary control. Should the visual image be judged to have significance and should the subject wish to inspect it on the fovea, then neurons in the frontal   eye field will generate action potentials to execute an appropriate saccade. These neurons project their axons both to the superior colliculus and directly into the RiMLF and PPRF via the corticobulbar tracts. Persons suffering lesions of the frontal eye fields (eg. strokes) find it very difficult to suppress unwanted saccades generated by the reflexive system in response to stimuli in the peripheral visual field. They also have great difficulty generating voluntary saccades to remembered spatial coordinates.

4.  Smooth pursuit movements (Fig.6)
Smooth pursuit keeps both foveas on a target that is moving in the visual field. Such movements are relatively slow (< 30 degrees per second) but can achieve eye rotation speeds of up to 100 degrees per second. Although the pathways are not fully understood, it is apparent that excitation representing an object moving across the retina is generated by cells in area MT, the parietal eye field and the frontal eye field. Neurons in these regions project axons to the dorsolateral pontine nuclei and the pontine neurons, in turn, project axons into the floccular lobe of the cerebellum. Output from this part of the cerebellum is directed primarily into the vestibular nuclei, where vestibular neurons project their axons through the MLF to reach the abducens, trochlear and occulomotor nuclei. Neurons participating in smooth pursuit generate action potentials in a graded manner, depending on the degree and rate of eye movement that is required. Interruption of this pathway degrades the ability to execute smooth pursuit movements.
5.  Vergence movements
Vergence movements rotate the eyes in opposite directions to keep the fovea on a visual target moving closer to (convergence) or away from (divergence) the observer. In either case, the motions are triggered by disparities in the object image on the two retinas. These movements are slower than saccades but faster than smooth pursuit movements.
Convergence, to foveate on a near object, is executed by contraction of the medial rectus muscle of each eye (Fig. 7) and is accompanied by two additional changes. First, the ciliary muscle contracts to increase the curvature of the lens, bringing a nearer object into focus. Second, the iris constrictor muscle contracts to constrict the pupil, increasing the depth of focus of the eye. These three responses are called the ‘near response’ or ‘near triad’.
Although the pathways active during the near response are not fully understood, it appears that retinal disparities excite binocular neurons in the visual association cortex, area MT and the inferior temporal cortex (Fig. 7). Neurons in the temporal association cortex project their axons to the supraoculomotor area (SOA), a group of cells lying just dorsal to the oculomotor nuclei. SOA neurons project their axons into the oculomotor and Edinger-Westphal nuclei on both sides of the midbrain. Oculomotor neurons activate the medial rectus muscles on each eye. Edinger-Westphal neurons project their axons into the oculomotor nerve to reach the ciliary ganglion. Ciliary ganglion cells, in turn, project their axons to the ciliary muscle and the iris constrictor muscle. 
Since vergence is a multi-muscle behavior, it’s coordination is influenced by the cerebellum. The neurons in the temporal association cortex also project axonal branches to the pontine nuclei. Pontine neurons, in turn, project their axons into the cerebellum. Thus, the cerebellum receives excitation that represents a copy of that which reached the SOA. The cerebellar output, containing excitation representing corrections which improve coordination between the muscles, reaches the SOA and the oculomotor, trochlear and abducens nuclei.

The pathways active in divergence movements have not been elucidated.
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Figure 5.





Figure 6. Smooth Pursuit Pathways





Figure 7. 
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