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Abstract

The choroid is richly innervated by parasympathetic, sympathetic and trigeminal sensory nerve 

fibers that regulate choroidal blood flow in birds and mammals, and presumably other vertebrate 

classes as well. The parasympathetic innervation has been shown to vasodilate and increase 

choroidal blood flow, the sympathetic input has been shown to vasoconstrict and decrease 

choroidal blood flow, and the sensory input has been shown to both convey pain and thermal 

information centrally and act locally to vasodilate and increase choroidal blood flow. As the 

choroid lies behind the retina and cannot respond readily to retinal metabolic signals, its 

innervation is important for adjustments in flow required by either retinal activity, by fluctuations 

in the systemic blood pressure driving choroidal perfusion, and possibly by retinal temperature. 

The former two appear to be mediated by the sympathetic and parasympathetic nervous systems, 

via central circuits responsive to retinal activity and systemic blood pressure, but adjustments 

for ocular perfusion pressure also appear to be influenced by local autoregulatory myogenic 

mechanisms. Adaptive choroidal responses to temperature may be mediated by trigeminal 

sensory fibers. Impairments in the neural control of choroidal blood flow occur with aging, and 

various ocular or systemic diseases such as glaucoma, age-related macular degeneration (AMD), 

hypertension, and diabetes, and may contribute to retinal pathology and dysfunction in these 

conditions, or in the case of AMD be a precondition. The present manuscript reviews findings 

in birds and mammals that contribute to the above-summarized understanding of the roles of the 

autonomic and sensory innervation of the choroid in controlling choroidal blood flow, and in the 

importance of such regulation for maintaining retinal health.
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1. Overview of ocular blood supplies and their neural control in mammals 

and birds

1.1. Why mammals and birds?

In this review on the innervation of the choroid, the central circuitry regulating the choroidal 

innervation, and the importance of such regulation for retinal health, we summarize findings 

in both mammals and birds for several reasons. First, our initial studies of neural control of 

choroidal blood flow ensued from our circuitry studies in pigeons on the inputs and outputs 

of the preganglionic nucleus of Edinger-Westphal (EW). Unexpectedly and as detailed later 

in this review, these circuitry studies revealed a bisynaptic retinal input to the medial part of 

EW that had output via the ciliary ganglion to blood vessels of the choroid (Gamlin et al., 

1982). At that time, this was the first clear evidence for a central circuit involved in control 

of choroidal blood flow in any species. As evidence was also emerging at that time from 

studies by others of substantial autonomic innervation of choroid in mammals, it seemed 

likely that central circuits also existed in mammals for regulating choroidal blood flow 

(ChBF) via its autonomic input, but remained to be discovered. Because of the unknown 

nature of these central circuits in mammals, we took advantage of our discovery in birds 

to explore the role and importance of neurogenic ChBF control by means of studies of 

the EW-ciliary ganglion-choroid circuit in birds. We believed such studies would provide 

general insight into the signals that drive autonomic control of ChBF and the importance 

of such control for retinal health. Our findings in the latter regard provide the second 

reason for including our studies of birds in this review. We eventually expanded our efforts 

to include additional autonomic circuits in birds, and central circuitry controlling ChBF 

in mammals. Our studies and relevant studies of others are summarized below. Note that 

although forebrain cytoarchitecture in birds differs from that in mammals (Reiner et al., 

2004, 2005), fundamental similarities exist between birds and mammals in retinal structure, 

choroidal structure, and choroidal innervation, as also detailed below, which support the 

relevance of our choroidal studies in birds.

1.2. The retinal vascular supply and retinal thickness in mammals and birds

The retina has two vascular supplies in most placental mammalian species, the choroidal 

vasculature and the vessels of the inner retina (Fig. 1) (Chase, 1982; Bill, 1984). The blood 

supply to the inner retina is via the central retinal artery (which arises from the ophthalmic 

artery), whose branches radiate from the optic nerve head onto the inner retinal surface and 

then give rise to branches that penetrate into the retina through the depth of the inner nuclear 

layer, ramifying in the inner and outer plexiform layers, and supply blood to the inner half 

of the retina (Figs. 1 and 2) (Alm, 1992). Because retinal blood vessels are located directly 

within the retina itself, they are able to respond to the local concentrations of carbon dioxide 

and oxygen, and to regulate blood flow accordingly (called metabolic coupling), as typical 

of most vascular beds (Bill, 1984; Bill and Sperber, 1990), or by neurovascular coupling 

(Metea and Newman, 2006; Biesecker et al., 2016), as in the brain (Takano et al., 2006; 

Filosa et al., 2006; Iadecola and Nedergaard, 2007). The retinal vessels of mammals are 

themselves not innervated, but the central retinal artery is innervated by parasympathetic, 

sympathetic and sensory nerve fibers (Laties, 1967; Kumagai et al., 1988; Bergua et al., 
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2003). The central retinal artery is also the blood supply of the postlaminar and laminar parts 

of the optic nerve, and the postlaminar part of the optic nerve head additionally receives 

contributions from the short ciliary arteries that supply the choroid (Fig. 3) (Reiner et al., 

2012). By contrast, the prelaminar part of the optic nerve head is supplied by the central 

retinal artery and by the choroid, the latter of which is also innervated by parasympathetic, 

sympathetic and sensory nerve fibers. Thus, the blood supply to the optic nerve and optic 

nerve head are under neural influence, and blood flow in the retinal vessels themselves is 

thereby affected by the control exerted at the level of the central retinal artery, short ciliary 

arteries, and choroid (Strohmaier et al., 2016), as well as by the above noted local retinal 

metabolic regulatory mechanisms and neurovascular coupling.

A retinal vascular supply appears to be necessary for a thick retina that allows detailed 

form vision, given the reported limit of intraretinal oxygen diffusion from the choroid 

under normoxia of ~150 μm (Dollery et al., 1969; Landers, 1978; Linsenmeier and Zhang, 

2017). This is thought to explain why retinal thickness is only about 150 μm in mammals 

with so-called avascular retinas, such as monotremes, most marsupials, and some placental 

mammals, and in the avascular fovea of foveate placental mammals (Chase, 1982). Although 

birds entirely lack retinal blood vessels, they nonetheless have relatively thick retinas (e.g. 

300–400 μm in pigeon or chicken depending on the region) and good acuity (Fig. 1) 

(Donovan, 1978; McKibbin et al., 2014). Instead of retinal vessels, birds possess a richly 

vascularized pleated fan-shaped structure called the pecten that protrudes from the optic 

nerve head into the vitreous (Fig. 1). Its capillaries are highly permeable, and supplied by 

branches of the ophthalmotemporal artery that enter the eye along the edges of the vertically 

elongate optic nerve head (Fig. 4), which are thus collectively comparable to the central 

retinal artery of mammals (Wingstrand and Munk, 1965; Hosler and Olson, 1984; Meyer, 

1977). The highly permeable blood vessels of the pecten are thought to enable it to secrete 

oxygen and other nutrients into the vitreous for the inner retina, and thereby play a similar 

role as the retinal vasculature in mammals (Brach, 1977; Pettigrew et al., 1990; Meyer, 

1977). This specialization for providing nutrients to the inner retinas is thought to facilitate 

the high acuity vision of birds by eliminating the need for an inner retinal vascular network 

that could interfere with passage of light through the retina for image formation (Brach, 

1977). Although it might be thought that the pecten itself would interfere with retinal image 

formation for the central retina, this appears not to be the case since its shadow seems to 

mainly fall on the optic nerve head (Brach, 1977; Meyer, 1977).

1.3. The choroidal vascular supply in mammals and birds

The blood supply to the choroid in mammals arises from the ophthalmic branch of the 

internal carotid artery, via the long and short ciliary arteries (Fig. 2), while in birds it 

arises from multiple choroidal branches of the ophthalmotemporal artery from the external 

ophthalmic branch of the internal carotid artery (Fig. 4) (Reiner et al., 2012). The choroid 

is one of the most highly vascularized structures in the body of mammals and birds, 

and also contains fibroblasts, melanocytes, resident immunocompetent cells, pericytes, and 

supporting connective tissue (De Stefano and Mugnaini, 1997; Nickla and Wallman, 2010). 

In birds and primates, the choroid has also been reported to contain extravascular smooth 

muscle cells and lymphatic lacunae (Poukens et al., 1998; Nickla and Wallman, 2010). 
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The choroid is organized into an outer layer of large blood vessels (called Haller’s Layer 

in mammals), a middle layer of branches of the larger vessels (called Sattler’s layer in 

mammals), and the choriocapillaris arising from vessels of the middle layer and juxtaposed 

to Bruch’s membrane (Fig. 1). Vessels of the choriocapillaris possess fenestrations facing 

Bruch’s membrane that facilitate fluid and protein exchange with the retina. Although 

choroidal thickness varies among species, choroidal thickness tends to be proportionally 

greater in birds than mammals, with choroidal thickness in pigeons and chickens for 

example being comparable to that in humans (about 200 μm) despite the much greater 

eye size in humans.

The choroid accounts for about 85% of the blood supply to the retina, and its major 

role involves supplying oxygen and nutrients to the retinal pigment epithelium (RPE) and 

photoreceptors of the outer retina (Bill, 1984, 1985). The choroid is, however, also the 

major or exclusive vascular supply for both outer and inner retina in regions poor in or 

lacking retinal vessels (such as the fovea in primates), and in animal groups in which retinal 

vessels are sparse (rabbits). Although the pecten in birds plays a role similar to that of 

the retinal vasculature in mammals, it is uncertain if it is of comparable effectiveness in 

its ability to provide nutrients deep into the retina. Assuming a similar oxygen depth from 

the choriocapillaris as in mammals, it seems possible that the choroid in birds supplies at 

least part of the inner retina in thinner peripheral parts of the retina. The overall importance 

of the choroid is emphasized by the rapid photoreceptor loss that occurs with severely 

diminished choroidal blood flow (Gay et al., 1964; Collier, 1967; Gaudric et al., 1982; 

McCulloch, 1988). Photoreceptors are particularly dependent on the choroid because of their 

high metabolism and continuous outer segment renewal (Bill, 1984; Young, 1978).

1.4. Innervation of the choroid in mammals and birds

Although it was once thought that choroidal blood flow (ChBF) so exceeds retinal 

requirements as to obviate need for its regulation (Bill, 1984, 1985), it now seems clear 

that: 1) high ChBF is essential as the driving force for diffusion of oxygen and nutrients 

through Bruch’s membrane, the retinal pigment epithelium (RPE), and the depth of the outer 

neural retina, and to the inner retina in the case of retinal regions devoid of or poor in retinal 

vessels (Bill, 1984, 1985; Cringle et al., 1999; Yu et al., 2005); 2) ChBF must be stably 

matched to the thermal and metabolic needs of the retina (Bill, 1984, 1985; Tillis et al., 

1988); and 3) disturbances in ChBF impair outer retinal function (Steinberg, 1987; Yancey 

and Linsenmeier, 1988, 1989; Lovasik et al., 2005a; Lovasik and Kergoat, 2012). Thus, the 

ability of ChBF to respond adaptively to variations in retinal need imposed by changes in 

illumination level and retinal activity, and to maintain stable flow despite fluctuations in 

bodily state and time of day, are likely to be important for maintaining the health and proper 

functioning of the RPE and outer retina.

In contrast to the retinal vessels, the choroid and its capillary bed, the choriocapillaris, 

are separated from the outer retina by Bruch’s membrane (BM) and the RPE (Nickla and 

Wallman, 2010). This barrier and the high blood flow rate in the choroid make ChBF 

largely unable to be regulated by vasogenic metabolites derived from the outer retina 

(Bill and Sperber, 1990). Instead, the choroid is under neural control, although myogenic 

Reiner et al. Page 4

Prog Retin Eye Res. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mechanisms are thought to contribute as well (Kiel and Shepherd, 1992; Kiel, 1994; 

Kiel and van Heuven, 1995). Three major types of nerve fibers innervate the choroid in 

mammals and birds (Table 1, Fig. 5), and presumably members of other vertebrate classes 

as well: 1) parasympathetic fibers arising from the pterygopalatine ganglion (PPG) that 

co-contain vasoactive intestinal polypeptide (VIP), neuronal nitric oxide synthase (nNOS) 

and acetylcholine (Stone et al., 1987; Ruskell, 1971; Yamamoto et al., 1993; Cuthbertson et 

al., 1997); 2) noradrenergic sympathetic fibers from the superior cervical ganglion that also 

contain neuropeptide Y (NPY) (Guglielmone and Cantino, 1982; Stone et al., 1987); and 3) 

sensory fibers from the trigeminal ganglion co-containing substance P (SP) and calcitonin 

gene-related peptide (CGRP) (Stone et al., 1987; Shih et al., 1999). These parasympathetic, 

sympathetic, and sensory fibers and their terminals tend to be localized to the walls of the 

arteries and veins of the choroid, but not the choriocapillaris. Pericytes along choroidal 

vessels, which exert contractile effects, have also been reported to receive terminals (Schrödl 

et al., 2014). In addition, cholinergic parasympathetic fibers to the choroid also arise from 

the ciliary ganglion in birds, and perhaps in some mammalian groups as well (Stjernschantz 

et al., 1976; Meriney and Pilar, 1987; Stone et al., 1987; Koss et al., 1991; Reiner et al., 

1991; Cuthbertson et al., 1996; May, 1997). The nNOS+ and VIP + PPG fibers have a 

vasodilatory influence on choroidal vessels and increase ChBF (Bill, 1984, 1991; Bill and 

Sperber, 1990), while adrenergic fibers have a vasoconstrictory action that decreases ChBF 

(Bill, 1984, 1991; Bill and Sperber, 1990; Koss and Gherezghiher, 1993). The input to the 

choroid from the ciliary ganglion also has a vasodilatory influence, mediated by muscarinic 

elicitation of endothelial NO release (Fitzgerald et al., 1990b; Zagvazdin et al., 1996a, 2000; 

Cuthbertson et al., 1999). The sensory fibers in the choroid have a vasodilatory influence as 

well. The anatomy and function of these various inputs to choroid in birds and mammals are 

detailed in the following sections.

1.5. Brain and retina in mammals and birds

As reviewed extensively elsewhere (Reiner et al., 2004, 2005), the pallial part of the 

telencephalon in birds is organized cytoarchitectonically into nuclear groups that perform 

the same general sensory, motor and cognitive functions as the neocortex in mammals. 

Although differences also exist between birds and mammals in the cytoarchitecture of the 

diencephalon and midbrain, one-to-one homologues can be identified between mammals and 

birds for the vast majority of midbrain and hindbrain cell groups, including those associated 

with the cranial nerve nuclei, and the parasympathetic and sympathetic nervous systems 

(Reiner et al., 2004, 2005). Retinal lamination and the major cell types are also similar 

between mammals and birds, with the retina in birds being cone-rich (Meyer, 1977), similar 

to that of diurnal mammals including most primates but unlike that of nocturnal mammals 

including most rodents (Jacobs, 2009). Due to the various similarities outlined above, we 

thus believe our studies in birds on choroidal blood flow and its health-related significance 

have relevance to mammals.

Reiner et al. Page 5

Prog Retin Eye Res. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2. Facial nucleus parasympathetic input to choroid

2.1. Peripheral anatomy of facial circuitry for control of ChBF in mammals

The distributed orbital neurons composing the PPG profusely innervate choroidal blood 

vessels in all mammalian groups studied, including rats, guinea pigs, cats, squirrels, 

monkeys and humans, with postganglionic axons from the PPG entering the choroid directly, 

on ciliary vessels, and by joining the short ciliary nerves arising from the ciliary ganglion 

(Ruskell, 1970, 1971; Uddman et al., 1980; Shimizu, 1982; Terenghi et al., 1982; Uusitalo 

et al., 1984; Stone, 1986; Lin et al., 1988; Ten Tusscher et al., 1990; Beckers et al., 1993; 

Reiner et al., 2012). Additional PPG fibers pass through the ciliary ganglion on their way to 

the choroid (Beckers et al., 1993). The PPG neurons innervating choroid in rats are found 

within the proximal part of the PPG and scattered along the greater petrosal nerve itself, in 

which the preganglionic fibers to the PPG travel (Cuthbertson et al., 2003). Small accessory 

ganglia near the ciliary ganglion may be part of the PPG system as well, since in rats they 

project to the eye and are VIP+ (Kuwayama et al., 1987; Stone et al., 1987; Ten Tusscher et 

al., 1990). PPG neurons are VIP+ and their extirpation has been shown in cats to eliminate 

VIP + fibers from choroid (Uddman et al., 1980; Butler et al., 1984). The PPG is also the 

source of a profuse nNOS + innervation of choroid, and all nNOS + PPG neurons have 

been found to also contain VIP in rats (Fig. 6) (Yamamoto et al., 1993; Cuthbertson et al., 

2003). Additionally, PPG neurons and their input to choroid appear to be cholinergic as well 

(Terenghi et al., 1982; Uusitalo et al., 1984; Hara et al., 1985; Stone, 1986; Cuthbertson et 

al., 2003). As evidenced by VIP immunolabeling, PPG input to choroid in mammals ends 

on arteries, veins and melanocytes (Fig. 7) (Beckers et al., 1993). The distribution within 

PPG of neurons innervating choroid overlaps those innervating the iris (Ten Tusscher et al., 

1990), Meibomian glands (LeDoux et al., 2001), and cerebral vasculature (Suzuki et al., 

1988). Thus, it is uncertain if the PPG neurons controlling the choroid only subserve the 

choroid. Based on the number of retrogradely labeled neurons we observed in the PPG and 

greater petrosal nerve after intrachoroidal fluorogold injection, and based on the extent of 

the fluorogold injections, it appears that at least 200–300 PPG neurons innervate choroid in 

rats (Cuthbertson et al., 2003). Additionally, PPG neurons innervate orbital vessels feeding 

into choroid and thereby exert a further influence on ChBF (Stone et al., 1987; Toda et al., 

1998).

2.2. Central anatomy of facial circuitry for control of ChBF in mammals

The PPG in mammals receives its preganglionic parasympathetic input from the superior 

salivatory nucleus (SSN) subdivision of the facial nucleus motor complex (Table 1) 

(Ten Tusscher et al., 1990). We have used transneuronal retrograde pathway tracing in 

rats with the Bartha K strain of pseudorabies virus (PRV) to identify the SSN neurons 

innervating those PPG neurons projecting to choroid, and to identify central neurons 

projecting to that part of SSN (Cuthbertson et al., 2003; Li et al., 2015a). Double-labeling 

immunofluorescence for PRV + neurons in SSN at relatively short survival times after 

minute injections of PRV restricted to choroid (to ensure only neurons in SSN projecting 

bisynaptically to choroid were labeled) showed that they were cholinergic, confirming their 

preganglionic identity (Fig. 8). Moreover, the choroidal SSN neurons appeared to be slightly 

more rostral and medial in location than those observed after injection of PRV into other 
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peripheral PPG targets, such as the Meibomian glands (LeDoux et al., 2001) and the 

lacrimal gland (Tóth et al., 1999), suggesting choroidal control may be localized to a select 

subpopulation of SSN neurons. The choroidal SSN neurons commonly were also nNOS+, 

and the majority of nNOS + neurons within the SSN were PRV+, indicating nNOS to be a 

relatively selective marker of choroidal neurons in rat SSN (Cuthbertson et al., 2003).

We also characterized the central neurons projecting to the SSN neurons innervating 

choroidal PPG neurons, using a combination of pathway tracing and immunolabeling (Li 

et al., 2015a). As part of these studies, we examined the higher order labeling beyond SSN 

after minute injections of PRV into choroid in rats in which the superior cervical ganglia 

had been excised (to prevent labeling of sympathetic circuitry). Several neuronal populations 

beyond the choroidal part of ipsilateral SSN showed selective transneuronal labeling. For 

example, the dorsal part of the paraventricular nucleus (PVN) of the hypothalamus notably 

contained PRV + neurons bilaterally (more heavily ipsilaterally) (Fig. 9). The input of PVN 

to choroidal SSN is of interest, because PVN is responsive to systemic blood pressure 

(BP) and plays a role in maintaining stable systemic BP (Porter and Brody, 1986; Wyss 

et al., 1990; Krukoff et al., 1997; Badoer and Merolli, 1998), and the PVN region exerts 

a vasodilatory influence on cerebral blood flow (CBF) (Golanov et al., 2001). We also 

observed PRV + neurons in the caudolateral part of the nucleus of the solitary tract (NTS) 

known to receive aortic baroreceptor input via the vagus nerve and respond to BP fluctuation 

(Fig. 9) (Rogers et al., 1993; Ciriello, 1983). Like the PVN, the NTS exerts a vasodilatory 

influence on cerebral blood flow (Nakai and Ogino, 1984) and has been shown to project 

directly to the SSN by anterograde labeling methods (Agassandian et al., 2002). In addition, 

we observed PRV + neurons in the periaqueductal gray, the raphe magnus (RaM), the B3 

serotonergic cell group of the pons, the A5 noradrenergic group of the pons, and the rostral 

ventrolateral medulla (RVLM). The PRV + neurons were located in the parts of these cell 

groups that are known to be responsive to systemic BP signals and previously reported 

to be involved in systemic BP regulation by the sympathetic nervous system (Finley and 

Katz, 1992; Dampney, 1994; Jansen et al., 1995; Guyenet, 2006). Using PRV labeling 

and/or conventional pathway tracing in combination with immunolabeling and confocal 

laser scanning microscope viewing, we found that PVN neurons projecting to SSN were 

oxytocinergic and glutamatergic, RaM neurons projecting to SSN were serotonergic, and 

NTS neurons projecting to SSN were glutamatergic (Fig. 10). Thus, all of these inputs 

appear to have an excitatory influence on SSN neurons.

Our results suggest that blood pressure and blood volume signals can drive parasympathetic 

vasodilation of the choroidal vasculature. Of particular note, all of these same regions 

that project to SSN can also drive sympathetic constriction of the systemic vasculature 

in response to low BP signals. The phenomenon of blood flow stability over a range 

of systemic BPs has been well documented for the cerebral vasculature, and cerebral 

compensation for low BP is thought to maintain cerebral function and prevent ischemic 

cerebral injury (Paulson et al., 1990). As noted above, the PPG innervates the choroid, 

orbital vessels, the lacrimal gland and Meibomian glands (Ten Tusscher et al., 1990; LeDoux 

et al., 2001), as well as nonorbital tissues such as the cerebral vasculature and the nasal 

mucosa (Walters et al., 1986). Given that PVN stimulation or NTS stimulation increases 

cerebral blood flow (Ciriello, 1983; Nakai and Ogino, 1984; Krukoff et al., 1997; Rogers 
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et al., 1993; Golanov et al., 2001), the BP responsiveness of PVN and NTS suggests that 

their activation may drive cerebral blood flow increases in response to low systemic BP, 

while also driving peripheral vasoconstriction (Calarescu et al., 1984; Porter and Brody, 

1986; Goldstein and Kopin, 1990). The combination of increased vasodilation in the cerebral 

vasculature combined with peripheral vasoconstriction would work together to maintain a 

stable cerebral blood flow despite BP declines.

It may be that the inputs of PVN, NTS, RaM, B3, A5 and RVLM to choroidal SSN play 

a similar role in maintaining choroidal blood flow during normal or accidental (e.g. due 

to hemorrhage) bouts of low systemic BP. In fact, the possibility exists that the same 

populations of PPG neurons and SSN neurons that regulate choroidal blood flow also 

regulate cerebral blood flow. The fact that the brain and eye are both neural tissues with high 

metabolic requirements calling for a stable blood supply is concordant with this possibility. 

Consistent with this, ChBF stability during BP variation has been reported in humans, 

rabbits, rats and pigeons (Kiel and Shepherd, 1992; Kiel and van Heuven, 1995; Riva et al., 

1997a, b; Reiner et al., 2010a, 2011). Such reflexive PPG-mediated choroidal vasodilation 

could be important for maintaining metabolic support of the retina during the routine, 

daily bouts of low BP, such as might occur during inactivity, rest, or sleep, as well as for 

preventing retinal ischemia during extreme BP-lowering events due to injury or blood loss 

(Bill, 1985; Bill and Sperber, 1990). It seems, therefore, that neurogenic mechanisms are 

likely to contribute significantly to the stability of both choroidal and cerebral blood flow 

during downward fluctuations in systemic BP, as discussed further in the following section 

on the function of the SSN-PPG circuit.

Because of the evidence that retinal illumination can increase ChBF via central circuits 

in birds, as discussed in more detail in the section on ciliary ganglion innervation of the 

choroid (Fitzgerald et al., 1990b, 1996; Shih et al., 1993b), because of the evidence that 

light or transition from dark to light increases ChBF in mice, rabbits, monkeys, and humans 

(Parver et al., 1982, 1983; Tillis et al., 1988; Bill and Sperber, 1990; Longo et al., 2000; 

Fuchsjäger-Mayrl et al., 2001; Huemer et al., 2007; Berkowitz et al., 2016), and because 

of the evidence that flicker-modulated regulation of blood flow occurs in the short ciliary 

arteries supplying choroid and in the central retinal artery (Michelson et al., 2002; Zeitz et 

al., 2008), and perhaps in choroid itself in at least some mammalian species and under some 

conditions (Garhöfer et al., 2002; Lovasik et al., 2005b), visual inputs to choroidal SSN 

neurons are of interest. Retinal activity-dependent regulation of ChBF, mediated by retinal 

input to central autonomic circuitry, may serve as a replacement for the direct metabolic 

or neurovascular coupling evident between retina and the inner retinal circulation, which 

is not possible for the choroidal circulation due to its position behind the retina. While 

photoreceptor metabolism is high in the dark and declines in the light (Voaden et al., 1983; 

Linsenmeier, 1986; Tillis et al., 1988; Braun et al., 1995; Medrano and Fox, 1995; Wang 

et al., 1997; Cringle et al., 1999), flickering light (which may better simulate a changing 

visual scene than constant illumination) results in a considerable increase in inner retinal 

metabolism with little change in photoreceptor metabolism (Bill and Sperber, 1990; Braun 

et al., 1995). Retinal activity-mediated increases in ChBF, in those species or circumstances 

when they may occur, may be especially important for driving nutrients and oxygen to inner 

retina under these circumstances, again for species poor in retinal vessels and for retinal 
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regions poor in retinal vessels. The neural mechanisms that might mediate such a light 

response in mammals are unclear. One possibility is that, like in birds and as discussed 

below, a circuit involving suprachiasmatic nucleus (SCN) input to the ciliary ganglion via 

the preganglionic neurons of the nucleus of Edinger-Westphal (EW) is responsible for light­

mediated ChBF increases. We have not, however, observed PRV + neurons in SCN or EW 

following minute injections of PRV confined to superior choroid in rats (Li et al., 2015a). 

Thus, unlike in birds (Reiner et al., 1983, 1991; Cuthbertson et al., 1996), the EW-ciliary 

ganglion circuit in rats does not appear to exert a direct influence on ChBF. This raises 

the possibility that the light-mediated regulation of ChBF reported in various mammalian 

species (Parver et al., 1982, 1983; Bill and Sperber, 1990; Stiris et al., 1991; Longo et al., 

2000) is not mediated by either SCN or EW.

It may be that PPG input to choroid can respond to visual signals, and thereby mediate the 

visual control of ChBF. This might occur by a visual input to SSN from light-responsive 

PVN neurons. The retina is known to project to ipsilateral PVN in rodents (Hermes et al., 

1996; Youngstrom et al., 1987), and it is possible the PVN retinorecipient neurons include 

those that project to choroidal neurons of SSN. The finding that the ChBF changes that 

occur in human macula during dark – light transitions can be blocked by NOS inhibition is 

consistent with the possible involvement of the PPG input to the choroid in light-mediated 

control of ChBF (Huemer et al., 2007). On the other hand, it is also possible that the PRV 

+ neurons in the ventrocaudal part of the spinal trigeminal nucleus we have observed after 

PRV injections confined to ipsilateral superior choroid mediate a light response. This region 

receives corneal input (Aicher et al., 2014) and responds to bright light (Okamoto et al., 

2009, 2010). It may thus be that a corneal response to bright light, which appears to be 

mediated via an innervation from melanopsin-containing trigeminal fibers (Matynia et al., 

2016), can drive ChBF increases via a projection from cornea-responsive trigeminal nucleus 

neurons to the choroidal SSN. Finally, while light-mediated increases in ChBF have been 

demonstrated in many studies in mammals, light-mediated ChBF increases have not been 

observed in some studies in rabbits and newborn piglets (Stjernschantz et al., 1977; Stiris et 

al., 1991), nor were ChBF increases in response to diffuse luminance flicker observed in cats 

(Riva et al., 1994), and only small, non-statistically significant increases were seen in a study 

in humans (Garhöfer et al., 2002).

2.3. Functional studies of facial parasympathetic control of ChBF in mammals

The influence of the facial parasympathetic input to choroid on choroidal blood flow has 

been studied pharmacologically in mammals with drugs that affect or mimic the actions of 

the peripheral vasodilators used by the PPG (VIP, NO and acetylcholine), and by stimulation 

of the preganglionic neurons at the level of the facial nerve or the SSN. The latter studies 

have also examined the role of VIP, NO and acetylcholine in mediating the effects of 

facial nerve or SSN stimulation on ChBF. In early studies, Ruskell (1970) showed that 

severing PPG input to the choroid yielded diminished intraocular pressure (IOP). While 

the basis of this effect was uncertain at that time, Ruskell (1971) suggested that the 

reduced choroidal volume stemming from reduced ChBF, as caused by loss of basal PPG 

vasodilatory influences on the choroid, was the cause of the lessened IOP, since the volume 

of blood in the choroid contributes to IOP. This interpretation is consistent with the slight 
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rise in IOP in rabbits, cats and monkeys caused by facial nerve stimulation (Gloster, 1960; 

Nilsson et al., 1985). It is possible, however, that the PPG input also acts more directly 

on mechanisms controlling IOP that involve aqueous production or outflow facility. In any 

case, numerous researchers subsequently carried out detailed studies on the physiology and 

pharmacology of PPG input to the choroid.

Intravenous delivery of VIP in rabbits has been shown to increase ChBF and IOP (Nilsson 

and Bill, 1984). Other studies in various mammalian species have shown that NO also 

plays a role in maintaining basal ChBF (Deussen et al., 1993; Mann et al., 1995; Koss, 

1998; Luksch et al., 2000), and that NO mediates the cholinergic neurogenic vasodilation 

of choroidal vessels (Koss, 1998; Gherezghiher et al., 1991; Deussen et al., 1993; Nilsson, 

1996; Steinle et al., 2000). For example, Deussen et al. (1993) showed that inhibition of 

NOS in dogs with the nonselective inhibitor LNAME (NG-nitro-L-arginine methyl ester) 

increases mean systemic arterial blood pressure (ABP) by 20% (thereby increasing choroidal 

perfusion pressure) and yet decreases ChBF by 40–50%. The systemic hypertensive effect 

appears to occur due to the peripheral vasoconstrictory effects of eNOS inhibition, while 

the diminished ChBF seems to reflect the vasoconstrictory effects of nNOS and/or eNOS 

inhibition in choroid. Similarly, NOS inhibition substantially decreases basal ChBF in 

humans (Luksch et al., 2000, 2003), rabbits (Seligsohn and Bill, 1993), piglets (Jacot et 

al., 1998), and rats (O’Brien et al., 1997; Kelly et al., 1998; Koss, 1998).

Two studies in cats using laser Doppler flowmetry (LDF) to measure ChBF showed that 

intravenous acetylcholine increases ChBF, despite its systemic hypotensive effect that 

decreases choroidal perfusion pressure (Riva et al., 1994; Mann et al., 1995). Mann et 

al. (1995) showed that the ChBF increase with intravenous acetylcholine in cats was 

attenuated 50% by NOS inhibition with LNA (NG-nitro-L-arginine) despite a 40% increase 

in blood pressure with LNA. Nilsson (2000) showed in cats that both nonselective NOS 

inhibition as well as atropine blockade of muscarinic cholinergic control of the choroid 

reduced ChBF. These results, and the evidence that NOS inhibition with LNAME yields 

endothelium-dependent vasoconstriction of pig ophthalmic arteries (Wang et al., 1993; 

Bakken et al., 1995), suggests that at least part of the effect of NO on basal choroidal 

tone might be mediated by endothelial release of NO in response to acetylcholine release 

from PPG terminals (Yao et al., 1991). Thus, both acetylcholine and NO release from 

PPG terminals appear to influence ChBF, the former by stimulating endothelial NO release. 

These influences can occur both at the level of the choroid as well as at the level of the 

vessels feeding the choroid. The ophthalmic artery and its short and long ciliary branches 

supplying the choroid are innervated by VIP+, nNOS+ and cholinergic nerves of PPG 

origin, and they show NO-mediated relaxation in response to transmural activation of these 

nerves or to cholinergic stimulation (Nyborg and Nielsen, 1990; Yao et al., 1991; Yu et al., 

1992; Haefliger et al., 1993, 2001; Bakken et al., 1995; Toda et al., 1995, 1997, 1998). 

Acetylcholine-evoked release of endothelial NO from intraorbital vessels, however, may not 

occur for all such vessels in all species, since NO-mediated relaxation of the intraocular part 

of the bovine long posterior ciliary arteries (using isolated artery preparations) was found to 

be driven by neurally derived NO, but not endothelial NO (Wiencke et al., 1994).
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Activation of preganglionic input to the PPG by facial nerve stimulation or by stimulation of 

the preganglionic neurons within SSN has also been shown to increase ChBF in mammals, 

and be dependent upon NO release (presumably from PPG terminals on orbital and/or 

choroidal blood vessels). For example, facial nerve stimulation in rabbits increases ChBF, 

and also yields a slight IOP rise (Stjernschantz and Bill, 1980). A later study reported that 

facial nerve activation in cats, rabbits or monkeys yields a ChBF increase that is preventable 

with ganglionic blockade with hexamethonium (Nilsson et al., 1985). Nilsson (1996) 

showed that 2 Hz facial nerve stimulation in rabbits increases ChBF, with the increase 

reduced 50% by nonselective NOS inhibition using LNAME or LNA, both of which inhibit 

both nNOS and eNOS. A role of some vasodilator in addition to NO was implied by 

the further finding by Nilsson (1996) that a ChBF increase with a slightly higher facial 

nerve stimulation frequency (5 Hz) was only minimally suppressed by NOS inhibition. In a 

subsequent study in cats, Nilsson (2000) similarly reported differential effects of low versus 

high frequency facial nerve stimulation on ChBF. In this case, ChBF increases with a lower 

facial nerve stimulation frequency (5 Hz) could be completely blocked by systemic NOS 

inhibition with LNA, but ChBF increases with a higher stimulation frequency (10 Hz) were 

reduced but not blocked by LNA alone. The results in rabbits and cats can be interpreted 

to suggest that the different vasoactive substances released by PPG terminals play roles 

at different nerve firing frequencies, with vasodilation caused by NO predominant at low 

frequencies (either endothelially or neurally derived), and with vasodilation caused by VIP 

predominant at higher frequencies. Studies on control of blood flow and salivary secretion 

in the submandibular and parotid glands, respectively, have yielded a similar result, showing 

that low frequency firing of parasympathetic postganglionic fibers may preferentially yield 

vasodilation and salivation via a muscarinic cholinergic action that stimulates endothelial 

NO release, while high frequency firing of parasympathetic postganglionic fibers may 

preferentially yield vasodilation and salivation by VIP release (Lundberg et al., 1982; 

Fazekas et al., 1987; Mansson and Ekstrom, 1991).

Direct activation of the SSN neurons projecting to those PPG neurons innervating choroid 

also increases choroidal vessel vasodilation in rats, as measured by transcleral laser Doppler 

flowmetry (LDF) from anterior sites along the upper surface of the eye (Steinle et al., 2000; 

Fitzgerald et al., 2002b) and from more posterior sites as well (Fitzgerald et al., 2002b), 

yielding large blood flow increases above baseline. Since the retinal vasculature is meager 

at the LDF sites used (Zhang, 1994), the SSN-elicited blood flow increases in rats are 

mainly attributable to ChBF increases (Koss, 1998; Steinle et al., 2000; Fitzgerald et al., 

2002b). Note that Steinle et al. (2000) did not detect ChBF increases in posterior choroid 

with SSN stimulation, but their approach of slitting the cornea to access the posterior retina 

may have compromised IOP and thereby compromised choroidal vasodilation in response 

to preganglionic activation. Intravenous administration of the general NOS inhibitor 

LNAME or the nNOS-selective inhibitor TRIM (1-(2-Trifluoromethylphenyl)imidazole) 

both significantly decreased basal ChBF in rats and attenuated the ChBF increases yielded 

by SSN stimulation (Steinle et al., 2000). The results employing the selective nNOS 

inhibitor TRIM indicate that the increase in ChBF with SSN stimulation involves NO release 

from intrachoroidal, as well as possibly from intraorbital, PPG fibers. Given the evidence for 

acetylcholine-mediated vasodilation of intraorbital vessels, a role for cholinergic endothelial 
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NO-mediated vasodilation in the ChBF increases with SSN stimulation cannot be ruled out. 

In their study in rats, however, Steinle et al. (2000) reported that atropine did not block SSN­

elicited choroidal vasodilation in rat. It is uncertain, however, if this was the case because 

of the stimulation frequencies examined or because of the atropine dose used. In chronically 

sympathectomized rats, cholinergic PPG mechanisms are clearly revealed, as M3 muscarinic 

receptor antagonists and atropine block ChBF increases with SSN stimulation (Steinle and 

Smith, 2000). This result is consistent with the finding that PPG neurons also appear to 

be cholinergic (Suzuki et al., 1990; Cuthbertson et al., 1997) and muscarinic agonists yield 

choroidal vasodilation (Gherezghiher et al., 1991; Mann et al., 1995).

Since the projection from NTS to choroidal SSN provides a means by which BP signals 

can modulate ChBF, we investigated if activation of baroreceptive NTS evokes ChBF 

increases in rat eye, using LDF to measure ChBF transclerally (Li et al., 2016a). We 

found that electrical activation of ipsilateral baroresponsive NTS, as defined by the c-fos 

response to hypotension, and its efferent fiber pathway to choroidal SSN increased mean 

ChBF by about 40–80% above baseline, depending on current level (Fig. 11). The ChBF 

responses obtained with stimulation of baroresponsive NTS were driven by increases in 

both choroidal blood volume (ChBVol) presumably caused by choroidal vasodilation, and 

choroidal blood velocity (ChBVel) presumably caused by orbital vessel dilation. Stimulation 

of baroresponsive NTS, by contrast, yielded no significant mean increases in systemic 

arterial blood pressure that might itself drive a ChBF increase. The increases in ChBF with 

NTS stimulation were significantly reduced by intravenous administration of the neuronal 

NO synthase (nNOS) inhibitor Nω-propyl-l-arginine (NPA), thus implicating intrachoroidal 

and orbital nitrergic PPG terminals in the NTS-elicited ChBF increases. Our results show 

that NTS neurons projecting to choroidal SSN do mediate increase in ChBF, and they thus 

suggest a role of baroresponsive NTS in the blood pressure-dependent regulation of ChBF. 

We performed similar studies to show that activation of PVN or RaM also drives increases in 

ChBF (Fitzgerald et al., 2012a, 2012b). Studies by others have also shown that baroreceptive 

NTS also drives cerebral vasodilation (Nakai, 1985; Agassandian et al., 2003).

To determine how low BP signals to NTS from the aortic depressor nerve (ADN), which 

fires at a low rate during systemic hypotension (Zhang and Mifflin, 2000), could yield 

increased firing in the NTS output to SSN, we investigated the hypothesis that SSN­

projecting NTS neurons receive input from inhibitory ADN-receptive NTS neurons (Scheuer 

et al., 1996), which as a result inverts the sign of the ADN activity for SSN-projecting 

NTS neurons (Fitzgerald et al., 2010; Li et al., 2016b). To evaluate this hypothesis (Fig. 

12), we determined if SSN-projecting NTS neurons are under prominent inhibitory control. 

We found that SSN-projecting NTS perikarya and their proximal dendrites identified by 

retrograde labeling from SSN are densely coated with inhibitory GAD65 + terminals, but 

only lightly coated with excitatory VGLUT2+ terminals. As NTS is rich in GABAergic 

neurons (Blessing et al., 1984), this inhibitory input is likely to arise from within NTS. 

Consistent with basal GABAergic suppression of NTS neurons that drive ChBF increases, 

we found that injection of the GABA-A receptor antagonist GABAzine into NTS yielded 

a significant 75% increase in ChBF, as measured using LDF. These results support our 

hypothesis that low BP signals from the ADN cause vasodilation in choroid by means 

of ADN input to GABAergic inhibitory NTS neurons that themselves control the activity 
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of NTS neurons that have excitatory output to SSN neurons controlling ChBF. Our 

findings may help explain instances in which sustained high-dose long-term treatment with 

benzodiazepines, which are GABA-A receptor agonists, has been associated with macular 

degeneration (see Li et al., 2016b). The benzodiazepines may act by inhibiting the GABA­

receptive NTS neurons that project to choroidal SSN, resulting in reduced excitatory drive 

to SSN and reduced ChBF. Moreover, as cerebral blood flow appears to be controlled by the 

same NTS-SSN circuit as ChBF (Agassandian et al., 2003), our findings also help explain 

why high benzodiazepine doses reduce cerebral blood flow and alter its baroregulation, since 

the same GABA-receptive NTS neurons that regulate ChBF via SSN may also regulate 

cerebral blood flow by means of this same projection (see Li et al., 2016b).

2.4. ChBF regulation in response to blood pressure fluctuation and the PPG input to 
choroid in mammals

The issue of ChBF compensation for ocular perfusion pressure changes so as to maintain 

ChBF near basal levels had been somewhat controversial. The phenomenon whereby blood 

flow in a vascular bed is maintained at a constant level despite variations in perfusion 

pressure is typically termed autoregulation, based on the assumption that it is mediated 

by mechanisms intrinsic to the blood vessels (namely a myogenic response to perfusion 

pressure). Although some authors also include regulation by local factors such as oxygen 

or carbon dioxide levels as autoregulation, for purposes of this paper we will refer to such 

regulation as metabolic regulation and restrict the term autoregulation to local regulation to 

perfusion pressure changes. Early studies on ChBF reported that it decreased linearly with 

reductions in choroidal perfusion pressure caused by acute hemorrhage (that lowered blood 

pressure and thereby perfusion pressure) or by increased IOP (which reduces choroidal 

perfusion pressure) (Alm and Bill, 1970; Bill, 1984, 1985; Alm, 1992). These observations 

had, in fact, led to a dogma that while cerebral blood flow and retinal blood flow do 

autoregulate to maintain stable flow when perfusion pressure is reduced, as demonstrated by 

numerous studies (Alm and Bill, 1972; Alm, 1992; Paulson et al., 1990), ChBF does not. It 

became increasingly evident from subsequent studies and is now widely accepted, however, 

that ChBF does compensate for perfusion pressure changes. For example, some degree of 

autoregulation with IOP elevation (which causes choroidal perfusion pressure reduction) has 

been noted in cats (Friedman, 1970; Weiter et al., 1973), rabbits (Chou et al., 2002), and 

humans (Riva et al., 1997a,b). When ocular perfusion pressure is experimentally reduced 

by lowering BP rather than by raising IOP, studies in rabbits have shown that stable ChBF 

over a blood pressure (BP) range of 40–50 mm Hg below basal BP is observed (Kiel and 

Shepherd, 1992). Kiel and van Heuven (1995) hypothesized that the compensation for BP 

reduction stemmed from myogenic mechanisms causing vasodilation in response to low 

vessel transmural pressure. The initial failure to detect ChBF compensation for perfusion 

pressure changes may have, in part, stemmed from methodological differences. Studies that 

did not report compensation tended to use the microsphere method, for which each animal 

typically provides only one data point, thus making it difficult to study dynamic processes 

such as autoregulation. By contrast, studies that did detect autoregulation have used laser 

Doppler Flowmetry, which is much better suited for studying dynamic changes in blood 

flow. More detailed descriptions of various ChBF methods are provided in Schmetterer 

and Kiel (2012). Kiel (2012) has also suggested that anesthetic may have played a role 
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in the failure to detect ChBF compensation for perfusion pressure changes. Moreover, the 

studies by Kiel show that manipulating choroidal perfusion pressure by changing BP yields 

better ChBF compensation than does manipulating choroidal perfusion pressure by changing 

IOP. The prior studies that did not detect autoregulation tended to use IOP to manipulate 

choroidal perfusion pressure.

The observation that manipulation of BP does not produce an equivalent outcome to 

manipulation of IOP in terms of the efficacy of autoregulation suggests that more than 

local autregulatory mechanisms are involved in the compensation for BP change, since if 

myogenic mechanisms alone were involved in both the compensation would be comparable. 

Given our anatomical data, it seems likely that neurogenic mechanisms contribute to 

ChBF regulation to BP fluctuation. Consistent with this, Kiel (1999) noted that both 

NOS inhibition and ganglionic blockade diminished the ChBF compensation to systemic 

hypotension in rabbit, implying some involvement of neurogenic vasodilatory mechanisms 

in the compensation. By contrast, ChBF compensation in piglet to perfusion pressure 

changes caused by IOP manipulation do not involve NO release, and thus seemingly at 

least in part involve a different mechanism than is involved in choroidal compensation for 

blood pressure fluctuations (Jacot et al., 1998). Because of their likely differing mechanisms 

and their different driving stimuli, we refer to the blood flow compensation for a change in 

perfusion pressure as caused by a change in systemic BP as baroregulation, and we refer to 

blood flow compensation for a change in choroidal perfusion pressure as caused by change 

in IOP as autoregulation. As discussed in more detail below, this terminological distinction 

is at least in part motivated by the recognition that the strictly local control implied by 

the term auto-regulation can be misleading when applied to ChBF compensation for BP 

fluctuation, given the evident involvement of centrally mediated autonomic reflexes in ChBF 

compensation for BP changes.

In hindsight, it should have always seemed unlikely that ChBF would not show 

compensation for reduced ocular perfusion pressure, given the potentially adverse 

consequences of either supranormal ChBF or subnormal ChBF on short term and long term 

retinal health and function. Without baroregulation, high BP, for example, would yield an 

ocular perfusion pressure resulting in excessively high ChBF, causing fluid accumulation in 

retina and abnormal exchange of wastes and nutrients between retina and choroid (Bill and 

Sperber, 1990; Kiel, 1994). Similarly, without baroregulation, low BP would yield an ocular 

perfusion pressure yielding low ChBF, causing retinal hypoxia and impaired retinal function 

(Steinberg, 1987; Yancey and Linsenmeier, 1988, 1989; Lovasik et al., 2005a; Lovasik and 

Kergoat, 2012).

Given the input of hypothalamic and solitary nucleus blood pressure- sensitive sites to the 

choroidal neurons of the SSN (Hosoya et al., 1984; Spencer et al., 1990; Ito and Seki, 

1998; Cuthbertson et al., 2003; Li et al., 2015a), at least part of the choroidal compensation 

to BP declines is likely to be mediated by the SSN-PPG circuit. Consistent with this 

possibility, prior studies have suggested that at least part of the vasodilatory compensation of 

cerebral blood vessels for declines in BP may be mediated by the PPG (Gotoh and Tanaka, 

1988; Morita et al., 1995). Interestingly, systemic hypotension does not activate sympathetic 

input to the choroid, but does cause peripheral vasoconstriction to mitigate the systemic 
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hypotension (Bill and Nilsson, 1985). Thus, the eye (like the brain) is a privileged tissue 

during systemic hypotension. Nonetheless, Linder (1981) found that although facial nerve 

stimulation increased ChBF in rabbits with systemic hypotension, facial nerve section did 

not reduce ChBF in rabbits with either systemic hypotension or in normotensive rabbits. 

These results seem inconsistent with the vasodilatory influence of the SSN-PPG circuit on 

the choroid and a role for it in ChBF compensation for low systemic blood pressure, at least 

in rabbits. Given the anatomical evidence for inputs to the SSN from BP-sensitive brain 

sites, however, we believed further studies were needed to assess the contribution of the 

SSN-PPG circuit in mammals to ChBF baroregulation.

To this end, we investigated the role of neuronally derived NO in ChBF baroregulation in 

rats (Reiner et al., 2010a). ChBF was continuously monitored using LDF in anesthetized 

rats, and arterial BP (ABP) measured via the femoral artery. At multiple intervals over 

a 2–4 h period during which ABP varied freely, ChBF and ABP were sampled and the 

results compiled across rats. We found that ChBF remained near baseline over an ABP 

range from 40 mm Hg above basal ABP (i.e. 90–100 mm Hg) to 40 mm Hg below 

basal ABP, but largely followed ABP linearly below 60 mm Hg (Fig. 13). Choroidal 

vascular resistance increased linearly as ABP increased above 100 mm Hg (indicating 

active vasoconstriction), and decreased linearly as ABP declined from basal to 60 mm 

Hg (indicating active vasodilation), but resistance declined no further below 60 mm Hg 

(reflecting a vasodilation limit). Inhibition of nitric oxide (NO) formation using either a 

selective inhibitor of nNOS (NPA) or a nonselective inhibitor of both nNOS and eNOS 

(LNAME) did not affect compensation above 100 mm Hg ABP, but did cause ChBF to 

linearly follow declines in BP below 90 mm Hg (Fig. 13). In NOS-inhibited rats, vascular 

resistance increased linearly with BP above 100 mm Hg (indicating intact vasoconstriction 

to mediate baroregulation during high ABP), but remained at baseline below 90 mm Hg 

(indicating a failure of vasodilation). These findings reveal that ChBF in rats, as in rabbits, 

humans and pigeons, compensates for rises and/or declines in arterial blood pressure so as 

to remain relatively stable within a physiological range of ABPs. The ChBF compensation 

for low ABP in rats is dependent on choroidal vasodilation caused by neuronally derived NO 

formation but not the compensation for elevated BP, implicating parasympathetic nervous 

system vasodilation in the ChBF compensation to low ABP.

Note that ChBF does not appear to regulate (decrease) to high oxygen levels in adult 

mammals, but does regulate (increase) in response to high CO2 (hypercapnia). For example, 

ChBF is unaltered in response to breathing 100% oxygen in humans (Riva et al., 1994; 

Kergoat and Faucher, 1999; Geiser et al., 2000), but is increased by breathing carbogen 

(95% O2–5% CO2) (Geiser et al., 2000). Similarly, hypercapnia increases ChBF in cats, 

sheep, baboons, and newborn piglets (Alm and Bill, 1972; Wilson et al., 1977; Milley et 

al., 1984; Stiris et al., 1991). High CO2 is known to increase cerebral blood flow as well 

(Wilson et al., 1977). The mechanism of the increased ChBF with hypercapnia is uncertain. 

Schmetterer et al. (1997) reported that NO is involved in hypercapnia-mediated increases 

in blood flow in the human ophthalmic artery, raising the possibility that the same is true 

for the choroid. Cyclooxygenase products do not appear to mediate the hypercapnic ChBF 

increase in newborn piglets (Stiris et al., 1992). Whether vasodilatory PPG input plays a role 

in hypercapnic ChBF increases is unknown. It is possible SSN neurons controlling ChBF 
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receive input from NTS neurons that themselves receive input from chemoreceptive carotid 

and/or aortic body cells.

2.5. Retinal function and the PPG input to choroid in mammals

We investigated if impairment of adaptive control of ChBF by the SSN-PPG circuit was 

damaging to the retina (Reiner et al., 2010b). The right SSN was stereotaxically lesioned 

in male rats, and histological analysis of the retina carried out 8–10 weeks later. Prior to 

sacrifice, full field scotopic flash ERGs were measured for both eyes at 2, 4 and/or 7–10 

weeks after the SSN lesion. ChBF evaluation was performed in some of these rats prior 

to sacrifice, which confirmed that they were defective in ChBF baroregulation during low 

systemic BP. Our ERG data showed that destruction of all or most of right choroidal SSN 

(SSN-Lx) significantly diminished the right eye ERG a-wave and b-wave amplitudes by 

8–10 weeks after ipsilateral SSN destruction, compared to sham lesions or lesions that 

missed right choroidal SSN (SSN-miss) (Fig. 14). Left eye b-wave abnormalities were also 

seen in the SSN-Lx rats. The right eye a-wave and b-wave deficits grew progressively 

worse from 2 to 8 weeks. In the histological analysis, GFAP (glial fibrillary acidic protein) 

immunolabeling was analyzed blinded using a scoring system for the extent of GFAP 

labeling in the Müller cells and the abundance of labeled Müller cells that we described 

previously (Kimble et al., 2006). Seven to ten weeks after destruction of choroidal SSN (n 

= 12), GFAP was significantly upregulated in retinal Müller cells throughout the ipsilateral 

retina in SSN-Lx rats (Fig. 14) to double that in controls (n = 11), as well as slightly 

upregulated in contralateral retina as well. By contrast, in control cases, which include cases 

with no lesions and cases without choroidal SSN damage, GFAP immunolabeling of Müller 

cells was mainly limited to their vitreal endfeet. Our findings indicate that impairment of 

the adaptive control of ChBF by the facial parasympathetic input to the choroid adversely 

affects retinal health. Thus, the underperfusion of the choroid during low BP that occurs 

with dysfunction of the SSN-PPG circuit appears to harm the retina. Preliminary studies 

also indicate an increase in choroidal macrophages in eyes ipsilateral to SSN destruction, as 

detected by IBA1 immunolabeling, suggesting early signs of an outer retinal inflammatory 

process as well.

In studies published in abstract form, we also investigated the long-term impact of impaired 

NO-mediated parasympathetic control of choroidal blood vessels on retinal health and 

visual function (Li et al., 2017). To this end, we studied young and aged mice lacking 

one or two nNOS alleles (Huang et al., 1993). Using transcleral LDF, we found that 

basal ChBF was ~60% of WT in both nNOS +/− and nNOS−/− mice at 3 months of 

age, but baroregulation appeared to be largely intact (perhaps due to compensation by 

VIP or cholinergic mechanisms). For these studies, blood pressure was sampled using a 

tail cuff, and concurrent ChBF tabulated. Visual acuity (as assessed using Optomotry), 

and thickness of retinal layers and photoreceptor abundance (as assessed in 1-μm thick 

toluidine blue-stained sections of plastic embedded retinas) did not differ between wild-type 

(WT) and mutant mice at 3 months of age. By contrast, visual acuity was only 60% of 

age-matched WT in nNOS +/− mice at 200–500 days of age. Surprisingly, visual acuity 

in nNOS−/− mice at 200–500 days of age was only reduced to ~85% of WT, which 

was nonetheless statistically significant. Similarly, a significant decline in photoreceptor 
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abundance and retinal ganglion cell layer thickness was seen between 200 and 500 

days of age in nNOS +/− mice, but not in nNOS−/− mice. The basis of the greater 

visual deficit and accelerated age-related ganglion cell and photoreceptor pathology in 

nNOS +/− mice is uncertain but may relate to the more greatly diminished nitrosylative 

oxidative damage attending the nullizygous nNOS state (Martínez-Lazcano et al., 2007). 

Thus, parasympathetic choroidal vasodilation appears important for long-term outer retinal 

health, and NO-mediated vasodilation is an important contributor to this. Further studies 

are needed to determine if baroregulation fails prematurely in older nNOS-deficient mice, 

and determine why hemizygous nNOS-KO should be more deleterious than homozygous 

nNOS-KO.

2.6. Peripheral anatomy of facial circuitry for control of ChBF in birds

The pigeon PPG consists of an interconnected series of three-four microganglia of about 

50–200 neurons each and numerous lesser microganglia (Fig. 4) (Cuthbertson et al., 1997). 

The main microganglia of the PPG network in pigeons lie along the superior aspect of the 

Harderian gland. Neurons of all of these microganglia are extremely rich in VIP and nNOS, 

and moderate in choline acetyltransferase (ChAT, the enzyme responsible for acetylcholine 

synthesis), with the majority co-containing VIP and nNOS. In pigeons and chickens, the 

PPG has been shown to innervate choroidal vessels, as well as orbital vessels supplying 

the choroid (Cuthbertson et al., 1997; Fischer and Stell, 1999). Axons containing VIP and 

nNOS extend from the PPG network to perivascular fiber plexi on orbital blood vessels 

(Cuthbertson et al., 1997). These orbital vessels, many of which enter the choroid posteriorly 

and nasally, are a conduit by which PPG postganglionic fibers reach the choroid. Within 

the choroid, VIP+ and nNOS + fibers are widely scattered but sparse, and most abundant in 

nasal choroid. These results suggest that PPG neurons in birds use VIP and NO, and also 

possibly acetylcholine, to exert vasodilatory control over blood flow to and within the avian 

choroid, as also is the case in mammals. Additionally, a few VIP+ and nNOS + neurons have 

been also observed in the choroid of pigeons and chickens. In some avian groups, however, 

such as ducks, many more intrinsic choroidal neurons co-containing VIP and nNOS have 

been reported (Bergua et al., 1996; Schrödl et al., 2001a,b; 2004), as described in more 

detail in the later section on intrinsic choroidal neurons.

2.7. Central anatomy of facial circuitry for control of ChBF in birds

Several studies have suggested that the preganglionic neurons innervating the PPG in birds 

reside in the superior salivatory nucleus, in a similar brainstem location as in mammals 

(Ganchrow et al., 1987; Medina and Reiner, 1994; Schrödl et al., 2006). Among these, 

Schrödl et al. (2006) carried out a detailed anatomical study on the localization of the avian 

SSN. ChAT + neurons in brainstem were retrogradely labeled via the radix autonomica of 

the facial nerve, which conveys preganglionic axons from the SSN to the PPG. The SSN 

neurons were located dorsolateral to somatic facial motoneurons, as they are in mammals. 

As in mammals, the SSN region receives input from the nucleus of the solitary tract 

(Arends et al., 1988), the parabrachial region (Wild et al., 1990), and the SSN (Korf, 

1984). Also as in mammals, the parabrachial region receives input from the nucleus of the 

solitary tract, which receives baroreceptive input (Katz and Karten, 1979; Berk et al., 1993). 
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Thus, the avian SSN-PPG circuit, like that in mammals, may be responsive to baroreceptor 

information and regulate ChBF as a function of systemic BP.

2.8. Functional studies of facial parasympathetic control of ChBF in bird

We have used transcleral LDF to measure ChBF in pigeons while systematically electrically 

stimulating brainstem in the vicinity of the facial motor nucleus (Reiner et al., 2012), 

focusing on the region of small cholinergic neurons comprising the SSN in chickens that 

have been shown to project to the PPG (Ganchrow et al., 1987; Schrödl et al., 2006). We 

found this region of the SSN of birds was effective for eliciting ChBF increases (100% 

or more) without significant concomitant BP increases. The NOS inhibitor 7-nitroindazole 

(7NI) greatly attenuated (about 50%) the ChBF increases that could be elicited from this 

region, consistent with an involvement of PPG NOS + neurons in the increases. Note 

that although 7NI has widely been referred to as a selective nNOS inhibitor, our own 

studies show that 7NI does induce a clear pressor effect in rats, that this pressor effect 

is peripherally mediated, and that 7NI does inhibit endothelium-dependent cholinergic 

vasodilation, all suggesting that the 7NI does inhibit eNOS (Zagvazdin et al., 1996b), and is 

thus not nNOS selective (Alderton et al., 2001; Ayajiki et al., 2001).

2.9. Choroidal baroregulation and the PPG input to choroid in birds

As part of our interest in the significance of the facial parasympathetic control of ChBF, 

we investigated if ChBF in pigeons showed baroregulation (i.e. compensation for perfusion 

pressure changes caused by BP changes so as to maintain ChBF near basal levels). In one 

line of study (Reiner et al., 2003), we determined whether ChBF in pigeons compensates for 

an acute decrease in arterial BP and remains stable. ChBF was measured using transcleral 

LDF in anesthetized pigeons, and a stable decrease in arterial BP was produced by blood 

withdrawal from the brachial artery. During the withdrawal itself, ABP decreased rapidly, 

but the ChBF decline was typically not as great as the arterial BP decline and showed 

recovery once ABP had stabilized at its lower level. In the case of blood withdrawal 

that did not cause ABP to go below 40 mm Hg, the ChBF decline at one minute after 

blood withdrawal was only about 50% of the ABP decline. When the ABP declined to 

a level below 40 mm Hg, the magnitude of the ChBF was proportional to ABP decline. 

These results confirmed for pigeons that ChBF does significantly compensate for ABP 

decline over a certain range. We further found that NOS inhibition with LNAME eliminated 

ChBF baroregulation to an ABP drop induced by blood withdrawal, suggesting a role 

of NO-mediated mechanisms in the process (Reiner et al., 2003). In a second set of 

studies (Reiner et al., 2003, 2011), we determined if ChBF baroregulation occurred during 

spontaneous ABP fluctuation. We found that significant ChBF baroregulation does occur 

in pigeons when the ABP deviates +30 or −40 from basal ABP (Fig. 15). Our overall 

results for the SNN-PPG circuit of birds thus indicate that while intrachoroidal PPG fibers 

may be fewer in at least some avian species than commonly the case in mammals, the 

central circuitry and role of the PPG input to orbital and choroidal blood vessels in 

ChBF baroregulation appears similar to that in mammals. Such ChBF baroregulation would 

prevent underperfusion-related ischemia during low ABP or overperfusion-related edema 

and impaired fluid-tissue exchange during high ABP in the outer retina (Johnson, 1980; 

Bill and Sperber, 1990; Kiel, 1994), and thus seemingly be an important ocular homeostatic 
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mechanism. For the cerebral vasculature, in which baroregulation is also evident, both an 

intrinsic vascular smooth muscle myogenic mechanism (which acts to maintain vessel wall 

stretch within a preferred range) and a PPG-mediated neurogenic mechanism have been 

proposed to contribute to baroregulation during low systemic BP (Ishitsuka et al., 1986; 

Gotoh and Tanaka, 1988; Paulson et al., 1990). In addition to a choroidal neurogenic 

mechanism we have described above, myogenic mechanisms have also been proposed to 

play a role in choroidal baroregulation (Kiel and Shepherd, 1992; Kiel, 1994).

3. Oculomotor nucleus parasympathetic input to choroid

3.1. Anatomical evidence for and against ciliary ganglion input to choroid in mammals

Birds also possess a parasympathetic input to the choroid via the ciliary ganglion, which 

receives its preganglionic input from the nucleus of Edinger-Westphal (EW) of the 

oculomotor nuclear complex (Fig. 16) (Reiner et al., 1983). While avian choroid receives 

both ciliary ganglion and PPG input, the ciliary ganglion input is the more prominent 

parasympathetic input. In mammals, the PPG typically gives rise to a massive choroidal 

innervation, but it has remained uncertain if the ciliary ganglion also innervates the choroid. 

Various lines of evidence suggest it does, but none of the evidence is definitive.

The ciliary ganglion innervates the muscles of accommodation and the sphincter muscle of 

the iris in mammals and birds. The ciliary ganglion postganglionic nerves to these structures 

travel via the short ciliary nerves, which penetrate the posterior globe, and course to the 

front of the eye, to reach these intraocular muscle groups. In birds, two distinct neuron 

types are present in the ciliary ganglion, a smaller one innervating choroid called choroidal 

neurons and a larger one innervating the muscles of accommodation and the iris sphincter 

muscle called ciliary neurons (Fig. 16) (Reiner et al., 1983, 1991; Meriney and Pilar, 1987). 

Moreover, preganglionic EWin birds consists of two clear cytoarchitectonic subdivisions, 

the medial of which projects to the choroidal neurons of the ciliary ganglion and the lateral 

of which projects to the ciliary neurons of the ciliary ganglion (Reiner et al., 1983; Reiner 

et al., 1991). In mammals, no such distinctly different neuron types have been reported 

in the ciliary ganglion, and no distinct subdivision of EW that does not subserve pupil 

constriction and accommodation and thus might potentially subserve choroidal blood flow 

regulation has been identified (Gamlin, 2000; May et al., 2008). May (1997), nonetheless, 

noted numerous references in the literature that the short ciliary nerves that arise from the 

ciliary ganglion have branches to choroidal blood vessels. The ciliary ganglion neurons 

in birds and mammals are cholinergic, and Imai (1977) identified cholinergic nerves by 

acetylcholinesterase staining in albino rats and rabbits that enter the choroid via the short 

ciliary nerves and ramify on choroidal blood vessels. Imai noted a similar result in pigeons, 

and in pigmented rabbits and rats, in which the nerves were more difficult to discern due to 

the choroidal pigmentation. Imai (1977) also noted cholinergic nerves in monkey choroid. 

Using biochemical methods, Mindel and Mittag (1976) confirmed the presence of ChAT 

in the choroid of rabbits, cows and humans, consistent with the presence of cholinergic 

nerves in choroid. In all of these instances of possible ciliary ganglion input to choroidal 

blood vessels via the short ciliary nerves in mammals, however, an interpretation difficulty 

is posed by the fact that some PPG postganglionic branches join and travel with the short 
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ciliary nerves, and others travel through the ciliary ganglion to emerge in the short ciliary 

nerves (Ruskell, 1970; Kuwayama et al., 1987; Lin et al., 1988; Ten Tusscher et al., 1990). 

Thus, the cholinergic fibers in the short ciliary nerves described in some or all of these prior 

studies in mammals might be of PPG origin.

Additional apparent support for ciliary ganglion control of choroid in mammals involves 

the evidence for an input from SCN to EW in mammals (Pickard et al., 2002). This input 

resembles that from SCN to EW in birds (see below) and could thus be part of an EW circuit 

mediating control of choroidal blood flow. If the facial parasympathetic input to choroid 

mainly mediates systemic BP-dependent control of ChBF, an additional circuit would in 

principle be needed for retinal activity-dependent control of ChBF. The SCN input to a 

putative ChBF-control part of EW would provide such a mechanism, and as discussed below 

there is evidence for both EW and ciliary ganglion involvement in choroidal vasodilation in 

mammals. Note, however, in our own PRV studies of central circuitry controlling ChBF, we 

did not see any PRV + labeled neurons in SCN following minute injections of PRV restricted 

to the choroid of the superior quadrant of the eye (Li et al., 2015a). Thus, although SCN may 

project to EW in mammals, we found no evidence in rats that those EW neurons receiving 

a putative SCN input also project to ciliary ganglion neurons projecting to choroid. If such 

EW neurons existed and they received SCN input, then PRV would have transneuronally 

labeled them from the choroid via the ciliary ganglion, and yielded transneuronal retrograde 

labeling of their afferent SCN neurons as well. Note that the EW and ciliary ganglion vary 

widely among mammals, being poorly developed and cell sparse in rodents and rabbits, 

but much better developed in primates. It may be that an EW-ciliary ganglion-choroid 

circuit is absent in nocturnal small-eyed mammals without fovea such as rodents, but 

present in diurnal foveate species such as many primates (including humans). Studies to 

determine if EW in any primates contains separate regions responsible for pupil constriction, 

accommodation, and ChBF control are needed. Although pupil and accommodation control 

neurons have been demonstrated in EW in macaques, whether they reside in separate parts 

of EW is uncertain, and whether there is a separate part of EW that mediates neither is 

uncertain (McDougal and Gamlin, 2015).

3.2. Functional evidence for an EW – ciliary ganglion circuit to choroid in mammals

As noted above in the section on the PPG, there is evidence that ChBF can be 

increased by muscarinic cholinergic activation. Additionally, Alm et al. (1973) showed 

that preventing acetylcholine breakdown by corneal administration of the cholinesterase 

inhibitor neostigmine or ocular muscarinic activation by corneal administration of the 

agonist pilocarpine causes a slight increase in ChBF, despite the distance from the choroid. 

These ChBF increases mediated by cholinergic drugs might occur by their action on 

choroidal vessels post-synaptic to cholinergic ciliary ganglion input. Consistent with this 

possibility, Stjernschantz et al. (1976) showed that intracranial stimulation of the oculomotor 

nerve in rabbits increased blood flow in the choroid. These authors were surprised by 

this effect, and speculated that perhaps their stimulation had inadvertently activated the 

nearby trigeminal nerve. Bill et al. (1976) showed, however, that ganglionic blockade with 

hexamethonium or peripheral muscarinic blockade with biperiden in rabbits slightly reduced 

the vasodilatory effect on the choroid of intracranial stimulation of the oculomotor nerve, 
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implicating a ciliary ganglion role and peripheral cholinergic mechanisms in the ChBF 

increase. Hexamethonium also reduced basal ChBF. In a later study, however, Stjernschantz 

and Bill (1979) reported that intracranial stimulation of the oculomotor nerve failed to yield 

a ChBF increase in rabbits, cats or monkeys. It was uncertain why the ChBF increase in 

rabbits was no longer evident. Similarly, Bill (1962) directly stimulated the ciliary ganglion 

input to the choroid in rabbits and cats, and collected ocular blood efflux to measure flow. 

He reported no increase in ChBF with ciliary ganglion activation, but method sensitivity 

might be an issue. Gherezghiher et al. (1990) reported that oculomotor nerve stimulation 

in cats increased IOP (they did not measure ChBF). This effect could be blocked by 

hexamethonium and they suggested the IOP increase might have been due to an increase in 

choroidal volume due to vasodilation. Consistent with these results, ciliary ganglion removal 

causes an IOP drop in cats and monkeys (Colasanti and Powell, 1985; Erickson-Lamy and 

Kaufman, 1988). Stjernschantz (1976), however, reported that stimulation of the intracranial 

part of the oculomotor nerve in rabbits had minimal impact on IOP, and in fact slightly 

decreased it. Nakanome et al. (1995) found that upon short ciliary nerve stimulation in 

cats at a point just before the eye and distal to the ciliary ganglion, capsaicin-sensitive 

increases in ChBF were obtained. The capsaicin-sensitivity indicates that the ChBF increase 

was largely mediated by trigeminal sensory fibers that had joined the short ciliary nerves 

just prior to scleral penetration. By contrast, stimulation of the short ciliary nerves just 

after their emergence from the ciliary ganglion yielded a prominent capsaicin-insensitive 

vasodilation in the choroid that was parasympathetic in origin (sensory fibers being absent at 

this point). While this is again consistent with a ciliary ganglion innervation of the choroid, 

the possibility remains that it was PPG fibers traveling with the short ciliary nerves that 

were responsible for the evoked choroidal vasodilation. Thus, none of the lines of functional 

evidence for a ciliary ganglion influence on ChBF in mammals is unambiguous, and it 

remains uncertain if there is EW-ciliary ganglion control of ChBF in mammals. As noted 

above, it would be useful to determine if EW in any primates contains separate regions 

responsible for pupil constriction, accommodation, and ChBF control.

3.3. Anatomy of ciliary ganglion circuit to choroid in birds

In birds, we have identified the major central components of a circuit regulating ChBF via 

the ciliary ganglion (Gamlin et al., 1982; Reiner et al., 1983, 1991; Cuthbertson et al., 1996, 

1999). The central components of this circuit are (arbitrarily beginning with the right eye): 

the right retina - the left suprachiasmatic nucleus (SCN) - the right (and to a lesser extent 

the left) medial subdivision of the nucleus of Edinger-Westphal (EWM) (Fig. 16). Neurons 

of EWM, in turn, innervate those neurons of the ipsilateral ciliary ganglion that give rise 

to an extensive cholinergic innervation of ipsilateral choroidal blood vessels. By contrast, 

neurons of lateral EW (EWL) innervate the ciliary neurons of the ciliary ganglion, some 

of which innervate the iris sphincter muscle and the rest of which innervate the muscles 

of accommodation. Those ciliary ganglion neurons controlling the iris receive their input 

from caudolateral EWL, which in turn receives its input from a retinorecipient pretectal 

cell group, called area pretectalis in birds, of the contralateral side of the brain (Reiner et 

al., 1983; Gamlin et al., 1984). Area pretectalis receives mainly contralateral retinal input. 

The more rostromedial part of EWL controls accommodation and receives input from the 

reticular midbrain, which appears to receive input from the arcopallium, a motor area of 
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the telencephalon (Reiner et al., 1983; Gamlin and Reiner, 1991). Stimulation of the pigeon 

arcopallium yields accommodation (Reiner et al., 1983). Note that our efforts to delineate 

the neurochemistry, connectivity and function of the different parts of pigeon EW were 

aided to no small extent by the large and well-defined nature of this cell group, and the 

cytoarchitectonic distinctness of its parts. By contrast, in many mammals preganglionic EW 

is small and illdefined, although it is somewhat larger and more distinct in primates (May et 

al., 2008; Kozicz et al., 2011).

Based on recent analysis of the hypothalamic circadian control system in birds, Cantwell 

and Cassone (2006a,b) have suggested that the mammalian SCN is a composite of two 

hypothalamic regions in birds. A medial region in birds termed the medial SCN (mSCN) 

appears to be responsible for generating circadian rhythms but it receives only meager 

retinal input, while the more lateral region projecting to EWM was termed the visual SCN 

(vSCN) by them and receives substantial retinal input (Cantwell and Cassone, 2006a,b). 

These two SCN regions are interconnected, and together they have the neurochemistry, 

connections and function of the mammalian SCN. For these reasons, we will henceforth 

term the part of avian SCN controlling ChBF the vSCN. Given that melanopsin-expressing 

retinal ganglion cells in birds drive the pupil light reflex, as they do in mammals, 

presumably by a projection to the area pretectalis (Verra et al., 2011; Valdez et al., 

2015; Diaz et al., 2016), it seems likely that the visual drive to vSCN in birds (like that 

to mammalian SCN) also derives from intrinsically photosensitive melanopsin-expressing 

retinal ganglion cells. The anatomy of the vSCN-EWM-Ciliary Ganglion circuit clearly 

suggests that it might be involved in the light-regulated control of ChBF, and in studies 

described below we have shown this is the case.

Neurons of EW are cholinergic and possess AMPA type glutamate receptors, implying the 

inputs from SCN, AP and reticular formation are in large part glutamatergic (Meriney and 

Pilar, 1987; Reiner et al., 1991; Toledo et al., 2002). Choroidal neurons release acetylcholine 

(Meriney and Pilar, 1987), and cholinergic fibers from the ciliary ganglion are widespread in 

avian choroid (Cuthbertson et al., 1996). In pigeons, they are most abundant in the superior 

and temporal ocular quadrants (Cuthbertson et al., 1996). We found that nNOS is present in 

only a small fraction of ciliary neurons, and is absent from choroidal neurons (Cuthbertson 

et al., 1999), and thus not a source of nNOS + fibers in avian choroid. Consistent with the 

cholinergic projection of the ciliary ganglion to the eye (Imai, 1977; Meriney and Pilar, 

1987; Reiner et al., 1991), Fischer et al. (1998) found that M2, M3 and M4 receptors are 

present in chick choroid and ciliary body by Western blots and immunolabeling.

3.4. Function of vSCN-EWM-ciliary ganglion circuit in birds

Our functional studies confirm the anatomical implication that the vSCN-EWM circuit 

participates in the light-regulated control of ChBF (Reiner et al., 1983). For example, 

we showed that electrical stimulation of EWM increases ChBF in the ipsilateral eye, as 

measured by LDF (Fitzgerald et al., 1990b). In Fitzgerald et al. (1996), we also showed that 

activation by electrical stimulation of what we now call vSCN yields increases in ChBF in 

the opposite eye, while retinal illumination yields ChBF increases in the illuminated eye, as 

would be predicted by the doubly crossed layout of the vSCN-EWM circuit. Furthermore, 
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the vSCN-elicited and light-elicited increases could be blocked reversibly by lidocaine 

injection into the EWM ipsilateral to the recorded eye. Control studies confirmed that the 

light-elicited increases were not artifactually generated by transocular illumination of the 

LDF probe. In a study on chicks, we showed that severing the ciliary nerves permanently 

dilates the pupil and causes increased ChBF (Shih et al., 1993a). We interpreted the 

ChBF increase to stem from the increased illumination falling on the retina due to the 

chronically dilated pupil. An opaque occluder that diminished light entry in chick eyes 

with severed ciliary nerves eliminated the ChBF increase (Shih et al., 1994). These results 

indicate that the vSCN-EWM-Ciliary Ganglion circuit regulates ChBF based on the pattern 

and/or intensity of retinal illumination (Fitzgerald et al., 1996), and perhaps flicker may 

as well (Shih et al., 1997). Such reflexive responses to increased retinal illumination or 

increased complexity of the patterns imaged on the retina may be adaptive, since such retinal 

activation alters the metabolic and/or thermal demands on the retina (Linsenmeier, 1986; 

Steinberg, 1987; Bill and Sperber, 1990).

We also found that the non-selective NOS inhibitors 7NI and LNAME each attenuate the 

EWM-evoked ChBF increase by about 80%. In light of our findings that choroidal neurons 

do not contain NOS or make NO (Cuthbertson et al., 1999), these results indicate that 

it is endothelially derived NO that must mediate EWM-elicited choroidal vasodilation. 

Since choroidal neurons of the avian ciliary ganglion do release acetylcholine (Meriney 

and Pilar, 1987), and since acetylcholine is known to stimulate endothelial NO release 

(Moncada et al., 1991), we studied the role of muscarinic cholinergic mechanisms in 

ciliary ganglion-mediated ChBF increases in pigeon (Zagvazdin et al., 2000). Using LDF 

and atropine as well as selective blockers of the M3-type muscarinic receptor (4-diphenyl­

acetoxy-N-methylpiperedine, 4DAMP) and the M2-type muscarinic receptor (himbacine), 

we found that atropine and M3-type muscarinic receptor blockade greatly (by about 90%) 

inhibited EWM-evoked increases in ChBF, while M2-type receptor inhibition increased 

ChBF by about 100%. Based on our findings that the ciliary ganglion input to choroid 

does not synthesize NO but inhibitors of NO production do block EWM-evoked choroidal 

vasodilation, it seems likely that the M3 receptors acted on by 4DAMP are present on 

choroidal endothelial cells, and the ciliary ganglion thereby mediates choroidal vasodilation 

via M3 cholinergic stimulation of endothelial NO release. In contrast, M2 muscarinic 

receptors may play a presynaptic role in downregulating EWM-evoked parasympathetic 

cholinergic vasodilation in avian choroid. Inhibiting M2 muscarinic receptors thus would 

be a means to potentiate ChBF. Our finding that EW lesions significantly diminish ChBF 

in pigeons indicates that basal activity in the preganglionic input to the ciliary ganglion 

is needed to maintain basal choroidal tone (Fitzgerald et al., 1996), and our finding that 

severing the choroidal nerves from the choroidal neurons of the ciliary ganglion to the 

choroid in chickens vastly diminishes ChBF supports the view that ciliary ganglion input 

prominently controls basal choroidal tone, as well as mediates evoked increases (Shih et al., 

1993b).

3.5. Retinal function and ChBF control by the vSCN-EWM-ciliary ganglion circuit in birds

While large reductions in ChBF lead to severe photoreceptor loss (Gay et al., 1964; 

McCulloch, 1988), even slight reductions in ChBF hinder the ability of oxygen and nutrients 
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to reach the outer retina, and such ChBF reductions thereby have rapid and deleterious 

functional consequences for the outer retina (Steinberg, 1987; Yancey and Linsenmeier, 

1988, 1989; Lovasik et al., 2005a; Lovasik and Kergoat, 2012). ChBF is also vital for 

supporting the inner retina in those retinal regions or species poor in retinal vessels (Bill, 

1984; Kiel and Shepherd, 1992). It seems likely then that adaptive neural regulation of 

ChBF is important for the long-term health of the retina. We have specifically addressed 

this issue in studies on the avian vSCN-EWM-Ciliary Ganglion system in which we 

destroyed EWM. Such lesions reduce basal ChBF to 50–75% of normal in the ipsilateral 

eye, and block adaptive ChBF regulation by the SCN-EWMCiliary Ganglion circuit (e.g. 

light-mediated ChBF increases) (Fitzgerald et al., 1996). In pigeon eyes affected by EWM 

lesions, we have found evidence of retinal functional disturbance and pathology, including: 

1) increased glial fibrillary acidic protein (GFAP) in retinal Müller cells (Fitzgerald et 

al., 1990a; Kimble et al., 2006); 2) losses in behaviorally assessed visual acuity (Hodos 

et al., 1998); and photoreceptor loss (Reiner et al., 2016). In the former studies, we 

examined the effects of EWM lesions on retinal GFAP immunolabeling in birds housed 

under normal circadian lighting conditions (Kimble et al., 2006). We found that the GFAP 

increases in Müller cells following EWM destruction are progressive up to 24 weeks, and 

occur preferentially in superior/temporal retina, which is heavily innervated by the ciliary 

ganglion in pigeons (Fig. 17). After 24 months, GFAP expression begins to diminish, but 

the GFAP upregulation is still evident one year after the lesion. In behavioral studies, we 

examined the effects of EWM lesions on visual acuity in pigeons (Hodos et al., 1998). 

Bilateral lesions of EWM were made electrolytically, and visual acuity for high contrast, 

square-wave gratings was determined behaviorally about one year later and compared to 

that in a group of pigeons that had received sham lesions of EW about one year prior to 

acuity testing. Because lesions targeting EWM invariably result in damage to the adjoining 

EWL, two additional control groups were studied. In one control group, bilateral lesions 

in area pretectalis (AP), which innervates the pupillary control part of EWL and thereby 

controls pupillary constriction (Reiner et al., 1983), were made and the effects on visual 

acuity determined about one year later. In the second additional control group, the effects 

of acute accommodative and pupillary dysfunction on acuity were studied in cyclopleged 

pigeons. The mean acuities of birds with AP lesions (9.1 ± 1.4 cycles/degree) and sham 

lesions (7.1 ± 1.5 cycles/degree) were not significantly different from normal. In contrast, 

pigeons with lesions that completely destroyed EW bilaterally showed visual acuity (2.7 ± 

0.1 cycles/degree) that was well below the acuity of the sham and AP-lesion control groups. 

The acuity of the cyclopleged pigeons (4.8 ± 0.3 cycles/degree) and one pigeon with a nearly 

complete bilateral EWL but a unilateral EWM lesion (6.4 cycles/degree) indicated that only 

about half of the loss with a bilateral EW lesion could be attributed to accommodative 

dysfunction. Thus, bilateral destruction of EWM led to a loss in visual acuity, suggesting 

that disruption of adaptive neural regulation of ChBF causes retinal injury that impairs 

vision.

More recently, we characterized the effect of loss of EWM-mediated ChBF regulation on 

photoreceptor health in pigeons housed in either moderate intensity diurnal or constant light 

(Reiner et al., 2016). Photoreceptor abundance following complete EWM destruction was 

compared to that following a lesion in the pupil control circuit (as a control for spread 
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of EWM lesions to the nearby pupil-controlling lateral EW) or following no EW damage. 

Birds were housed post lesion in a 12 h 400 lux light/12 h dark light cycle for up to 

16.5 months, or in constant 400 lux light for up to 3 weeks. Disruption of pupil control 

had no adverse effect on photoreceptor outer segment abundance in either diurnal light or 

constant light, but EWM destruction led to 50–60% loss of blue/violet cone outer segments 

in both light conditions, and a 42% loss of principal cone outer segments in constant 

light. The findings indicate that adaptive parasympathetic regulation of ChBF in birds plays 

a role in maintaining photoreceptor health, and mitigates the harmful effect of light on 

photoreceptors, especially in the case of short wavelength-sensitive cone photoreceptors.

Our studies in birds, therefore, show that interrupting parasympathetic neural control of 

ChBF by the vSCN-EWM-Ciliary Ganglion circuit is harmful for the retina. It seems 

likely therefore that retinopathy would also ensue from central or peripheral damage to 

parasympathetic facial, sensory or sympathetic circuits controlling ChBF (Potts, 1966). 

The precise nature of the retinal injury and the circumstances under which the impaired 

neural control of ChBF might be especially harmful, however, are uncertain and would 

depend on the precise role that the damaged circuit plays in supporting ocular health and 

on the ongoing presence of exteroceptive or interoceptive signals that might engage those 

circuits. It is possible that the retinal impairments observed with EWM lesions that disable 

parasympathetic control of ChBF stem from ChBF insufficiency that renders the retina 

chronically hypoxic and ischemic (Yancey and Linsenmeier, 1988, 1989; Fitzgerald et al., 

1990a). Impaired parasympathetic control of ChBF may also result in harmful accumulation 

of waste products in the outer retina or an inadequate nutrient supply for outer retina renewal 

(e.g. amino acids, sugars and fats) (Herron et al., 1969; LaVail, 1981). Consistent with this, 

an increase in lipid granules was seen by us in the RPE of EWM eyes by light microscopy 

(LM) and electron microscopy (EM) beginning already by 4 weeks postlesion. Regardless of 

the basis of the retinal damage that occurs with disturbed ciliary ganglion-mediated control 

of ChBF in birds, it is likely that these same potentially damaging processes are normally 

held in check by intact adaptive ciliary ganglion-mediated control of ChBF.

4. Sympathetic superior cervical ganglion input to choroid

Sympathetic noradrenergic nerve fibers from the superior cervical ganglion innervate the 

choroid in mammals (Stone et al., 1987), and birds (Guglielmone and Cantino, 1982). In 

birds and mammals, the innervation is to blood vessels, and in birds to the smooth muscle 

of the choroidal stroma as well. Mammalian groups in which sympathetic innervation of 

the choroid has been demonstrated include rats, guinea pigs, rabbits, cats, and monkeys 

(Fig. 18) (Malmfors, 1965; Laties and Jacobowitz, 1966; Ehinger, 1966; Fitzgerald et al., 

1992; Li and Grimes, 1993; Klooster et al., 1996). The sympathetic nerve fibers utilize 

noradrenaline as a neurotransmitter, and they thus contain the enzymes involved in its 

synthesis, such as tyrosine hydroxylase (TH) and dopamine beta-hydroxylase (DBH), and 

the transporter involved in the packaging of noradrenaline into vesicles, namely the vesicular 

monoamine neurotransmitter – 2 (VMAT2). The sympathetic nerve fibers from the superior 

cervical ganglion travel to the choroid via orbital blood vessels or by joining the ophthalmic 

nerve in both mammals and birds (Smith and Fan, 1996). Consistent with the sympathetic 

innervation of choroid and vessels supplying the choroid, cervical sympathetic stimulation in 
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rats, rabbits, cats and monkeys increases uveal resistance and decreases ChBF (Bill, 1962; 

Alm and Bill, 1973; Alm, 1977, 1992; Riva et al., 1994; Abe et al., 1995; Steinle et al., 

2000). The choroidal vasoconstriction caused by direct administration of noradrenaline or by 

activation of sympathetic nerves to the choroid is mediated by alpha-adrenergic receptors on 

blood vessels (Bill, 1984; Gherezghiher et al., 1991; Koss and Gherezghiher, 1993; Koss, 

1994; Abe et al., 1995; Kawarai and Koss, 1998; Steinle et al., 2000). Consistent with a role 

of alpha-adrenergic receptors on choroidal vessels in ChBF control, Kiel and Lovell (1996) 

reported that alpha-adrenoreceptor blockade increased ChBF in rabbits. Blockers of beta­

adrenergic receptors, by contrast, have been shown in pig to be only marginally effective in 

dilating the short posterior ciliary arteries (Braakman et al., 1999), and thus unlikely to have 

a significant vascular role in sympathetic choroidal control. The sympathetic co-transmitter 

NPY also has a role in ChBF regulation, since intravenous NPY in rabbits decreases ChBF 

50% (Nilsson, 1991). NPY may be responsible for that part of choroidal sympathetic 

vasoconstriction that is not blocked by aphaadrenergic receptor antagonists (Alm, 1992), 

and particularly contribute to choroidal vasoconstriction with high sympathetic nerve firing 

rates, with noradrenaline playing its role during low firing rates (Bill, 1991).

Several studies have examined the impact on ChBF of removing the sympathetic input 

to choroid. Using LDF, Chou and coworkers found no evident increase in ChBF at basal 

perfusion pressures in rabbits one week after bilateral removal of the superior cervical 

ganglion (SCG) (Chou et al., 2000), or one week after unilateral removal of the SCG (Chou 

et al., 2002). Zhan et al. (2002) reported that basal ChBF in rabbits was also unchanged 24 

h after sympathetic denervation by SCG removal. Similarly, Bill and coworkers have noted 

that sympathetic input does not substantially affect basal choroidal tone at normal systemic 

blood pressure in rabbits (Bill, 1984, 1985; Bill and Nilsson, 1985). Chou et al. (2000, 2002) 

did, however, note that as ocular perfusion pressure was lowered to zero by increasing IOP, 

ChBF remained higher in the rabbits with unilateral or bilateral sympathetic denervation as 

ChBF fell below about 50 mm Hg. Thus, sympathetic input exerts a constrictory effect on 

the tone of choroidal vessels that is manifest at low perfusion pressures, at least in rabbits. 

By contrast, Steinle et al. (2002) reported increased choroidal vessel luminal diameters and 

increased blood flow six weeks after ipsilateral cranial sympathetic transection in rats. In our 

own work in rats with bilateral SCG removal (SCGx), we observed by LDF that baseline 

ChBF was slightly but persistently elevated in SCGx compared to sham rats (by an average 

of 14.5%) at 2–3 months after surgery (n = 14 sham and 14 SCGx eyes), and this difference 

was significant over time by ANOVA (p = 0.000015). Thus, the sympathetic input appears to 

exert a small but steady vasoconstrictory effect on choroid under basal conditions, at least in 

rats. This vasoconstrictory influence apparently can also be revealed in rabbits if choroidal 

perfusion pressure is lowered by increasing IOP.

Bill (1984, 1985) has suggested that the sympathetic innervation of choroid becomes 

particularly activated with elevated systemic blood pressure, which acts to vasoconstrict 

the choroid to prevent the over-perfusion that would otherwise occur with the increased 

perfusion pressure caused by the elevated systemic BP. Increases in systemic blood pressure 

can occur naturally during stress or heightened activity levels. Several studies in humans 

have shown, in fact, that the choroid vasoconstricts after exercise-induced increases in 

systemic blood pressure and thereby compensates for the increased perfusion pressure 
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(Riva et al., 1997a; Lovasik et al., 2003). Fuchsjäger-Mayrl et al. (2003) reported that 

endothelial cell release of the vasoconstrictor endothelin-1 plays a role in this effect. It 

may also be that central baroreceptor-responsive circuitry acting via the sympathetic input 

to choroid contributes to choroidal baroregulation during high systemic BP. The details of 

such circuitry, however, need elucidation. In particular, since low BP signals cause systemic 

sympathetic vasoconstriction, but it is high BP that drives choroidal vasoconstriction, there 

must be a difference between inputs to the central neurons giving rise to the sympathetic 

postganglionic outflow to the systemic versus the choroidal vasculature. In the absence 

of sympathetic choroidal vasoconstriction during high systemic BP, the resulting sustained 

elevations in ChBF would be harmful for retinal health and function, as they would lead 

to overperfusion and breakdown of the blood-retinal barrier. Ocular overperfusion and/or 

vascular leakiness has in fact, been demonstrated in sympathectomized rabbits with systemic 

blood pressure elevation caused by aortic clamping (Bill and Linder, 1976; Bill and Nilsson, 

1985) and in sympathectomized monkeys subjected to systolic hypertension (Ernest, 1977).

Consistent with the above considerations, removal of the sympathetic input to choroid has 

an adverse impact on retinal health. For example, Steinle et al. (2005) noted that there 

was a significant reduction in photoreceptor cell numbers and the width of the retinal outer 

nuclear layer in sympathectomized rat eyes. Increased Müller cell immunostaining for GFAP 

spanning the ganglion cell layer and inner nuclear layer was also noted after sympathectomy 

by Steinle et al. (2005). We examined the effects of sympathetic denervation of choroid 

on ChBF baroregulation, as well as on retinal function (Fitzgerald et al., 2012a; Li et al., 

2015b). Rats received bilateral superior cervical ganglionectomy (SCGx) (n = 7), which 

depleted the choroid of sympathetic innervation (vMat2+ fibers) but not parasympathetic 

innervation (VIP+ and NOS + fibers) in both eyes. Control rats received sham surgery (n 

= 7). The flash-evoked scotopic electroretinogram (ERG) was measured for both eyes 2–3 

months after SCGx, and visual acuity was assessed for both eyes by OptoMotry. ChBF was 

assessed using LDF. To determine the effectiveness of ChBF baroregulation, arterial blood 

pressure (BP) was raised above basal by intravenous LNAME (10 mg/kg). Arterial blood 

pressure (BP) was measured via the femoral artery, as previously described (Reiner et al., 

2010a). Subsequently, eyes from these and additional SCGx and sham rats were harvested 

for histological evaluation. Baseline ChBF prior to LNAME administration was persistently 

and significantly elevated in SCGx eyes compared to sham rat eyes by 14.5%, as noted 

above (Fig. 19). Over the first five minutes of the rapid ABP rise caused by LNAME, ChBF 

rose briefly and minimally in sham eyes, before returning to baseline, and then remained 

below baseline as the high ABP was maintained (Fig. 19). By contrast, in SCGx mice, ChBF 

increased considerably more, and did not return to baseline until about 5 min after LNAME 

administration. Even then, ChBF remained elevated above that in sham eyes. These results 

show that SCGx impaired choroidal baroregulation during ABP rise, and led to a slight 

sustained elevation in ChBF during high ABP as well. Impairments in visual function were 

associated with the deficits in baroregulation after SCGx. For example, the scotopic ERG 

b-wave amplitude was significantly reduced by 10–15% at the brightest 3 light intensities 

(Fig. 19), and the scotopic a-wave was significantly reduced by 20–30% at the brightest two 

light intensities, compared to sham rat eyes. Regression analysis showed that the failure of 

baroregulation (as assessed by increased correlation of ABP with ChBF) was significantly 
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linked to a slowing of the latency and a reduction in the peak of the a-wave and b-wave. 

Visual acuity was also reduced for SCGx eyes, by ~50%, and this deficit too was statistically 

associated with baroregulatory failure. Photoreceptors, however, seemed more affected by 

the increase in baseline ChBF in SCGx eyes, as basal ChBF was significantly inversely 

correlated with photoreceptor abundance across sham and SCGx eyes (i.e. the higher basal 

ChBF caused by SCGx was harmful for photoreceptors). In the retina, Müller cell GFAP 

immunolabeling was significantly upregulated 2.4 fold (Fig. 19), and IBA1+ microglia 

were significantly increased 2.6-fold in SCGx eyes and doubled in the outer retina. These 

studies indicate that sympathetic denervation of choroid raises basal ChBF and impairs the 

ChBF baroregulatory response to increased ABP, both leading to choroidal overperfusion. 

The elevated basal ChBF seems to drive the slight ~15% photoreceptor loss we observed, 

while the baroregulatory failure seems more linked to the acuity and ERG deficits. The 

means by which choroidal overperfusion injures retina is uncertain, but it is likely it causes 

lipid peroxidation in outer retina (Bill and Sperber, 1990). Consistent with this possibility, 

we have observed an increase in autofluorescent RPE lipofuscin in SCGx rat eyes. Our 

observation of increases in outer retinal microglia as detected by immunolabeling for the 

macrophage/microglia marker IBA1 following SCGx is consistent with the possibility that 

the outer retinal debris provokes the early stages of an inflammatory response, as is the 

observation of a substantial increase in MHCII + activated macrophages in choroid as 

detected by double immunofluorescence for the macrophage/microglia marker IBA1 and for 

the MHCII antibody OX6 in SCGx rat eyes. These results are of interest in light of the 

finding that individuals with a genetic predisposition to age-related macular degeneration 

(AMD), which is mediated by outer retinal inflammation, exhibit defective sympathetic 

ChBF baroregulation beginning early in life (Told et al., 2013).

5. Trigeminal sensory input to choroid

Sensory nerve fibers from the trigeminal ganglion co-containing SP and CGRP innervate 

the choroid in mammals and birds (Stone et al., 1987; Corvetti et al., 1988; Shih et al., 

1999). These mainly represent branches of the ophthalmic nerve, but some sensory axons 

that reach the orbit arise from the maxillary nerve. Like sensory fibers from dorsal root 

ganglia, peripheral trigeminal fibers respond to heat, cold, pain or touch. The ophthalmic 

nerve fibers typically join the meshwork of nerves behind the eye, with one prominent 

branch entering the ciliary ganglion. Nerve fibers reach the choroid by traveling with the 

short ciliary nerves and on blood vessels of the orbit. Among mammals, SP+ and CGRP + 

fibers to the choroid have been observed in diverse primate and non-primate species (Stone 

and Kuwayama, 1985; Kuwayama and Stone, 1987; Stone and McGlinn, 1988; Fitzgerald 

et al., 1992). Sensory fibers can influence their innervation territory in either of two ways 

– by sending a message centrally to initiate a reflex response, or by direct local release 

of SP/CGRP in response to activating stimuli. The central target of ophthalmic trigeminal 

sensory fibers is the trigeminal sensory nucleus of the brainstem, by which trigeminal fibers 

can elicit ocular reflexes, such as blinking and tearing, via projections of the trigeminal 

sensory nucleus to motor cell groups of the brainstem (Belmonte et al., 1997; Gallar et 

al., 2003). Orbital sensory fibers can also release SP and CGRP in response to stimuli and 

cause local effects, which can include an action on the vasculature (Belmonte et al., 1997). 
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Consistent with a local action of intrachoroidal SP+/CGRP + fibers, the choroid has been 

shown to possess SP receptors (Denis et al., 1991) and CGRP receptors (Heino et al., 1995). 

The neuropeptides SP and CGRP are vasodilators and their release from intrachoroidal 

trigeminal sensory fibers would be expected to increase ChBF (Bill, 1984, 1991; Stone 

et al., 1987; Bill and Sperber, 1990; Bill, 1991; Shih et al., 1999). Consistent with this, 

stimulation of the ophthalmic nerve in rabbit increases ChBF (Stjernschantz et al., 1979), 

and is associated with uveal release of SP (Bill and Nilsson, 1985). Orbital vessels too are 

sites at which sensory fibers can affect blood flow to the choroid. For example, Bakken et 

al. (1995) showed that the pig ophthalmic artery dilates in response to CGRP. Additionally, 

trigeminal fibers have SP+ and CGRP + terminals in the PPG, which could be a basis of 

peripheral sensory-autonomic reflexes that affect ChBF (Suzuki et al., 1989).

A number of investigators, including ourselves, have raised the possibility that orbital 

trigeminal fibers, including those within the choroid, participate in temperature-driven ChBF 

reflexes, although some have argued against the likelihood of this (Kiel, 2012). Our work 

in chicks with myopia-inducing goggles and ophthalmic nerve cuts, for example, suggests 

that the sensory input to the choroid may be involved in temperature-dependent regulation 

of ChBF (Shih et al., 1999). Consistent with the idea that ChBF can respond to temperature, 

ChBF in rabbits has been reported to increase with retinal cooling below or heating above 

34 °C, and thereby maintain constant retinal temperature with ambient temperatures ranging 

from 30 to 40 °C (Tamai et al., 1999). Similarly, Stiehl et al. (1986) showed that retinal 

temperature remains relatively constant during cooling of the conjunctiva in cats by up to 

6 °C. Since vasoconstrictors prevented this compensation, the authors concluded that the 

retinal thermoregulation was mediated by an increase in ChBF. Other studies have shown 

that defects in ChBF adversely affect retinal temperature. For example, reduced ocular 

blood flow caused by elevated IOP has been shown to result in reduced scleral and retinal 

temperature (Auker et al., 1982; Bill et al., 1983). Moreover, heating an eye in which blood 

flow has been reduced by elevation of IOP (which reduces ocular perfusion pressure and 

ChBF) results in an exaggerated rise in ocular temperature compared to eyes at normal IOP, 

suggesting that ChBF can play a role in thermoregulatory ocular cooling as well (Bill et al., 

1983), as indicated also by Tamai et al. (1999). ChBF-dependent thermoregulation may be 

important for retinal homeostasis and function (Parver et al., 1980). For example, reducing 

vitreal temperature in humans to 27–28 °C results in an abnormal ERG (Horiguchi and 

Miyake, 1991). Similarly, reducing body temperature stepwise in mice from 38 °C to 18 °C 

results in a steady reduction in the ERG a-wave and b-wave (Horiguchi and Miyake, 1991; 

Mizota and Adachi-Usami, 2002).

The specific role of the trigeminal input to the choroid in the apparent temperature 

responsiveness of ChBF, however, has not yet been demonstrated experimentally. In this 

regard, it would be of interest to know if the trigeminal sensory axons to the choroid, like 

those to other cranial targets including cornea, also possess the transient receptor potential 

channels by which heat sense (TRPV1-4) and the cold sense (TRPA1 and TRPM8) are 

mediated (Vass et al., 2004; Voets et al., 2004; Murata and Masuko, 2006; Yeo et al., 2010; 

Belmonte et al., 2015; Dussor and Cao, 2016). It also uncertain how the trigeminal input 

to the choroid might mediate the temperature responsiveness of ChBF. One possibility is 

that the sensory fibers within the choroid themselves release the vasodilators SP and CGRP 
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in response to activation by heating or cooling. It also may be the case that the central 

connections of the choroidal sensory fibers mediate an alteration in ChBF via autonomic 

circuitry. In our studies in rat in which we mapped the central regions projecting to 

choroidal SSN using minute injections of PRV into choroid (Li et al., 2015a), we observed 

that a ventrocaudal part of the spinal trigeminal nucleus contained PRV-labeled neurons. 

This region of the spinal trigeminal nucleus is known to receive corneal sensory input 

(Aicher et al., 2014) and respond to bright light (Okamoto et al., 2009, 2010), and thus 

potentially could mediate parasympathetic choroidal vasodilation via the SSN-PPG circuit 

in response to light or corneal irritation. The response to light seems to occur due to the 

presence of melanopsin in the trigeminal fibers innervating cornea (Matynia et al., 2016). 

The central projections of the trigeminal fibers innervating the choroid itself are, however, 

not known. If they project to the same ventrocaudal part of the spinal trigeminal nucleus 

as the corneal sensory fibers, then the choroidal sensory fibers could mediate choroidal 

vasodilation in response to thermal signals or inflammatory signals. In this light, choroidal 

thickening during viral fever is of interest, since it could be driven by either the thermal 

signals or inflammatory signals caused by the viral illness (Kaya et al., 2016). Note also 

that Gallar et al. (2003) reported the presence of cold sensing scleral and episcleral fibers 

at the back of the eye in cats and noted that these fibers respond to cooling associated 

with experimentally diminished choroidal blood flow. As the fibers analyzed lie too deep 

to be affected by external temperature, the authors suggested that the sensory fibers may 

sense drops in posterior ocular surface temperature stemming from drops in ChBF and 

drive a compensatory centrally mediated thermoregulatory vasodilatory reflex that serves 

to maintain constant ChBF and ocular temperature. This too could be mediated via facial 

parasympathetic circuitry that receives input from the trigeminal sensory nucleus, and serve 

retinal thermoregulation via ChBF modulation.

6. Intrinsic choroidal neurons

Studies over the past 25 years have proven that the choroid in some mammalian and many 

avian species contains neuronal cells that make many of the various neuroactive substances 

typical of parasympathetic PPG neurons. Although intrinsic choroidal neurons were initially 

reported by silver staining methods in the 19th century (see Schrödl et al., 2003), Terenghi 

et al. (1982) first noted them for their neuroactive substance content (VIP) in guinea pig 

choroid after colchicine treatment (which prevents transport of neuroactive substances out 

of the perikarya). Shortly thereafter, Miller et al. (1983) and Stone et al. (1986) reported 

VIP + neurons in human choroid. This phenomenon was subsequently more extensively 

studied by several groups. Using NADPHd histochemistry, which detects neurons that use 

NOS to synthesize NO, Bergua et al. (1993) reported the presence of many isolated or 

grouped NADPHd + neurons in human choroid, with their perikarya being about 30 μm 

in diameter. Flügel et al. (1994) made similar observations of human choroid and reported 

that VIP was typically also present in the NOS + intrinsic choroidal neurons. The ganglion 

cells tended to be most numerous in the central retina in the macular region around the 

human fovea (Flügel et al., 1994; Triviño et al., 2002; May et al., 2004). Flügel-Koch et 

al. (1994) reported that NOS+ and VIP + intrinsic choroidal ganglion cells are also present 

in cynomolgus monkeys, which have a fovea centralis. No such neurons were, however, 
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observed in afoveate mammalian species such as rats, rabbits, tree shrews, cats, pigs or owl 

monkeys (Flügel et al., 1994; Flügel-Koch et al., 1994). Since these neurons were absent 

from primate and non-primate species lacking a fovea centralis, these authors suggested 

that the plexus was associated with choroidal blood flow control in the region of the fovea. 

Consistent with this, the intrinsic choroidal ganglion cells in humans give rise to processes 

that can be observed to join the perivascular network of nNOS+ and VIP + fibers in the 

choroid, and observed to end on arteries. The intrinsic choroidal ganglion cells in humans 

have themselves been noted to receive terminals, some of which contain NOS or VIP (Flügel 

et al., 1994). Schrödl et al. (2003) used immunolabeling for nNOS or VIP, as well as single­

cell filling, to study the connectivity of the intrinsic choroidal neurons in human eye in 

more detail. They reported that intrinsic choroidal neurons send processes to other ganglion 

cells, as well as to vascular and nonvascular smooth muscle of the choroid. CGRP + sensory 

boutons, TH +/VMAT2+ contacts from presumptive sympathetic postganglionic terminals, 

and terminals containing vesicular acetylcholine transporter that could be parasympathetic 

pre- or postganglionic endings have also been observed on intrinsic choroidal neurons 

(Lütjen-Drecoll, 2006). The evidence of sensory input to intrinsic choroidal ganglion cells 

suggests they could have a role in reflexive intrachoroidal modulation of ChBF in response 

to sensory stimuli such as heat or cold detected by the sensory fibers, while the apparent 

parasympathetic and sympathetic input suggests they could be under central autonomic 

control too.

Intrinsic choroidal neurons are also present in birds and of a similar size (30 μm) and 

neurochemistry (nNOS+ and VIP+) as in mammals (Bergua et al., 1996; Cuthbertson 

et al., 2003; Schrödl et al., 2004; Stübinger et al., 2010). These neurons give rise to 

processes that contact choroidal blood vessels, and they receive CGRP + contacts from 

presumptive sensory terminals, TH+/VMAT2+ contacts from presumptive sympathetic 

postganglionic terminals, and ChAT + terminals that could be parasympathetic preganglionic 

or postganglionic endings (Schrödl et al., 2001a,b; Stübinger et al., 2010). The evidence for 

sensory input to intrinsic choroidal ganglion cells in birds suggests that they too may have 

a role in reflexive intrachoroidal modulation of ChBF in response to sensory stimuli such 

as heat or cold, while the parasympathetic input in birds suggests they could also be under 

central control, possibly by SSN. The sympathetic nerve terminals on intrinsic choroidal 

neurons indicates their sympathetic modulation as well, perhaps reducing their vasodilatory 

drive during activation of sympathetic input to choroid, such as during high systemic BP 

(Schrödl et al., 2001b). The intrinsic choroidal neurons vary among avian groups in their 

abundance, with the highest abundance observed being in goose, the next highest in turkeys 

and chickens, and the lowest in ducks (Schrödl et al., 2004). Their spatial distribution also 

varies, presumably in relation to retinal high acuity specializations. As in mammals, the 

intrinsic choroidal neurons are also found associated with the ciliary nerves in their course 

to the anterior uvea (Bergua et al., 1996). As in mammals, the autonomic and sensory 

inputs to the intrinsic choroidal neurons, their output to the smooth muscle of choroidal 

blood vessels, and their production of vasodilators such as VIP and NO suggest a role in 

ChBF regulation driven by sensory and autonomic signals. The intrinsic choroidal neurons 

are also of interest for the role they may play in modulating the choroidal thickening that 

serves to reposition the retina to align it with the image plane (Nickla and Wallman, 2010). 
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The evidence for this is the apparent innervation of the intrinsic choroidal neurons to the 

extravascular smooth muscle common to the choroid in birds but also seen in primates 

(De Stefano and Mugnaini, 1997; Poukens et al., 1998; Nickla and Wallman, 2010). The 

smooth muscle is thought to play a role in the filling or emptying of intrachoroidal lacunae 

that causes choroidal thickening or thinning, respectively (Nickla et al., 1998; Nickla and 

Wallman, 2010). This phenomenon is thought to play a role in refractive adjustment as a 

slow accommodative mechanism that supplements changes in lens shape. Choroidal thinning 

is for example seen in eyes subjected to hyperopic defocus, and choroidal thickening is 

observed in myopic eyes recovering from hyperopic defocus (Nickla and Wallman, 2010). 

The thinning is accompanied by reduced ChBF and the thickening by increased ChBF (Shih 

et al., 1993a,b; Reiner et al., 1995; Fitzgerald et al., 2002a), and it may be that activation of 

the intrinsic choroidal neurons drives both the flow increase and the choroidal thickening, 

and their inhibition the opposite.

Abnormalities in the intrinsic choroidal neurons may also play a role in retinal disease. 

For example, the intrinsic choroidal neurons may be vulnerable to high IOP, since they 

show significant loss in monkey eye after experimental induction of elevated IOP (May 

et al., 2006) and they are reduced in numbers in glaucomatous human eyes (May and 

Lütjen-Drecoll, 2004). Their loss in glaucoma may contribute to the reduction in ChBF 

observed in glaucoma (James and Smith, 1991; Kubota et al., 1993; Grunwald et al., 1998c). 

Given the contribution of the choroid to the prelaminar blood supply of the optic nerve 

head, this ChBF reduction could contribute to optic axon injury in glaucoma. Moreover, 

since the intrinsic choroidal neurons in mammals are associated with the fovea centralis 

(Flügel-Koch et al., 1994), they may be especially important for ChBF control in the region 

of the macula. This could be particularly important in central retinal decline in normal aging 

and in age-related macular degeneration (AMD), both of which involve reduced macular 

ChBF (Yoneya et al., 1995; Grunwald et al., 2005; Metelitsina et al., 2008). Further studies 

are needed to determine if intrinsic choroidal neurons are lost and to what extent in AMD 

and normal aging.

7. Choroidal blood flow in aging and disease

7.1. Role of choroid in age-related retinal decline

Choroidal blood flow and its adaptive regulation can be impaired by aging. For example, 

reductions in basal ChBF occur in the macula of humans as they age (Pauleikhoff et al., 

1990; Ravalico et al., 1996; Grunwald et al., 1998a). These findings raise the possibility that 

abnormalities in macular ChBF and/or in its adaptive regulation contribute to normal age­

related retinal declines. The mechanisms responsible for the reduced ChBF and impaired 

adaptive regulation with age are uncertain. Loss and narrowing of submacular choroidal 

vessels in normal aged eyes has been reported (Ramrattan et al., 1994; Spraul et al., 1996; 

Grunwald et al., 1998a). Such changes may contribute to the reduction in basal ChBF 

seen with aging. To examine the possible role of changes in neuronal control of ChBF, we 

used immunolabeling to assess the impact of age on parasympathetic innervation of human 

choroid, using VIP immunolabeling. Our results indicated a significant age-related decline 

in VIP-positive nerve fibers and vessel diameter in the submacular choroid in disease-free 
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human donor eyes (Fig. 20) (Jablonski et al., 2007). These findings suggest that a decline in 

the neural control of ChBF and vessel diameter may help explain reductions in ChBF and its 

adaptive control observed with aging.

As part of an effort to relate the effects of age-related decline in ChBF and its regulation to 

retinal health, we carried out detailed studies in pigeons to: 1) determine if choroidal and 

outer retinal deterioration occur as a function of aging in a non-human species that possesses 

both rod and cone photoreceptors (i.e. pigeons), and might therefore be widespread 

concomitants of aging; and 2) obtain data that might shed light on the relationship between 

age-related retinal and choroidal changes (Fitzgerald et al., 2001, 2005). In a sample of 64 

pigeons ranging in age over much of the pigeon lifespan (0.5–20 yrs), we measured several 

different ocular parameters by physiological or histological means, including: ChBF (by 

LDF); choriocapillary vessel abundance (by LM histology); acuity (by behavioral methods); 

and photoreceptor abundance (by LM histology). Statistical methods were used to ascertain 

the pattern of age-related changes and determine ages at which or by which significant 

changes occurred in specific parameters. In the sample of 53 birds for which we had 

obtained visual acuity and/or photoreceptor data, we observed a prominent stepwise decline 

of about 20% in photoreceptor abundance at the age of 4.7 years (Fig. 21), followed by 

lesser decline thereafter, and a curvilinear decline in acuity (with half the decline having 

occurred by the age of five years). The period of prominent photoreceptor loss (4–6 years 

of age) coincided with ages during which about 10% of photoreceptors appeared to be 

showing degenerative changes. For the sample of 45 birds for which we measured choroidal 

parameters, choriocapillary vessel abundance showed a highly curvilinear decline with age 

and at least half of this decline had occurred by the age of three years (Fig. 21). ChBF 

showed an abrupt decline of about 20% at four years of age and a further 20% decline 

thereafter. Our results clearly show that ChBF and choroidal vascularity decline significantly 

with age in pigeons, as do acuity and photoreceptor abundance. Our statistical analyses 

suggest that there is a positive relationship between choroidal and visual functions in 

pigeons, and that prominent choroidal vascular decline precedes visual decline as the birds 

age (Fig. 21). Thus, our findings are consistent with the view that age-related decline in 

choroidal function might contribute to age-related vision loss. Note that the possibility exists 

that retinal dysfunction preceding overt degeneration is the primary event and diminished 

ChBF the consequence of diminished retinal need. Nonetheless, outer retinal degeneration 

does not invariably lead to diminished ChBF, as evidenced in the Abyssinian cat (Nilsson et 

al., 2001).

In further studies in pigeons, we sought to determine if age-related changes in 

parasympathetic regulation of ChBF by the EWM-Ciliary Ganglion circuit could contribute 

to age-related choroid and retinal decline (Fitzgerald et al., 2005). To this end, we 

immunolabeled choroidal nerve fibers from the ciliary ganglion for the cholinergic marker 

choline acetyltransferase (ChAT) or for a neurofilament-associated antigen in fixed cryostat 

sections of the eye in 0.5–20 year old pigeons. Additionally, transcleral LDF was used to 

measure basal ChBF, light-evoked ChBF increases, and EWM-evoked ChBF increases in 

the superior choroid to assess the functional integrity of the vSCN-EWMCiliary Ganglion 

circuit. We observed a marked age-related linear decline in the ciliary ganglion innervation 

of the choroid (Fig. 21). Moreover, we observed pronounced declines in ciliary ganglion­
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mediated control of ChBF. The decline in EWM control of ChBF was pronounced by five 

years of age, and half of the functional decline occurred by about two-three years of age. 

Thus, significant loss in choroidal vascularity and innervation appear to lead to impaired 

basal and adaptive parasympathetic ChBF control early in the life span of pigeons (Fig. 21), 

which is consistent with the notion they contribute to agerelated vascular insufficiency and 

attendant age-related damage to the retina. These overall results for pigeons suggest that 

aging may deleteriously affect the retina, in part, by impairing ChBF and its neural control. 

The apparent impact of age-related loss of ciliary ganglion input to the choroid in birds is 

consistent with the impact we see of EWM lesions in younger birds. As we have shown 

that choroidal baroregulation also undergoes age-related dysfunction in aged pigeons (Fig. 

22) (Reiner et al., 2003), impairment of adaptive ChBF baroregulation, presumably by the 

SSN-PPG circuit, also may contribute to age-related retinal declines.

We also examined if ChBF baroregulation changes with age in male Sprague-Dawley (SD) 

rats (120–657 days of age) as well as in males of the rapidly aging Fischer-344 (F344) rat 

strain (140–750 days of age), and whether any such changes were associable with changes 

in retinal structure and function (Fitzgerald et al., 2012a, 2016). ChBF was un-correlated 

with arterial BP (i.e. showed baroregulation) during its fluctuations above and below basal 

ABP in young (120–200 day old) SD rats, but became increasingly correlated with ABP 

as SD rats aged, so that by a year of age ChBF tended to change linearly with ABP, 

indicative of baroregulation failure. Subsequent to this, a progressive agerelated curvilinear 

decline in both the flash-evoked scotopic ERG b-wave amplitude and a-wave amplitude, 

and a thinning of the retina, particularly the inner plexiform and outer nuclear layers, was 

seen in SD rats, which was not evident until after 400 days of age (Fig. 23). For F344 

rats, ChBF was highly correlated with ABP already in 170 day-old rats – i.e. baroregulation 

was already failing in young F344 rats. Acuity, contrast sensitivity and a-wave deficits, and 

ONL thinning (i.e. photoreceptor loss) were already prominent by 400 days, and acuity, 

contrast sensitivity, a-wave and b-wave deficits, and ONL thinning were severe by 660 days 

(Fig. 23). Baroregulatory failure was associated with RPEBM-choriocapillaris thickening in 

SD and F344 rats, perhaps due to debris buildup. Müller cell GFAP immunolabeling was 

analyzed blinded using the same scoring system as in our SSN-Lx and SCGx studies. The 

old SD rats had Müller cell GFAP labeling 3.5× those in controls. Our studies indicate 

that ChBF baroregulation is impaired by one year of age in SD rats, and this may drive 

the subsequent functional and morphological decline in the retina. By contrast, impaired 

baroregulation is already evident in young F344 rats (6 month old), before loss in vision 

and ERG is seen and before retinal thinning. This early loss of baroregulation in F344 

rats may be a factor in their accelerated and severe subsequent functional decline and loss 

of photoreceptors. Our studies thus suggest the important role age-related failure in ChBF 

baroregulation may play in age-related disruption in retinal health, as ChBF baroregulatory 

failure precedes retinal pathology and functional decline in both SD and F344 rats, despite 

their differing aging patterns.

7.2. Role of choroid in disease-related retinal decline

Several diseases affecting the retina have diminished ChBF and/or its neural control as 

concomitants, including age-related macular degeneration (AMD) (Friedman et al., 1995; 
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Grunwald et al., 1998b, 2005; Pournaras et al., 2006), chronic hypertension (Tso and 

Jampol, 1990; Haefliger et al., 2001), insulin-dependent diabetes (Langham et al., 1991) 

glaucoma (James and Smith, 1991; Kubota et al., 1993; Grunwald et al., 1998c; Su et 

al., 2006), ischemic outer retinal disease (Gaudric et al., 1982; Blacharski, 1988), and 

central serous chorioretinopathy (Tittl et al., 2005). Thus, the available data are consistent 

with the view that disturbances in maintenance of basal neurogenic choroidal tone and/or 

adaptive ChBF neural control could be contributing factors to the retinal declines seen in 

humans and other species in hypertension, diabetes, glaucoma, ischemic retinal disease, 

and central serous chorioretinopathy. Clearly other mechanisms also contribute to retinal 

damage in these conditions, such as edema, retinal detachment and/or neovascularization 

(Frank, 1988; Tso, 1988; Tso and Jampol, 1990). It is also possible that in some cases 

the declines in ChBF and its neurogenic control are secondary to the disease and retinal 

degeneration. Nonetheless, it remains important to determine if impaired neural regulation 

of ChBF directly contributes to degeneration of retina, as well as facilitates the pathological 

changes in the RPE or Bruch’s membrane that further edema, retinal detachment and 

neovascularization (Potts, 1966; Frank, 1988; Tso, 1988; Korte et al., 1989; Tso and Jampol, 

1990).

The role of diminished control of ChBF in AMD is of particular interest. Consistent with 

an adverse effect of aging on vasodilatory control of ChBF, the parasympathetic innervation 

of the choroid is diminished and basal ChBF reduced in both humans and animals during 

normal aging, as noted above (Yoneya et al., 1995; Fitzgerald et al., 1996; Grunwald et 

al., 2005; Jablonski et al., 2007; Emeterio Nateras et al., 2014; Whitmore et al., 2015). 

Yet more profound declines in basal ChBF occur in humans with AMD, with the ChBF 

declines increasing in severity with AMD severity, and predicting the development of 

neovascularization and the abundance of foveal drusen (Ciulla et al., 2001; Grunwald et 

al., 2005; Metelitsina et al., 2008; Pemp and Schmetterer, 2008; Feigl, 2009; Boltz et al., 

2010; Xu et al., 2010; Berenberg et al., 2012). Given that a deficiency in parasympathetic 

innervation of choroid has been reported in AMD (Bhutto et al., 2010), it is possible that 

adaptive choroidal baroregulation during low systemic blood pressure in AMD patients is 

defective as well. In this regard, it is noteworthy that we have observed defects in choroidal 

baroregulation in aged pigeons and rats during both low and high systemic blood pressure 

(Fitzgerald et al., 1996; Reiner et al., 2011), and others have observed them in aged humans 

with high BP (Dallinger et al., 1998). Sympathetic innervation of choroid is also reduced 

with aging (Nuzzi et al., 2010), and consistent with a possible decline in sympathetic 

innervation in AMD, compensatory choroidal vasoconstriction during high systemic BP in 

AMD patients is defective (Pournaras et al., 2006).

Recent studies by the Schmetterer group (Told et al., 2013) have shown that at least some 

genetic risk factors for AMD may themselves compromise autonomic sympathetic ChBF 

control early in life. In particular, they found that the complement factor H (CFH) risk 

factor for AMD (i.e. CC complement factor H haplotype) was associated with impaired 

baroregulation of ChBF during high systemic blood pressure in young risk-gene carriers 

well before AMD symptoms. A similar impairment in baroregulation of ChBF during 

upward fluctuation in BP has also been seen in wet AMD patients (Pournaras et al., 2006), 

raising the possibility that impairment in hypertensive ChBF baroregulation may persist 
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throughout the lifespan of CFH AMD-risk carriers. These findings suggest a possible role 

of AMD risk genes in promoting impaired autonomic regulation of ChBF early in life, 

thereby contributing to early AMD pathogenesis. Our work showing the adverse effect of 

sympathetic denervation of the rat retina is consistent with the idea that chronic impairment 

of sympathetic regulation of ChBF, such as seems caused by the CC-CFH haplotype, 

could contribute to the long-term outer retinal injury that promotes AMD progression. The 

study of the Schmetterer group, however, only examined baroregulation during increased 

high systemic BP, and it thus does not rule out the possibility of defects in hypotensive 

baroregulation involving impaired parasympathetic mechanisms as well. The findings of 

the Schmetterer group raise the possibility that chronic impairment of sympathetic and/or 

parasympathetic regulation of ChBF beginning in early adulthood, driven by genetic AMD 

risk factors, may contribute to AMD. This may be aggravated by non-genetic risk factors 

such as smoking, since smoking has been shown to cause choroidal thinning and to impair 

choroidal baroregulation during high systemic BP (Wimpissinger et al., 2003).

Impaired autonomic ChBF regulation stemming from central or peripheral defects in the 

control circuitry (possibly early occurring in the case of those with genetic risk factors) 

may cause ischemic and oxidative injury to RPE cells, increased oxidation of photoreceptor 

lipids, and impaired transport between retina and choroid. These possibilities are consistent 

with the visual deficits and retinal pathology we see in pigeons and rats (which include 

an increase in lipofuscin granules in the RPE) over the first few months after experimental 

manipulations that perturb parasympathetic or sympathetic control of ChBF. Over a longer 

time period, it is possible that impaired ChBF regulation may lead to waste accumulation 

in and along Bruch’s membrane resembling that seen in normal aging (Potts, 1966; Herron 

et al., 1969; LaVail, 1981; Tso, 1988). In more severe cases or with sufficient time, the sub­

RPE debris may take the form of the basal linear deposits and drusen in Bruch’s membrane 

seen in AMD. The accumulation of sub-RPE waste in humans is thought to trigger the 

complement factor-mediated inflammatory response that is the proximate cause of the severe 

RPE and photoreceptor death in AMD, particularly in those with a pro-AMD genetic 

predisposition in the alternate complement cascade or lipid metabolism (Winkler et al., 

1999; Feigl, 2009; Hageman et al., 2017). Consistent with the early stages of such a process, 

our rats with disrupted autonomic ChBF regulation show such AMD-like inflammatory 

signs as increases in outer retinal microglia, and increases in choroidal mast cells and 

macrophages (Bhutto et al., 2016). It is possible that a defect in ChBF regulation brought 

on by age, smoking, or obesity-related cardiovascular problems may be a commonality that 

contributes to their roles as risk factors for AMD.

8. Future directions

The evidence shows that the choroidal blood flow is modulated by parasympathetic and 

sympathetic nerve fibers via the central nervous system in response to at least two general 

categories of stimuli – retinal activity and systemic blood pressure. In both cases, the 

neurogenic control appears to ensure that the outer retina receives the blood supply it needs 

for its activity state and to ensure stability of choroidal blood flow despite fluctuations in 

ocular perfusion pressure as affected by systemic blood pressure. The trigeminal sensory 

input to choroid may also play an important role in modulating ChBF as a function of 
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thermal signals, and inflammation as well. These various roles of the nervous system input 

to choroid seem to be important, as our studies and those of others in animal models 

show that disturbing these circuits has adverse effects for eye health and function. Thus, 

direct injury to the peripheral or cranial parts of these circuits due to trauma or due to 

disease would be expected to yield retinal and visual decline in humans. Little information 

is, however, available on this, and what is available is not without confounding variables. 

For example, although dysfunction of sympathetic input to choroid is likely to be a part 

of the generalized cranial sympathetic denervation of Horner’s syndrome, no information 

is available on how it affects ChBF. Although visual dysfunction has been described in 

Horner’s syndrome patients, it is not clear if it stems from dysfunction of sympathetic 

regulation of ChBF or from the trauma that caused the Horner’s syndrome (such as 

internal carotid artery dissection) (Hicks et al., 1994; Nagy et al., 1997; Biousse et al., 

1998). Dysfunction of neurogenic control of ChBF is also likely in the genetic disorder 

familial dysautonomia, a recessive, infantile-onset, autonomic and sensory neuropathy 

caused by a mutation that results in deficiency of the IκB kinase complex-associated protein 

(IKAP). Although visual dysfunction and ganglion cell loss have been reported in familial 

dysautonomia, it is uncertain if they are a consequence of impaired neurogenic control of 

ChBF or a direct effect of the mutation (Mendoza-Santiesteban et al., 2012, 2014). Similarly, 

visual deficits have been reported in humans with genetic deficiency in DBH, and are thus 

unable to synthesize noradrenaline in sympathetic postganglionic terminals (Robertson et 

al., 1991). In this case as well, it is uncertain if the retinal abnormalities in these individuals 

(who rarely live past young adulthood) stem from their choroidal sympathetic defects or 

from defective signaling by DBH + retinal cell types.

Although little definitive information is available on how direct trauma-related or disease­

related damage to autonomic or sensory circuits might affect ChBF and thereby ocular 

health in humans, the impact of numerous ocular and systemic diseases or conditions on 

ChBF has been examined in humans, such as glaucoma, diabetes, hypertension, and AMD, 

as noted above. Whether ChBF changes are a primary driver of retinal dysfunction and 

decline in these cases or a secondary effect has not yet been determined. It is also uncertain 

if ChBF declines stem from disturbed neural control or vascular pathology, or both. In the 

case of our own studies of aging at least, it is clear that neurogenic control of ChBF and 

its innervation decline with age, and we have some evidence that the neurogenic ChBF 

declines are linked to retinal decline. In AMD as well, there is evidence for declines in 

ChBF, ChBF control, and in choroidal innervation. One approach for assessing the possible 

role of innervation decline or dysfunction in age-related related retinal decline or in the 

etiology of AMD would be to further evaluate the long-term consequences of experimental 

perturbation of parasympathetic or sympathetic control of ChBF in animals, and determine if 

the pathology that ensues resembles that in aging or AMD. For example, it would be useful 

to determine if disrupted parasympathetic ChBF control and/or disrupted sympathetic ChBF 

control leads to the RPE cell injury, lipid peroxidation, and outer retinal waste accumulation 

that create the conditions necessary for outer retinal inflammation, which in humans 

culminates in the pathogenic inflammatory cascade of AMD. The published findings raise 

the possibility that chronic impairment of sympathetic and/or parasympathetic regulation 

of ChBF, beginning perhaps already in early adulthood when driven by genetic AMD 
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risk factors, may contribute to AMD. If a role of either parasympathetic or sympathetic 

baroregulatory defects in age-related retinal decline and AMD were to be demonstrated, 

such results would suggest the merits of evaluating neurogenic choroidal baroregulation as 

a tool to assess AMD risk, and recommend drugs that improve neurogenic ChBF control 

as therapies. In our own work, we have shown that the M2 muscarinic receptor antagonist 

himbacine facilitates the vasodilatory action of parasympathetic terminals in choroid by 

blocking the cholinergic inhibition mediated via presynaptic M2 autoreceptors (Zagvazdin 

et al., 2000). This could represent a possible approach for improving ChBF and its adaptive 

regulation.
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Glossary

A5 A5 noradrenergic group of the pons

ABP arterial blood pressure

Ach acetylcholine

AND aortic depressor nerve

AP area pretectalis (in bird only)

AMD age-related macular degeneration

AMPA α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid type 

glutamate receptor

ANOVA analysis of variance

B3 B3 serotonergic cell group of the pons

BM Bruch’s membrane of retina

CFH complement factor H

BP blood pressure

CG ciliary ganglion

CGRP calcitonin gene-related peptide

ChAT choline acetyl transferase

ChBF choroidal blood flow
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ChBVel choroidal blood velocity

ChBVol choroidal blood volume

CO2 carbon dioxide

4DAMP 4-diphenyl-acetoxy-N-methylpiperedine

DBH dopamine beta-hydroxylase

EM electron microscopy

eNOS endothelial nitric oxide synthase

GABA gamma amino butyric acid

GAD65 glutamic acid decarboxylase MW65

ERG electroretinogram

EW nucleus of Edinger-Westphal

EWL lateral subdivision of the nucleus of Edinger-Westphal (in birds only)

EWM medial subdivision of the nucleus of Edinger-Westphal (in birds only)

F344 Fischer-344 rat

GFAP glial fibrillary acidic protein

Hg mercury

IBA1 Ionized calcium binding adaptor molecule 1

IOP intraocular pressure

LDF laser Doppler flowmetry

LM light microscopy

7NI 7-nitroindazole

LNA NG-nitro-L-arginine

LNAME NG-nitro-L-arginine methyl ester

M2 M2 type muscarinic receptors

M3 M3 type muscarinic receptors

M4 M4 type muscarinic receptors

MSCN medial suprachiasmatic nucleus (in birds only)

nNOS neuronal nitric oxide synthase

nNOS-KO nNOS knockout

Reiner et al. Page 39

Prog Retin Eye Res. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



NO nitric oxide

NPA Nω-propyl-l-arginine

NPY neuropeptide Y

NTS nucleus of the solitary tract

O2 oxygen

ONL outer nuclear layer of retina

PRV pseudorabies virus

PPG pterygopalatine ganglion

PVN paraventricular nucleus

RaM raphe magnus

RPE retinal pigment epithelium

RVLM rostral ventrolateral medulla

SCG superior cervical ganglion

SCGx superior cervical ganglion removal

SCN suprachiasmatic nucleus

SP substance P

SD Sprague-Dawley rats

SSN superior salivatory nucleus of the facial nucleus motor complex

SSN-Lx SSN lesion

SSN-miss inaccurate SSN lesion

TH tyrosine hydroxylase

TRIM 1-(2-Trifluoromethylphenyl)imidazole

TRPV1 transient receptor potential cation channel subfamily V member 1 

(AKA capsaicin receptor)

TRPV2 transient receptor potential cation channel subfamily V member 2

TRPV3 transient receptor potential cation channel subfamily V member 3

TRPV4 transient receptor potential cation channel subfamily V member 4

TRPA1 transient receptor potential ankyrin 1 (AKA transient receptor 

potential cation channel, subfamily A, member 1)
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TRPM8 transient receptor potential cation channel subfamily M member 8 

(AKA the cold and menthol receptor 1)

VGLUT2 vesicular glutamate transporter-2

VIP vasoactive intestinal polypeptide

VMAT2 vesicular monoamine neurotransmitter – 2

vSCN visual suprachiasmatic nucleus (in birds only)

WT wild-type

References

Abe S, Karita K, Izumi H, Tamai M. 1995; Increased and decreased choroidal blood flow elicited by 
cervical sympathetic nerve stimulation in the cat. Jpn J Physiol. 45 :347–353. [PubMed: 7563969] 

Agassandian K, Fazan VPS, Cassell MD, Lin LH, Talman WT. 2002; Direct projections from the 
cardiovascular nucleus tractus solitarii to pontine preganglionic parasympathetic neurons: a link to 
cerebrovascular regulation. J Comp Neurol. 452 :242–254. [PubMed: 12353220] 

Agassandian K, Fazan VP, Margaryan N, Dragon DN, Riley J, Talman WT. 2003; A novel central 
pathway links arterial baroreceptors and pontine parasympathetic neurons in cerebrovascular 
control. Cell Mol Neurobiol. 23 :463–478. [PubMed: 14514008] 

Alderton WK, Cooper CE, Knowles RG. 2001; Nitric oxide synthases: structure, function and 
inhibition. Biochem J. 357 :593–615. [PubMed: 11463332] 

Aicher SA, Hegarty DM, Hermes SM. 2014; Corneal pain activates a trigemino-parabrachial pathway 
in rats. Brain Res. 1550 :18–26. [PubMed: 24418463] 

Alm A. 1977; The effect of sympathetic stimulation on blood flow through the uvea, retina and optic 
nerve in monkeys (Macacca irus). Exp Eye Res. 25 :19–24. [PubMed: 408161] 

Alm, A. Ocular circulation. In: Hart, WM, editor. Adler’s Physiology of the Eye: Clinical Application. 
Mosby; St Louis: 1992. 198–227. 

Alm A, Bill A. 1970; Blood flow and oxygen extraction in the cat uvea at normal and high intraocular 
pressures. Acta Physiol Scand. 80 :19–28. [PubMed: 5475327] 

Alm A, Bill A. 1972; The oxygen supply to the retina. II Effects of high intraocular pressure and 
of increased arterial carbon dioxide tension on uveal and retinal blood flow in cats A study with 
radioactively labelled microspheres including flow determinations in brain and some other tissues. 
Acta Physiol Scand. 84 :306–319. [PubMed: 4553229] 

Alm A, Bill A. 1973; The effect of stimulation of the cervical sympathetic chain on retinal oxygen 
tension and on uveal, retinal and cerebral blood flow in cats. Acta Physiol Scand. 88 :84–94. 
[PubMed: 4751166] 

Alm A, Bill A, Young FA. 1973; The effects of pilocarpine and neostigmine on the blood flow through 
the anterior uvea in monkeys. A study with radioactively labelled microspheres. Exp Eye Res. 15 
:31–36. [PubMed: 4630582] 

Arends JJ, Wild JM, Zeigler HP. 1988; Projections of the nucleus of the tractus solitarius in the pigeon 
(Columba livia). J Comp Neurol. 278 :405–429. [PubMed: 2464007] 

Auker CR, Parver LM, Doyle T, Carpenter DO. 1982; Choroidal blood flow. I Ocular tissue 
temperature as a measure of flow. Arch Ophthalmol. 100 :1323–1326. [PubMed: 7103818] 

Ayajiki K, Fujioka H, Okamura T, Toda N. 2001; Relatively selective neuronal nitric oxide synthase 
inhibition by 7-nitroindazole in monkey isolated cerebral arteries. Eur J Pharmacol. 423 :179–183. 
[PubMed: 11448483] 

Badoer E, Merolli J. 1998; Neurons in the hypothalamic paraventricular nucleus that project to the 
rostral ventrolateral medulla are activated by haemorrhage. Brain Res. 791 :317–320. [PubMed: 
9593966] 

Reiner et al. Page 41

Prog Retin Eye Res. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Bakken IJ, Vincent MB, Sjaavaag I, White LR. 1995; Vasodilation in porcine ophthalmic artery: 
peptide interaction with acetylcholine and endothelial dependence. Neuropeptides. 29 :69–75. 
[PubMed: 7477763] 

Beckers HJM, Klooster J, Vrensen GFJM, Lamers WPMA. 1993; Facial para-sympathetic innervation 
of the rat choroid, lacrimal glands and ciliary ganglion. An ultrastructural pterygopalatine tracing 
and immunohistochemical study. Ophthalmic Res. 25 :319–330. [PubMed: 8259266] 

Belmonte C, Garcia-Hirschfeld J, Gallar J. 1997; Neurobiology of ocular pain. Prog Retin Eye Res. 16 
:117–156. 

Belmonte C, Acosta MC, Merayo-Lloves J, Gallar J. 2015; What causes eye pain? Curr Ophthalmol 
Rep. 3 :111–121. [PubMed: 26000205] 

Berenberg TL, Metelitsina TI, Madow B, Dai Y, Ying GS, Dupont JC, Grunwald L, Brcker AJ, 
Grunwald JE. 2012; The association between drusen extent and foveolar choroidal blood flow in 
age-related macular degeneration. Retina. 32 :25–31. [PubMed: 21878837] 

Bergua A, Jünemann A, Naumann GO. 1993; NADPH-D-reaktive chorioidale Ganglienzellen beim 
Menschen. Klin Monatsbl Augenheilkd. 203 :77–82. [PubMed: 8411894] 

Bergua A, Mayer B, Neuhuber WL. 1996; Nitrergic and VIPergic neurons in the choroid and ciliary 
ganglion of the duck Anis carina. Anat Embryol (Berl). 193 :239–248. [PubMed: 8881473] 

Bergua A, Schrödl F, Neuhuber WL. 2003; Vasoactive intestinal and calcitonin gene-related peptides, 
tyrosine hydroxylase and nitrergic markers in the innervation of the rat central retinal artery. Exp 
Eye Res. 77 :367–374. [PubMed: 12907169] 

Berk ML, Smith SE, Mullins LA. 1993; Distribution, parabrachial region projection, and coexistence 
of neuropeptide and catecholamine cells of the nucleus of the solitary tract in the pigeon. J Comp 
Neurol. 327 :416–441. [PubMed: 7680049] 

Berkowitz BA, Schmidt T, Podolsky RH, Roberts R. 2016; Melanopsin photo-transduction contributes 
to light-evoked choroidal expansion and rod l-type calcium channel function in vivo. Invest 
Ophthalmol Vis Sci. 57 :5314–5319. [PubMed: 27727394] 

Bhutto IA, Baba T, Merges C, McLeod DS, Lutty GA. 2010; Low nitric oxide synthases (NOS) in eyes 
with age-related macular degeneration (AMD). Exp Eye Res. 90 :155–167. [PubMed: 19836390] 

Bhutto IA, McLeod DS, Jing T, Sunness JS, Seddon JM, Lutty GA. 2016; Increased choroidal mast 
cells and their degranulation in age-related macular degeneration. Br J Ophthal. 100 :720–726. 
[PubMed: 26931413] 

Biesecker KR, Srienc AI, Shimoda AM, Agarwal A, Bergles DE, Kofuji P, Newman EA. 2016; Glial 
cell calcium signaling mediates capillary regulation of blood flow in the retina. J Neurosci. 36 
:9435–9445. [PubMed: 27605617] 

Bill A. 1962; Autonomic nervous control of uveal blood flow. Acta Physiol Scand. 56 :70–81. 
[PubMed: 13968252] 

Bill, A. The circulation in the eye. In: Renkin, EM, Michel, CC, editors. Handbooak of Physiology: the 
Cardiovascular System IV: Microcirculation Part 2. Waverly Press; Baltimore: 1984. 1001–1035. 

Bill A. 1985; Some aspects of the ocular circulation. Friedenwald lecture. Invest Ophthalmol Vis Sci. 
26 :410–424. [PubMed: 3980165] 

Bill A. 1991; The 1990 Endre Balazs Lecture. Effects of some neuropeptides on the uvea. Exp Eye 
Res. 53 :3–11. [PubMed: 1879500] 

Bill A, Nilsson SF. 1985; Control of ocular blood flow. J Cardiovasc Pharmacol. 7 (Suppl 3) :S96–
S102. 

Bill A, Linder J. 1976; Sympathetic control of cerebral blood flow in acute arterial hypertension. Acta 
Physiol Scand. 96 :114–121. [PubMed: 1251740] 

Bill A, Stjernschantz J, Alm A. 1976; Effects of hexamethonium, biperiden and phentolamine on the 
vasoconstrictive effects of oculomotor nerve stimulation in rabbits. Exp Eye Res. 23 :615–622. 
[PubMed: 1001385] 

Bill A, Sperber G, Ujiie K. 1983; Physiology of the choroidal vascular bed. Int Ophthalmol. 6 :101–
107. [PubMed: 6403480] 

Bill A, Sperber GO. 1990; Control of retinal and choroidal blood flow. Eye. 4 (Pt 2) :319–325. 
[PubMed: 2199239] 

Reiner et al. Page 42

Prog Retin Eye Res. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Biousse V, Toubol PJ, D’Anglejan-Chatillon J, Lévy C, Schaison M, Bousser MG. 1998; 
Ophthalmologic manifestions of internal carotid artery dissection. Am J Ophthalmol. 126 :565–
577. [PubMed: 9780102] 

Blacharski, P. Pathological progressive myopia. In: Newsome, DA, editor. Retinal Dystrophies and 
Degenerations. Raven Press; New York: 1988. 257–269. 

Blessing WW, Oertel WH, Willoughby JO. 1984; Glutamic acid decarboxylase immunoreactivity is 
present in perikarya of neurons in nucleus tractus solitarius of rat. Brain Res. 322 :346–350. 
[PubMed: 6391605] 

Boltz A, Luksch A, Wimpissinger B, Maar N, Weigert G, Frantal S, Brannath W, Garhöfer G, Ergun 
E, Stur M, Schmetterer L. 2010; Choroidal blood flow and progression of age-related macular 
degeneration in the fellow eye in patients with unilateral choroidal neovascularization. Invest 
Ophthalmol Vis Sci. 51 :4220–4225. [PubMed: 20484590] 

Braakman R, van der Linden P, Sipkema P. 1999; Effects of topical beta-blockers on the diameter 
of the isolated porcine short posterior ciliary artery. Invest Ophthalmol Vis Sci. 40 :370–377. 
[PubMed: 9950595] 

Brach V. 1977; The functional significance of the avian pecten: a review. Condor. 79 :321–327. 

Braun RD, Linsenmeier RA, Goldstick TK. 1995; Oxygen consumption in the inner and outer retina of 
the cat. Invest Ophthalmol Vis Sci. 36 :542–554. [PubMed: 7890485] 

Butler JM, Ruskell GL, Cole DF, Unger WG, Zhang SQ, Blank MA, McGregor GP, Bloom SR. 1984; 
Effects of VIIth (facial) nerve degeneration on vasoactive intestinal polypeptide and substance P 
levels in ocular and orbital tissues of the rabbit. Exp Eye Res. 39 :523–532. [PubMed: 6209157] 

Calarescu, FR, Cirello, J, Caverson, MM, Cechetto, DF, Krukoff, TL. Functional neuroanatomy of 
ventral pathways controlling the circulation. In: Kochen, TA, Guthrie, CP, editors. Hypertension 
and the Brain. Futura Publications; Mt. Kisco, New York: 1984. 3–21. 

Cantwell EL, Cassone VM. 2006a; Chicken suprachiasmatic nuclei: II. Autoradiographic and 
immunohistochemical analysis. J Comp Neurol. 499 :442–457. [PubMed: 16998905] 

Cantwell EL, Cassone VM. 2006b; Chicken suprachiasmatic nuclei: I. Efferent and afferent 
connections. J Comp Neurol. 496 :97–120. [PubMed: 16528725] 

Chase J. 1982; The evolution of retinal vascularization in mammals. A comparison of vascular and 
avascular retinae. Ophthalmology. 89 :1518–1525. [PubMed: 7162797] 

Chou P, Lu DW, Chen JT. 2000; Bilateral superior cervical ganglionectomy increases choroidal blood 
flow in the rabbit. Ophthalmologica. 214 :421–425. [PubMed: 11054003] 

Chou PI, Lu DW, Chen JT. 2002; Effect of sympathetic denervation on rabbit choroidal blood flow. 
Ophthalmologica. 216 :60–64. [PubMed: 11901291] 

Ciriello J. 1983; Brainstem projections of aortic baroreceptor afferent fibers in the rat. Neurosci Lett. 
36 :37–42. [PubMed: 6856201] 

Ciulla TA, Harris A, Martin BJ. 2001; Ocular perfusion and age-related macular degeneration. Acta 
Ophthalmol Scand. 79 :108–115. [PubMed: 11284745] 

Colasanti BK, Powell SR. 1985; Effect of delta 9-tetrahydrocannabinol on intraocular pressure after 
removal of autonomic input. J Ocul Pharmacol. 1 :47–57. [PubMed: 2851632] 

Collier RH. 1967; Experimental embolic ischemia of the choroid. Arch Ophthalmol. 77 :683–692. 
[PubMed: 6022740] 

Corvetti G, Pignocchino P, Sisto Daneo L. 1988; Distribution and development of substance P 
immunoreactive axons in the chick cornea and uvea. Basic Appl Histochem. 32 :187–192. 
[PubMed: 2455505] 

Cringle SJ, Yu DY, Alder V, Su EN. 1999; Light and choroidal PO2 modulation of intraretinal oxygen 
levels in an avascular retina. Invest Ophthalmol Vis Sci. 40 :2307–2313. [PubMed: 10476797] 

Cuthbertson S, Fitzgerald MEC, Shih YF, White J, Reiner A. 1996; Distribution within the choroid 
of cholinergic nerve fibers from the ciliary ganglion in pigeons. Vis Res. 36 :775–786. [PubMed: 
8736214] 

Cuthbertson S, Jackson B, Toledo C, Fitzgerald MEC, Shih YF, Zagvazdin Y, Reiner A. 1997; 
Innervation of orbital and choroidal blood vessels by the pterygopalatine ganglion in pigeons. J 
Comp Neurol. 386 :422–442. [PubMed: 9303427] 

Reiner et al. Page 43

Prog Retin Eye Res. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Cuthbertson S, Zagvazdin YS, Kimble TDH, Lamoreaux WJ, Jackson BS, Fitzgerald MEC, Reiner A. 
1999; Preganglionic endings from nucleus of Edinger-Westphal in pigeon ciliary ganglion contain 
neuronal nitric oxide synthase. Vis Neurosci. 16 :819–834. [PubMed: 10580718] 

Cuthbertson S, LeDoux MS, Jones S, Jones J, Zhou Q, Gong S, Ryan P, Reiner A. 2003; Localization 
of preganglionic neurons that innervate choroidal neurons of pterygopalatine ganglion. Invest 
Ophthalmol Vis Sci. 44 :3713–3724. [PubMed: 12939284] 

Dallinger S, Findl O, Strenn K, Eichler HG, Wolzt M, Schmetterer L. 1998; Age dependence of 
choroidal blood flow. J Am Geriatr Soc. 46 :484–487. [PubMed: 9560073] 

Dampney RA. 1994; Functional organization of central pathways regulating the cardiovascular system. 
Physiol Rev. 74 :323–364. [PubMed: 8171117] 

Denis P, Fardin V, Nordmann JP, Elena PP, Larouche L, Saraux H, Rostene W. 1991; Localization and 
characterization of Substance P binding sites in rat and rabbit eyes. Invest Ophthalmol Vis Sci. 32 
:1894–1902. [PubMed: 1709627] 

De Stefano ME, Mugnaini E. 1997; Fine structure of the choroidal coat of the avian eye. Anat 
Embryol. 195 :393–418. 

Deussen A, Sonntag M, Vogel R. 1993; L-arginine-derived nitric oxide: a major determinant of uveal 
blood flow. Exp Eye Res. 57 :129–134. [PubMed: 8405178] 

Diaz NM, Morera LP, Guido ME. 2016; Melanopsin and the non-visual photochemistry in the inner 
retina of vertebrates. Photochem Photobiol. 92 :29–44. [PubMed: 26500165] 

Dollery CT, Bulpitt CJ, Kohner EM. 1969; Oxygen supply to the retina from the retinal and choroidal 
circulations at normal and increased arterial oxygen tensions. Invest Ophthalmol Vis Sci. 8 :588–
594. 

Donovan WJ. 1978; Structure and function of the pigeon visual system. Physiol Psychol. 6 :403–437. 

Dussor G, Cao YQ. 2016; TRPM8 and migraine. Headache. 56 :1406–1417. [PubMed: 27634619] 

Ehinger B. 1966; Adrenergic nerves to the eye and to related structures in man and the cynomolgus 
monkey. Invest Ophthalmol. 5 :42–52. 

Emeterio Nateras OS, Harrison JM, Muir ER, Zhang Y, Peng Q, Chalfin S, Gutierrez JE, Johnson DA, 
Kiel JW, Duong TQ. 2014; Choroidal blood flow decreases with age, an MRI study. Curr Eye Res. 
39 :1059–1067. [PubMed: 24655028] 

Erickson-Lamy KA, Kaufman PL. 1988; Effect of cholinergic drugs on outflow facility after ciliary 
ganglionectomy. Invest Ophthalmol Vis Sci. 29 :491–494. [PubMed: 3343105] 

Ernest JT. 1977; The effect of systolic hypertension on rhesus monkey eyes after ocular 
sympathectomy. Am J Ophthalmol. 84 :341–344. [PubMed: 409298] 

Fazekas A, Gazelius B, Edwall B, Theodorsson-Norheim E, Blomquist L, Lundberg JM. 1987; VIP 
and noncholinergic vasodilatation in rabbit submandibular gland. Peptides. 8 :13–20. [PubMed: 
2437546] 

Feigl B. 2009; Age-related maculopathy – linking aetiology and pathophysiological changes to the 
ischaemia hypothesis. Prog Retin Eye Res. 28 :63–86. [PubMed: 19070679] 

Filosa JA, Bonev AD, Straub SV, Meredith AL, Wilkerson MK, Aldrich RW, Nelson MT. 2006; Local 
potassium signaling couples neuronal activity to vasodilation in the brain. Nat Neurosci. 9 :1397–
1403. [PubMed: 17013381] 

Finley JCW, Katz DM. 1992; The central organization of carotid body afferent projections to the 
brainstem of the rat. Brain Res. 572 :108–116. [PubMed: 1611506] 

Fischer AJ, McKinnon LA, Nathanson NM, Stell WK. 1998; Identification and localization of 
muscarinic acetylcholine receptors in the ocular tissues of the chick. J Comp Neurol. 392 :273–
284. [PubMed: 9511918] 

Fischer AJ, Stell WK. 1999; Nitric oxide synthase-containing cells in the retina, pigmented epithelium, 
choroid, and sclera of the chick eye. J Comp Neurol. 405 :1–14. [PubMed: 10022192] 

Fitzgerald ME, Vana BA, Reiner A. 1990a; Evidence for retinal pathology following interruption of 
neural regulation of choroidal blood flow: muller cells express GFAP following lesions of the 
nucleus of Edinger-Westphal in pigeons. Curr Eye Res. 9 :583–598. [PubMed: 2201485] 

Reiner et al. Page 44

Prog Retin Eye Res. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fitzgerald ME, Vana BA, Reiner A. 1990b; Control of choroidal blood flow by the nucleus of 
Edinger-Westphal in pigeons: a laser Doppler study. Invest Ophthalmol Vis Sci. 31 :2483–2492. 
[PubMed: 2265988] 

Fitzgerald ME, Caldwell RB, Reiner A. 1992; Vasoactive intestinal polypeptide-containing nerve 
fibers are increased in abundance in the choroid of dystrophic RCS rats. Curr Eye Res. 11 :501–
515. [PubMed: 1380413] 

Fitzgerald ME, Gamlin PD, Zagvazdin Y, Reiner A. 1996; Central neural circuits for the light­
mediated reflexive control of choroidal blood flow in the pigeon eye: a laser Doppler study. Vis 
Neurosci. 13 :655–669. [PubMed: 8870223] 

Fitzgerald ME, Tolley E, Frase S, Zagvazdin Y, Miller RF, Hodos W, Reiner A. 2001; Functional and 
morphological assessment of age-related changes in the choroid and outer retina in pigeons. Vis 
Neurosci. 18 :299–317. [PubMed: 11417804] 

Fitzgerald ME, Wildsoet CF, Reiner A. 2002; Temporal relationship of choroidal blood flow and 
thickness changes during recovery from form deprivation myopia in chicks. Exp Eye Res. 74 
:561–570. [PubMed: 12076077] 

Fitzgerald MEC, Jones SV, Cuthbertson SL, Reiner A. 2002b Superior Salivatory Nucleus (SSN) 
Regulated Choroidal Blood Flow in Rats. ARVO Abstract # 2624. 

Fitzgerald ME, Tolley E, Jackson B, Zagvazdin YS, Cuthbertson SL, Hodos W, Reiner A. 2005; 
Anatomical and functional evidence for progressive age-related decline in parasympathetic control 
of choroidal blood flow in pigeons. Exp Eye Res. 81 :478–491. [PubMed: 15935343] 

Fitzgerald MEC, Li C, Del Mar N, Reiner A. 2010 Stimulation of hypothalamic paraventricular 
nucleus, lateral parabrachial nucleus or nucleus of the solitary tract increases choroidal blood flow 
in rats. Assoc Res Vis Ophthalmol. :5018. 

Fitzgerald MEC, Haughey C, Del Mar N, Reiner A. 2012a Increased retinal Müller cell 
immunolabeling for glial fibrillary acidic protein in rats following either impairment of 
sympathetic control of choroidal blood flow by removal of the superior cervical ganglion or by 
normal aging. Assoc Res Vis Ophthalmol. 

Fitzgerald MEC, Del Mar N, Li C, Reiner A. 2012b; Central serotonergic influences on the 
parasympathetic control of choroidal blood flow in rats. Int Congr Eye Res. XX :O171. 

Fitzgerald MEC, Li C, Del Mar N, Piche R, Reiner A. 2016 Age-related choroidal and retinal changes 
in Sprague-Dawley and Fischer 344 rats. Assoc Res Vis Ophthalmol. :273. 

Flügel C, Tamm ER, Mayer B, Lütjen-Drecoll E. 1994; Species differences in choroidal vasodilative 
innervation: evidence for specific intrinsic nitrergic and VIP-positive neurons in the human eye. 
Invest Ophthalmol Vis Sci. 35 :592–599. [PubMed: 7509326] 

Flügel-Koch C, Kaufman P, Lütjen-Drecoll E. 1994; Association of a choroidal ganglion cell plexus 
with the fovea centralis. Invest Ophthalmol Vis Sci. 35 :4268–4272. [PubMed: 7528181] 

Frank, RN. Studies in diabetic retinopathy. In: Tso, MOM, editor. Retinal Disease: Biomedical 
Foundations & Clinical Management. Lippincott Co; Philadephia: 1988. 165–180. 

Friedman E. 1970; Choroidal blood flow. Pressure-flow relationships. Arch Ophthalmology. 83 :95–
99. 

Friedman E, Krupsky S, Lane AM, Oak S, Friedman E, Egan K, Gragoudas E. 1995; Ocular blood 
flow velocity in age-related macular degeneration. Ophthalmol. 102 :640–646. 

Fuchsjäger-Mayrl G, Polska E, Malec M, Schmetterer L. 2001; Unilateral light-dark transitions affect 
choroidal blood flow in both eyes. Vis Res. 41 :2919–2924. [PubMed: 11701184] 

Fuchsjäger-Mayrl G, Luksch A, Malec M, Polska E, Wolzt M, Schmetterer L. 2003; Role of 
endothelin-1 in choroidal blood flow regulation during isometric exercise in healthy humans. 
Invest Ophthalmol Vis Sci. 44 :728–733. [PubMed: 12556405] 

Gallar J, Acosta MC, Belmonte C. 2003; Activation of scleral cold thermoreceptors by temperature 
and blood flow changes. Invest Ophthalmol Vis Sci. 44 :697–705. [PubMed: 12556401] 

Gamlin PD, Reiner A, Karten HJ. 1982; Substance P-containing neurons of the avian suprachiasmatic 
nucleus project directly to the nucleus of Edinger-Westphal. Proc Natl Acad Sci U S A. 79 
:3891–3895. [PubMed: 6179091] 

Gamlin PD, Reiner A, Erichsen JT, Cohen D, Karten HJ. 1984; The neural substrate for the pupillary 
light reflex in the pigeon (Columba livia). J Comp Neurol. 226 :523–543. [PubMed: 6747033] 

Reiner et al. Page 45

Prog Retin Eye Res. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Gamlin PD, Reiner A. 1991; The Edinger-Westphal nucleus: sources of input influencing 
accommodation, pupilloconstriction, and choroidal blood flow. J Comp Neurol. 306 :425–438. 
[PubMed: 1713924] 

Gamlin, PDR. Functions of the Edinger-Westphal nucleus. In: Burnstock, G, Sillito, AM, editors. 
Nervous Control of the Eye. Harwood Academic Publishers; Newark, NJ: 2000. 117–154. 

Ganchrow D, Gentle MJ, Ganchrow JR. 1987; Central distribution and efferent origins of facial nerve 
branches in the chicken. Brain Res Bull. 19 :231–238. [PubMed: 3664281] 

Garhöfer G, Huemer KH, Zawinka C, Schmetterer L, Dorner GT. 2002; Influence of diffuse luminance 
flicker on choroidal and optic nerve head blood flow. Curr Eye Res. 24 :109–113. [PubMed: 
12187482] 

Gaudric A, Coscas G, Bird AC. 1982; Choroidal ischemia. Am J Ophthalmol. 94 :489–498. [PubMed: 
7137273] 

Gay AJ, Goldor H, Smith M. 1964; Chorioretinal vascular occlusions with latex spheres. Invest 
Ophthalmol. 3 :647–656. [PubMed: 14238876] 

Geiser MH, Riva CE, Dorner GT, Diermann U, Luksch A, Schmetterer L. 2000; Response of choroidal 
blood flow in the foveal region to hyperoxia and hyperoxia-hypercapnia. Curr Eye Res. 21 :669–
676. [PubMed: 11148604] 

Gherezghiher T, Hey JA, Koss MC. 1990; Parasympathetic nervous control of intraocular pressure. 
Exp Eye Res. 50 :457–462. [PubMed: 1973653] 

Gherezghiher T, Okubo H, Koss MC. 1991; Choroidal and ciliary body blood flow analysis: 
application of laser Doppler flowmetry in experimental animals. Exp Eye Res. 53 :151–156. 
[PubMed: 1915670] 

Gloster J. 1960; Influence of the facial nerve on intra-ocular pressure. Brit J Ophthal. 45 :259–278. 

Golanov EV, Christensen JR, Reis DJ. 2001; Neurons of a limited subthalamic area mediate elevations 
in cortical cerebral blood flow evoked by hypoxia and excitation of neurons of the rostral 
ventrolateral medulla. J Neurosci. 21 :4032–4041. [PubMed: 11356890] 

Goldstein, DS, Kopin, IJ. The autonomic nervous system and catecholamines in normal blood 
pressure control and in hypertension. In: Laragh, JH, Brenner, BM, editors. Hypertension: 
Pathophysiology, Diagnosis, and Management. Raven Press Ltd; New York: 1990. 711–747. 

Gotoh, F, Tanaka, K. Regulation of cerebral blood flow. In: Bruyn, GW, Vinken, PJ, editors. Handbook 
of Clinical Neurology. Elsevier; Amsterdam: 1988. 47–77. 

Grunwald JE, Hariprasad SM, DuPont J. 1998a; Effect of aging on foveolar choroidal circulation. Arch 
Ophthalmol. 116 :150–154. [PubMed: 9488265] 

Grunwald JE, Hariprasad SM, DuPont J, Maguire MG, Fine SL, Brucker AJ, Maguire AM, Ho AC. 
1998b; Foveolar choroidal blood flow in age-related macular degeneration. Invest Ophthalmol 
Vis Sci. 39 :385–390. [PubMed: 9477998] 

Grunwald JE, Piltz J, Hariprasad SM, DuPont J. 1998c; Optic nerve and choroidal circulation in 
glaucoma. Invest Ophthalmol Vis Sci. 39 :2329–2336. [PubMed: 9804141] 

Grunwald JE, Metelitsina TI, DuPont JC, Ying GS, Maguirre MG. 2005; Reduced foveolar choroidal 
blood flow in eyes with increasing AMD severity. Invest Ophthalmol Vis Sci. 46 :1033–1038. 
[PubMed: 15728562] 

Guglielmone R, Cantino D. 1982; Autonomic innervation of the ocular choroid membrane in the 
chicken: a fluorescence-histochemical and electron-microscopic study. Cell Tissue Res. 222 
:417–431. [PubMed: 7083310] 

Guyenet PG. 2006; The sympathetic control of blood pressure. Nat Rev Neurosci. 7 :335–346. 
[PubMed: 16760914] 

Haefliger IO, Flammer J, Lüscher TF. 1993; Heterogeneity of endothelium-dependent regulation in 
ophthalmic and ciliary arteries. Invest Ophthalmol Vis Sci. 34 :1722–1730. [PubMed: 8473112] 

Haefliger IO, Flammer J, Beny JL, Lüscher TF. 2001; Endothelium-dependent vasoactive modulation 
in the ophthalmic circulation. Prog Retin Eye Res. 20 :209–225. [PubMed: 11173252] 

Hageman, GS; Gehrs, K; Johnson, LV; Anderson, D. Age-related Macular Degeneration (AMD). 2017. 
http://webvision.med.utah.edu/Hagerman.html 

Reiner et al. Page 46

Prog Retin Eye Res. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://webvision.med.utah.edu/Hagerman.html


Hara H, Hamill GS, Jacobowitz DM. 1985; Origin of cholinergic nerves to the rat major cerebral 
arteries: coexistence with vasoactive intestinal polypeptide. Brain Res Bull. 14 :179–188. 
[PubMed: 3888351] 

Heino P, Oksala O, Luhtala J, Uusitalo H. 1995; Localization of calcitonin gene-related peptide 
binding sites in the eye of different species. Curr Eye Res. 14 :783–790. [PubMed: 8529417] 

Hermes ML, Buijs RM, Renaud LP. 1996; Electrophysiology of suprachiasmatic nucleus projections 
to hypothalamic paraventricular nucleus neurons. Prog Brain Res. 111 :241–252. [PubMed: 
8990919] 

Herron WL, Riegel BW, Myers OE, Rubin ML. 1969; Retinal dystrophy in the rat–a pigment epithelial 
disease. Invest Ophthalmol. 8 :595–604. [PubMed: 5359576] 

Hicks PA, Leavitt JA, Mokri B. 1994; Ophthalmic manifestations of vertebral artery dissection in 
patients seen at the Mayo Clinic from 1976 to 1992. Ophthalmology. 101 :1786–1792. [PubMed: 
7800357] 

Hodos W, Miller RF, Ghim MM, Fitzgerald MEC, Toledo C, Reiner A. 1998; Visual acuity losses in 
pigeons with lesions of the nucleus of Edinger-Westphal that disrupt the adaptive regulation of 
choroidal blood flow. Vis Neurosci. 15 :273–287. [PubMed: 9605529] 

Horiguchi M, Miyake Y. 1991; Effect of temperature on electroretinograph readings during closed 
vitrectomy in humans. Arch Ophthalmol. 109 :1127–1129. [PubMed: 1867557] 

Hosler FE, Olson KR. 1984; Microvasculature of the avian eye: studies on the eye of the duckling 
with micro-corrosion casting, scanning electron microscopy, and stereology. Amer J Anat. 170 
:205–221. [PubMed: 6380262] 

Hosoya Y, Matsushita M, Sugiura Y. 1984; Hypothalamic descending afferents to cells of origin of the 
greater petrosal nerve in the rat, as revealed by a combination of retrograde HRP and anterograde 
autoradiographic techniques. Brain Res. 290 :141–145. [PubMed: 6692130] 

Huang PL, Dawson TM, Bredt DS, Snyder SH, Fishman MC. 1993; Targeted disruption of the 
neuronal nitric oxide synthase gene. Cell. 75 :1273–1286. [PubMed: 7505721] 

Huemer KH, Garhofer G, Aggermann T, Kolodjaschna J, Schmetterer L, Fuchsjäger-Mayrl G. 2007; 
Role of nitric oxide in choroidal blood flow regulation during light/dark transitions. Invest 
Ophthalmol Vis Sci. 48 :4215–4219. [PubMed: 17724209] 

Iadecola C, Nedergaard M. 2007; Glial regulation of the cerebral microvasculature. Nat Neurosci. 10 
:1369–1376. [PubMed: 17965657] 

Imai K. 1977; Cholinergic innervation of the choroid. Ophthalmic Res. 9 :194–200. 

Ishitsuka T, Iadecola C, Underwood MD, Reis DJ. 1986; Lesions of nucleus tractus solitarii globally 
impair cerebrovascular autoregulation. Am J Physiol. 251 :H269–H281. [PubMed: 3090898] 

Ito H, Seki M. 1998; Ascending projections from the area postrema and the nucleus of the solitary 
tract of Suncus murinus: anterograde tracing study using Phaseolus vulgaris leucoagglutinin. 
Okajimas Folia Anat Jpn. 75 :9–31. [PubMed: 9715082] 

Jablonski MM, Iannaccone A, Reynolds DH, Gallaher P, Allen S, Wang XF, Reiner A. 2007; Age­
related decline in VIP-positive parasympathetic nerve fibers in the human submacular choroid. 
Invest Ophthalmol Vis Sci. 48 :479–485. [PubMed: 17251439] 

Jacobs JH. 2009; Evolution of colour vision in mammals. Phil Trans R Soc B. 364 :2957–2967. 
[PubMed: 19720656] 

Jacot JL, O’Neill JT, Scandling DM, West SD, McKenzie JE. 1998; Nitric oxide modulation of retinal, 
choroidal, and anterior uveal blood flow in newborn piglets. J Ocul Pharmacol Ther. 14 :473–
489. [PubMed: 9811236] 

James CB, Smith SE. 1991; Pulsatile ocular blood flow in patients with low tension glaucoma. Br J 
Ophthalmol. 75 :466–470. [PubMed: 1873264] 

Jansen ASP, Nguyen XV, Karpitsky V, Mettenleiter TC, Loewy AD. 1995; Central command neurons 
of the sympathetic nervous system: basis of fight-or-flight response. Science. 270 :644–646. 
[PubMed: 7570024] 

Johnson, PC. The myogenic response. In: Bohr, DF, Somlyo, AP, Sparks, HV, editors. Handbook 
of Physiology: the Cardiovascular System: Vascular Smooth Muscle. Waverly Press; Baltimore: 
1980. 409–442. 

Reiner et al. Page 47

Prog Retin Eye Res. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Katz DM, Karten HJ. 1979; The discrete anatomical localization of vagal aortic afferents within 
a catecholamine-containing cell group in the nucleus solitarius. Brain Res. 171 :187–195. 
[PubMed: 466439] 

Kawarai M, Koss MC. 1998; Sympathetic vasoconstriction in the rat anterior choroid is mediated by 
alpha1-adrenoceptors. Eur J Pharmacol. 363 :35–40. [PubMed: 9877079] 

Kaya A, Aksoy Y, Sevinç MK, Diner O. 2016; Temperature control function of the choroid may be the 
reason for the increase in choroidal thickness during the acute phase of familial Mediterranean 
Fever. Ophthalmologica. 235 :123. [PubMed: 26835683] 

Kelly PA, Buckley CH, Ritchie IM, O’Brien C. 1998; Possible role for nitric oxide releasing nerves in 
the regulation of ocular blood flow in the rat. Br J Ophthal. 82 :1199–1202. [PubMed: 9924311] 

Kergoat H, Faucher C. 1999; Effects of oxygen and carbogen breathing on choroidal hemodynamics in 
humans. Invest Ophthalmol Vis Sci. 40 :2906–2911. [PubMed: 10549651] 

Kiel JW, Shepherd AP. 1992; Autoregulation of choroidal blood flow in the rabbit. Invest Ophthalmol 
Vis Sci. 33 :2399–2410. [PubMed: 1634337] 

Kiel JW. 1994; Choroidal myogenic autoregulation and intraocular pressure. Exp Eye Res. 58 :529–
543. [PubMed: 7925690] 

Kiel JW, van Heuven WA. 1995; Ocular perfusion pressure and choroidal blood flow in the rabbit. 
Invest Ophthalmol Vis Sci. 36 :579–585. [PubMed: 7890489] 

Kiel JW, Lovell MO. 1996; Adrenergic modulation of choroidal blood flow in the rabbit. Invest 
Ophthalmol Vis Sci. 37 :673–679. [PubMed: 8595968] 

Kiel JW. 1999; Modulation of choroidal autoregulation in the rabbit. Exp Eye Res. 69 :413–429. 
[PubMed: 10504275] 

Kiel, JW. Local determinants. In: Schmetterer, L, Kiel, J, editors. Ocular Blood Flow. Springer-Verlag; 
Heidelberg, Germany: 2012. 211–241. 

Kimble TD, Fitzgerald ME, Reiner A. 2006; Sustained upregulation of glial fibrillary acidic protein 
in Muller cells in pigeon retina following disruption of the parasympathetic control of choroidal 
blood flow. Exp Eye Res. 83 :1017–1030. [PubMed: 16839546] 

Klooster J, Beckers HJ, Ten Tusscher MP, Vrensen GFJM, van der Want JJL, Lamers 
WPMA. 1996; Sympathetic innervation of the rat choroid: an autoradiographic tracing and 
immunohistochemical study. Ophthalmic Res. 28 :36–43. [PubMed: 8726675] 

Korf HW. 1984; Neuronal organization of the avian paraventricular nucleus: intrinsic, afferent, and 
efferent connections. J Exp Zool. 232 :387–395. [PubMed: 6084042] 

Korte GE, Burns MS, Bellhorn RW. 1989; Epithelium-capillary interactions in the eye: the retinal 
pigment epithelium and the choriocapillaris. Int Rev Cytol. 114 :221–248. [PubMed: 2661458] 

Koss MC. 1994; Adrenoceptor mechanisms in epinephrine-induced anterior choroidal vasoconstriction 
in cats. Exp Eye Res. 59 :715–722. [PubMed: 7698264] 

Koss MC. 1998; Role of nitric oxide in maintenance of basal anterior choroidal blood flow in rats. 
Invest Ophthalmol Vis Sci. 39 :559–564. [PubMed: 9501867] 

Koss MC, Kuhlman L, Gherezghiher T. 1991; IOP and ChBF control by the EW nucleus in cats. Invest 
Ophthalmol Vis Sci. (Suppl 32) :1186. 

Koss MC, Gherezghiher T. 1993; Adrenoceptor subtypes involved in neurally evoked sympathetic 
vasoconstriction in the anterior choroid of cats. Exp Eye Res. 57 :441–447. [PubMed: 8282030] 

Kozicz T, Bittencourt JC, May PJ, Reiner A, Gamlin PD, Palkovits M, Horn AK, Toledo CA, Ryabinin 
AE. 2011; The Edinger-Westphal nucleus: a historical, structural, and functional perspective on a 
dichotomous terminology. J Comp Neurol. 519 :1413–1434. [PubMed: 21452224] 

Krukoff TL, Mactavish D, Jhamandas JH. 1997; Activation by hypotension of neurons in the 
hypothalamic paraventricular nucleus that project to the brainstem. J Comp Neurol. 385 :285–
296. [PubMed: 9268128] 

Kubota T, Jonas JB, Naumann GO. 1993; Decreased choroidal thickness in eyes with secondary angle 
closure glaucoma. An aetiological factor for deep retinal changes in glaucoma? Br J Ophthal. 77 
:430–432. [PubMed: 8343472] 

Kumagai N, Yuda K, Kadota T, Goris R, Kishida R. 1988; Substance P-like immunoreactivity in the 
central retinal artery of the rabbit. Exp Eye Res. 46 :591–596. [PubMed: 2454834] 

Reiner et al. Page 48

Prog Retin Eye Res. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Kuwayama Y, Stone RA. 1987; Distinct substance P and calcitonin gene-related peptide 
immunoreactive nerves in the Guinea pig eye. Invest Ophthalmol Vis Sci. 28 :1947–1954. 
[PubMed: 2445707] 

Kuwayama Y, Grimes PA, Ponte B, Stone RA. 1987; Autonomic neurons supplying the rat eye and the 
intraorbital distribution of vasoactive intestinal polypeptide (VIP)- like immunoreactivity. Exp 
Eye Res. 44 :907–922. [PubMed: 3308498] 

Landers MB. 1978; Retinal oxygenation via the choroidal circulation. Trans Am Ophthalmol Soc. 76 
:528–556. [PubMed: 112752] 

Langham ME, Grebe R, Hopkins S, Marcus S, Sebag M. 1991; Choroidal blood flow in diabetic 
retinopathy. Exp Eye Res. 52 :167–173. [PubMed: 2013299] 

Laties AM. 1967; Central retinal artery innervation. Absence of adrenergic innervation to the 
intraocular branches. Arch Ophthalmol. 77 :405–409. [PubMed: 4960032] 

Laties AM, Jacobowitz D. 1966; A comparative study of the autonomic innervation of the eye in 
monkey, cat and rabbit. Anat Rec. 162 :501–504. 

LaVail MM. 1981; Analysis of neurological mutants with inherited retinal degeneration. Friedenwald 
lecture. Invest Ophthalmol Vis Sci. 21 :638–657. [PubMed: 7028675] 

LeDoux MS, Zhou Q, Murphy RB, Greene ML, Ryan P. 2001; Parasympathetic innervation of the 
meibomian glands in rats. Invest Ophthalmol Vis Sci. 42 :2434–2441. [PubMed: 11581180] 

Li H, Grimes P. 1993; Adrenergic innervation of the choroid and iris in diabetic rats. Curr Eye Res. 12 
:89–94. [PubMed: 8436013] 

Li C, Fitzgerald MEC, Cuthbertson S, LeDoux MS, Gong S, Ryan P, Reiner A. 2015a; A 
pseudorabies virus transneuronal tracing study characterizing the central neurons responsible 
for parasympathetic regulation of choroidal blood flow in rat eye. Front Syst Neurosci. 9 :65. 
[PubMed: 25954165] 

Li C, Fitzgerald MEC, Del Mar N, Reiner A. 2016a; Stimulation of the nucleus of solitary-tract 
produces choroidal vasodilation in rats. Front Neuroanat. 10 :94. [PubMed: 27774055] 

Li C, Fitzgerald MEC, Del Mar N, Reiner A. 2016b; Disinhibition of neurons of the nucleus of solitary 
tract that project to the superior salivatory nucleus causes choroidal vasodilation: implications 
for mechanisms underlying choroidal baroregulation. Neurosci Lett. 633 :106–111. [PubMed: 
27663135] 

Li C, Fitzgerald MEC, Del Mar N, Haughey C, Reiner A. 2015b Retinal and choroidal abnormalities 
following sympathetic denervation of choroid. Assoc Res Vis Ophthalmol. :4198. 

Li C, Taylor C, Guley NM, Del Mar N, Fitzgerald MEC, Reiner A. 2017 Effect of neuronal nitric 
oxide synthase deletion on choroidal blood flow and retinal morphology and function. Assoc Res 
Vis Ophthalmol. :3039. 

Lin T, Grimes PA, Stone RA. 1988; Nerve pathways between the pterygopalatine ganglion and eye in 
cats. Anat Rec. 222 :95–102. [PubMed: 3189891] 

Linder J. 1981; Effects of facial nerve section and stimulation on cerebral and ocular blood flow in 
hemorrhagic hypotension. Acta Physiol Scand. 112 :185–193. [PubMed: 7315412] 

Linsenmeier RA. 1986; Effects of light and darkness on oxygen distribution and consumption in the 
cat retina. J Gen Physiol. 88 :521–542. [PubMed: 3783124] 

Linsenmeier RA, Zhang HF. 2017; Retinal oxygen: from animals to humans. Prog Retin Eye Res. 58 
:115–151. [PubMed: 28109737] 

Longo A, Geiser M, Riva CE. 2000; Subfoveal choroidal bloodflow in response to light-dark exposure. 
Invest Ophthalmol Vis Sci. 41 (2000) :2678–2683. [PubMed: 10937582] 

Lovasik JV, Kergoat H, Riva CE, Petrig BL, Geiser M. 2003; Choroidal blood flow during exercise­
induced changes in the ocular perfusion pressure. Invest Ophthalmol Vis Sci. 44 :2126–2132. 
[PubMed: 12714652] 

Lovasik JV, Kergoat H, Gagnon M. 2005a; Experimentally reduced perfusion of one eye impair retinal 
function in both eyes. Optom Vis Sci. 82 :850–857. [PubMed: 16189496] 

Lovasik JV, Kergoat H, Wajszilber MA. 2005b; Blue flicker modifies the subfoveal choroidal blood 
flow in the human eye. Am J Physiol Heart Circ Physiol. 289 :H683–H691. [PubMed: 15805226] 

Reiner et al. Page 49

Prog Retin Eye Res. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Lovasik, JV, Kergoat, H. Systemic determinants. In: Schmetterer, L, Kiel, J, editors. Ocular Blood 
Flow. Springer-Verlag; Heidelberg, Germany: 2012. 173–210. 

Luksch A, Polak K, Beier C, Polska E, Wolzt M, Dorner GT, Eichler HG, Schmetterer L. 2000; Effects 
of systemic NO synthase inhibition on choroidal and optic nerve head blood flow in healthy 
subjects. Invest Ophthalmol Vis Sci. 41 :3080–3084. [PubMed: 10967067] 

Luksch A, Polska E, Imhof A, Schering J, Fuchsjäger-Mayrl G, Wolzt M, Schmetterer L. 2003; Role 
of NO in choroidal blood flow regulation during isometric exercise in healthy humans. Invest 
Ophthalmol Vis Sci. 44 :734–739. [PubMed: 12556406] 

Lundberg JM, Anggard A, Fahrenkrug J. 1982; Complementary role of vasoactive intestinal 
polypeptide (VIP) and acetylcholine for cat submandibular gland blood flow and secretion. Acta 
Physiol Scand. 114 :329–337. [PubMed: 6182751] 

Lütjen-Drecoll E. 2006; Choroidal innervation in primate eyes. Exp Eye Res. 82 :357–361. [PubMed: 
16289045] 

Malmfors T. 1965; The adrenergic innervation of the eye as demonstrated by fluorescence microscopy. 
Acta Physiol Scand. 65 :259–267. [PubMed: 4955982] 

Mann RM, Riva CE, Stone RA, Barnes GE, Cranstoun SD. 1995; Nitric oxide and choroidal blood 
flow regulation. Invest Ophthalmol Vis Sci. 36 :925–930. [PubMed: 7706041] 

Mansson B, Ekstrom J. 1991; On the non-adrenergic, non-cholinergic contribution to the 
parasympathetic nerve-evoked secretion of parotid saliva in the rat. Acta Physiol Scand. 141 
:197–205. [PubMed: 1710866] 

Martínez-Lazcano JC, Pérez-Severiano F, Escalante B, Ramírez-Emiliano J, Vergara P, González RO, 
Segovia J. 2007; Selective protection against oxidative damage in brain of mice with a targeted 
disruption of the neuronal nitric oxide synthase gene. J Neurosci Res. 85 :1391–1402. [PubMed: 
17387708] 

Matynia A, Nguyen E, Sun X, Blixt FW, Parikh S, Kessler J, Pérez de Sevilla Müller L, Habib S, Kim 
P, Wang ZZ, Rodriguez A, Charles A, Nusinowitz S, Edvinsson L, Barnes S, Brecha NC, Gorin 
MB. 2016; Peripheral sensory neurons expressing melanopsin respond to light. Front Neural 
Circuits. 10 :60. [PubMed: 27559310] 

May CA. 1997; Description and function of the ciliary nerves–some historical remarks on choroidal 
innervation. Exp Eye Res. 65 :1–5. [PubMed: 9237858] 

May CA, Lütjen-Drecoll E. 2004; Choroidal ganglion cell changes ins glaucomatous human eyes. J 
Glaucoma. 13 :389–395. [PubMed: 15354077] 

May CA, Neuhuber W, Lutjen-Drecoll E. 2004; Immunohistochemical classification and functional 
morphology of human choroidal ganglion cells. Invest Ophthalmol Vis Sci. 45 :361–367. 
[PubMed: 14744873] 

May CA, Kaufman PL, Lütjen-Drecoll E, Scholz M. 2006; Choroidal innervation and optic neuropathy 
in macacque monkeys with laser- or anterior chamber perfusioninduced short-term elevation of 
intraocular pressure. Exp Eye Res. 82 :1060–1067. [PubMed: 16466715] 

May PJ, Reiner AJ, Ryabinin AE. 2008; Comparison of the distributions of urocortin-containing and 
cholinergic neurons in the perioculomotor midbrain of the cat and macaque. J Comp Neurol. 507 
:1300–1316. [PubMed: 18186029] 

McCulloch, C. Choroideremia and other choroidal atrophies. In: Newsome, DA, editor. Retinal 
Dystrophies & Degenerations. Raven Press; New York: 1988. 285–295. 

McDougal DH, Gamlin PD. 2015; Autonomic control of the eye. Compr Physiol. 5 :439–473. 
[PubMed: 25589275] 

McKibbin M, Ali M, Inglehearn C, Shires M, Boyle K, Hocking PM. 2014; Spectral domain optical 
coherence tomography imaging of the posterior segment of the eye in the retinal dysplasia and 
degeneration chicken, an animal model of inherited retinal degeneration. Vet Ophthalmol. 17 
:113–119. [PubMed: 23701506] 

Medina L, Reiner A. 1994; Distribution of choline acetyltransferase immunoreactivity in the pigeon 
brain. J Comp Neurol. 342 :497–537. [PubMed: 8040363] 

Medrano CJ, Fox DA. 1995; Oxygen consumption in the rat outer and inner retina: light- and 
pharmacologically-induced inhibition. Exp Eye Res. 61 :273–284. [PubMed: 7556491] 

Reiner et al. Page 50

Prog Retin Eye Res. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Mendoza-Santiesteban CE, Hedges TR, Norcliffe-Kaufmann L, Warren F, Reddy S, Axelrod FB, 
Kaufmann H. 2012; Clinical neuro-ophthalmic findings in Familial Dysautonomia. J Neuro 
Ophthalmol. 32 :23–26. 

Mendoza-Santiesteban CE, Hedges TR, Norcliffe-Kaufman L, Axelord F, Kaufman H. 2014; Selective 
retinal ganglion cell loss in Familial Dysautonomia. J Neurol. 261 :702–709. [PubMed: 
24487827] 

Meriney SD, Pilar G. 1987; Cholinergic innervation of the smooth muscle cells in the choroid coat of 
the chick eye and its development. J Neurosci. 7 :3827–3839. [PubMed: 3694256] 

Metea MR, Newman EA. 2006; Glial cells dilate and constrict blood vessels: a mechanism of 
neurovascular coupling. J Neurosci. 26 :2862–2870. [PubMed: 16540563] 

Metelitsina TI, Grunwald JE, DuPont JC, Ying GS, Brucker AJ, Dunaief JL. 2008; Foveolar 
choroidal circulation and choroidal neovascularization in age-related macular degeneration. 
Invest Ophthalmol Vis Sci. 49 :358–363. [PubMed: 18172113] 

Meyer, DB. The avian eye and its adaptations. In: Crescitelli, F, editor. Handbook of Sensory 
Physiology Volume VII/5 The Visual System in Vertebrates. Springer-Verlag; Heidelberg: 1977. 
549–611. 

Michelson G, Patzelt A, Harazny J. 2002; Flickering light increases retinal blood flow. Retina. 22 
:336–343. [PubMed: 12055468] 

Miller AS, Coster DJ, Costa M, Furness JB. 1983; Vasoactive intestinal polypeptide immunoreactive 
nerve fibres in the human eye. Aust J Ophthalmol. 11 :185–193. [PubMed: 6639511] 

Milley JR, Rosenberg AA, Jones MD Jr. 1984; Retinal and choroidal blood flows in hypoxic and 
hypercarbic newborn lambs. Pediatr Res. 18 :410–414. [PubMed: 6427748] 

Mindel JS, Mittag TW. 1976; Choline acetyltransferase in ocular tissues of rabbits, cats, cattle, and 
man. Invest Ophthalmol. 15 :808–814. [PubMed: 977252] 

Mizota A, Adachi-Usami E. 2002; Effect of body temperature on electroretinogram of mice. Invest 
Ophthalmol Vis Sci. 43 :3754–3757. [PubMed: 12454047] 

Moncada S, Palmer RM, Higgs EA. 1991; Nitric oxide: physiology, pathophysiology, and 
pharmacology. Pharmacol Rev. 43 :109–142. [PubMed: 1852778] 

Morita Y, Hardebo JE, Bouskela E. 1995; Influence of cerebrovascular sympathetic, parasympathetic, 
and sensory nerves on autoregulation and spontaneous vasomotion. Acta Physiol Scand. 154 
:121–130. [PubMed: 7572208] 

Murata Y, Masuko S. 2006; Peripheral and central distribution of TRPV1, substance P and CGRP of 
rat corneal neurons. Brain Res. 1085 :87–94. [PubMed: 16564032] 

Nagy AN, Hayman LA, Diaz-Marchan PJ, Lee AG. 1997; Horner’s syndrome due to first-order neuron 
lesions of the oculosympathetic pathway. Am J Reontgenol. 169 :581–584. 

Nakai M. 1985; An increase in cerebral blood flow elicited by electrical stimulation of the solitary 
nucleus in rats with cervical cordotomy and vagotomy. Jpn J Physiol. 35 :57–70. [PubMed: 
4021224] 

Nakai M, Ogino K. 1984; The relevance of cardio-pulmonary-vascular reflex to regulation of the brain 
vessels. Jpn J Physiol. 34 :193–197. [PubMed: 6727069] 

Nakanome Y, Karita K, Izumi H, Tamai M. 1995; Two types of vasodilatation in cat choroid elicited by 
electrical stimulation of the short ciliary nerve. Exp Eye Res. 60 :37–42. [PubMed: 7720803] 

Nickla DL, Wildsoet C, Wallman J. 1998; Visual influences on diurnal rhythms in ocular length and 
choroidal thickness in chick eyes. Exp Eye Res. 66 :163–181. [PubMed: 9533843] 

Nickla D, Wallman J. 2010; The multifunctional choroid. Prog Retin Eye Res. 29 :144–168. [PubMed: 
20044062] 

Nilsson SF. 1991; Neuropeptide Y (NPY): a vasoconstrictor in the eye, brain and other tissues in the 
rabbit. Acta Physiol Scand. 141 :455–467. [PubMed: 1678907] 

Nilsson SF. 1996; Nitric oxide as a mediator of parasympathetic vasodilation in ocular and extraocular 
tissues in the rabbit. Invest Ophthalmol Vis Sci. 37 :2110–2119. [PubMed: 8814150] 

Nilsson SF. 2000; The significance of nitric oxide for parasympathetic vasodilation in the eye and 
other orbital tissues in the cat. Exp Eye Res. 70 :61–72. [PubMed: 10644421] 

Reiner et al. Page 51

Prog Retin Eye Res. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Nilsson SF, Bill A. 1984; Vasoactive intestinal polypeptide (VIP): effects in the eye and on regional 
blood flows. Acta Physiol Scand. 121 :385–392. [PubMed: 6148840] 

Nilsson SF, Linder J, Bill A. 1985; Characteristics of uveal vasodilation produced by facial nerve 
stimulation in monkeys, cats and rabbits. Exp Eye Res. 40 :841–852. [PubMed: 2862056] 

Nilsson SF, Maepea O, Alm A, Narfström K. 2001; Ocular blood flow and retinal metabolism in 
abyssinian cats with hereditary retinal degeneration. Invest Ophthalmol Vis Sci. 42 :1038–1044. 
[PubMed: 11274083] 

Nuzzi R, Finazzo C, Grignolo FM. 2010; Changes in adrenergic innervation of the choroid during 
aging. J Fr Ophthalmol. 19 :89–96. 

Nyborg NC, Nielsen PJ. 1990; The level of spontaneous myogenic tone in isolated human posterior 
ciliary arteries decreases with age. Exp Eye Res. 51 :711–715. [PubMed: 2265682] 

O’Brien C, Kelly PA, Ritchie IM. 1997; Effect of chronic inhibition of nitric oxide synthase on ocular 
blood flow and glucose metabolism in the rat. Br J Ophthal. 81 :68–71. [PubMed: 9135412] 

Okamoto K, Thompson R, Tashiro A, Chang Z, Bereiter DA. 2009; Bright light produces Fos-positive 
neurons in caudal trigeminal brainstem. Neuroscience. 160 :858–864. [PubMed: 19285114] 

Okamoto K, Tashiro A, Chang Z, Bereiter DA. 2010; Bright light activates a tri-geminal nociceptive 
pathway. Pain. 149 :235–242. [PubMed: 20206444] 

Oyster, CW. The Human Eye: Structure and Function. Sinauer Associates; Sunderland, MA, USA: 
1999. 

Parver LM, Auker C, Carpenter DO. 1980; Choroidal blood flow as a heat dissipating mechanism in 
the macula. Am J Ophthalmol. 89 :641–646. [PubMed: 6769334] 

Parver LM, Auker CR, Carpenter DO, Doyle T. 1982; Choroidal blood flow II. Reflexive control in the 
monkey. Arch Ophthalmol. 100 :1327–1330. [PubMed: 7103819] 

Parver LM, Auker CR, Carpenter DO. 1983; Choroidal blood flow. III Reflexive control in human 
eyes. Arch Ophthalmol. 101 :1604–1606. [PubMed: 6626016] 

Pauleikhoff D, Chen JC, Chisholm IH, Bird AC. 1990; Choroidal perfusion abnormality with age­
related Bruch’s membrane change. Am J Ophthalmol. 109 :211–217. [PubMed: 2301534] 

Paulson OB, Strandgaard S, Edvinsson L. 1990; Cerebral autoregulation. Cerebrovasc Brain Metab 
Rev. 2 :161–192. [PubMed: 2201348] 

Pemp B, Schmetterer L. 2008; Ocular blood flow in diabetes and age-related macular degeneration. 
Can J Ophthalmol. 43 :295–301. [PubMed: 18443612] 

Pettigrew JD, Wallman J, Wildsoet CF. 1990; Saccadic oscillations facilitate ocular perfusion from the 
avian pecten. Nature. 343 :362–363. [PubMed: 14756148] 

Pickard GE, Smeraski CA, Tomlinson CC, Banfield BW, Kaufman J, Wilcox CL, Enquist LW, 
Sollars PJ. 2002; Intravitreal injection of the attenuated pseudorabies virus PRV Bartha results in 
infection of the hamster suprachiasmatic nucleus only by retrograde transsynaptic transport via 
autonomic circuits. J Neurosci. 22 :2701–2710. [PubMed: 11923435] 

Porter JP, Brody MJ. 1986; A comparison of the hemodynamic effects produced by electrical 
stimulation of subnuclei of the paraventricular nucleus. Brain Res. 375 :20–29. [PubMed: 
2941112] 

Potts AM. 1966; An hypothesis on macular disease. Trans Am Acad Ophthalmol Otolaryngol. 70 
:1058–1062. [PubMed: 5971469] 

Poukens V, Glasgow BJ, Demer JL. 1998; Nonvascular contractile cells in sclera and choroid of 
humans and monkeys. Invest Ophthalmol Vis Sci. 39 :1765–1774. [PubMed: 9727398] 

Pournaras CJ, Logean E, Riva CE, Petrig BL, Chamot SR, Coscas G, Soubrane G. 2006; Regulation of 
subfoveal choroidal blood flow in age-related macular degeneration. Invest Ophthalmol Vis Sci. 
47 :1581–1586. [PubMed: 16565395] 

Ramrattan RS, van der Schaft TL, Mooy CM, de Bruijn WC, Mulder PG, de Jong PT. 1994; 
Morphometric analysis of Bruch’s membrane, the choriocapillaris, and the choroid in aging. 
Invest Ophthalmol Vis Sci. 35 :2857–2864. [PubMed: 8188481] 

Ravalico G, Toffoli G, Pastori G, Crocè M, Calderini S. 1996; Age-related ocular blood flow changes. 
Invest Ophthalmol Vis Sci. 37 :2645–2650. [PubMed: 8977478] 

Reiner et al. Page 52

Prog Retin Eye Res. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Reiner A, Karten HJ, Gamlin PDR, Erichsen JT. 1983; Parasympathetic ocular control: functional 
subdivisions and circuitry of the avian nucleus of Edinger-Westphal. Trends Neurosci. 6 :140–
145. 

Reiner A, Erichsen JT, Cabot JB, Evinger C, Fitzgerald ME, Karten HJ. 1991; Neurotransmitter 
organization of the nucleus of Edinger-Westphal and its projection to the avian ciliary ganglion. 
Vis Neurosci. 6 :451–472. [PubMed: 1712628] 

Reiner A, Shih YF, Fitzgerald ME. 1995; The relationship of choroidal blood flow and accommodation 
to the control of ocular growth. Vis Res. 35 :1227–1245. [PubMed: 7610584] 

Reiner A, Zagvazdin Y, Fitzgerald MEC. 2003; Choroidal blood flow in pigeons compensates for 
decreases in arterial blood pressure. Exp Eye Res. 76 :273–282. [PubMed: 12573656] 

Reiner A, Perkel DJ, Bruce LL, Butler AB, Csillag A, Kuenzel W, Medina L, Paxinos G, Shimizu T, 
Striedter G, Wild M, Ball GF, Durand S, Güntürkün O, Lee DW, Mello CV, Powers A, White 
SA, Hough G, Kubikova L, Smulders TV, Wada K, Dugas-Ford J, Husband S, Yamamoto K, 
Yu J, Siang C, Jarvis ED. Avian Brain Nomenclature Forum. 2004; Revised nomenclature for 
avian telencephalon and some related brainstem nuclei. J Comp Neurol. 473 :377–414. [PubMed: 
15116397] 

Reiner A, Yamamoto K, Karten HJ. 2005; Organization and evolution of the avian forebrain. Anat Rec 
A Discov Mol Cell Evol Biol. 287 :1080–1102. [PubMed: 16206213] 

Reiner A, Li C, Del Mar N, Fitzgerald MEC. 2010a; Choroidal blood flow compensation in rats for 
arterial blood pressure decreases is neuronal nitric oxide-dependent but compensation for arterial 
blood pressure increases is not. Exp Eye Res. 90 :734–741. [PubMed: 20302861] 

Reiner A, Fitzgerald MEC, Li C, Del Mar N. 2010b Effects on rat retina of disrupted parasympathetic 
choroidal blood flow regulation by superior salivatory nucleus lesions. Assoc Res Vis 
Ophthalmol. :6323. 

Reiner A, Li C, Del Mar N, Zagvazdin Y, Fitzgerald MEC. 2011; Age-related impairment in choroidal 
blood flow compensation for arterial blood pressure fluctuation in pigeons. Invest Ophthalmol 
Vis Sci. 52 :7238–7247. [PubMed: 21828151] 

Reiner, A, Fitzgerald, MEC, Li, C. Neural control of ocular blood flow. In: Schmetter, L, Kiel, J, 
editors. Ocular Blood Flow. Springer-Verlag; Heidelberg, Germany: 2012. 243–309. 

Reiner A, Wong TT, Nazor CC, Del Mar N, Fitzgerald MEC. 2016; Photoreceptor injury following 
disruption of parasympathetic regulation of choroidal blood flow by the medial subdivision of the 
nucleus of Edinger-Westphal in pigeons. Vis Neurosci. 33 :e008. [PubMed: 27485271] 

Riva CE, Cranstoun SD, Mann RM, Barnes GE. 1994; Local choroidal blood flow in the cat by laser 
Doppler flowmetry. Invest Ophthalmol Vis Sci. 35 :608–618. [PubMed: 8113011] 

Riva CE, Titze P, Hero M, Movaffaghy A, Petrig BL. 1997a; Choroidal blood flow during isometric 
exercises. Invest Ophthalmol Vis Sci. 38 :2338–2343. [PubMed: 9344357] 

Riva CE, Titze P, Hero M, Petrig BL. 1997b; Effect of acute decreases of perfusion pressure on 
choroidal blood flow in humans. Invest Ophthalmol Vis Sci. 38 :1752–1760. [PubMed: 9286263] 

Robertson D, Haile V, Perry SE, Robertson RM, Phillips JA, Biaggioni I. 1991; Dopamine beta­
hydroxylase deficiency. A genetic disorder of cardiovascular regulation. Hypertension. 18 :1–8. 
[PubMed: 1677640] 

Rogers RF, Paton JF, Schwaber JS. 1993; NTS neuronal responses to arterial pressure and pressure 
changes in the rat. Am J Physiol. 265 :R1355–R1368. [PubMed: 8285278] 

Ruskell GL. 1970; An ocular parasympathetic nerve pathway of facial nerve origin and its influence on 
intraocular pressure. Exp Eye Res. 10 :319–330. [PubMed: 4991876] 

Ruskell GL. 1971; Facial parasympathetic innervation of the choroidal blood vessels in monkeys. Exp 
Eye Res. 12 :166–172. [PubMed: 5000886] 

Scheuer DA, Zhang J, Toney GM, Mifflin SW. 1996; Temporal processing of aortic nerve evoked 
activity in the nucleus of the solitary tract. J Neurophys. 76 :3750–3757. 

Schmetterer L, Findl O, Strenn K, Ferber W, Strenn K, Breiteneder H, Adam H, Eichler HG, Wolzt 
M. 1997; Role of NO in the O2 and CO2 responsiveness of cerebral and ocular circulation in 
humans. Am J Physiol. 273 :R2005–R2012. [PubMed: 9435655] 

Schmetterer, L, Kiel, J. Ocular Blood Flow. Springer-Verlag; Heidelberg, Germany: 2012. 

Reiner et al. Page 53

Prog Retin Eye Res. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Schrödl F, Schweigert M, Brehmer A, Neuhuber WL. 2001a; Intrinsic neurons in the duck choroid are 
contacted by CGRP-immunoreactive nerve fibres: evidence for a local pre-central reflex arc in 
the eye. Exp Eye Res. 72 :137–146. [PubMed: 11161729] 

Schrödl F, Tines R, Brehmer A, Neuhuber WL. 2001b; Intrinsic choroidal neurons in the duck eye 
receive sympathetic input: anatomical evidence for adrenergic modulation of nitrergic functions 
in the choroid. Cell Tissue Res. 304 :175–184. [PubMed: 11396712] 

Schrödl F, De Laet A, Tassignon MJ, Van Bogaert PP, Brehmer A, Neuhuber WL, Timmermans 
JP. 2003; Intrinsic choroidal neurons in the human eye: projections, targets, and basic 
electrophysiological data. Invest Ophthalmol Vis Sci. 44 :3705–3712. [PubMed: 12939283] 

Schrödl F, De Stefano ME, Reese S, Brehmer A, Neuhuber WL. 2004; Comparative anatomy of 
nitrergic intrinsic choroidal neurons (ICN) in various avian species. Exp Eye Res. 78 :187–196. 
[PubMed: 14729351] 

Schrödl F, Brehmer A, Neuhuber WL, Nickla D. 2006; The autonomic facial nerve pathway in birds, a 
tracing study in chickens. Invest Ophthalmol Vis Sci. 47 :3225–3233. [PubMed: 16877385] 

Schrödl F, Trost A, Strohmaier C, Bogner B, Runge C, Kaser-Eichberger A, Couillard-Despres S, 
Aigner L, Reitsamer HA. 2014; Rat choroidal pericytes as a target of the autonomic nervous 
system. Cell Tiss Res. 356 :1–8. 

Seligsohn EE, Bill A. 1993; Effects of NG-nitro-L-arginine methyl ester on the cardiovascular system 
of the anaesthetized rabbit and on the cardiovascular response to thyrotropin-releasing hormone. 
Br J Pharmacol. 109 :1219–1225. [PubMed: 8401932] 

Shih YF, Fitzgerald ME, Norton TT, Gamlin PD, Hodos W, Reiner A. 1993a; Reduction in choroidal 
blood flow occurs in chicks wearing goggles that induce eye growth toward myopia. Curr Eye 
Res. 12 :219–227. [PubMed: 8482110] 

Shih YF, Fitzgerald ME, Reiner A. 1993b; Effect of choroidal and ciliary nerve transection on 
choroidal blood flow, retinal health, and ocular enlargement. Vis Neurosci. 10 :969–979. 
[PubMed: 8217946] 

Shih YF, Fitzgerald ME, Reiner A. 1994; The effects of choroidal or ciliary nerve transection on 
myopic eye growth induced by goggles. Invest Ophthalmol Vis Sci. 35 :3691–3701. [PubMed: 
8088957] 

Shih YF, Lin SY, Huang JK, Jian SW, Lin LLK, Hung PT. 1997; The choroidal blood flow response 
after flicker stimulation in chicks. J Ocul Pharmacol Ther. 13 :213–218. [PubMed: 9185036] 

Shih YF, Fitzgerald ME, Cuthbertson SL, Reiner A. 1999; Influence of ophthalmic nerve fibers on 
choroidal blood flow and myopic eye growth in chicks. Exp Eye Res. 69 :9–20. [PubMed: 
10375445] 

Shimizu Y. 1982; Localization of neuropeptides in the cornea and uvea of the rat: an 
immunohistochemical study. Cell Mol Biol. 28 :103–110. [PubMed: 6177417] 

Smith PG, Fan Q. 1996; Sympathetic nerve trajectories to rat orbital targets: role of connective tissue 
pathways. J Comp Neurol. 365 :69–78. [PubMed: 8821442] 

Spencer SE, Sawyer WB, Wada H, Platt KB, Loewy AD. 1990; CNS projections to the pterygopalatine 
parasympathetic preganglionic neurons in the rat: a retrograde transneuronal viral cell body 
labeling study. Brain Res. 534 :149–169. [PubMed: 1705849] 

Spraul CW, Lang GE, Grossniklaus HE. 1996; Morphometric analysis of the choroid, Bruch’s 
membrane, and retinal pigment epithelium in eyes with age-related macular degeneration. Invest 
Ophthalmol Vis Sci. 37 :2724–2735. [PubMed: 8977488] 

Steinberg RH. 1987; Monitoring communications between photoreceptors and pigment epithelial cells: 
effects of “mild” systemic hypoxia. Friedenwald lecture. Invest Ophthalmol Vis Sci. 28 :1888–
1904. [PubMed: 3316105] 

Steinle JJ, Krizsan-Agbas D, Smith PG. 2000; Regional regulation of choroidal blood flow by 
autonomic innervation in the rat. Am J Physiol Regul Integr Comp Physiol. 279 :R202–R209. 
[PubMed: 10896883] 

Steinle JJ, Smith PG. 2000; Presynaptic muscarinic facilitation of parasympathetic neurotransmission 
after sympathectomy in the rat choroid. J Pharmacol Exp Ther. 294 :627–632. [PubMed: 
10900241] 

Reiner et al. Page 54

Prog Retin Eye Res. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Steinle JJ, Pierce JD, Clancy RL, Smith PG. 2002; Increased ocular blood vessel numbers and sizes 
following chronic sympathectomy in rat. Exp Eye Res. 74 :761–768. [PubMed: 12126949] 

Steinle JJ, Lindsay NL, Lashbrook BL. 2005; Cervical sympathectomy causes photoreceptor-specific 
cell death in the rat retina. Auton Neurosci. 120 :46–51. [PubMed: 15996624] 

Stiehl WL, Gonzalez-Lima F, Carrera A, Cuebas LM, Diaz RE. 1986; Active defence of retinal 
temperature during hypothermia of the eye in cats. J Physiol. 81 :26–33. 

Stiris T, Suguihara C, Hehre D, Goldberg RN, Flynn J, Bancalari E. 1992; Effect of cyclooxygenase 
inhibition on retinal and choroidal blood flow during hypercarbia in newborn piglets. Pediatr Res. 
31 :127–130. [PubMed: 1542539] 

Stiris TA, Hall C, Christensen T, Bratlid D. 1991; Effect of different phototherapy lights on retinal and 
choroidal blood flow. Dev Pharmacol Ther. 17 :70–78. [PubMed: 1811923] 

Stjernschantz J. 1976; Effect of parasympathetic stimulation on intraocular pressure, formation of the 
aqueous humour and outflow facility in rabbits. Exp Eye Res. 22 :639–645. [PubMed: 1278264] 

Stjernschantz J, Alm A, Bill A. 1976; Effects of intracranial oculomotor nerve stimulation on ocular 
blood flow in rabbits: modification by indomethacin. Exp Eye Res. 23 :461–469. [PubMed: 
976386] 

Stjernschantz J, Alm A, Bill A. 1977 Cholinergic and aminergic control of uveal blood flow in rabbits. 
Bibl Anat. :42–46. [PubMed: 603573] 

Stjernschantz J, Bill A. 1979; Effect of intracranial stimulation of the oculomotor nerve on ocular 
blood flow in the monkey, cat, and rabbit. Invest Ophthalmol Vis Sci. 18 :99–103. [PubMed: 
103861] 

Stjernschantz J, Geijer C, Bill A. 1979; Electrical stimulation of the fifth cranial nerve in rabbits: 
effects on ocular blood flow, extravascular albumin content and intraocular pressure. Exp Eye 
Res. 28 :229–238. [PubMed: 446564] 

Stjernschantz J, Bill A. 1980; Vasomotor effects of facial nerve stimulation: non-cholinergic 
vasodilation in the eye. Acta Physiol Scand. 109 :45–50. [PubMed: 7446161] 

Stone RA, Kuwayama Y. 1985; Substance P-like immunoreactive nerves in the human eye. Arch 
Ophthalmol. 103 :1207–1211. [PubMed: 2411247] 

Stone RA. 1986; Vasoactive intestinal polypeptide and the ocular innervation. Invest Ophthalmol Vis 
Sci. 27 :951–957. [PubMed: 3710734] 

Stone RA, Tervo T, Tervo K, Tarkkanen A. 1986; Vasoactive intestinal polypeptide-like 
immunoreactive nerves to the human eye. Acta Ophthalmol (Cph). 64 :12–18. 

Stone RA, Kuwayama Y, Laties AM. 1987; Regulatory peptides in the eye. Experientia. 43 :791–800. 
[PubMed: 3297767] 

Stone RA, McGlinn AM. 1988; Calcitonin gene-related peptide immunoreactive nerves in human and 
rhesus monkey eyes. Invest Ophthalmol Vis Sci. 29 :305–310. [PubMed: 3257481] 

Strohmaier CA, Motloch K, Runge C, Trost A, Bogner B, Kaser-Eichberger A, Schrödl F, Lenzhofer 
M, Reitsamer HA. 2016; Retinal vessel diameter responses to central electrical stimulation in 
the rat: effect of nitric oxide synthase inhibition. Invest Ophthalmol Vis Sci. 57 :4553–4557. 
[PubMed: 27583826] 

Stübinger K, Brehmer A, Neuhuber WL, Reitsamer H, Nickla D, Schrödl F. 2010; Intrinsic choroidal 
neurons in the chicken eye: chemical coding and synaptic input. Histochem Cell Biol. 134 :145–
157. [PubMed: 20607273] 

Su WW, Cheng ST, Hsu TS, Ho WJ. 2006; Abnormal flow-mediated vasodilation in normal­
tensionglaucoma using a noninvasive determination for peripheral endothelialdysfunction. Invest 
Ophthalmol Vis Sci. 47 (2006) :3390–3394. [PubMed: 16877407] 

Suzuki N, Hardebo JE, Owman C. 1988; Origins and pathways of cerebrovascular vasoactive intestinal 
polypeptide-positive nerves in rat. J Cereb Blood Flow Metab. 8 :697–712. [PubMed: 3417797] 

Suzuki N, Hardebo JE, Owman C. 1989; Trigeminal fibre collaterals storing substance P and 
calcitonin gene-related peptide associate with ganglion cells containing choline acetyltransferase 
and vasoactive intestinal polypeptide in the sphenopalatine ganglion of the rat. An axon 
reflex modulating parasympathetic ganglionic activity? Neuroscience. 30 :595–604. [PubMed: 
2475817] 

Reiner et al. Page 55

Prog Retin Eye Res. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Suzuki N, Hardebo JE, Owman C. 1990; Origins and pathways of choline acetyltransferase-positive 
parasympathetic nerve fibers to cerebral vessels in rat. J Cereb Blood Flow Metab. 10 :399–408. 
[PubMed: 2329127] 

Takano T, Tian GF, Peng W, Lou N, Libionka W, Han X, Nedergard M. 2006; Astrocyte-mediated 
control of cerebral blood flow. Nat Neurosci. 9 :260–267. [PubMed: 16388306] 

Tamai K, Toumoto E, Yamada K, Ogura Y. 1999; Effects of irrigation fluid temperature on choroidal 
circulation during vitrectomy. Curr Eye Res. 18 :249–253. [PubMed: 10372983] 

Ten Tusscher MP, Klooster J, Baljet B, Van der Werf F, Vrensen GFJM. 1990; Preand post-ganglionic 
nerve fibres of the pterygopalatine ganglion and their allocation to the eyeball of rats. Brain Res. 
517 :315–323. [PubMed: 1695865] 

Terenghi G, Polak JM, Probert L, McGregor GP, Ferri GL, Blank MA, Butler JM, Unger WG, Zhang 
S, Cole DF, Bloom SR. 1982; Mapping, quantitative distribution and origin of substance p- and 
VIP-containing nerves in the uvea of Guinea pig eye. Histochemistry. 75 :399–417. [PubMed: 
6183241] 

Tillis TN, Murray DL, Schmidt GJ, Witer JJ. 1988; Preretinal oxygen changes in the rabbit under 
conditions of light and dark. Invest Ophthalmol Vis Sci. 29 :988–991. [PubMed: 3372171] 

Tittl M, Maar N, Polska E, Weigert G, Stur M, Schmetterer L. 2005; Choroidal hemodynamic 
changes during isometric exercise in patients with inactive central serous chorioretinopathy. 
Invest Ophthalmol Vis Sci. 46 :4717–4721. [PubMed: 16303970] 

Toda M, Okamura T, Azuma I, Toda N. 1997; Modulation by neurogenic acetylcholine of nitroxidergic 
nerve function in porcine ciliary arteries. Invest Ophthalmol Vis Sci. 38 :2261–2269. [PubMed: 
9344349] 

Toda N, Kitamura Y, Okamura T. 1995; Functional role of nerve-derived nitric oxide in isolated dog 
ophthalmic arteries. Invest Ophthalmol Vis Sci. 36 :563–570. [PubMed: 7890487] 

Toda N, Toda M, Ayajiki K, Okamura T. 1998; Cholinergic nerve function in monkey ciliary arteries 
innervated by nitroxidergic nerve. Am J Physiol. 274 :H1582–H1589. [PubMed: 9612367] 

Told R, Palkovits S, Haslacher H, Frantal S, Schmidl D, Boltz A, Lasta M, Kaya S, Werkmeister 
RM, Garhöfer G, Schmetterer L. 2013; Alterations of choroidal blood flow regulation in young 
healthy subjects with complement factor H polymorphism. PLoS One. 8 :e60424. [PubMed: 
23596508] 

Toledo CA, Britto LR, Pires RS, Veenman CL, Reiner A. 2002; Interspecific differences in the 
expression of the AMPA-type glutamate receptors and parvalbumin in the nucleus of Edinger­
Westphal of chicks and pigeons. Brain Res. 947 :122–130. [PubMed: 12144860] 

Tóth IE, Boldogkoi Z, Medveczky I, Palkovits M. 1999; Lacrimal preganglionic neurons form a 
subdivision of the superior salivatory nucleus of rat, transneuronal labelling by pseudorabies 
virus. J Auton Nerv Syst. 77 :45–54. [PubMed: 10494749] 

Triviño A, De Hoz R, Salazar JJ, Ramírez AI, Rojas B, Ramírez JM. 2002; Distribution and 
organization of the nerve fiber and ganglion cells of the human choroid. Anat Embryol. 205 
:417–430. 

Tso, MOM. Photic injury to the retina and pathogenesis of age-related macular degeneration. In: Tso, 
MOM, editor. Retinal Diseases: Biomedical Foundations & Clinical Management. Lippincott Co; 
Philadelphia: 1988. 187–214. 

Tso, MOM, Jampol, LM. Hypertensive retinopathy, choroidopathy & optic neuropathy of hypertensive 
ocular disease. In: Laragh, JH, Brenner, BM, editors. Hypertension: Pathophysiology, Diagnosis 
& Management. Raven Press; New York: 1990. 433–465. 

Uddman R, Alumets J, Ehinger B, Håkanson R, Lorén I, Sundler F. 1980; Vasoactive intestinal peptide 
nerves in ocular and orbital structures of the cat. Invest Ophthalmol Vis Sci. 19 :878–885. 
[PubMed: 6997222] 

Uusitalo H, Lehtosalo J, Palkama A, Toivanen M. 1984; Vasoactive intestinal polypeptide (VIP)-like 
immunoreactivity in the human and Guinea-pig choroid. Exp Eye Res. 38 :435–437. [PubMed: 
6373336] 

Valdez DJ, Nieto PS, Della Costa NS, Schurrer C, Guido ME. 2015; Circadian control of the pupillary 
light responses in an avian model of blindness, the GUCY1* chickens. Invest Ophthalmol Vis 
Sci. 56 :730–737. [PubMed: 25574051] 

Reiner et al. Page 56

Prog Retin Eye Res. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Vass Z, Dai CF, Steyger PS, Jancsó G, Trune DR, Nuttall AL. 2004; Co-localization of the vanilloid 
capsaicin receptor and substance P in sensory nerve fibers innervating cochlear and vertebro­
basilar arteries. Neuroscience. 124 :919–927. [PubMed: 15026132] 

Verra DM, Contin MA, Hicks D, Guido ME. 2011; Early onset and differential temporospatial 
expression of melanopsin isoforms in the developing chicken retina. Invest Ophthalmol Vis Sci. 
52 :5111–5120. [PubMed: 21676907] 

Voaden MJ, Hussain AA, Taj M, Oraedu AC. 1983; Light and retinal metabolism. Biochem Soc Trans. 
11 :679–681. [PubMed: 6667777] 

Voets T, Droogmans G, Wissenbach U, Janssens A, Flockerzi V, Nilius B. 2004; The principle of 
temperature-dependent gating in cold- and heat-sensitive TRP channels. Nature. 430 :748–754. 
[PubMed: 15306801] 

Walters BB, Gillespie SA, Moskowitz MA. 1986; Cerebrovascular projections from the sphenopalatine 
and otic ganglia to the middle cerebral artery of the cat. Stroke. 17 :488–494. [PubMed: 
3715948] 

Wang L, Kondo M, Bill A. 1997; Glucose metabolism in cat outer retina. Effects of light and 
hyperoxia. Invest Ophthalmol Vis Sci. 38 :48–55. [PubMed: 9008629] 

Wang Y, Okamura T, Toda N. 1993; Mechanisms of acetylcholine-induced relaxation in dog external 
and internal ophthalmic arteries. Exp Eye Res. 57 :275–281. [PubMed: 8224015] 

Weiter JJ, Schachar RA, Ernest JT. 1973; Control of intraocular blood flow. I Intraocular pressure. 
Invest Ophthalmol. 12 :327–331. [PubMed: 4708781] 

Whitmore SS, Sohn EH, Chirco KR, Drack AV, Stone EM, Tucker BA, Mullins RF. 2015; 
Complement activation and choriocapillaris loss in early AMD: implications for pathophysiology 
and therapy. Prog Retin Eye Res. 45 :1–29. [PubMed: 25486088] 

Wiencke AK, Nilsson H, Nielsen PJ, Nyborg NCBB. 1994; Nonadrenergic non-cholinergic 
vasodilation in bovine ciliary artery involves CGRP and neurogenic nitric oxide. Invest 
Ophthalmol Vis Sci. 35 :3268–3277. [PubMed: 7519182] 

Wild JM, Arends JJ, Zeigler HP. 1990; Projections of the parabrachial nucleus in the pigeon (Columba 
livia). J Comp Neurol. 293 :499–523. [PubMed: 1691747] 

Wilson TM, Strang R, MacKenzie ET. 1977; The response of the choroidal and cerebral circulations 
to changing arterial PCO2 and acetazolamide in the baboon. Invest Ophthalmol Vis Sci. 16 
:576–580. [PubMed: 863622] 

Wimpissinger B, Resch H, Berisha F, Weigert G, Polak K, Schmetterer L. 2003; Effects of isometric 
exercise on subfoveal choroidal blood flow in smokers and nonsmokers. Invest Ophthalmol Vis 
Sci. 44 :4859–4863. [PubMed: 14578409] 

Wingstrand KG, Munk O. 1965; The pecten oculi of the pigeon with particular regard to its function. 
Biol Skr Dan Viden Selsk (Cph). 14 :1–64. 

Winkler BS, Boulton ME, Gottsch JD, Sternberg P. 1999; Oxidative damage and age-related macular 
degeneration. Mol Vis. 5 :32. [PubMed: 10562656] 

Wyss, JM, Oparil, S, Chen, YF. The role of the central nervous system in hypertension. In: Laragh, JH, 
Brenner, BM, editors. Hypertension: Pathophysiology, Diagnosis, and Management. Raven Press; 
New York: 1990. 679–701. 

Xu W, Grunwald JE, Metelitsina TI, DuPont JC, Ying GS, Martin ER, Dunaief JL, Brucker AJ. 2010; 
Association of risk factors for choroidal neovascularization in age-related macular degeneration 
with decreased foveolar choroidal circulation. Am J Ophthamol. 150 :e240–47. 

Yamamoto R, Bredt DS, Snyder SH, Stone RA. 1993; The localization of nitric oxide synthase in the 
rat eye and related cranial ganglia. Neuroscience. 54 :189–200. [PubMed: 7685860] 

Yancey CM, Linsenmeier RA. 1988; The electroretinogram and choroidal PO2 in the cat during 
elevated intraocular pressure. Invest Ophthalmol Vis Sci. 29 :700–707. [PubMed: 3366563] 

Yancey CM, Linsenmeier RA. 1989; Oxygen distribution and consumption in the cat retina at 
increased intraocular pressure. Invest Ophthalmol Vis Sci. 30 :600–611. [PubMed: 2703301] 

Yao K, Tschudi M, Flammer J, Luscher TF. 1991; Endothelium-dependent regulation of vascular tone 
of the porcine ophthalmic artery. Invest Ophthalmol Vis Sci. 32 :1791–1798. [PubMed: 2032802] 

Yeo EJ, Cho YS, Paik SK, Yoshida A, Park MJ, Ahn DK, Moon C, Kim YS, Bae YC. 2010; 
Ultrastructural analysis of the synaptic connectivity of TRPV1-expressing primary afferent 

Reiner et al. Page 57

Prog Retin Eye Res. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



terminals in the rat trigeminal caudal nucleus. J Comp Neurol. 518 :4134–4146. [PubMed: 
20878780] 

Yoneya S, Amano H, Mori K, Ohki R, Deguchi T. 1995; Indocyanine green angiography of the choroid 
in young and aged eyes. Invest Ophthalmol Vis Sci. (Suppl 36) :187. 

Young RW. 1978; The daily rhythm of shedding and degradation of rod and cone outer segment 
membranes in the chick retina. Invest Ophthalmol Vis Sci. 17 :105–116. [PubMed: 624604] 

Youngstrom TG, Weiss ML, Nunez AA. 1987; A retinal projection to the paraventricular nuclei of 
the hypothalamus in the Syrian hamster (Mesocricetus auratus). Brain Res Bull. 19 :747–750. 
[PubMed: 2449940] 

Yu DY, Alder VA, Su EN, Cringle SJ. 1992; Relaxation effects of diltiazem, verapamil, and tolazoline 
on isolated cat ophthalmociliary artery. Exp Eye Res. 55 :757–766. [PubMed: 1478284] 

Yu DY, Cringle SJ, Su EN. 2005; Intraretinal oxygen distribution in the monkey retina and 
the response to systemic hyperoxia. Invest Ophthalmol Vis Sci. 46 :4728–4733. [PubMed: 
16303972] 

Zagvazdin YS, Fitzgerald ME, Sancesario G, Reiner A. 1996a; Neural nitric oxide mediates Edinger­
Westphal nucleus evoked increase in choroidal blood flow in the pigeon. Invest Ophthalmol Vis 
Sci. 37 :666–672. [PubMed: 8595967] 

Zagvazdin Y, Sancesario G, Wang YX, Share L, Fitzgerald MEC, Reiner A. 1996b; Evidence from its 
cardiovascular effects that 7-nitroindazole may inhibit endothelial nitric oxide synthase in vivo. 
Eur J Pharmacol. 303 :61–69. [PubMed: 8804912] 

Zagvazdin Y, Fitzgerald ME, Reiner A. 2000; Role of muscarinic cholinergic transmission in 
Edinger-Westphal nucleus-induced choroidal vasodilation in pigeon. Exp Eye Res. 70 :315–327. 
[PubMed: 10712818] 

Zeitz O, Mayer J, Hufnagel D, Praga R, Wagenfeld L, Galambos P, Wiermann A, Rebel C, Richard 
G, Klemm M. 2008; Neuronal activity influences hemodynamics in the paraoptic short posterior 
ciliary arteries: a comparison between healthy and glaucomatous subjects. Invest Ophthalmol Vis 
Sci. 50 :5846–5850. 

Zhan GL, Lee PY, Ball DC, Mayberger CJ, Tafoya ME, Camras CB, Toris CB. 2002; Time dependent 
effects of sympathetic denervation on aqueous humor dynamics and choroidal blood flow in 
rabbits. Curr Eye Res. 25 :99–105. [PubMed: 12525963] 

Zhang J, Mifflin SW. 2000; Responses of aortic depressor nerve-evoked neurons in rat nucleus of the 
solitary tract to changes in blood pressure. J Physiol. 529 (2) :431–443. [PubMed: 11101652] 

Zhang HR. 1994; Scanning electron-microscopic study of corrosion casts on retinal and choroidal 
angioarchitecture in man and animals. Prog Retin Eye Res. 13 :243–270. 

Reiner et al. Page 58

Prog Retin Eye Res. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. 
Schematics and images illustrating similarities and differences between mammalian and 

avian eye, using as examples of mammals the human eye (A, E, G) and the rat eye (C, 

D) and as an example of mammals the pigeon eye (B, F, H). Images A and B show 

schematics of human (A) and pigeon eye (B). The major differences are the more flattened 

shape of the avian eye, the presence of scleral ossicles ringing the cornea in birds, and 

presence of the pecten and its vasculature in birds instead of the retinal vasculature in 

mammals. In A and B, red is used to illustrate blood vessels or vascular layers of the 

eye, with small branches from the retinal arteries penetrating into the retina in the human 

eye. Images C–F present comparable cross-sections through rat (C, D), human (E) and 

pigeon (F) retina. The two images of rat retina show a transmitted light micrograph of a 

toluidine blue-stained plastic-embedded section showing the retinal layers (C) juxtaposed to 

a confocal laser scanning microscope image of a comparable view of a section through rat 

retina in which blood vessels are labeled red with the lectin IB4 and Müller cell endfeet 

and processes in the inner retina are immunolabeled green for GFAP (D). The two images 

show the location of the retinal vessels, fragments of which are seen in the nerve fiber 

layer and ganglion cell layer (GCL), in the inner plexiform layer (IPL), and in the outer 

plexiform layer between the INL and outer nuclear layer (ONL). Choroid (Chor) and outer 

segments (OS) are also present in the field of view. Note that some outer segments label 

with IB4. Note also that the GCL and INL are relatively thicker and the ONL relatively 
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thinner in human (E) and pigeon (F) retina than in rat retina (C), but lamination is otherwise 

comparable. The human retinal image (E) is from the histology image bank at the online 

Yale University Medical School website (http://medcell.med.yale.edu/histology/). Images G 

and H show that human and pigeon choriocapillaris (asterisks) show close resemblance, but 

human (and in general mammalian choroid) is richer in connective tissue surrounding the 

choroidal vessels. Avian choroid by contrast is characterized by lucunar spaces around blood 

vessels. Pigeon choroid is from a 1-μm plastic embedded section of inferior retina. The 

human image shows submacular choroid in a paraffin embedded section from a 71-year old 

normal, caucasian male, and is stained with PAS and hematoxylin. The human section and 

image is unpublished and was prepared and kindly provided by D. Scott McLeod and Dr. 

Gerard Lutty of Johns Hopkins University (MD).
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Fig. 2. 
Schematic of ophthalmic artery in human and its arterial branches for the right eye. 

Schematic A is adapted from Oyster Fig. 6.8 (1999) and shows the various orbital branches 

of the ophthalmic artery. Blood is supplied to the eye by the central retinal artery, the 

posterior ciliary arteries, and the rectus muscle branches that give rise to the ciliary 

arteries. Other orbital arteries pass through the orbit to supply structures outside the 

orbit, some of which also give rise to intraorbital branches in passing (such as glandular 

branches). Schematics B and C are redrawn from Oyster Fig. 6.15 (1999) by N. Guley 

and show the posterior ciliary artery and its branches, as viewed from the top of the 
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eye (B) and back of the eye (C). A medial and a lateral posterior ciliary artery typically 

arise from the ophthalmic artery. The small branches from the posterior ciliary arteries 

that penetrate the sclera around the optic nerve are the short posterior ciliary arteries, 

while the main posterior ciliary arteries continue as the medial and lateral long posterior 

ciliary arteries. Abbreviations: MR-medial rectus; SO-superior oblique; IR-inferior rectus; 

IO-inferior oblique; SR-superior rectus; LR-lateral rectus.
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Fig. 3. 
Schematic of the central retinal artery, and the optic nerve and nerve head blood supply in 

human, redrawn from Oyster Fig. 6.23 (1999) by N. Guley. The central core of the optic 

nerve is supplied and drained by the central retinal artery and vein, respectively. The more 

peripheral portions of the nerve and nerve head are supplied by the short posterior ciliary 

arteries and their branches. The laminar part of the optic nerve is also supplied from the 

central retinal artery and the short posterior ciliary arteries. By contrast, the prelaminar part 

of the optic nerve head is supplied from the central retinal artery and the choroid.
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Fig. 4. 
Schematic llustrations of the major ocular vessels (A) and nerves (B) and their relationship 

to the Harderian gland in birds, as viewed from the posterior aspect of the left eye. 

Schematic A illustrates the origin of the ophthalmotemporal artery from the external 

ophthalmic artery (which is itself a branch of the internal carotid) and its ocular course 

along the left eye. Note the course of the ophthalmotemporal artery along the temporal, 

posterior, and nasal poles of the eye, and note that it gives rise to choroidal arteries 

throughout its course. It also gives rise to additional muscular and glandular branches. 

The ophthalmotemporal artery is accompanied by a vein of the same name whose major 

branches are somewhat different from those of the artery. Schematic B shows the course 

and relative locations of several major orbital nerves, as well as the locations of the ciliary 

ganglion (CG) and a simplified version of the PPG system of microganglia. Superior is to 

the top and nasal to the right in both schematics. Abbreviations: inf - inferior branch of 

oculomotor nerve; OPH - ophthalmic nerve; sup - superior branch of oculomotor nerve.
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Fig. 5. 
Schematics illustrating the ganglia innervating choroid (A) and the route fibers from each 

ganglion take to enter the choroid (B). This organization and neurochemistry for the 

choroidal innervation shown is true of both birds and mammals.
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Fig. 6. 
Series of images of fluorescent labeling showing that neurons of the rat PPG that project 

to the choroid contain NOS, VIP, and ChAT. Image A shows neurons of the PPG that 

had been retrogradely labeled by intrachoroidal fluorogold (FG) injection into the temporal 

sector of the choroid, and image D shows NOS immunolabeling in this same field of view. 

NOS is present in most of the FG-labeled PPG neurons, as indicated by arrows for some 

of the double-labeled neurons. Image B shows neurons of the PPG that were retrogradely 

labeled by the same intrachoroidal FG injection, and image E shows VIP + neurons in 

this same field. Note that VIP is also present in most of the FG-labeled PPG neurons 

(some indicated by arrows). Image C shows neurons of the PPG that had been retrogradely 

labeled by the same intrachoroidal FG injection as in A and B, while image F shows ChAT 

immunolabeling in the same field. Note that ChAT is also present in most of the FG-labeled 

PPG neurons (some indicated by arrows). All images are at the same magnification.
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Fig. 7. 
Images showing VIP + nerve fibers of presumptive PPG origin in choroid in rats (A) and 

rhesus monkey (B) (colorized from Stone, 1986). Arrows indicate nerve fibers in monkey 

choroid.
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Fig. 8. 
A pair of images of transverse sections of the SSN at its rostral level (A, B), showing 

neurons in rat SSN that are preganglionic to choroidal neurons of the PPG. Image A shows 

a section from a normal rat immunolabeled for choline acetyltransferase (ChAT), a marker 

of cholinergic neurons, while image B shows neurons in SSN transneuronally labeled 63 

h after a pseudorabies injection into the choroid. The pair of images shows that SSN and 

facial motor nucleus (n7) neurons are ChAT+, and neurons regulating choroid are restricted 

to more ventromedial SSN. The magnification is the same in A and B. Images C and D 
show a single field of view of the SSN from tissue double-labeled by immunofluorescence 

for pseudorabies (A) and ChAT (B), from an animal that survived 65 h after ipsilateral virus 

injection into the choroid. The arrows indicate neurons within the SSN that were labeled for 

PRV from choroid and were cholinergic. These results show that the PRV + neurons within 

the SSN transneuronally labeled from the choroid were cholinergic preganglionic neurons, 

which represent a subset of SSN neurons. Images C and D are at the same magnification. All 

four fields are of the right side of the brain, with medial to the left and dorsal to the top.
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Fig. 9. 
Schematic distribution of PRV + neurons in PVN, representing a composite of sections from 

two rats with minute intrachoroidal injection of PRV (A–D). Note that the majority of PRV 

+ neurons are localized in the parvocellular subdivisions of PVN. Schematic distribution of 

PRV + neurons in NTS (E–H). Note that the majority of PRV + neurons are localized to the 

dorsal, intermediate and solitary tract subdivisions of NTS. PVN Abbreviations: DP - dorsal 

parvocellular subdivision of PVN; FA - fornical area of PVN; LP - lateral parvocellular 

subdivision of PVN; LPL - lateral part of the lateral parvocellular subdivision of PVN; 

MPdd - dorsal part of the dorsal medial parvocellular subdivision of PVN; MPdv - ventral 

part of the dorsal medial parvocellular subdivision of PVN; PM - posterior magnocellular 

division of PVN; PMv - ventral part of the posterior magnocellular division of PVN; PV - 

periventricular region of hypothalamus. NTS Abbreviations: AP – area postrema; C - central 

subnucleus of NTS; Com - commissural subnucleus of NTS; Cu - cuneate nucleus; D - 

dorsal subnucleus of NTS; G - gelatinous subnucleus of NTS; Gr – gracile nucleus; IM - 

intermediate subnucleus of NTS; M - medial subnucleus of NTS; M10 - dorsal vagal motor 

nucleus; sol - solitary tract and subnucleus of NTS; V - ventral subnucleus of NTS; VL - 

ventrolateral subnucleus of NTS.
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Fig. 10. 
Schematic summarizing the major inputs to SSN and their neurotransmitters, as discussed in 

Li et al. (2015a). Abbreviations: Glu – glutamate; NA – noradrenaline; OT – oxytocin; 5HT 

– serotonin.
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Fig. 11. 
Graph showing the time course of the mean ChBF, ChBVol, ChBVel and ABP responses 

to stimulation at effective anodal NTS sites. The blue bar marks the stimulation period. 

Each data point is the mean for a 333 ms interval, and ChBF, ChBVol, ChBVel and ABP 

responses are all expressed as percent of basal. The rapid ChBF increases are driven by rapid 

increases in both ChBVel and ChBVol.
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Fig. 12. 
Schematic illustrating the hypothetical circuit by which baroreceptive input to the NTS may 

mediate disinhibitory control of choroidal vasodilation via the SSN.
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Fig. 13. 
Baroregulation in rat choroid in which arterial BP was allowed to fluctuate spontaneously. 

Over a range of about 35% above and below basal blood pressure (BP), ChBF remains stable 

at about 100% of basal ChBF. Inhibition of neuronal NOS prevents ChBF baroregulation to 

low BP but not to high BP. Since the parasympathetic input to choroid in mammals from the 

PPG uses NO as a vasodilator, these data suggest that compensatory vasodilation of choroid 

to low BP is mediated by parasympathetic circuitry.
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Fig. 14. 
The effects of choroidal SSN destruction on retinal function and structure. At 8 weeks post­

lesion, the flash-evoked scotopic b-wave ERG peak was significantly reduced for the right 

eye in right SSN-Lx rats (n = 10) compared to control rats (n = 9) for all light intensities 

(A). Intense GFAP immunolabeling was seen in Müller cell processes in the IPL of the right 

eye after right choroidal SSN destruction (D, F), but not in control retinas, which included 

SSN-miss cases (E) and normal control rats. GFAP upregulation occurred throughout the 

topographic extent of the retina (above images show superior retina). Magnification the 

same in B–F.
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Fig. 15. 
Graphs showing baroregulation in normal young pigeons. The graphs show mean ChBF (A) 

and choroidal resistance (B) (±SEM) plotted as a function of the corresponding ABP, over 

an ABP range of 40 mmHg–135 mmHg (45%–145% of basal ABP) in 50 normal young 

pigeons under a year of age. The mean ChBF and ABP are graphed as a percent of basal 

ChBF and ABP for the 50 < 1 year old pigeons. The red line in A shows ChBF as it would 

be if it linearly followed ABP, that is, with no compensation. Note that from about 30% 

above and 40% below basal ABP, ChBF remains between 80% and 100% of basal. The red 

line in B shows choroidal resistance as it would be if it linearly followed ABP, that is, with 

baroregulatory compensation. Note that choroidal resistance in the young pigeons decreased 

linearly as ABP declined from 40% above to 50% below basal ABP.
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Fig. 16. 
Schematized horizontal views of the midbrain and the eye (A) and of the nucleus of 

Edinger-Westphal (EW), the ciliary ganglion and the eye (B) showing the circuitry in pigeon 

for the bisynaptic retinal pathways to the nucleus of EW that drive ChBF increases and 

pupil constriction. The pathway shown in A with red lines depicts the crossed projection 

from retinal ganglion cells to the suprachiasmatic nucleus (SCN) that, in turn, has a bilateral 

(but greater contralateral than ipsilateral) projection to medial EW (EWM), which controls 

ChBF via its ipsilateral projection to choroidal neurons of the ciliary ganglion, as depicted 

in (B). The pathway depicted with blue lines in (A) shows a crossed projection from retinal 

ganglion cells to area pretectalis (AP), which then projects to the contralateral caudolateral 

part of lateral EW (EWLcl), which controls the pupillary light reflex (PLR) via an ipsilateral 

projection to pupilloconstrictive neurons of the ciliary ganglion, as depicted in B. The lower 

schematic (B) details the peripheral circuitry controlling ChBF and PLR, with EW, the 

ciliary ganglion (CG), and the eye, all in horizontal view. The EW projects ipsilaterally 
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via the oculomotor nerve to the CG, where EWM input terminates with boutonal endings 

on choroidal neurons that project to choroidal blood vessels. Projections from both the 

rostromedial part of lateral EW (EWLrm) and from EWLcl terminate with cap-like endings 

on ciliary neurons that project to the ciliary body and the iris, and control accommodation 

and the PLR, respectively. The subdivisions of EW are color-coded in (A) and (B), and the 

projections of each to the eye via the ciliary ganglion in B follow the same color code. Other 

abbreviations: EWL - lateral subdivision of the nucleus of Edinger-Westphal; TeO - optic 

tectum.
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Fig. 17. 
Images of representative GFAP-immunolabeled sections through the superior - central retina 

of normal pigeons (B, C), a pigeon with a left area pretectalis (AP) lesion (D, E), a pigeon 

that survived for 3 weeks with a complete right EW lesion (G), a pigeon that survived for 

9 weeks with a complete right EW lesion (H), a pigeon that survived for 22 weeks with 

a complete right EW lesion (I), and a pigeon that survived for 40 weeks with a complete 

right EW lesion (J), all housed in a 12 h moderate light/12 h dark cycle. Images (A) and 

(F) show a 1 mm thick toluidine blue-stained plastic-embedded section of pigeon retina, 

with the different retinal layers delimited by hash marks, and the hash mark between the 

outer nuclear layer and the inner segment layer located at the outer limiting membrane. 

Retinal sections from a normal pigeon never housed in an individual cage, show no GFAP 

immunolabeling (B), while the retinal section from a normal pigeon housed for 3 weeks in 

an individual cage shows slight GFAP-immunostaining of the nerve fiber layer (NFL) and 

ganglion cell layer (GCL) (C). The lesion of left AP eliminated the pupil light reflex and 

chronically dilated the pupil of the right eye. In the left eye, GFAP-immunolabeling is weak 

and does not extend beyond the NFL (D), while GFAP-immunolabeling in the right eye fills 

Müller cell processes into the GCL (E). The image of the right eye (G) of a bird 3 weeks 

after a complete lesion of both the right EWM and EWL shows GFAP immunolabeling fills 

Müller cell processes into the inner nuclear layer (INL). The image of the right eye (H) of a 

bird 9 weeks after a complete lesion of right EWM and EWL shows GFAP-immunolabeling 

extends through the outer plexiform layer (OPL). The image of the right (I) eye of a bird 

22 weeks after a complete lesion of EWM and EWL shows GFAP-immunolabeling extends 

through the outer plexiform layer to the outer limiting membrane (OLM). Finally, the image 

of the right eye (J) of a pigeon 40 weeks after a complete lesion of EWM and EWL shows 

GFAP-immunolabeling filled the Müller cell processes through the INL. Abbreviations: 
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GCL - ganglion cell layer; INL - inner nuclear layer; IPL, inner plexiform layer; IS - 

inner segment layer; NFL - nerve fiber layer; OLM - outer limiting membrane; OS - outer 

segment; and RPE - retinal pigment epithelium. Magnification the same in all images.

Reiner et al. Page 79

Prog Retin Eye Res. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 18. 
Images A and B show sympathetic nerve fibers with varicosities in rat central 

choroid immunolabeled for dopamine beta-hydroxylase (DBH) and vesicular monoamine 

transporter-2 (VMAT2). Both images are at the same magnification.
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Fig. 19. 
At 2–3 months post-SCGx, choroidal baroregulation during high arterial BP was impaired. 

Image A shows a plot of ChBF as function of arterial BP for sham rat eyes (n = 14) and 

SCGx rat eyes (n = 14). As ABP rapidly rose above baseline after LNAME administration, 

ChBF in sham eyes remained relatively stable but followed ABP in SCGx eyes. After 

ABP had stabilized at an elevated level, ChBF in SCGx eyes declined toward baseline 

but remained elevated compared to sham eyes. The impairment in ChBF baroregulation 

was associated with a deficit in the flash-evoked scotopic b-wave ERG peak, which was 

significantly reduced for SCGx eyes compared to control eyes (B). Additionally, GFAP 

immunolabeling of Müller cells was increased in retina by 3 weeks after SCGx (C, D). The 

immunolabeled Müller cell processes in SCGx eyes traversed the IPL and some extended 

into the INL (C). By contrast, in control retinas, GFAP labeling of Müller cell processes did 

not extend much beyond the GCL (D).
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Fig. 20. 
Examples of VIP immunolabeling of nerve fibers on macular choroidal vessels (V) in 

humans of differing age. The abundant beaded striae running across the vessel lumens are 

the VIP-positive fibers. Note the generally lesser amount of VIP-positive fibers in elderly 

compared with young eyes. Note also the VIP + intrachoroidal neuron in C. Magnification is 

the same in all images.
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Fig. 21. 
A time line summarizing the ages by which or at which significant change in visual and 

choroidal parameters occurred in our sample of pigeons. The age by which 50% loss had 

occurred for the retinal illumination and EWM-evoked ChBF responses was around three 

years (2.9 and 3.16, respectively). Despite the early decline in the function of the EWM­

ciliary ganglion circuit, the age by which 50% of the loss in the ciliary ganglion innervation 

of the choroid was not until 10 years. These results suggest that the functional decline in 

this circuit precedes the actual intrachoroidal fiber loss. These findings are compared with 

findings for basal ChBF, choriocapillary vessel abundance, photoreceptor loss and acuity 

decline, and choroidal parameters. The half loss point for choriocapillary vessels was also 

at 3 years, but the significant drop in photoreceptor abundance and the 50% loss for acuity 

did not occur until after the major declines in the various choroidal vascular and functional 

parameters.
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Fig. 22. 
Graphs comparing ChBF (A) and choroidal resistance (B) (±SEM) as a function of 

corresponding ABP in young pigeons (< 8 years) and old pigeons (< 8 years) over an ABP 

range of 20–150 mm Hg (20%–150% of basal ABP). The blue diamonds show the ChBF for 

young pigeons, whereas the yellow triangles show the ChBF for the old pigeons. The mean 

ChBF and ABP are graphed as a percentage of basal ChBF and ABP for all 59<8-year-old 

pigeons. The red line in the graph in A shows ChBF as it would be if it linearly followed 

ABP (i.e., with no compensation), whereas the red line in B shows choroidal resistance as 

it would be if it linearly followed ABP (i.e., with baroregulatory compensation). As detailed 

in the text, ChBF and choroidal resistance with ABP differed significantly in the old pigeons 

from that in the young pigeons, and baroregulation was clearly impaired.
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Fig. 23. 
Retinal declines were more rapid and severe in Fischer-344 (F344) rats than in Sprague­

Dawley (SD) rats. The flash-evoked scotopic b-wave peak and inverted a-wave peak showed 

significant curvilinear age-related declines (r = 0.743 and r = 0.507, respectively) in SD rats 

(A). The flash-evoked scotopic b-wave peak and inverted a-wave peak showed significant 

curvilinear age-related declines (r = 0.967 and r = 0.938, respectively) in F344 rats (B). 

ONL thickness measured using Neurolucida showed a significant curvilinear age-related 

decline (r = 0.747) in SD rats (C). ONL thickness measured using Neurolucida also showed 

a significant curvilinear age-related decline (r = 0.912) in F344 rats (D).
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