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Abstract

The autonomic nervous system influences numerous ocular functions. It does this by way of 

parasympathetic innervation from postganglionic fibers that originate from neurons in the ciliary 

and pterygopalatine ganglia, and by way of sympathetic innervation from postganglionic fibers 

that originate from neurons in the superior cervical ganglion. Ciliary ganglion neurons project to 

the ciliary body and the sphincter pupillae muscle of the iris to control ocular accommodation and 

pupil constriction, respectively. Superior cervical ganglion neurons project to the dilator pupillae 

muscle of the iris to control pupil dilation. Ocular blood flow is controlled both via direct 

autonomic influences on the vasculature of the optic nerve, choroid, ciliary body, and iris, as well 

as via indirect influences on retinal blood flow. In mammals, this vasculature is innervated by 

vasodilatory fibers from the pterygopalatine ganglion, and by vasoconstrictive fibers from the 

superior cervical ganglion. Intraocular pressure is regulated primarily through the balance of 

aqueous humor formation and outflow. Autonomic regulation of ciliary body blood vessels and the 

ciliary epithelium is an important determinant of aqueous humor formation; autonomic regulation 

of the trabecular meshwork and episcleral blood vessels is an important determinant of aqueous 

humor outflow. These tissues are all innervated by fibers from the pterygopalatine and superior 

cervical ganglia. In addition to these classical autonomic pathways, trigeminal sensory fibers exert 

local, intrinsic influences on many of these regions of the eye, as well as on some neurons within 

the ciliary and pterygopalatine ganglia.

 Introduction

The ocular projections of the autonomic nervous system influence numerous functions of the 

eye. These include: 1) pupil diameter and ocular accommodation, which are controlled by 

the intrinsic muscles of the eye located in the iris and ciliary body respectively – these 

structures are innervated by postganglionic fibers from the ciliary (parasympathetic) and 

superior cervical (sympathetic) ganglia; 2) Ocular blood flow, which is controlled via 

innervation of the vasculature within the optic nerve, the retina, choroid, ciliary body, and 

iris. In mammals, these vascular beds are innervated by postganglionic fibers from the 

pterygopalatine (parasympathetic) and superior cervical (sympathetic) ganglia. In birds, the 

ciliary ganglion also contributes to the parasympathetic innervation of the choroid, and there 

may be a small contribution from this ganglion in mammals; 3) intra-ocular pressure (IOP), 

which is regulated primarily through changes in aqueous humor formation and outflow. 

Autonomic regulation of ciliary body blood vessels and the ciliary epithelium are important 

determinants of aqueous humor formation, while regulation of the trabecular meshwork and 

episcleral blood vessels are important determinants of aqueous humor outflow – these 
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structures are innervated by postganglionic fibers from the pterygopalatine 

(parasympathetic) and superior cervical (sympathetic) ganglia (Figure 1). However, as 

discussed below, these functional subdivisions are somewhat arbitrary since they are often 

interrelated and do not operate in isolation. For example, both iris and ciliary muscle 

contraction can influence aqueous humor outflow, while alterations in choroidal blood flow 

will cause changes in IOP.

The information presented below focuses not only on the autonomic innervation of the eye, 

but also the central autonomic pathways controlling pupillary reflexes, accommodation, 

ocular blood flow, and intraocular pressure. Our discussion of these topics is concentrated on 

primates, including humans, but includes data from other species where it suggests 

alternative connections that have yet to be investigated in primates, or where primate data is 

unavailable. Unless otherwise stated, primary references reflect studies conducted in the 

primate model. A comprehensive list of abbreviations used in this article can be found in 

table 1.

As shown in Figure 1, parasympathetic innervation of the eye arises from two sources: 1) 

neurons in the Edinger-Westphal preganglionic (EWpg) cell group, the autonomic 

subdivision of the third cranial nerve nucleus, which lies in the rostral mesencephalon; 2) 

preganglionic neurons in the superior salivatory nucleus (SSN), the parasympathetic 

component of the seventh cranial nerve nucleus, which lie in the medulla oblongata. The 

neurons in EWpg project by way of the oculomotor (III) nerve to postganglionic cells in the 

ciliary ganglion. Neurons in the SSN project by way of the greater petrosal branch of the 

facial (VII) nerve to postganglionic cells in the pterygopalatine ganglion (also termed the 

sphenopalatine ganglion). Sympathetic innervation of the eye arises from preganglionic 

neurons located in the C8-T2 segments of the spinal cord, a region termed the ciliospinal 

center of Budge (and Waller). The axons of these preganglionic neurons project to the 

sympathetic chain ganglia and travel in the sympathetic trunk to the superior cervical 

ganglion where they contact postganglionic neurons (149, 179). The axons of these 

postganglionic neurons project from the superior cervical ganglion to the orbit, where they 

enter the eye via the short and long ciliary nerves, as well as through the optic canal (315).

In addition to these classical, extrinsic autonomic control pathways, it is clear that there are 

local, intrinsic influences exerted by trigeminal sensory fibers on many regions of the eye, as 

well as on some neurons within the ciliary and pterygopalatine ganglia (Figure 2). Both 

sympathetic and parasympathetic fibers are also present in the mammalian cornea. However, 

their density varies significantly between species (255). In rabbits and cats, sympathetic 

innervation is quite dense (82, 190, 204, 231, 252, 387). However, in primates, including 

humans, sympathetic innervation appears to be either absent or very sparse (80, 81, 231, 

372, 394). In addition, although some parasympathetic innervation of the cornea has been 

reported in rat and cat, the existence of such innervation has not been studied in other 

mammalian species (255). Therefore, the autonomic innervation of the cornea will not be 

discussed further. A detailed description of the autonomic nervous system in general is 

provided by Hockman (149) and Robertson (312). Also, the autonomic control of the eye 

and iris in non-mammalian species has recently been reviewed (261), as has the control of 

ocular blood flow (183, 306).
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 Autonomic Innervation of the Eye

 The Third Nerve Pathways Innervating the Eye

 The Edinger-Westphal nucleus - preganglionic neurons: The parasympathetic, third 

nerve pathway originates from preganglionic neurons in the Edinger-Westphal nucleus (EW) 

and projects via the third cranial nerve to the ciliary ganglion. In most primates, the EW is a 

distinct nucleus lying immediately dorsal to the somatic subdivisions of the oculomotor 

complex. It was first described in a developmental study of human neuroanatomical material 

by Edinger (78) and, a short time afterward, in a neuropathological study by Westphal (419). 

While both authors recognized this nucleus as being cytoarchitecturally distinct from the 

oculomotor nucleus, the study by Westphal led to the suggestion that the EW was involved 

in the innervation of the iris and possibly other intraocular muscles.

The primate EW is composed of relatively large spherical and ovoid cells (approximately 

25–40 µm in diameter) and other spindle-shaped neurons (15µm – 30µm in diameter) (e.g. 

195, 413). The preganglionic neurons within the EW were initially identified by a retrograde 

degeneration study (413). Subsequently these neurons were identified by retrograde 

neuroanatomical tracer studies following injections into the ciliary ganglion of either 

horseradish peroxidase (HRP) (47, 61), [125I] wheat germ agglutinin (WGA) (4), WGA-

HRP (373), or fluorescent tracers (162). All of these studies reported that labeled, 

preganglionic neurons are generally the larger, more spherical neurons of the EW and are 

only slightly smaller than the somatic motoneurons of the oculomotor complex.

Based on the number of retrogradely labeled cells and the estimated number of 

parasympathetic axons in the oculomotor nerve, Burde and Loewy (47) suggested that there 

were 300–400 preganglionic neurons in EW. However, based on the results of Akert and 

colleagues (4), Ishikawa and colleagues (162), and upon personal observations, the number 

of preganglionic neurons in the primate EW is more likely to be in the range of 800–1200.

Additional studies have confirmed in many vertebrate classes that the EW is the 

preganglionic, parasympathetic component of the oculomotor nuclear complex, and is the 

central source of parasympathetic innervation of the iris, the ciliary body, and certain 

additional intraocular muscles and tissues (see 195 for a review). However, in many species 

including humans, some or all cells of the cytoarchitecturally-defined EW are not 

preganglionic neurons, but are instead centrally-projecting peptidergic (often urocortin-1) 

neurons, while the preganglionic neurons are actually located outside of the 

cytoarchitecturally-defined EW (e.g. 104, 152, 195, 239). For example, in one of the clearest 

cases of this mismatch, cells in the classically-defined EW of cats project to the spinal cord 

and cerebellum (48, 217, 218, 314, 370), while the ciliary ganglion receives its central input 

from a collection of preganglionic cells along the midline of the rostral mesencephalon and 

in the ventral tegmental area (198, 371, 399). As discussed in a recent review (195), this has 

led to much confusion in the literature, and it is now generally accepted that the term EW 

must be supplemented with a terminology based on neuronal connectivity. Specifically, the 

cholinergic, preganglionic neurons supplying the ciliary ganglion are now termed the 

Edinger-Westphal preganglionic (EWpg) population, while the centrally projecting, 

peptidergic neurons are termed the Edinger-Westphal centrally projecting (EWcp) 
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population (195). This new nomenclature and the relative location of the EWpg and EWcp 

cell populations for various species, including humans, are shown in Figures 3 and 4.

 The ciliary ganglion: The ciliary ganglion in humans is approximately 3mm in size, and 

located 2–3 mm posterior to the globe and lateral to the optic nerve. Within the ciliary 

ganglion, postganglionic neurons are contacted by the cholinergic, nicotinic synapses of 

parasympathetic preganglionic axon terminals that in macaque, generally contain 

neuropeptide Y (NPY) (Grimes et al., 1998). The axons of these postganglionic neurons 

leave the ciliary ganglion to enter the eye via the short ciliary nerves. Once in the eye, 

postganglionic axons project in the suprachoroid space to extensively innervate the sphincter 

pupillae and ciliary muscles and, in birds, the choroidal vasculature (104). They also make a 

limited number of synapses on sympathetic terminals in the dilator pupillae muscle (174). 

Although postganglionic neurons in the ciliary ganglion receive input primarily from the 

preganglionic neurons of EW, there is evidence for additional neuronal inputs that may act to 

modulate this signal (241). For example, there is good evidence that some (~10–20%) 

postganglionic neurons receive calcitonin gene-related peptide/Substance P (CGRP/SP)-

positive trigeminal inputs (Figure 2) (e.g. 187). Furthermore, ultrastructural analysis of the 

macaque ciliary ganglion via electron microscopy demonstrated heterogeneity in cellular 

and synaptic structure, as well as postsynaptic vesicular content (241). Therefore, the ciliary 

ganglion should not be considered only as a simple relay of preganglionic inputs from EW 

to the eye, but also as a site of potential neural integration (104). In addition, although many 

studies have reported that all preganglionic neurons synapse in this ganglion in mammals 

(e.g. 198, 324), there has been some debate as to the existence of a synapse in this ganglion 

for both pupil-related and accommodation-related preganglionic neurons. For example, 

based on physiological studies (418) and on retrograde anatomical studies (164, 285) it has 

been reported that EW neurons do not synapse in the ciliary ganglion, but instead have a 

direct projection to the ciliary muscle. Other reports have disagreed with these studies and 

there is a growing consensus for the existence of a synapse between the pre- and 

postganglionic neurons in the primate ciliary ganglion (see 316 for a review). It appears 

likely that some retrograde tracer experiments showed apparent direct connections between 

the preganglionic neurons of the EW and their eventual peripheral targets because the tracer 

was taken up by preganglionic fibers that contact intraocular ganglion cells contained within 

the accessory ciliary ganglia of the primate and other mammals. In some mammals these 

accessory ganglia are located immediately behind the sclera, while in others they are located 

in the suprachoroid lamina along the intraocular portions of the ciliary nerves from the 

scleral canal to the iris and ciliary body (198, 199). Injections in the vicinity of these 

intraocular ganglion cells would have involved preganglionic fibers from EW neurons and 

would thus have resulted in retrograde labeling of EW neurons.

 Seventh nerve pathways innervating the eye

 Superior Salivatory Nucleus – preganglionic neurons: The parasympathetic, seventh 

nerve pathway innervating the eye originates from preganglionic neurons in the superior 

salivatory nucleus (SSN), which are located in the ventrolateral medulla, slightly 

dorsolateral to the facial motor nucleus. In rats, the preganglionic neurons are somewhat 

intermingled with, and surrounded by neurons of the A5 catecholamine cell group (Figure 5) 
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(e.g. 70, 210). All SSN neurons are cholinergic, and in rabbits and rats many have also been 

shown to contain neuronal nitric oxide synthase (nNOS) (70, 440, 441). In rats, it has been 

established that one population of preganglionic SSN neurons projects by way of the greater 

petrosal branch of the facial nerve to the pterygopalatine ganglion (66, 70, 262, 264, 306, 

351, 397), which sends postganglionic fibers to ocular structures which are involved in the 

regulation of blood flow and IOP (see below). The other population of preganglionic 

neurons within the SSN are not involved in the autonomic control of the eye. These neurons 

project by way of the chorda tympani nerve to the submandibular ganglion (66, 167, 262, 

264, 306) which sends postganglionic fibers to the submandibular and sublingual glands. A 

coarse topography exists within the SSN such that neurons projecting to the pterygopalatine 

ganglion are generally located ventral to those projecting to the submandibular ganglion (66, 

70, 167, 262, 264, 397).

 Pterygopalatine ganglion: In humans, the pterygopalatine ganglion is located in the 

pterygopalatine fossa, its shape varies between individuals, being variously described as 

conical, triangular, or elliptical, and it is reported to be approximately 3mm vertical, 4 mm 

sagittal, and 2 mm transversely (378). However, more recently it has been recognized that 

the pterygopalatine ganglion may be bipartite, and a number of associated microganglia may 

also be present (e.g. 306, 325). Within the pterygopalatine ganglion, the preganglionic 

neurons form cholinergic, nicotinic synapses with postganglionic neurons. Axons of these 

postganglionic neurons leave the pterygopalatine ganglion caudally and reach the eye by 

way of the rami orbitales, the retro-orbital plexus, and the rami oculares (174, 321). These 

postganglionic fibers target a number of ocular structures including the ciliary epithelium 

and trabecular meshwork, as well as blood vessels in the optic nerve, iris, ciliary body, 

choroid, and episclera (Figure 1, 2). In mammals including primates, postganglionic fibers 

from the pterygopalatine ganglion also project to cerebral blood vessels, the lacrimal gland, 

blood vessels of the nasal mucosa and palate and the meibomian glands (207, 259, 317, 322, 

380, 402, 409).

Postganglionic neurons within the pterygopalatine ganglion are cholinergic, but many also 

express nNOS and vasoactive intestinal peptide (VIP) (132, 174, 201, 261, 306). Also, 

similar to the ciliary ganglion, some pterygopalatine ganglion cells in rats are innervated by 

collaterals of trigeminal afferents (Figure 2) (374).

 Sympathetic pathways innervating the eye

 The intermediolateral cell column: The preganglionic sympathetic neurons that 

innervate the eye are located in the intermediolateral cell column (IML) in the C8-T2 

segments of the spinal cord, a region termed the ciliospinal center of Budge (and Waller). 

The axons of these preganglionic neurons project to the sympathetic chain ganglia and travel 

in the sympathetic trunk to the superior cervical ganglion (149, 179).

 Superior Cervical Ganglion: The superior cervical ganglion is located at the C1-C3 

vertebral level and, in humans, it lies immediately anterior to the common carotid artery 

bifurcation (423). Within the superior cervical ganglion, preganglionic axons form nicotinic, 

cholinergic synapses with postganglionic neurons. The axons of these postganglionic 
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neurons project from the superior cervical ganglion as the internal carotid nerves to the level 

of the cavernous sinuses where they form the carotid plexus around the carotid arteries. 

Many of the fibers destined for the eye form the sympathetic root of the ciliary ganglion, 

which runs along with the ophthalmic artery to enter the orbit. These fibers then traverse the 

ciliary ganglion to enter the eye via the short ciliary nerves (282, 315). In addition, other 

sympathetic fibers enter the eye through the long ciliary nerves as well as through the optic 

canal (315). In addition to containing the neurotransmitter noradrenaline, many 

postganglionic sympathetic neurons projecting to the eye in mammals also express the 

vasoconstrictor peptide, neuropeptide Y (NPY) (41, 42, 46, 124, 137, 268, 306, 382), as well 

as the co-transmitter ATP (295) (Figure 1).

 Trigeminal Nervous system - peripheral reflex control—In birds and mammals, 

the nerve branches arising from the trigeminal nerve provide the sensory innervation of the 

eye. More specifically, the ophthalmic branch of the trigeminal nerve divides into the 

lacrimal, frontal and nasociliary nerves. The latter divides into a major branch that travels 

with the long ciliary nerves to the eye and a minor branch that passes through the ciliary 

ganglion to enter the eye with the short ciliary nerves (174, 199, 261, 379). Additionally, in 

monkeys, Ruskell (319) has suggested that there is a small contribution to the sensory 

innervation of the eye from the maxillary branch of the trigeminal nerve.

Within the eye of mammals and birds, sensory fibers are distributed to the: cornea (170, 230, 

363); conjunctiva (84, 222); iris including the sphincter muscle, blood vessels and anterior 

melanocytes (22, 174); ciliary body including the ciliary processes, blood vessels, and a 

region of the ciliary muscle near the scleral spur (174, 323, 364); ophthalmic and central 

retinal arteries (28, 33, 85, 306); choroid including the intrinsic choroidal neurons (337, 345, 

364); episcleral vessels (340, 341); trabecular meshwork (205, 339).

It has been recognized that the peripheral nerve endings and collaterals of these sensory 

fibers contain a number of neuropeptides, and over the past few decades it has been 

established that these neuropeptides can also serve as neurotransmitters (e.g. 150, 174). 

Thus, it is now clear that the trigeminal sensory system can act as a local effector system not 

only within the various ocular structures that it innervates, but also through collaterals that 

are reported in both the ciliary and pterygopalatine ganglia (174, 261). In general, in 

mammals including humans, a significant percentage of sensory nerve endings contain 

substance P (SP) (174, 365, 385, 386) and calcitonin gene-related peptide (CGRP) (174, 

366), and both neuropeptides are present in cells in the trigeminal ganglion (123, 174, 208). 

In addition, other tachykinins such as neurokinin A, neurokinin B and neuropeptide K have 

been reported, as have cholecystokinin (CCK), galanin, and vasopressin (see 174 for a 

review). Substance P, and presumably other neuropeptides, are released from peripheral 

nerve endings in response to antidromic trigeminal nerve stimulation, as well as peripheral 

stimulation from capsaicin, bradykinin, histamine, nicotine, and prostaglandins. (36, 174, 

228, 411, 437).
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 Autonomic control of the Pupil

The pupil is essentially an optical element that controls the amount of light striking the 

retina by acting as an aperture stop: the most light-restrictive element of an optical system. 

Pupillary diameter, or more precisely iris size, is controlled by two muscles, the sphincter 

pupillae, which is primarily under the control of the parasympathetic nervous system, and 

the dilator pupillae, which is primarily under the control of the sympathetic nervous system. 

Contraction of the sphincter, accompanied by relaxation of the dilator, produces pupil 

constriction (miosis); while contraction of the dilator, accompanied by relaxation of the 

sphincter, produces pupil dilation (mydriasis). These muscles are innervated by 

postganglionic neurons originating from the ciliary and superior cervical ganglia, which in 

turn receive preganglionic inputs from the EWpg and IML respectively (Figure 1, 2). 

Neurons in the EWpg and IML are, in turn, controlled by central nervous system inputs that 

are influenced by a variety of factors such as retinal irradiance, viewing distance, alertness, 

and cognitive load.

The normal human pupil can change diameter from 8 mm to 1.5 mm, which corresponds to 

approximately a 28 fold change in area. Thus the movement of the iris can account for 

almost 1.5 log unit variation in retinal irradiance (282). Although the visual system can 

operate over a 10 log unit range of lighting levels through the process of adaptation, it can 

take several minutes for optimum sensitivity to return after an abrupt increase or decrease in 

retinal illumination. The rapid control of retinal irradiance by the iris allows the visual 

system to more quickly regain optimal sensitivity by dampening fast changes in ambient 

lighting levels and requiring less retinal adaptation to a given change in environmental 

lighting levels (151, 427).

Changes in pupil size modulate not only retinal illumination, but also depth of focus, optical 

aberrations, and diffraction. As pupil diameter decreases, depth of focus increases (229, 412) 

and the image degrading effects of optical aberrations decrease (212, 338), but the image 

degrading effects of diffraction increase (54, 59, 93). However, over the normal range of 

pupillary diameter, diffraction impacts image quality less than optical aberrations, and the 

optimal pupil diameter is therefore approximately between 2mm and 4 mm (56, 168, 417). 

These various factors differentially affect visual performance and, given changing 

environmental lighting conditions and visual tasks, the nervous system continuously 

modulates pupil diameter for optimal visual performance.

Clearly, a mobile pupil allows the autonomic nervous system to optimize retinal irradiance, 

diffraction, ocular aberrations, and depth of focus despite differing conditions and visual 

tasks. For example, across a range of daylight (photopic) luminance levels, pupil size 

corresponds to that required for the highest visual acuity (55), and the maximal information 

capacity of the retinal image (148, 206). On the other hand, under low light (scotopic) 

conditions in which poorer retinal image quality can be tolerated due to the lower resolution 

of rod photoreceptors, the pupil dilates sufficiently to maximize retinal illumination. Further 

evidence for the optimization of pupil diameter for differing visual tasks is evident in the 

pupillary near response. When viewing distance changes from far to near, the pupils 
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constrict to increase the depth of field and reduce retinal image defocus (see below for more 

detail).

 Overview of the pathways controlling pupil diameter

A summary diagram of our current understanding of the afferent, central, and efferent 

pathways controlling pupil diameter are shown in figure 6. This figure shows the iris 

musculature innervated by autonomic efferents from both the parasympathetic and 

sympathetic components of the autonomic nervous system.

 Iris Musculature—In a cross section of the iris, the sphincter pupillae can be seen as an 

annular band of smooth muscle (100–170 µm thick; 0.7–1.0 mm wide) encircling the pupil 

(figure 7). The sphincter, which is located in the posterior iris immediately anterior to the 

pigmented epithelium, interdigitates with the surrounding stroma and connects to dilator 

muscle fibers (see below). The smooth muscle cells of the sphincter are clustered in small 

bundles and connected by gap junctions (45). These gap junctions ensure synchronized 

contraction of the sphincter muscle. The sphincter receives muscarinic, cholinergic 

innervation from the short ciliary nerves: parasympathetic, postganglionic fibers arising 

from the ciliary ganglion. The m3 subtype of muscarinic receptor is the predominant 

receptor subtype expressed by smooth muscle cells of the sphincter pupillae. In the human 

iris, the m3 receptor subtype comprises 60–75% of the total number of expressed muscarinic 

receptors, while other muscarinic receptor subtypes (m1, m2, m4, m5), are expressed at 

lower levels (5–10%) (125). Binding of acetylcholine to m3 receptors initiates a series of 

events leading to the activation of phospholipase C (PLC) via G-proteins of the Gq family. 

Activated PLC generates inositol triphosphate (IP3) and diacylglycerol (DAG) from 

phosphatidylinositol biphosphate. The increase in IP3 elicits the release of Ca2+ ions from 

the endoplasmic reticulum and the influx of extracellular Ca2+ ions. The resultant increase in 

intracellular free Ca2+ concentration produces muscle contraction (see 79 for a review). 

Muscarinic receptor antagonists such as atropine, scopolamine, or tropicamide produce 

mydriasis, while agonists such as pilocarpine, bethanechol, metoclopramide, or 

oxotremorine produce miosis. The reversible cholinesterase inhibitor, physostigmine, also 

produces a marked miosis.

The dilator pupillae is composed of radially oriented smooth muscle fibers that are 

myoepithelial in origin. Individual fibers are approximately 50 µm long and 5–7 µm wide. In 

the pupillary zone, dilator muscle processes fuse with the sphincter pupillae, while 

peripherally, their processes attach to the ciliary body. Contraction of the dilator muscle 

pulls the pupillary margin towards the ciliary body (45). The dilator receives adrenergic 

innervation from the long ciliary nerves: sympathetic, postganglionic fibers arising from the 

superior cervical ganglion. The alpha 1a adrenoreceptor appears to be the predominant 

receptor subtype expressed by the smooth muscle cells of the dilator pupillae (161). Binding 

of norepinephrine to the alpha 1a adrenoreceptor, a G protein-coupled receptor, produces 

muscle contraction through the same signaling cascade (PLC/ IP3) as that in the sphincter 

pupillae muscle.
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Alpha-adrenoreceptor antagonists such as dapiprazole or thymoxamine produce miosis 

(390), as does the more selective alpha 1a adrenoreceptor antagonist, tamsulosin (286). The 

non-specific adrenoreceptor agonist, phenylephrine, produces mydriasis. Mydriasis is also 

produced by hydroxyamphetamine and related drugs, which stimulate norepinephrine 

release from the postganglionic sympathetic nerve endings (390).

Importantly, release of 3H-noradrenaline is inhibited when the muscarinic receptors (M2 

subtype) on sympathetic nerve endings in the human iris-ciliary body (175) or whole iris of 

other mammals (44, 98) are activated by muscarinic agonists (251). Thus, conceivably 

parasympathetic innervation of the sphincter pupillae can potentially partially antagonize the 

effect of sympathetic innervation of this tissue.

In addition, trigeminal sensory fibers containing both SP and CGRP innervate the iris in 

mammals including humans (83, 146, 249, 347, 363–366, 383, 384, 386, 405). SP and 

CGRP released from trigeminal nerve endings in response to noxious stimuli, temperature 

increases or decreases, or pressure can produce pupillary constriction, also known as miosis. 

Indeed, in mammals including humans, stimulation of the trigeminal nerve causes 

pronounced miosis (14, 228, 360), as does intracameral injection of SP or CGRP (36, 228, 

275, 361, 403), and SP eye drops in humans (5).

 Pupillary Light Reflex

The pupillary light reflex (PLR) is the constriction of the pupil that is elicited by an increase 

in illumination of the retina. The direct PLR, present in virtually all vertebrates, is the 

constriction of the pupil in the same eye as that stimulated with light. The consensual 

pupillary light reflex is the constriction of the pupil in the eye opposite to the eye stimulated 

with light. In mammals with laterally placed eyes, such as the rat and rabbit, the direct 

pupillary light reflex is more pronounced than the consensual PLR. However, in those 

mammalian species with frontally placed eyes, such as humans and monkeys, the direct and 

consensual pupillary light reflex are essentially equal (215).

The pupillary light reflex has traditionally been divided into two separate pathways based on 

the clinical manifestations of the defects in this reflex. The efferent pathway is composed of 

the preganglionic pupilloconstriction fibers of the EWpg and their postganglionic recipient 

neurons in the ciliary ganglion, which project to the sphincter muscle of the iris (Figure 6). 

The afferent pathway is composed of both the retinal cells that project to the pretectum, as 

well as their recipient neurons, which project to the EWpg (Figure 6).

 Efferent Pathway of the Pupillary Light Reflex—By the mid 1900’s, based on 

experimental lesion studies and clinical studies, it was generally accepted that the final 

efferent link of the pupillary light reflex consisted of a preganglionic projection from the 

EW in the midbrain to the ciliary ganglion that, in turn, projected to the sphincter pupillae 

muscle of the iris (see 215 for a complete review of the literature). Specifically, Bernheimer 

showed that lesions in the region of the EW resulted in a fixed, dilated pupil ipsilateral to the 

lesion (30). A later study on primates by Pierson and Carpenter (293) also showed pupillary 

deficits following discrete lesions in the area of the anterior EW. Similarly, lesions of the 

EW in birds result in dilated pupils that are unreactive to light and an inability to 
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accommodate (331). Pupillary immobility is also associated with third nerve palsies or 

selective damage to the axons of the preganglionic neurons coursing to the ciliary ganglion, 

and with damage to the postganglionic fibers that results in Adie’s syndrome (299, 390).

Further support for the course of the efferent parasympathetic pupillary pathway and the 

importance of the EW in pupilloconstriction in primates came from stereotaxic, electrical 

stimulation studies in the vicinity of EW that elicited pupilloconstriction, as well as 

accommodation (24, 165, 418). Other studies in the cat (296, 349), marmoset (61), and 

chicken (400) showed that electrical stimulation of the EW evokes pupilloconstriction and 

accommodation in these species. Electrical stimulation of the ciliary ganglion or nerves in 

cats has also been shown to elicit pupilloconstriction and accommodation (232, 277, 308). In 

the alert primate, pupilloconstriction can be evoked by electrical microstimulation of the 

EWpg or the pupillomotor fibers of the intracranial portion of the oculomotor nerve (115). 

Following stimulation, the pupil constricts with a latency of approximately 100 ms, and peak 

pupilloconstriction occurs approximately 300–500 msec after stimulation. Pupil diameter 

then returns to baseline with a time constant of approximately 600 msec. Such pupillary 

responses were only elicited from the area dorsal to the oculomotor nucleus and from a 

localized region of the oculomotor nerve.

 Responses of EW Neurons During the Pupillary Light Reflex—Sillito and 

Zbrozyna (348) recorded the activity of preganglionic, pupillomotor neurons in 

anaesthetized cats. Because of the effects of the chloralose anesthesia, the pupils were 

relatively constricted, but still showed a small light reflex. To overcome these effects of 

anesthesia, hypothalamic stimulation was used to elicit a “defense reaction” and hence 

produce pupil dilation. Using this approach, the authors found that the baseline level of 

activity of the pupil-related EW neurons was between 6 and 10 spikes/second and was 

completely inhibited by hypothalamic stimulation. Maximal pupilloconstriction was seen 

when the pupil-related EW neurons displayed an activity of approximately 8 spikes/second, 

but these neurons also displayed transient firing rates with light “on” of up to 28 spikes/

second. Light “off” was observed to produce a post-excitatory depression lasting as long as 

700 msec. In addition to this study, pupil-related parasympathetic activity has been studied 

postganglionically in the ciliary nerves of rabbits (160, 272), and in the ciliary ganglion of 

cats (246) and rabbits (169). The reports of these studies are generally consistent with the 

results of the study by Sillito and Zbrozyna (348).

More recently, in alert primates, a few pupil-related EW neurons have been antidromically 

identified by electrical stimulation of the intracranial portion of the oculomotor nerve (104). 

In all cases, antidromic activation was confirmed by collision testing (99). An example of an 

EW pupillomotor neuron is shown in figure 8. In darkness, the firing rate of the neuron was 

very low. During sinusoidal modulation of light intensity, the activity of the neuron is 

modulated sinusoidally and varies from approximately 10 spikes/second at a pupillary 

diameter of approximately 7 mm to 25 spikes/second for near-maximal pupilloconstriction. 

This neuron also shows a phase advance with respect to pupilloconstriction. This indicates 

that, during pupilloconstriction, these neural signals show an additional increase in firing 

that results in a transient increase in muscle force sufficient to compensate for the sluggish 

nature of the iris musculature and its associated tissues. Interestingly, the behavior of this 

McDougal and Gamlin Page 10

Compr Physiol. Author manuscript; available in PMC 2016 June 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



pupil-related EW neuron is very similar to the luminance neurons of the pretectal olivary 

nucleus (see below), which are presumed to provide EW with input related to the pupillary 

light reflex (111).

 Pupil-Related Inputs to the Edinger-Westphal nucleus—Once the essential role 

of the EW in the pupillary light reflex had been established by the early part of last century, 

studies began to investigate the sources of inputs to this nucleus that mediated the reflex. It 

was soon shown that the central afferent limb of the reflex began with retinal ganglion cell 

fibers and includes the brachium of the superior colliculus (180). However, the site of 

termination of these fibers and their subsequent projections remained unclear until the 

studies of Magoun and colleagues (225–227, 305). These experimenters used localized 

stimulation and lesioning techniques to follow the trajectory of the reflex pathway and 

showed for the first time that the pretectum is essential for the integrity of the pupillary light 

reflex. Since these pioneering studies, most studies have implicated the pretectum in 

providing the EW with the pupil-related input that mediates the pupillary light reflex. But 

there was disagreement as to the precise portion of the mammalian pretectum that projected 

to the EW (25, 293, 354, 430), and some studies even reported that there was no direct 

projection from any retinorecipient pretectal nucleus to the EW in the cat (29, 134), tree 

shrew (414), and rat (263).

Given the distinctiveness, in birds, of the Edinger-Westphal nucleus, the midbrain, and the 

pretectal nuclei, we conducted studies in pigeons to resolve some of these mammalian 

issues. To identify the pupil-related inputs to the EW, it was injected with HRP (117). 

Following these injections, only one retinorecipient region of the pretectum was found to 

contain HRP labelled cells - a dorsomedially situated region termed the area pretectalis (AP) 

that receives contralateral retinal input. Approximately 100–250 labelled cells were present 

in the AP contralateral to the injection site but very few labelled cells were present 

ipsilaterally. In order to determine the precise portion of the EW to which AP projected, this 

nucleus was injected with 3H proline/leucine and autoradiographic techniques were used to 

show that the projection was to the caudal pole of the lateral subdivision of the contralateral 

EW. The terminal field was confined to a discrete region of the caudolateral EW overlying 

approximately 100 neurones. These anatomical results suggest that only a small number of 

EW cells mediate the pupillary light reflex. To establish that this pathway played an essential 

role in the pupillary light reflex we conducted additional experiments (117). We showed that 

unilateral lesions that completely destroyed AP resulted in a fixed, dilated pupil in the eye 

contralateral to the lesions, while the pupillary light reflex of the eye ipsilateral to the 

lesioned AP appeared normal. Also, microstimulation of AP was found to elicit a pupillary 

constriction of the contralateral eye only. Thus our data for pigeon clearly indicated that a 

retinorecipient nucleus in the pretectum (area pretectalis) played a major role in the control 

of pupilloconstriction. Further, based on topographic and histochemical grounds, we have 

suggested that the pretectal olivary nucleus of mammals is comparable to the AP of birds 

(104).

In light of these results in pigeons and the conflicting results in most mammals, we 

investigated the source of the pretectal input to the EW in the rhesus monkey (106). To 

identify the afferent pretectal regions, WGA-HRP was injected into the EW under 
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physiological guidance. Intravitreal injections of the same tracer were also made in other 

animals to define the retinal terminal fields within the pretectum. Following injection of 

WGA-HRP in the EW and appropriate processing, retrogradely labeled cells were found in 

only one retinorecipient pretectal nucleus, the pretectal olivary nucleus (PON) (Fig. 9; Fig 

10B).

Almost all labeled cells were located contralateral to the injection site. Intravitreal injection 

of WGA-HRP resulted in anterograde labeling of all the retinorecipient pretectal nuclei 

including the PON (Fig 10A). The retinal terminal field in the PON coincided with the 

location of the cells that were retrogradely labeled by the injection of tracer into the EW and 

its vicinity. These results demonstrate that, in macaques, there is a direct projection from the 

pretectum to EW, that it arises from only one retinorecipient pretectal nucleus, the PON, and 

that the PON projects predominantly contralaterally to the EW by way of the posterior 

commissure (Figure 11).

Support for this viewpoint comes from other studies in the monkey that have generally 

yielded comparable results demonstrating that retrogradely labeled cells in the pretectum are 

predominantly confined to the contralateral pretectal olivary nucleus after injections of HRP 

or WGA-HRP into the EW (53, 354). However, the results of two anterograde studies have 

raised some questions regarding the details of this proposed pathway. One of these studies 

investigated the pretectal projection to the EW and suggested that the PON projects not to 

the EW proper, but immediately lateral to it (53). Following intraocular injections of tritiated 

amino acids, the other study reported transneuronal anterograde labeling over a similar 

region lateral to the EW proper (194). Specifically, in both studies, the projection was 

reported to be to the so-called lateral visceral cell column (57) where, except for a report by 

Burde and Williams (49), preganglionic neurons have not been reported. Another 

investigation (240) that combined transneuronal retrograde labeling of the pupil-related 

region of the EWpg with anterograde pretectal injections identified both a monosynaptic 

connection from the pretectum to EWpg consistent with our previous findings, as well as a 

projection similar to that reported by Kourouyan and Horton (194), to a region that does not 

contain parasympathetic, preganglionic neurons. The role of this latter projection in the 

pupillary light reflex is currently unclear.

In addition to this pretectal, pupil-related input to the EW, the cerebellum has also been 

reported to project to the EW in cats and monkey (e.g. 238, 389). Electrophysiological and 

lesion studies in cats (154, 155, 159, 401) have reported that this projection may modulate 

pupillary function. However, as emphasized by Hultborn and colleagues (154) and as 

described below, while these papers provide some evidence that the cerebellum modulates 

the pupillary light reflex, there is even stronger evidence that the cerebellar projection to the 

EW modulates accommodation.

 Afferent Pathway of the Pupillary Light Reflex—The first neurons in the afferent 

pathway of the pupillary light reflex are retinal ganglion cells. It has recently been 

recognized that this reflex in rodents and primates is driven predominantly by a unique 

subset of intrinsically-photosensitive retinal ganglion cells (ipRGCs) which project to the 

PON [(Figs. 9, 10) (105)]. Early anatomical studies of the pupillary light reflex did not 
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concentrate on the PON specifically, but instead examined all retinal projections to the 

pretectum, which contains five retinorecipient nuclei (105). Several of these early studies 

utilized tracers injected into the vitreous of the eye to anterogradely label all retinal ganglion 

cell projections to the pretectum (see 105 for a review). These studies found that the retinal 

projections to the pretectum were heaviest to the nucleus of the optic tract and pretectal 

olivary nucleus and, in primates, were bilateral, with only a slightly heavier contralateral 

component (e.g. 158). In contrast, the retinal projection to the pretectum of rodents is 

predominantly contralateral (328–330), and only exhibits a moderate ipsilateral component 

in cats (e.g. 157, 192). The ratio of crossed to uncrossed projections of the retinopretectal 

projections appears to correlate with the ratio of the direct versus consensual pupillary light 

reflex in mammals.

Other early anatomical studies used retrograde tracing to label pretectally-projecting retinal 

ganglion cells by injecting the tracers into the pretectum. These studies are hard to interpret 

because fibers projecting to the superior colliculus were also often labeled. Retrograde 

labeling studies across several different species have found that pretectally projecting cells 

represented only a small percentage of the total population of ganglion cells (1–6%), and 

that these cells generally possess small or medium-sized cell bodies and can be classified 

morphologically as being gamma or W-like (e.g. 17). Very few studies were able to 

successfully target injections exclusively to the PON and therefore it is unclear to what 

extent the retinal cells labeled in these studies actually participate in the PLR. However, an 

injection centered on the PON in macaques gave rise to medium-sized labeled neurons, with 

a few coarse dendrites and extensive dendritic arbors (291). The morphology of these 

labeled cells is consistent with the intrinsically photosensitive retinal ganglion cells that have 

been shown to contribute significantly to the pupillary light reflex (72, 107).

 Intrinsically photosensitive retinal ganglion cells (ipRGCs)—Prior to 2000, it 

was assumed that the pupillary light reflex was driven by retinal ganglion cells that received 

light signals exclusively from rod and cone photoreceptors, which up to that time were the 

only known photoreceptive cells in the retina. Recent findings in rodents and primates 

suggest that the pupillary light reflex is driven by intrinsically-photosensitive retinal 

ganglion cells which, unlike any other retinal ganglion cell class, are themselves 

photosensitive (Figure 12) (32, 72, 107, 129, 142, 221, 245, 256). The intrinsic 

photoresponse of ipRGCs is mediated by the photopigment melanopsin (130, 301–303), and 

is well fitted by a single pigment absorbance spectrum centered at 482 nm (72, 96, 143, 

303). In addition to their intrinsic signal, it is clear that ipRGCs receive rod and cone inputs 

(72, 290, 333, 426), as this allows these cells to be sensitive to both photopic and scotopic 

(following dark adaptation) light stimuli (72). The scotopic sensitivity of ipRGCs appears to 

be mediated exclusively by rod photoreceptors, while photopic sensitivity is driven by a 

combination of cone and the intrinsic response (72). In response to a photopic light stimulus, 

intracellular recordings from this cell type show a characteristic transient burst of firing at 

stimulus onset, which rapidly decays to a plateau of sustained firing that often extends well 

past stimulus offset. The initial burst of firing is mediated by a rapidly adapting cone 

mediated photoresponse and the sustained firing that follows is driven by the intrinsic 

response of these cells (31, 72, 95, 426).
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Intrinsically-photosensitive retinal ganglion cells project to the pretectum of rodents (96, 

131, 142, 221) and primates (72), and it is clear that the confluence of photoreceptive signals 

impinging on this cell type has a significant impact on pupillary behavior. Several studies 

have examined the contribution of the separate photoresponses of ipRGCs to the pupillary 

light reflex directly. These studies have demonstrated that the intrinsic photoresponse of 

ipRGCs is necessary, but not sufficient, to produce a normal pupillary light reflex in both 

rodents and primates. Studies investigating the pupillary light reflex of melanopsin deficient 

knockout mice (Opn4−/−) have determined that these animals display a pupillary light reflex, 

but the pupil fails to constrict maximally in bright lights (96, 143, 221, 283). Rodents 

lacking both rod and cone photoreceptors due to retinal degeneration or transgenic 

manipulation nevertheless display a pupillary light reflex; however, the reflex has a higher 

irradiance threshold than in normal animals (96, 143, 221, 283). When rodless/coneless 

knockout mice (rd/rd cl) are crossed with Opn4−/− mice to eliminate all potential 

photoreceptive inputs to ipRGCs, the pupillary light reflex is completely absent (96, 143, 

221, 283).

Studies in primates have also shown that the primate pupillary light reflex is present in the 

absence of rod and cone input; however, the reflex has a higher retinal irradiance threshold 

than normal (107). Taken together, these results show that both the intrinsic photoresponse 

of ipRGCs and classical photoreceptor inputs provide signals of retinal irradiance that drive 

the pupillary light reflex. There is evidence that the intrinsic photoresponse compensates for 

the rapid adaptation of cones (245), and maintains pupilloconstriction during steady state 

exposure at all photopic (daylight) illuminance levels (129, 245). In contrast, it appears that 

rod and cone mediated signals predominately drive acute pupillary responses to phasic light 

stimuli (21, 129, 186). It is still unclear in primates whether the influence of traditional 

photoreceptors on the pupillary light reflex is mediated exclusively by the rod and cone 

inputs to ipRGCs or by other classes of retinal ganglion cells that may to project to the PON.

The intrinsic response of ipRGCs also includes an accumulative irradiance history signal, 

which can affect pupillary behavior in the absence of overt light stimulation. As noted 

above, recordings from ipRGCs in rodents and macaque monkeys have shown that these 

cells possess an ability to encode stimulus irradiance through an elevation of firing rate that 

extends beyond stimulus offset (31, 72, 95, 333, 424, 426). This sustained firing after 

stimulus offset appears to be a mechanism for encoding stimulus intensity, as the magnitude 

and duration of this sustained response varies linearly with stimulus intensity (72, 424–426). 

This cellular response also appears to influence pupillary responses. Studies of the human 

pupillary light reflex have shown that bright light stimuli can produce a prolonged pupillary 

constriction that persists for minutes, even when the subject is kept in complete darkness 

following stimulus presentation (215). An example of a human consensual pupillary light 

reflex produced by two different wavelengths of light is shown in figure 13. Note the 

sustained post-illumination pupil response (PIPR) for the shorter wavelength stimulus. This 

response is mediated almost entirely by the intrinsic photoresponse of ipRGCs in primates 

including humans (88, 107, 177, 313).

 Pretectum—The retinorecipient neurons in the afferent pathway of the pupillary light 

reflex are the luminance neurons that are located within the pretectal olivary nucleus (PON). 
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These neurons are characterized by tonic firing rates that increase with increases in retinal 

illuminance. In primates, these neurons exhibit a transient burst of activity followed by 

sustained tonic activity in response to increases in retinal illuminance (Figure 14A). In 

addition, the tonic firing rate of these cells is proportional to retinal illuminance over at least 

a three log unit range of stimulus intensities in primates (111) and in rats (62). Although it is 

clear that these luminance neurons receive inputs from ipRGCs and that the response 

characteristic of PON luminance neurons to increases in retinal illuminance is reminiscent of 

that of ipRGCs, it is possible these neurons may receive input from other types of retinal 

ganglion cells. Furthermore, PON receives significant input from visual areas in cortex, 

ventral thalamus, and midbrain. Studies in primates have identified well-defined ipsilateral 

projections from both striate and extrastriate visual areas to the PON (15, 25, 75, 77, 209, 

223, 353) as well as inputs from the pregeniculate nucleus and intergeniculate leaflet (105).

Owing to its importance in the PLR, the best described efferent projection of the PON is to 

the EWpg. However, the PON has also been shown to have a variety of efferent connections 

that may influence pupillary behavior, such as the hypothalamus, pons, and medulla (105). 

Electrical microstimulation of the PON in rats and monkeys (Fig. 14B) elicits 

pupilloconstriction at short latencies, and lesions of the PON in rats produce deficits in 

pupillomotor function (105). These results provide strong support for models in which 

luminance neurons within the PON mediate the pupillary light reflex.

 Sympathetic Influences on the PLR—Although it is generally agreed that the 

parasympathetic pathway discussed above is the primary route of pupillary constriction 

associated with the pupillary light reflex (178, 215, 390), there is evidence that light also 

causes a slower reduction in the tone of the dilator muscle of the iris via the sympathetic 

pathway described in figures 1, 2, and 6, and therefore can enhance the sustained pupillary 

light reflex. Studies in cats have shown a light induced inhibition of postganglionic 

pupillodilation fibers at the level of the long ciliary nerves (272), and preganglionic 

pupillodilation fibers at the level of the cervical sympathetic nerve (289). These studies 

found that the pupillodilation fibers were inhibited by light in an intensity dependent 

manner, i.e., a more intense light brought about a greater inhibition in firing rate. These 

findings have not been replicated in primates, but there is evidence that the sympathetic 

system plays a tonic role but does not contribute to the dynamics of the PLR (63).

Other studies have been undertaken to determine the route of the inhibitory light signal to 

the pupillodilation centers of the spinal cord. By determining the effects of selective lesions 

at various levels of the CNS on the light induced inhibition of pupillodilation in the long 

ciliary nerves of cats, Okada and colleagues (274) found that this light signal originated at 

the level of the pretectum, presumably from one of the retinorecipient nuclei contained 

within the pretectum. Further lesions in more caudal portions of the CNS suggested that the 

inhibitory light signal descended from the pretectum bilaterally to the pupillodilation centers 

of the spinal cord. A more recent series of anterograde labeling studies in rat support these 

findings by demonstrating an anatomical connection between the pretectal olivary nucleus 

and the pupillodilation center of the spinal cord (189).
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It is not known if the light induced inhibitory signal is carried by pretectal neurons 

responding to an increase in light intensity, similar to the cells driving the parasympathetic 

pathway, although this would require an intervening sign inverting synapse somewhere in 

the descending pathway. It is possible that the inhibition is a direct result of cells which 

decrease their firing in response to light. The existence of so called “darkness detector” cells 

have been reported in the pretectum of rats. These cells show a reduction in firing rate in 

response to increases in retinal luminance (62). Taken together, these findings suggest that 

the pupillary light reflex is potentially augmented by a light induced reduction in tone of the 

dilator muscle that occurs in conjunction with the increased tone of the sphincter muscle 

brought about by the parasympathetic pathway.

 The Pupillary Near Response

The pupillary near response (PNR) is a pupillary constriction associated with a change in 

viewing distance from far to near that occurs in primates including humans. When the eyes 

shift from viewing a distant object to viewing a near one, three oculomotor responses occur. 

The eyes converge to bring the image of the object onto similar regions of each retina, the 

refractive power of the crystalline lens is adjusted to bring the image of the object into focus 

on the retina, and the iris constricts thus reducing the diameter of the pupil. These collective 

processes, termed convergence, ocular accommodation, and miosis respectively, are 

classically referred to as the near response or the near triad.

 Efferent Pathway of the Pupillary Near Response—The PNR is thought to be 

driven solely by an increased drive to the sphincter muscle of the iris via the 

parasympathetic efferent pathway (181). Therefore, the neural control pathway of the 

pupillary near response shares a common efferent pathway with the pupillary light reflex, 

although the afferent inputs responsible for the pupillary near response are more complex. 

These two reflexes appear to converge at the EWpg, since the activity of PON luminance 

neurons is not correlated with the pupil constriction that occurs during near viewing (434). 

Further, certain clinical neurological conditions are characterized by an intact pupillary near 

response with the absence of the pupillary light reflex (light-near dissociation) (220).

It is generally accepted that neurons in EWpg drive the PNR as well as the PLR. However, it 

has not been determined if separate subpopulations of neurons exist in EWpg devoted 

exclusively to either the pupillary light reflex or the pupillary near response, or whether the 

same population of neurons drives pupillary constriction in both reflexes, although the latter 

seems most likely.

 Afferent Influences on the Pupillary Near Response—Modern investigations into 

the afferent influences driving the PNR began in the late 1940s with the advent of infrared 

photographic recordings of the pupil during near viewing. This technique allowed 

researchers to measure the magnitude of the PNR in near darkness, thus eliminating any 

artifactual change in pupil diameter induced by decreased retinal illuminance originating 

from the constriction of the pupil during the response. The aim of these original 

investigations was to determine whether the PNR was driven primarily by ocular 

convergence or accommodation, the other two components of the near triad. Early studies 
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found that the PNR was more closely associated with accommodation than with convergence 

(13, 94, 191, 233, 234). Later studies found a greater association with convergence (16, 

171), and even showed that the PNR could be totally absent during certain blur driven 

accommodative responses (292, 352). These conflicting results are likely a product of an 

incomplete disassociation between the convergence and accommodation systems during 

these experiments, as these two systems have been shown to be highly interdependent.

A more modern view of the afferent influences of the PNR has recently emerged, in which 

the PNR is not seen as resulting from either accommodation or convergence alone, but as a 

separate output of the neural pathways that drive both accommodation and convergence. 

This view has resulted from our increased knowledge of the neural circuitry involved in all 

three oculomotor processes of the near triad. Experiments investigating the interaction 

between convergence and accommodation lead to the introduction of the dual interaction 

model of convergence and accommodation [(156, 334, 343); (Figure 15)]. This model 

proposes that two neural controllers operate in the near triad, one which integrates stimuli 

for accommodation such as blur, and one which integrates stimuli driving vergence, such as 

disparity between the images on the retina of each eye (50, 242), and that the PNR is not 

driven exclusively by either the accommodation controller or the convergence controller, but 

actually by an interaction of the two controllers (257, 375). These findings also suggest that 

the three oculomotor components of the near triad share common afferent influences.

A number of brain areas play a role in controlling the near triad. These include cortical 

areas, such as extrastriate cortex, parietal cortex, frontal eye fields, as well as the cerebellum 

and the midbrain (113). Of particular interest to the pupillary near response, is the 

supraoculomotor area (SOA) of the midbrain, which lies just dorsal and lateral to the 

oculomotor nucleus (238). The SOA contains near response cells which are modulated by 

both vergence and accommodation, and which receive input from both the accommodation 

and vergence controllers (113). These cells project to medial rectus motoneurons, and thus 

contribute to vergence eye movements (439). As discussed below, it seems likely that these 

cells also project to EW and are responsible for carrying the signal from the accommodation 

and convergence controller to preganglionic, pupilloconstriction neurons, as well as 

preganglionic, accommodation-related neurons (50, 113, 242).

 Cortical Influences on Pupillary Behavior—In addition to cortical afferents 

mediating the pupillary near response, the pupil is also influenced by both visual and non-

visual cortical regions. These afferents manifest themselves in small changes in pupil 

diameter measured during presentation of visual stimuli such as isoluminant, colored stimuli 

and gratings, as well as non-visual stimuli such auditory tones, and even during higher order 

cortical functions such as problem solving. These observations provide clear evidence that 

cortex exerts an influence on pupillary behavior, which cannot therefore be thought of as 

entirely reflexive in nature. Recent studies in primates, including humans, have shown that 

the pupil responds to complex aspects of visual stimuli such as color, motion, and texture. 

Slight pupillary constrictions have been shown to occur in both human and macaque with 

the presentation of complex visual stimuli, even when the stimuli do not involve a change in 

viewing distance or retinal illuminance (20, 112). The three best described stimulus 

attributes which produce this effect are color, spatial frequency, and apparent motion. It is 
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clear from physiological and functional imaging studies that these stimulus characteristics 

are encoded in areas of visual cortex. Furthermore, when these cortically driven pupillary 

responses are assayed in human subjects with well documented lesions to cortical areas 

involved in processing one or more of these stimulus characteristics, a deficit in the 

concurrent pupillary response is always observed (20). For example, Heywood and 

colleagues (145) have demonstrated in macaques that lesions of rostral inferior temporal 

cortex but not V4 abolish pupillary responses to chromatically modulated gratings. These 

findings offer conclusive evidence of cortical influences on pupil diameter.

 Ascending Neuromodulatory Systems—The ascending neuromodulatory systems 

of the midbrain and pons can have a variety of effects on pupillary behavior. These nuclei 

are the origin of neuromodulatory fibers which release dopamine, norepinephrine, histamine, 

and serotonin at a number of brain areas implicated in pupillary control. These 

neuromodulatory systems appear to be critical in the regulation of sleep and arousal (327), 

as well as autonomic regulation (43) and cortical plasticity (138). In addition to these global 

neuromodulatory effects, all or some of which could have a profound influence on pupillary 

behavior, there is evidence for a direct inhibition of pupilloconstriction neurons in the EWpg 

by adrenergic neurons originating from the locus coeruleus in a number of animal models 

(193). However, studies in humans (202) and rabbits (431) have failed to find such a direct 

noradrenergic inhibition of pupilloconstriction neurons, and it has been suggested that this 

effect is mediated by the dopaminergic neurons in these species (431). In ether case, 

increased activity of adrenergic or dopamine afferents would cause pupil dilation 

(mydriasis), as does serotonin. Importantly, drugs that agonize or antagonize these 

neuromodulatory neurotransmitters have been found to differentially affect pupillary 

behavior in a wide range of animal models and human studies. These differential effects are 

most likely due to the both interspecies variability in the projections of these 

neuromodulatory fibers (138), as well as the differential activation of multiple brain areas 

implicated in pupillary behavior due to the extensive projections of these neuromodulators. 

Therefore, these experimental findings in animal models do not always generalize well to 

humans.

 Autonomic Control of Ocular Accommodation

The basic mechanism of accommodation was first described by Helmholtz (144). Briefly, 

changes in focus of the lens of the eye are brought about by changes in force from the ciliary 

muscle which acts in an antagonistic fashion with the fibers of the zonule. These zonular 

fibers support the lens capsule and act to maintain the lens in a relatively “flattened” state at 

rest. Ocular accommodation occurs when ciliary muscle contraction results in a reduction in 

tension in the zonular fibers which produces a “bulging” (increase in convexity) of the lens 

and a concomitant increase in its refractive power. Accommodative ranges of up to 20 

diopters, i.e. the ability to focus as close as 5 centimeters, are seen in primates (e.g. 60, 67) 

and birds (e.g. 400). The parasympathetic innervation of the ciliary muscle dominates the 

dynamics of these accommodative responses. Increases in parasympathetic innervation act 

rapidly (within 1 second) to produce substantial positive accommodation of up to 20 

diopters (e.g. 60, 118, 396), while sympathetic innervation acts with a much slower time 
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course of 10–40 seconds to produce hyperopia (accommodation for far) of at most 1.5 

diopters (e.g. 126, 395, 396). A more recent study states that the sympathetic system only 

slightly affects the dynamics of accommodation and has little effect on the resting level or 

amplitude of accommodation (278).

 Accommodation Evoked by Electrical Stimulation of the EWpg or its Efferent Projections

Electrical stimulation and single-unit recording in the EWpg and its efferent pathways in 

primates and birds have revealed much about the physiology of accommodation related 

neural connections. Also, anatomical investigations in primates have revealed much about 

the sources of afferents to the EWpg that mediate accommodation. A number of studies have 

shown that electrical microstimulation in or immediately adjacent to the EW evokes ocular 

accommodation in primates (24, 61, 68, 118, 166, 173, 279, 280, 410, 418);. These results of 

EW stimulation are also consistent with studies in which electrical stimulation of the ciliary 

ganglion or nerves produced similar increases in accommodation in cats (232, 308).

We have examined the effects of electrical microstimulation in the EW of the alert rhesus 

monkey (figure 16) (118). Accommodation was measured by a continuous recording 

optometer based on a design of Kruger (197). To facilitate measurement of the latency of the 

response, both accommodation (ACC) and accommodative velocity (ACCV) are shown in 

figure 16A. As can be seen in this figure, the ACCV trace crosses the zero velocity line 

approximately 75 msec after the beginning of the stimulus train. In figure 16A, some 

convergence and adduction of the right eye are visible. However, figure 16B shows that, with 

shorter stimulation times, specific changes in accommodation could be elicited that were not 

associated with significant changes in eye position. Repeated measures of the latency of the 

stimulation-induced responses were made at a number of sites within the EW, and the results 

from two animals were essentially identical, with accommodative responses being evoked 

with latencies of 75 msec.

 Responses Of EW Neurons During Ocular Accommodation

To examine the single-unit responses of EW neurons during accommodation, preganglionic 

neurons were identified by antidromic activation from a stimulating electrode placed in the 

intracranial portion of the ipsilateral oculomotor nerve just as was done to identify pupil-

related preganglionic EW neurons. Also, as was the case for pupil-related preganglionic 

neurons, antidromic activation was confirmed by collision testing (99). An example of the 

behavior of an accommodation-related EW neuron is shown in figure 17 during sinusoidal 

tracking of a target moving in depth at 0.5 Hz. We found that the behavior of these neurons 

during normal binocular viewing was qualitatively the same for all cells. In all cases, their 

firing rates in darkness and at optical infinity were low, but all were active (average activity 

= 11.6 spikes/sec), and all increased their firing rates with increases in accommodation. On 

average these neurons showed a sensitivity to accommodation of 3.3 (spikes/s)/diopter. Also 

as expected, we found that the firing rate of these EW neurons was unaffected by horizontal 

conjugate eye movements.

In addition, as shown in this figure, the neuron shows a phase lead that cannot be accounted 

for solely based on the 75 msec delay between neural activity and ocular accommodation 
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that would have been expected based on the results from electrical microstimulation. 

Instead, this phase lead results from a significant sensitivity not just to accommodation but 

to the speed of accommodation that was seen on this cell and on all the accommodation-

related EW neurons that were characterized with sine-wave tracking in depth. Overall, 

accommodation-related preganglionic neurons were related to the speed of accommodation 

with a sensitivity of 1.2 (spikes/s)/(diopter/s) at 0.5 Hz. This neural activity is presumably 

required to provide the additional innervation of the ciliary muscle that is needed to generate 

sufficient transient force to compensate for the characteristics of this muscle and the 

peripheral accommodative apparatus, which are presumed to be very sluggish (118).

 Accommodation-Related Inputs to the EW

There have been few anatomical studies of the inputs to the primate EW that might control 

accommodation. However, several electrophysiological studies in alert macaques have 

characterized the behavior of neurons in the reticular formation immediately dorsal and 

lateral to the oculomotor nucleus – the supraoculomotor area (SOA) (173, 243, 244, 439). 

Some of these cells appear to control convergence, while others are more closely linked to 

the control of accommodation (173, 243, 244, 439). Consistent with this suggestion, some 

convergence-related midbrain cells project monosynaptically to ipsilateral medial rectus 

motoneurons in the primate (438). Comparable monosynaptic projections from 

accommodation-related midbrain neurons to EW neurons are very likely to exist. In 

addition, we have used anatomical techniques in the rhesus monkey to show that the caudal 

fastigial nucleus (cFN) of the cerebellum projects to the EW and the SOA while a 

ventrolateral region of the posterior interposed nucleus (PIN) projects to the SOA alone 

(238). Electrophysiological studies in the alert rhesus monkey have shown that some 

neurons in the cFN are related to convergence and accommodation for near (110) while 

some neurons in PIN are related to divergence and accommodation for far (Fig. 18) (436).

Presumably these neurons modulate the activity of EW and SOA neurons by way of their 

projections to these regions. Consistent with this hypothesis, muscimol inactivation studies 

in strabismic monkeys show that exotropia is increased by cFN inactivation and decreased 

by PIN inactivation (172). In cats, neurons related to accommodation have been reported in 

both the fastigial and interposed nuclei (18, 153), and accommodation-related preganglionic 

neurons can be orthodromically activated by electrical microstimulation of the interposed 

nucleus (19). Thus there is strong evidence from studies in both primates and cats that the 

cerebellum can significantly modulate accommodation by way of its projection to the EW.

In addition to the near-response cells located immediately adjacent to the oculomotor 

nucleus, other cells that modulate their activity during the near response have been reported 

approximately 4–6 millimeters more dorsal in an ill-defined region that includes, or is close 

to, the nucleus of the posterior commissure (173, 244). In the rhesus monkey, it is possible 

that these near-response cells in both the midbrain and pretectal region project 

monosynaptically to the EW. Although this has not been specifically investigated either 

physiologically or anatomically in this species, there is support for connections of this nature 

from some anatomical studies in the pigeon (116). The results in pigeons suggest that, if the 

projections in primates are comparable, there are monosynaptic projections from the near 
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response cells in both the (SOA) and the nucleus of the posterior commissure onto the 

EWpg. Projections of this nature would presumably mediate or modulate accommodation 

and possibly the pupillary near response. In mammals, authors have interpreted the 

projection from the nucleus of the posterior commissure to much of the EW as being 

involved in the pupillary light reflex (e.g. 25). However, since only a small percentage of the 

EW cells are involved in the pupillary light reflex in both mammals and birds (104, 117, 

240, 413), it is unlikely that this extensive an input would mediate only the pupillary light 

reflex. It is instead likely that the nucleus of the posterior commissure input to the EW in 

mammals is related to both accommodation and to the pupilloconstriction associated with 

the pupillary near response. To resolve the details of these connections, further study of this 

pathway and of the proposed projection from the SOA to the EW will be needed.

The neural control of ocular accommodation and vergence eye movements has been recently 

reviewed (50). Cells whose activity is related to lens accommodation and vergence have 

been recorded in temporal (3, 376) and frontal cortex of the macaque monkey (109), as well 

as nucleus reticularis tegmenti pontis in cats (147) and macaque monkeys (115). Cells in the 

frontal eye fields have been shown to be related to ocular accommodation, and electrical 

microstimulation of this region in alert monkeys produces positive accommodation with 

appropriate latencies (Fig. 19) (109). However, there is little known about how these signals 

access the accommodative preganglionic neurons in EW (104, 114, 238).

 Autonomic Control of Ocular Blood Flow

The eyes of primates, including humans, have two separate vascular systems, the retinal and 

the uveal, which comprises the iris, ciliary body, and choroidal vasculature (281). The retinal 

system supplies the inner retina while the uveal system supplies the outer retina including all 

the photoreceptors, as well as supplying the retinal pigment epithelium. The uveal 

component accounts for ~85% of total retinal blood flow (33, 37, 306).

All ocular vessels receive their blood supply from the ophthalmic artery, a branch of the 

internal carotid artery. The central retinal artery and two or three main ciliary arteries branch 

off the ophthalmic artery. The central retinal artery then enters and runs within the optic 

nerve. As it continues anteriorly through the lamina cribrosa to supply the retinal 

vasculature, it gives off small branches that provide the blood supply to the central core of 

the optic nerve. The main ciliary arteries give rise to 6–20 short posterior ciliary arteries and 

two long posterior ciliary arteries. The short posterior ciliary arteries penetrate the sclera 

around the optic nerve and divide to form the arterioles that constitute the choroid, which is 

also supplied by anterior ciliary arteries, which originate from arterial branching in the 

extraocular rectus muscles. The long posterior ciliary arteries penetrate the sclera close to 

the optic nerve and, along with the anterior ciliary arteries, they provide the blood supply to 

the iris and ciliary body (281).

Retinal vessels receive minimal, if any, autonomic innervation (183, 203, 306, 429), but 

demonstrate robust autoregulatory capabilities (e.g. 183). Therefore, the autonomic control 

of retinal vessels will not be further discussed. Blood flow to the ciliary body includes both 

the ciliary muscle, as well as the ciliary processes. Separation of these two components in 
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vivo is difficult (183), and blood flow to the ciliary processes has been studied in more depth 

than that to the ciliary muscle because of its substantial role in aqueous humor secretion 

(183). Therefore, neural control of the blood flow to the ciliary body will be discussed in 

“Neural control of Intraocular Pressure”. In general, the role of the parasympathetic 

innervation appears to be to ensure the continued perfusion of ocular tissues in the face of 

decreases in mean arterial pressure that result from blood loss or other causes of hypotonia, 

while the role of the sympathetic innervation appears to be to prevent the over perfusion of 

ocular tissues in the face of increases in mean arterial pressure that result from exercise or 

other causes of hypertonia (183, 306). However, in addition to this global role, the 

autonomic nervous system can independently control the perfusion of individual ocular 

tissues based on additional factors. For more extensive information of the neural control of 

ocular blood flow than is provided in this section, the reader is encouraged to consult 

reviews on this topic (183, 306).

 Neural Control of Ophthalmic, Central Retinal, and Ciliary arteries

Blood flow to the eye is under neural control at multiple levels of the vascular supply (Fig. 

1) (e.g. 183, 306). The sole artery supplying the eye, the ophthalmic artery, is under 

parasympathetic, sympathetic, and local trigeminal neural control. Further, except for the 

retinal blood supply, all ocular blood vessels that derive from the ophthalmic artery are 

under both parasympathetic and sympathetic neural control with many also under local 

trigeminal control (306).

In many mammals, the ophthalmic, central retinal artery, and ciliary arteries are innervated 

by VIP+/nNOS+ fibers arising from cholinergic postganglionic neurons in the 

pterygopalatine ganglia, NPY+ fibers that arise from noradrenergic postganglionic neurons 

in the superior cervical ganglion, and SP+/CGRP+ trigeminal sensory nerve fibers (28, 33, 

82, 85, 200, 203, 204, 306, 340, 429). However, there is evidence that trigeminal sensory 

fibers are not present in the central retinal artery of humans (27).

In mammals, parasympathetic input has a vasodilatory effect primarily through nitrergic 

mechanisms (306, 392, 393), while sympathetic input has a vasoconstrictor effect with 

norepinephrine acting through alpha-adrenoreceptors, with ATP and possibly NPY also 

playing a role (Fig. 20) (133, 391). The neuropeptides, SP and CGRP, released from 

trigeminal nerve endings have a robust vasodilatory effect (176, 306).

 Neural Control of Optic Nerve Blood Flow

The optic nerve and nerve head can be divided into three regions, the retrolaminar, 

prelaminar, and laminar, based on their relationship to the lamina cribrosa. The retrolaminar 

zone is posterior to the lamina cribrosa and is supplied both by pial arteries and small 

branches from the central retinal artery. The prelaminar zone is anterior to the lamina 

cribrosa and is supplied by collaterals from the choroid and retina circulations. The laminar 

zone contains the lamina cribrosa and is supplied by branches from the short posterior 

ciliary and pial arteries. Since the choroidal blood supply is under autonomic control (see 

below), blood flow to all regions of the optic nerve is under control of the autonomic 

nervous system. Facial nerve stimulation and hence activation of the preganglionic input to 
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the pterygopalatine ganglion causes increased blood flow in the optic nerve (271). Further, 

optic nerve and nerve head blood flow is regulated both in the face of changes in ocular 

perfusion pressure (9, 121, 253, 309, 350, 415, 416) and with retinal activity due to flicker 

(87, 309, 310) in many mammals. This regulation of optic nerve blood flow is likely 

achieved not only through local control by metabolic and myogenic mechanisms (183), but 

also through central autonomic control.

 Neural Control of Iris Blood Flow

The role of the autonomic innervation of the iris vasculature is not entirely clear. As 

discussed below, iris blood flow can be significantly increased by the parasympathetic 

nervous system by way of the pterygopalatine ganglion, and decreased by the sympathetic 

nervous system by way of the superior cervical ganglion. In some animals, this appears to 

compensate for changes in IOP or mean arterial blood pressure (e.g. 6, 8, 10, 306). However, 

iridal blood flow in humans shows no evidence of autoregulation when ocular perfusion 

pressure is reduced (58).

The iris vasculature is innervated by VIP+ fibers arising from cholinergic, postganglionic 

neurons in the pterygopalatine ganglion in many species, including humans (Fig. 1) (52, 

347, 362, 368, 384, 402, 407). Since the majority of pterygopalatine ganglion neurons in 

mammals, including humans, contain nNOS, it can be assumed that most of these fibers are 

also NOS+ (12, 132). In monkeys, cats, and rabbits, facial nerve stimulation and hence 

activation of the preganglionic input to the pterygopalatine ganglion causes increased blood 

flow in the iris (271). This effect can be blocked, presumably at the level of the 

pterygopalatine ganglion, by the nicotinic, acetylcholine receptor antagonist, 

hexamethonium (271) in cats and rabbits. Furthermore, this increased iridal blood flow is 

most likely mediated by NOS at low frequencies (2Hz) and additionally by VIP at higher 

frequencies (5Hz) (e.g. 269, 270). Consistent with the proposed role of NOS in this 

response, NOS inhibition by nitro-L-arginine methylester (L-NAME) in dogs, rabbits and 

pigs substantially reduces iris blood flow despite increases in mean arterial blood pressure 

(73, 163, 342).

In addition to the role of the facial nerve pathway in controlling iris blood flow, there have 

been some reports of decreases in iris blood flow as a consequence of oculomotor nerve 

stimulation (e.g. 357, 358) in rabbits and monkeys. However, as discussed by Reiner and 

colleagues (306), this vasoconstriction appears to be likely due to mechanical compression 

of the iris vessels as a result of the pupil constriction elicited by nerve stimulation, and not a 

direct effect on the iris vasculature.

The iris vasculature is innervated by NPY+ fibers that arise from noradrenergic 

postganglionic neurons in the superior cervical ganglion (Fig. 1) (42, 146, 250, 368, 381). 

Unilateral sympathetic nerve stimulation causes a substantial reduction in iris blood flow 

(133). However, phenoxybenzamine, an alpha adrenoreceptor antagonist, only partially 

eliminated the response to such sympathetic stimulation, suggesting that NPY, which is 

present in postganglionic fibers, is also involved in sympathetically-mediated 

vasoconstriction (133). This is consistent with the observation that intravenous NPY 

significantly reduces iridal blood flow (268).
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Trigeminal sensory fibers containing both SP and CGRP innervate iris blood vessels in 

mammals including humans (83, 146, 249, 347, 363–366, 383, 384, 386, 405). SP and 

CGRP released from trigeminal nerve endings in response to noxious stimuli, temperature 

increases or decreases, or pressure can have a robust vasodilatory effect (176, 306). Indeed, 

stimulation of the trigeminal nerve in rabbits causes increased iridal blood flow along with 

pronounced pupil constriction (360), as does intracameral injection of CGRP (36, 275, 403).

 Neural Control of Choroidal Blood Flow

Although the choroid appears to play multiple roles in both birds and mammals (265), its 

primary role is to provide approximately 85% of the blood supply to the retina including all 

the photoreceptors and the entire retinal pigment epithelium (RPE) (306). Photoreceptors are 

metabolically very active, especially in darkness, when approximately 90% of the oxygen 

supply to the retina comes from the choroidal circulation (40, 213, 214). However, both the 

choroid and choriocapillaris are physically separated from the retina by the RPE and Bruch’s 

membrane. Therefore, to ensure a sufficient oxygen supply to the retina, the choroidal blood 

supply must maintain a very high oxygen tension, which is achieved through a very high 

blood flow resulting in an arterial/venous oxygen tension difference of only 3% (8, 9). 

Furthermore, consistent with the high metabolic demands in darkness, in birds and 

mammals, there is a circadian rhythm of choroidal thickness, with the choroid being thicker 

at night and thinner in daytime (266, 267, 284, 404). Thus, the choroid is essential for 

meeting the metabolic, and possibly the thermoregulatory, demands of the outer layers of the 

retina. In support of this, retinal photoreceptors have been shown to rapidly degenerate when 

the choroidal blood supply is occluded (e. g. 65, 119, 120), or the innervation to the choroid 

is compromised (346). Despite its very high resting blood flow, there is also increasing 

evidence that the choroid shows some local autoregulatory capabilities in response to 

changes in perfusion pressure, which are in addition to blood flow modulation through 

autonomic control (183, 298, 306).

Additionally, the choroid of birds and some mammals is characterized by two special 

anatomical features. First, the choroid possesses a network of neurons that lie in the 

choroidal layer (so-called intrinsic choroidal neurons; see below) and second, it contains 

non-vascular smooth muscle cells that form a network of flattened lamellae in the 

suprachoroid and a layer beneath Bruch's membrane (261, 265). This smooth muscle 

appears to receive both parasympathetic and sympathetic input (300) and might serve to 

control the thickness of the choroid independently of blood flow by controlling the size of 

the choroidal lacunae. This action could also control the focal plane of the retina, yet, this is 

currently only speculation (265).

 Intrinsic choroidal neurons—In 1859, Mueller reported that the human choroid 

contained numerous neurons (254). These neurons have recently been re-discovered, and are 

now referred to as either intrinsic choroidal neurons (335) or choroidal ganglion cells (26, 

235, 236). These multipolar neurons, 20–40 µm in size, are sparse in most mammals, but are 

numerous in foveate primates with well-developed ocular accommodation, including 

humans as well as many species of bird (91, 92, 235, 236, 261, 265). It is thought that these 
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neurons play a role in choroidal blood flow regulation, but their precise role has yet to be 

determined (261, 265, 306).

Many of the intrinsic choroidal neurons in humans are NADPHd/nNOS/VIP positive, and 

approximately 50% are also positive for calretinin (261). Also, based on the absence of 

immunohistochemical markers, they appear to be neither cholinergic nor adrenergic neurons 

(236). The intrinsic choroidal neurons form an interconnected plexus that makes extensive 

contacts with both choroidal blood vessels as well as with non-vascular choroidal smooth 

muscle cells (Fig. 2) (236, 261). In humans, many intrinsic choroidal neurons receive 

adrenergic, presumably sympathetic, inputs (236) as well as substantial trigeminal inputs 

(336). In addition, they receive input from cholinergic boutons, many of which are negative 

for nNOS or VIP, and therefore appear to arise from cells in the ciliary ganglion rather than 

those in the pterygopalatine ganglion, which are often nNOS/VIP positive (236).

 Parasympathetic Control of Choroidal Blood flow—The parasympathetic input to 

the choroid has a vasodilatory action and serves to increase choroidal blood flow in both 

mammals (41, 271) and birds (89). In birds, this parasympathetic innervation arises 

predominantly from the choroidal neurons of the ciliary ganglion (71, 247, 294) which 

produce choroidal vasodilation through cholinergic stimulation of the M3 receptors on 

endothelial cells, this in turn results in endothelial nitric oxide production and release (432). 

In birds, there is a smaller contribution to the choroidal innervation from the facial nerve by 

way of the pterygopalatine ganglion (69). In contrast, in mammals, based on anatomical 

studies, the parasympathetic innervation of the choroid arises primarily from the 

pterygopalatine ganglion (306, 318). However, physiological studies in mammals also 

suggest a contribution from the oculomotor nerve by way of the ciliary ganglion (122, 260). 

For example, electrical microstimulation of the Edinger-Westphal nucleus or the ciliary 

nerves has been shown to evoke increases in choroidal blood flow in the cat (e.g. 122, 260, 

358) and the rabbit (e.g. 357).

Studies of the influence of electrical stimulation of the EW on choroidal blood flow have 

also been conducted in the pigeon using laser Doppler flowmetry (89, 90). Measurements 

were made transsclerally from the vascular beds beneath the superior rectus or superior 

oblique muscle. Figure 21 shows an example of the increase in choroidal blood flow that 

was evoked by electrical microstimulation (100 Hz, 400 µA) of the EW of the pigeon.

In addition, in pigeons, SP+ neurons in the suprachiasmatic nucleus (SCN) project to the 

choroidal subdivision of the Edinger-Westphal nucleus, the EWm (108). Electrical 

microstimulation of the SCN elicits increases in choroidal blood flow (Fig. 21) (90), which 

can be inhibited with lidocaine blockade of the EW (90). Thus, on the basis of anatomical, 

electrical stimulation, and lesion studies, this retino-SCN-EWm pathway has been shown to 

be a significant component of the parasympathetic control of choroidal blood flow in 

pigeons (306). In pigeons, this centrally-mediated, retino-SCN-EWm, reflex could play a 

role in preventing the deleterious effects of light on photoreceptors under normal ambient 

light levels by increasing choroidal blood flow in response to increases in retinal irradiance. 

Dysfunctions of this reflex may play a role in at least some classes of degenerative diseases 

of the retina. In monkeys and humans, increases in illumination of a given eye result in 
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increased blood flow within both the stimulated eye and the contralateral eye (97, 287, 288), 

thus demonstrating the existence of an analogous central pathway in primates controlling 

choroidal blood flow in response to changes in retinal irradiance.

In mammals, including humans, and to a lesser extent in birds, the choroid is innervated by 

nNOS/VIP+ fibers arising from cholinergic, postganglionic neurons in the pterygopalatine 

ganglion (52, 69, 224, 318, 362, 364, 368, 384, 402, 406, 428). Unilateral stimulation of the 

facial nerve input to the pterygopalatine ganglion elicits increased choroidal blood flow in a 

number of mammalian species (270, 271, 359). This appears to be due to either a direct 

release of nitric oxide from postganglionic nerve terminals or from cholinergic/VIP release 

from postganglionic nerve terminals, or to the resulting stimulation of endothelial cell nitric 

oxide production (270), or a combination of both. The pterygopalatine ganglion receives 

input from preganglionic neurons in the SSN, and electrical stimulation of the SSN elicits 

increases in blood flow in the anterior choroid of the rat (Fig. 22) (355).

The central inputs to the SSN that might modulate preganglionic neuron activity have been 

studied using a retrograde, transneuronal tracer (70, 210). These studies revealed inputs to 

the SSN from the paraventricular nucleus and the nucleus of the solitary tract, which was 

independently shown to project to the SSN using combined retrograde and anterograde 

techniques (2).. Both of these structures are involved in the autonomic control of blood 

pressure and are involved in modulating the tone of vascular smooth muscle in the cerebral 

vasculature (141, 258). Thus, areas involved in sensing and controlling systemic blood 

pressure project to the SSN, and it has been suggested that the role of this circuit is to 

maintain choroidal blood flow in the face of decreases in systemic blood pressure (e.g. 306). 

Furthermore, It has also been suggested that this pathway is involved in the light-mediated 

control of choroidal blood flow through projections of light-sensitive, hypothalamic neurons 

to the SSN (306).

 Sympathetic Control of Choroidal Blood flow—In both birds and mammals, the 

sympathetic innervation of the choroid is derived from NPY+ fibers that arise from 

noradrenergic postganglionic neurons in the superior cervical ganglion (82, 139, 188, 211, 

306, 364). In a variety of mammals, including primates, unilateral sympathetic nerve 

stimulation causes a substantial reduction in choroidal blood flow (Fig. 22) (39, 122, 133, 

185, 355). This effect is mediated through alpha-adrenoreceptors (1, 7, 9, 355), likely via 

alpha1-adrenoreceptors (182). However, phenoxybenzamine, an alpha adrenoreceptor 

antagonist, only partially eliminated the response to sympathetic stimulation at higher 

stimulation frequencies in rabbits. This suggests that NPY, which is present in 

postganglionic fibers, is also involved in sympathetically-mediated vasoconstriction (133). 

This is consistent with the observation that intravenous NPY significantly reduces choroidal 

blood flow (268). It has been suggested that the role of this circuit is to maintain choroidal 

blood flow through vasoconstriction in the face of significant increases in systemic blood 

pressure, and hence prevent the over perfusion that would otherwise occur (33, 306). Such 

an over perfusion and consequent vascular leakiness has been reported in sympathectomize 

rabbits and monkeys (38, 39, 86). In humans, choroidal blood flow is maintained in the face 

of exercise despite significant increases in mean arterial pressure (219, 311), and it is likely 

that the sympathetic pathway contributes to this response.
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 Trigeminal Modulation of Choroidal Blood flow—Trigeminal sensory fibers 

containing both SP and CGRP innervate choroidal blood vessels in mammals including 

humans (363, 364, 366, 367, 383, 384), and appear to affect choroidal blood flow. SP and 

CGRP released from trigeminal nerve endings in response to noxious stimuli, temperature 

increases or decreases, or pressure can have a robust vasodilatory effect (176, 306). 

Furthermore, stimulation of the trigeminal nerve causes increased choroidal blood flow in 

rabbits (360). It has been proposed that this pathway may be involved in the temperature-

dependent control of choroidal blood flow (306, 345).

 Autonomic Control of Intraocular Pressure

Aqueous humor is continuously produced by the ciliary epithelium to provide nutrients to 

the avascular lens and cornea, and to maintain the intraocular pressure (IOP) of the eye. The 

balance of aqueous humor production and aqueous humor outflow determines IOP. In 

normal individuals, IOP is approximately 15 mmHg, which ensures the optimal mechanical 

and optical properties of the globe (101).

Aqueous humor is secreted by the ciliary epithelium and enters the posterior chamber where 

it then flows around the lens and iris into the anterior chamber (Fig. 23). Aqueous humor 

outflow occurs by way of two independent pathways. With the conventional or trabecular 

route, outflow occurs, via the iridocorneal angle, through the trabecular meshwork to 

Schlemm’s canal and eventually to the episcleral venous circulation (Fig 23). With the 

unconventional or uveoscleral route, outflow occurs across the iris root and through the 

connective tissue between the ciliary muscle bundles into the supraciliary and 

suprachoroidal spaces and eventually through the sclera (Fig. 23), although slight outflow 

may occur from the choroid (Wagner et al., 2004). The rate of aqueous humor production is 

determined by blood flow to the ciliary body and its rate of active secretion from the ciliary 

epithelium. Aqueous humor outflow is determined by resistance at the iridocorneal angle, 

the outflow facility of the trabecular meshwork and Schlemm’s canal for the conventional 

route, the uveoscleral outflow facility for the unconventional route, and by the resistance of 

the episcleral venous circulation (101). As discussed below, parasympathetic and 

sympathetic innervation influence both aqueous humor production and outflow, as well as 

choroidal blood flow - as previously discussed. In general, in vivo pharmacological, 

stimulation and lesion studies are able to selectively modulate at least one, but not all of the 

following: ciliary body blood flow, ciliary epithelium secretion, the outflow facility of the 

conventional and unconventional routes, or the resistance of the episcleral venous 

circulation. Therefore, in many cases, the precise pathway(s) and structure(s) underlying any 

observed changes in IOP are poorly understood.

 Neural control of ciliary body blood flow

In mammals, aqueous humor production is independent of ciliary body blood flow unless 

blood flow falls to approximately 75% of baseline levels, at which point aqueous humor 

production decreases (35, 307). More specifically, Kiel and colleagues (184) state: “there is 

a dynamic relationship between ciliary blood flow and aqueous humor production, with 

production being blood flow independent above a critical level of perfusion, and blood flow 
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dependent below it. The results also show that the plateau portion of the relationship shifts 

up or down depending on the level of secretory stimulation or inhibition.” Therefore, in the 

absence of secretory changes, increased blood flow to the ciliary body is unlikely to directly 

result in significantly increased aqueous humor production, while significant decreases in 

ciliary body blood flow can be expected to reduce aqueous humor production.

The ciliary body vasculature in many species, including humans, is innervated by VIP+ 

fibers arising from cholinergic, postganglionic neurons in the pterygopalatine ganglion (Fig. 

1) (51, 347, 362, 368, 384, 402, 407). Since the majority of pterygopalatine ganglion 

neurons in mammals, including humans, contain nNOS, it can be assumed that most of these 

fibers are also NOS+ (1, 132). Facial nerve stimulation and hence activation of the 

preganglionic input to the pterygopalatine ganglion causes increased blood flow in the 

ciliary body (271). This effect can be blocked, presumably at the level of the pterygopalatine 

ganglion, by the nicotinic, acetylcholine receptor antagonist, hexamethonium (271). 

Furthermore, this increased blood flow is most likely mediated by NOS at low frequencies 

(2Hz) and additionally by VIP at higher frequencies (5Hz) (e.g. 269, 270). Consistent with 

the proposed role of NOS in this response, NOS inhibition by L-NAME in dogs, rabbits and 

pigs substantially (~50%) reduces ciliary body blood flow (73, 163, 342). These results 

appear to reflect a high parasympathetic resting tone producing a tonic vasodilation of the 

ciliary body vasculature through two possible mechanisms: 1) directly through neuronal 

NOS; 2) indirectly through endothelial NOS activated via muscarinic receptors. Based on 

this observation, decreased parasympathetic innervation might be expected to reduce blood 

flow and aqueous humor production, and hence reduce IOP. Consistent with this suggestion, 

Ruskell (320) observed a long-lasting reduction in IOP following removal of the 

pterygopalatine ganglion in monkeys. Furthermore, pterygopalatine ganglion stimulation 

leads to increased IOP in the monkey (271).

The ciliary body vasculature is also innervated by NPY+ fibers that arise from noradrenergic 

postganglionic neurons in the superior cervical ganglion (Fig. 1) in humans (368) and in rats 

(381). In rabbits, unilateral sympathetic nerve stimulation causes a substantial reduction in 

ciliary body blood flow (133). However, phenoxybenzamine, an alpha adrenoreceptor 

antagonist, only partially eliminated the response to such sympathetic stimulation, 

suggesting that NPY, which is present in postganglionic fibers, is also involved in 

sympathetically-mediated vasoconstriction (133). This is consistent with the observation that 

intravenous NPY significantly reduces ciliary body blood flow (268). Thus, increased 

sympathetic innervation of the ciliary body vasculature produces a pronounced 

vasoconstriction, a consequent reduction in aqueous humor production, and a decrease in 

IOP (23, 135, 408). However, low frequency stimulation of the sympathetic nerves is 

reported to induce an increase in IOP in rabbits, possibly because NPY is not released at this 

lower stimulus frequency (103).

Ciliary body blood vessels in mammals, including humans, are innervated by trigeminal 

sensory fibers containing both SP and CGRP (83, 347, 363–366, 383, 384, 386, 405). SP 

and CGRP released from trigeminal nerve endings in response to noxious stimuli, 

temperature increases or decreases, or pressure often have a robust vasodilatory effect (176, 

306). Indeed, stimulation of the trigeminal nerve in rabbits causes increased ciliary body 
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blood flow and significantly increased IOP (360), as does intracameral injection of CGRP in 

cats (36, 275, 276).

 Neural Control of the Ciliary Epithelium and Aqueous Humor Secretion

The ciliary epithelium is composed of two layers of epithelial cells, pigmented and non-

pigmented, arranged apex-to-apex (174). The basal surface of the pigmented epithelial cells 

face the ciliary stroma, while the basal surface of the non-pigmented epithelial cells face the 

posterior chamber. Aqueous humor is formed by diffusion, ultrafiltration, and predominantly 

(80–90%) through active secretion (101, 128, 248). A plasma ultrafiltrate is formed in the 

ciliary stroma through diffusion and ultrafiltration from the fenestrated ciliary capillaries. 

Aqueous humor is formed from this ultrafiltrate by active secretion across the ciliary 

epithelium, with current models supporting the active transport of Na+ ions from the ciliary 

stroma to the posterior chamber by the Na+/K+ ATPase of non-pigmented epithelial cells 

(101, 174). In addition, an active role for aquaporins in aqueous humor formation is also 

reported (128). More extensive detail on the production of aqueous humor can be found in 

the following reviews (101, 128, 248).

Adrenergic and muscarinic receptors are found on non-pigmented epithelial cells in the 

bovine (297) and primate ciliary epithelium (140). Also, carbachol, a muscarinic agonist, 

and phenylephrine, an α1-adrenoreceptor agonist, have been shown to reduce the coupling 

between pigmented and non-pigmented epithelial cells in cows and rabbits, in a dose 

dependent fashion, which would be expected to reduce aqueous humor production (344, 

356). In addition, net activation of adenylyl cyclase in ciliary epithelium by VIP or β2-

adrenoreceptors stimulates aqueous humor formation while inhibition of adenylyl cyclase by 

NPY, ACh muscarinic receptors, or α2-adrenoreceptors reduces aqueous humor formation 

(174). Thus postganglionic, sympathetic fibers can potentially stimulate aqueous humor 

formation via β2-adrenoreceptors and inhibit formation via α2- adrenoreceptors and NPY 

(101). Further, since postganglionic, parasympathetic fibers release ACh at lower 

frequencies and VIP at higher frequencies, parasympathetic innervation could potentially 

inhibit formation of aqueous humor at low frequencies and stimulate aqueous humor 

formation at higher frequencies.

 Neural control of outflow facility

 Iridocorneal angle—Aqueous humor passes via the iridocorneal angle to both the 

conventional, and to some extent the unconventional, outflow pathways (Figure 23). 

Resistance to flow at the iridocorneal angle is affected by pupil diameter, especially in those 

in which the iris volume does not decrease normally with pupil dilation; it is higher when the 

pupil is dilated and lower when constricted (304). Drugs which constrict the pupil (miotics) 

such as pilocarpine are used clinically to decrease resistance at the iridocorneal angle as well 

as to decrease resistance of outflow through the trabecular meshwork due to ciliary muscle 

contraction (see below) (74).

 Trabecular meshwork/Schlemm’s canal—Between 50% and 75% of the aqueous 

humor leaves the eye through the conventional route. It is well known that contraction of the 

ciliary muscle through voluntary accommodation or stimulation of the third cranial nerve 
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results in an immediate conformational change of the trabecular meshwork and possibly 

dilation of Schlemm’s canal leading to a decreased outflow resistance of this route (e.g. 

101). In addition, morphological studies have demonstrated cholinergic, adrenergic, and 

trigeminal innervation of the trabecular meshwork and scleral spur region in the eyes of 

various mammals, including humans (237, 273, 339, 388). Studies of trabecular meshwork 

cells in culture and in perfused anterior eye segments have demonstrated that they are 

contractile, and that their contraction increases aqueous humor outflow facility in cattle and 

humans (76, 377, 420–422). Noradrenaline appears to increase trabecular meshwork outflow 

facility, but this is an active area of research, and the role of the autonomic nervous system in 

directly controlling trabecular meshwork resistivity is currently unclear (101).

 Uveoscleral outflow—When the ciliary muscle contracts due to parasympathetic 

innervation, there is a reduction in uveoscleral drainage, but this reduction is more than 

offset by the increase in drainage through the conventional route that results from this same 

action (101). Increase in sympathetic innervation produces an increase in uveoscleral 

drainage most likely through stimulating β2-adrenoreceptors (11, 34, 398). Prostaglandin F2-

alpha very effectively increases uveoscleral flow through relaxation of the ciliary muscle and 

structural changes in the extracellular matrix, and may interact with the autonomic 

innervation in ciliary muscle (101, 102).

 Episcleral blood vessels—Drainage of aqueous humor by the conventional route is 

via the episcleral blood vessels. The episcleral vasculature possesses a specialized 

morphology with no capillaries and numerous arteriovenous anastomoses (340). Further, the 

veins are characterized by muscle-rich walls, and there is substantial innervation of both 

arteries and veins by parasympathetic, sympathetic, and trigeminal fibers (340). For fluid to 

leave the eye via the trabecular outflow pathway, it has to overcome the episcleral venous 

pressure (EVP) which, in humans under normal conditions, accounts for ~60% of IOP (369). 

EVP is decreased significantly within minutes of the application of a local anesthetic, 

proparacaine in rabbits, suggesting that the episcleral circulation is under tonic neural 

control that is either arterial (vasodilatory) or venous (vasoconstrictor) (433). It appears that 

either or both the parasympathetic and sympathetic nervous systems provide this tonic 

control. Consistent with a role for parasympathetic innervation, topical nitric oxide donors 

raise EVP (100, 433) and topical nitric oxide synthase inhibitors lower EVP (433) in rabbits. 

Further, in humans, topical treatment with the alpha2-adrenoreceptor agonist, clonidine, 

decreases EVP (196).

 Central control of IOP

There have been few studies on the central control of intraocular pressure to date, and most 

of these were published over 50 years ago. There were early reports in cats that diencephalic 

stimulation elicits changes in intraocular pressure (127, 136, 332). However, these studies 

were confounded by electrical stimulation of fibers of passage in the hypothalamus and by 

the concurrent changes in mean arterial pressure, and thus their findings were not broadly 

accepted. More recently, the GABA antagonist, bicuculline, injected into the dorsomedial 

and perifornical hypothalamus of rats was shown to produce changes in IOP and 

translaminar pressure (the pressure difference between IOP and intracranial pressure) (Fig. 
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24) (326). The time course of these changes was dissociated in time from changes in mean 

arterial pressure, and the use of bicuculline would have selectively excited hypothalamic 

neurons in the vicinity of the injection site.

Thus, there appears to be clear evidence for an involvement of the dorsomedial and 

perifornical hypothalamus in the control of IOP. However, it is not clear through which 

autonomic pathway it acts. It may act by way of sympathetic innervation, but the specific 

mechanisms involved remain unclear. In contrast, there is more empirical support for 

hypothalamic control via parasympathetic innervation. For example, in addition to 

modulating choroidal blood flow, the superior salivatory nucleus appears to control 

episcleral venous pressure, which would modulate IOP. Electrical stimulation of the superior 

salivary nucleus in rats significantly increases both EVP and IOP; although the rapidity of 

the latter response is probably a result of increased choroidal blood volume (369). In 

addition, it has been reported that stimulation of the Edinger-Westphal nucleus elicits 

increases in intraocular pressure in the cat (e.g. 122). However, the mechanism underlying 

this increase in intraocular pressure has not been investigated further, and it may be the 

result of either increasing extraocular muscle tone or intraocular blood flow as a result of 

stimulating either EWpg or EWcp.

 Conclusion

As described in this article, the ocular projections of the parasympathetic and sympathetic 

nervous systems substantially influence numerous ocular functions. These include the 

generally considered functions of controlling pupil diameter and ocular accommodation. 

They also include the lesser considered, but possibly more vital, functions of controlling 

blood flow to all ocular tissues and of controlling intraocular pressure. In addition to these 

extrinsic autonomic control pathways, it is clear that there are local, intrinsic influences 

exerted by trigeminal sensory fibers in many regions of the eye. The central control of the 

autonomic influences over these various ocular functions is not well understood in 

mammals, including humans. The cortical pathways influencing pupillary responses are 

little understood, as are ascending neuromodulatory pathways. To date, the central pathways 

involved with the motor control of ocular accommodation have been partially described, but 

the visual input pathways and sensorimotor transformations responsible for ocular 

accommodation are poorly understood. Central pathways controlling ocular blood flow and 

intraocular pressure have not been extensively researched. Therefore, in primates, there are 

clear targets for future research. Research is needed into the cortical pathways influencing 

the pupillary responses to light, cognitive state, and arousal as well as further research into 

the ascending neuromodulatory pupil-related pathways to the EWpg. Research is also 

needed into the central pathways that control ocular accommodation. In particular, we know 

very little about how blur-related neural signals arise and how they are processed for ocular 

accommodation. It should also be clear from this review that research into the central control 

of both ocular blood flow and intra-ocular pressure is sorely needed. Finally, research is 

needed on the central autonomic and peripheral mechanisms underlying the extensive 

circadian modulation of all ocular functions.
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Figure 1. 

A schematic diagram showing the parasympathetic and sympathetic innervation of the eye. 

Neurotransmitters and neuropeptides that are generally present in postganglionic neurons are 

identified. *Only seen in avian studies to date. Abbreviations: ACh – Acetylcholine; ATP – 

Adenosine triphosphate; CG – Ciliary ganglion; EWpg – Edinger-Westphal nucleus, 

preganglionic; IML – Intermediolateral nucleus (cell column); NA – Noradrenaline; nNOS – 

neuronal nitric oxide synthase; NPY – Neuropeptide Y; PPG – Pterygopalatine ganglion; 

SCG – Superior cervical ganglion; SSN – Superior salivatory nucleus; VIP – Vasoactive 

intestinal peptide.
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Figure 2. 

Autonomic and trigeminal ocular projections. The dotted line shows a ciliary ganglion 

projection to the choroid which, to date, has been shown only in birds. Line thickness 

indicates relative strength of projection. Abbreviations: BV - Blood vessels; CNS – Central 

nervous system; EWpg – Nucleus of Edinger-Westphal, preganglionic division; ICN – 

Intrinsic choroidal neurons; IML – Intermediolateral nucleus; NVSM – Non-vascular 

smooth muscle; SSN – Superior salivatory nucleus.
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Figure 3. 

Line drawings showing the organization of EWpg and EWcp in several selected species: 

avian, rat, cat, monkey, and human. Representative rostral (left column), middle (middle 

column) and caudal (right column) sections are shown. The EWcp is indicated by light gray 

shading and EWpg is indicated by dark gray shading. Scattered cells located outside the 

nuclear boundaries are indicated by appropriately shaded circles. (From Kozicz et al., 2011) 

(195).
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Figure 4. 

Three dimensional (3-D) representations of human, macaque, cat, rat and pigeon oculomotor 

complex, to illustrate the 3-D organization of EWpg and EWcp. The 3-D models are cut at 

selected points to illustrate how frontal sections through this level would look. In cases 

where the population is scattered, and so not contained in a discrete nucleus, dots are used. 

(From Kozicz et al., 2011) (195).
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Figure 5. 

Diagram showing the location of prechoroidal SSN neurons in rat. Abbreviations: 8n, 

vestibulocochlear nerve; Acs7, accessory facial nucleus; das, dorsal acoustic stria; DC, 

dorsal cochlear nucleus; g7, genu of facial nerve; GiA, alpha part of gigantocellular reticular 

nucleus; icp, inferior cerebellar peduncle; m7, facial nucleus; mlf, medial longitudinal 

fasciculus; LPGi, lateral paragigantocellular nucleus; PPy, parapyramidal nucleus; Pr, 

prepositus nucleus; py, pyramid; RMg, raphe magnus; RPa, raphe pallidus nucleus; rs, 

rubrospinal tract; scp, superior cerebellar peduncle; Sp5, spinal trigeminal nucleus; sp5, 

spinal trigeminal tract; SSN, superior salivatory nucleus; ts, tectospinal tract; VeCb, 

vestibulocerebellar nucleus; VeL, lateral vestibular nucleus; VeM, medial vestibular nucleus. 

(Modified from Li et al. 2010) (210)
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Figure 6. 

Anatomical drawing showing the parasympathetic and sympathetic innervation of the iris in 

primates. The bilateral projection from the retina to the pretectum is also shown. The 

pretectal olivary nucleus receives input from the temporal retina of the ipsilateral eye and the 

nasal retina of the contralateral eye. The pretectal olivary nucleus projects bilaterally to the 

Edinger-Westphal nucleus, which contains parasympathetic, preganglionic, 

pupilloconstriction neurons. The axons of these preganglionic neurons travel in the third 

cranial nerve to synapse upon postganglionic pupilloconstriction neurons in the ciliary 
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ganglion. The axons of these postganglionic neurons leave the ciliary ganglion and enter the 

eye via the short ciliary nerves, and travel through the choroid to innervate the sphincter 

muscle of the iris. The sympathetic preganglionic pupillodilation neurons are found at the 

C8-T1 segmental levels of the spinal cord. The axons of these neurons project from the 

spinal cord via the dorsal roots and enter the sympathetic trunk, and then project rostrally to 

the superior cervical ganglion where they synapse with the postganglionic neurons. These 

postganglionic neurons project from the superior cervical ganglion through the neck and 

carotid plexus, and into the orbit of the eye. These fibers enter the eye either by passing 

through the ciliary ganglion and entering in the short ciliary nerves, by bypassing the ciliary 

ganglion and entering via the long ciliary nerves, or through the optic canal (for clarity only 

one of these alternative pathways is shown). Upon entering the eye, these axons travel 

through the choroid and innervate the dilator muscle of the iris.
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Figure 7. 

Low power photomicrograph of a cross section of the macaque iris. The approximate 

location of the dilator pupillae is shown since it is not clearly evident at this magnification. 

Scale bar = 200 µm.
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Figure 8. 

The response of a pupil-related EW neuron during 0.5 Hz sinusoidal modulations in light 

intensity and the resultant pupillary responses. The activity of the neuron is modulated 

sinusoidally and also shows a phase advance with respect to the pupilloconstriction. Note 

that the animal maintained fixation of the target for the entire period of the trial. 

Abbreviations: HL - Horizontal position of the left eye; VL - Vertical position of the left eye. 

(Scale Bar = 1mm).
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Figure 9. 

A Nissl-stained section through the pretectum of the rhesus macaque showing the location of 

the pretectal olivary nucleus. Abbreviations: AQ – Aqueduct; PAG – Periaqueductal Gray; 

PC – Posterior commissure; PON – Pretectal olivary nucleus; NOT – Nucleus of the Optic 

Tract. Scale bar = 500 µm.
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Figure 10. 

A. WGA-HRP anterograde labeling of retinal afferent terminals in the PON after intraocular 

injections of the tracer on the contralateral side. B. WGA-HRP retrogradely labeled neurons 

indicated with arrows in the PON contralateral to an injection site that included the Edinger-

Westphal nucleus. Most neurons are encountered in the shell surrounding the central 

neuropil. Scale bars = 50 µm (Modified from Gamlin and Clarke, 1995) (115).
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Figure 11. 

Schematic diagram of the direct and consensual pupillary light pathways in primates 

including humans. It is believed that the ipsilateral visual field is of cortical origin (64). 

Abbreviations: AQ – Aqueduct; EW - Edinger-Westphal nucleus; F – Fovea; OC – Optic 

chiasm; PC – Posterior commissure; PON – Pretectal olivary nucleus.
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Figure 12. 

Photograph of melanopsin-containing ipRGCs cells in peripheral macaque retina. Scale bar 

= 100 µm. (Modified from Dacey et al., 2005) (72).
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Figure 13. 

Pupilloconstriction elicited by a ten second light stimulus of 493 nm wavelength light at 

14.0 log quanta/cm2/second irradiance (blue trace), and 613 nm wavelength light at 14.1 log 

quanta/cm2/second irradiance (red trace). Note that a 473 nm stimulus, which effectively 

activates the intrinsic photoresponse of ipRGCs, drives a larger pupillary response than the 

613 nm stimulus (red trace), which does not effectively activate the intrinsic photoresponse 

of ipRGCs at this irradiance level. Also note that the pupilloconstriction induced by the 473 

nm light is maintained following light cessation - this is termed the post-illumination pupil 

response (From Kankipati et al, 2010) (177).
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Figure 14. 

Luminance neurons in the pretectal olivary nucleus (PON) drive the pupillary light reflex. 

(A) The response of a single neuron is the pretectal olivary nucleus in response to a 100 

troland light stimulus. The pupillary response to the same light stimulus is shown in the trace 

above. (B) Electrical microstimulation at the level of the PON produces pupillary 

constriction, even in the absence of a light stimulus.
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Figure 15. 

Schematic of the modified dual interaction model that accounts for the pupillary near 

response component of the near response triad. This model indicates that the combined 

output of the accommodation controller and the convergence controller drive the pupillary 

near response.
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Figure 16. 

Effect of microstimulation of the EW on ocular accommodation. A shows stimulation (80 

msec; 500Hz; 40 µA) producing an accommodative response with a latency of 75 msec. 

Accommodative velocity (ACCV) is also shown to facilitate estimation of the latency of the 

accommodative response. Note that, in addition to accommodation, there is an adduction of 

the right eye which presumably results from current spread to the nearby medial rectus 

motoneurons of the "C" subgroup of the right oculomotor nucleus. The stimulation also 

produces a small amount of convergence that is either the result of activation of the axon 

collaterals of near-response neurons that project to medial rectus motoneurons and 

presumably also to the Edinger-Westphal nucleus or stimulation of nearby medial rectus C-

group motoneurons. B confirms the specificity of the microstimulation effect by showing 

that only accommodation is elicited when a stimulation train of shorter duration (10ms; 

500Hz; 40 µA) is used. Abbreviations: HL - horizontal position of the left eye; HR - 

horizontal position of the right eye; VA - Vergence angle. (Scale Bar = 1 meter angle and 1 

diopter). (From Gamlin et al. 1994) (118).
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Figure 17. 

Behavior of a preganglionic EW neuron during sine wave tracking of a target moving in 

depth. The firing rate modulates between approximately 15 spikes/second and 25 spikes/

second for the change in accommodation of 5 diopters. Note that there is a significant phase 

lead in the firing rate of this cell with respect to accommodation that cannot be accounted for 

solely by the latency between the activity of the cell and accommodation. This phase lead 

results from a substantial component of the firing rate being related to the dynamics of the 

movement. Abbreviations: HL - horizontal position of the left eye; HR - horizontal position 

of the right eye; VA - Vergence angle. (Scale bar is equal to 2 meter angles and 2 diopters). 

(From Gamlin et al. 1994) (118).
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Figure 18. 

Response properties of a far accommodation cell in the posterior interposed nucleus during 

normal binocular viewing and partial dissociation of vergence from accommodation during 

conflict viewing. Initial VA and ACC of 1 MA and 1 D respectively in A and B. A: during 

normal binocular viewing, activity of this neuron decreases as a function of near response. 

B: response of this cell during a convergence movement similar in amplitude to that in A and 

an accommodative response substantially lower than that in A. This difference is best 

appreciated by reference to upper of 2 dashed lines that indicates accommodative response 

in A. For reference, lower of 2 dashed line is located at same relative level as it is in A. Note 

that decrease in firing rate is much less than in A. C: scatterplot and linear regression of 

firing rate as a function of vergence angle for normal viewing (▲) and conflict viewing (Δ). 

D: scatterplot and linear regression of firing rate as a function of accommodation for normal 

viewing (▲) and conflict viewing condition (Δ). Scale bar = 4 meter angles and 4 diopters. 

(From Zhang and Gamlin, 1998) (435)
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Figure 19. 

Stimulation in the primate frontal eye fields evokes vergence and ocular accommodation. 

Biphasic electrical microstimulation elicited increases in vergence and ocular 

accommodation. Stimulation parameters; 500 Hz, 40 ms, 40 µA. AACC, average 

accommodation; ACC, accommodation; AVA, average vergence angle; AVV, average 

vergence velocity; VA, vergence angle; STIM, stimulation; VV, vergence velocity. Scale bar, 

0.5 degrees, 0.5 diopters, and 5 degrees/s. (From Gamlin and Yoon, 2000) (109)
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Figure 20. 

Scheme of adrenergic, cholinergic, and nitrergic innervations and roles of neurotransmitters 

in the regulation of nerve and smooth muscle functions in ciliary and ophthalmic arteries. 

Squares in nerve terminal and smooth muscle represent receptors. Abbreviations: NOS, NO 

synthase; L-Arg., l-arginine; L-Citru., l-citrulline; ATPex, exogenous ATP; PIP2phosphatidyl 

inositol bisphosphate; IP3inositol trisphosphate; DG, diacylglycerol; AC, adenylate cyclase; 

GC, soluble guanylate cyclase0. (From Toda et al., 1999) (391)
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Figure 21. 

EW and SCN electrical microstimulation effects on choroidal blood flow. Solid bars indicate 

the timing and duration of electrical stimulation. Choroidal blood flow was measured 

transsclerally at a site below the superior rectus muscle in an anaesthetized animal. (Scale 

Bar = 50 Blood Flow Units). (Redrawn from Fitzgerald et al. 1996) (90).
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Figure 22. 

Laser Doppler flux recordings from the anterior choroid, posterior choroid, and the nasal 

vortex veins during stimulation of either the superior salivatory nucleus (SSN) or the 

cervical sympathetic trunk (CST). All recordings were obtained from a single rat with the 

exception of the anterior choroid. Responses obtained from the vortex veins and anterior 

choroid during CST stimulation were similar to that shown for the posterior choroid. Bar 

indicates period of SSN stimulation (20Hz, 3V) or CST stimulation (12Hz, 30V). (From 

Steinle et al., 2000) (355)
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Figure 23. 

Diagram showing the structures involved with aqueous humor formation and outflow 

through the trabecular meshwork and uveoscleral routes. (Figure adapted from Loewy, 1990) 

(216).
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Figure 24. 

Changes in the translaminar pressure gradient after site-directed microinjection of 

bicuculline methiodide (•; 30 pmol/75 nL; n = 9) or saline (Δ; 75 nL; n = 10) into the DMH 

and PeF regions. All injections at T = 0 min. * Denotes significant difference between saline 

and BMI treatment groups, P < 0.05. (From Samuels et al., 2012) (326).
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Table 1

List of abbreviations

ACC accommodation

ACCV accommodative velocity

ATP Adensoine triphosphate

cFN caudal fastigial nucleus

CGRP calcitonin gene-related peptide

CCK cholecystokinin

DAG diacylglycerol

EVP episcleral venous pressure

EW Edinger-Westphal nucleus

EWcp Edinger-Westphal centrally projecting cells

EWm Medial (choroidal) subdivision of the avian Edinger-Westphal nucleus

EWpg Edinger-Westhal preganglionic cells

HRP horseradish peroxidase

IML intermediolateral cell

IOP intra-ocular pressure

IP3 inositol triphosphate

ipRGCs intrinsically-photosensitive retinal ganglion cells

L-NAME nitro-L-arginine methylester

m1, m2, m3 . . . m1, m2, m3 .. muscarinic receptor subtypes

nNOS neuronal nitric oxide synthase

NPY neuropeptide Y

Opn4−/− melanopsin deficient knockout mice

PIN posterior interposed nucleus

PIPR post-illumination pupil response

PLC phospholipase C

PLR pupillary light reflex

PNR pupillary near response

PON pretectal olivary nucleus

rd/rd cl rodless/coneless knockout mice

RPE retinal pigment epithelium

SCN suprachiasmatic nucleus

SOA supraoculomotor area

SP Substance P

SSN Superior Salivatory Nucleus

VIP vasoactive intestinal peptide

WGA wheat germ agglutinin
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