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The eye is designed to provide the retina with protection and 
nutrition as well as a focussed image. The present review 
concentrates on regulatory peptides in nerves to the suppor- 
tive structures of the eye. The retina itself will be discussed 
but briefly. To understand the innervation of  the eye requires 
an overview of ocular physiology and anatomy. 

1. Structure of the eye 

The eye is made up of three coats: a tough outer collagenous 
coat of cornea or sclera; an intermediate vascular coat, the 
uvea; and an inner epithelial coat, highly differentiated by 
region. The transparent and convex cornea not only con- 
tributes to the form of the eye but also serves as a powerful 
lens. A multicomponent tear film secreted by the lacrimal 
gland and by small glands in the eyelids wets and lubricates 
the corneal surface. A rich vascular system supplies the junc- 
tion of cornea and sclera, the limbus, and provides nutrition 
to the cornea. Just deep to the corneo-scleral limbus are the 
filtration tissues responsible for the drainage of  aqueous hu- 
mor from the anterior chamber of  the eye into the limbal 
blood vessels. The secretion of aqueous humor generates 
intraocular pressure and maintains the shape of the eye. 
The densely pigmented middle or uveal coat contains many 
specialized structures. Anteriorly within the iris are the 
sphincter and dilator muscles to regulate pupillary diameter. 
Just behind the iris, the ciliary body contains the ciliary 
muscles and the ciliary processes. Acting through zonules 
connected to the equatorial region of the lens, the ciliary 
muscle controls accommodation. The innermost part of the 
ciliary body is thrown up into heavily vascularized, epi- 
thelial-lined radial projections termed ciliary processes; these 
secrete the aqueous humor. In combination, the secretion of 
aqueous humor by the ciliary processes and the resistance to 
its drainage in the chamber angle regulate the internal pres- 
sure of the eye. The aqueous humor also provides nutrition 
to the lens and cornea. Posteriorly, the uvea is called the 
choroid. A heavily vascularized tissue, it provides blood flow 
so vastly in excess of the nutritional requirement of the retina 
that it not only guarantees a wide margin of safety but also 
controls the retinal temperature within strict limits. 
The third or epithelial layer of the eye has remarkable re- 
gional differences. Its two epithelial layers result from the 
invagination of the optic vesicle during embryogenesis. At 
the front of the eye, one layer differentiates into the iris 
dilator muscle cells; the other is heavily pigmented and lines 
the back surface of the iris. As the two cell layers continue 
back onto the ciliary body, they are responsible for secretion 
of aqueous humor. Thereafter, the outer cell layer continues 
as the retinal pigmented epithelium while the inner differ- 
entiates into the neurosensory retina. The retinal pigmented 
epithelium separates the choroidal circulation and the neuro- 
sensory retina. It provides nutrition to the outer retinal 
layers, mediates photoreceptor renewal and constitutes an 
essential part  of the blood-retinal barrier. The mature retina 
contains three layers of neurons, the outermost having pho- 
tosensitive outer segments. Signalling is influenced greatly by 
laterally integrated neurons in the middle layer, termed hori- 
zontal and amacrine cells. In keeping with the optical needs 
of the eye, all pigment cells, the pigmented epithelia as well as 
the melanocytes within the uveal coat, absorb light to reduce 
the random reflection and thus prevent glare. 

II. Sources of peripheral innervation to the eye 

The peripheral nerves to the eye derive from several sources. 
The parasympathetic innervation is the most complex. All 
postganglionic nerves of  the ciliary ganglion provide the eye 
with important parasympathetic supply to the ciliary and iris 
muscles. The pterygopalatine ganglion, from which some 
postganglionic nerve fibers enter the orbit as rami orbitales, 
provides parasympathic innervation chiefly to the choroid 87. 
In addition, microganglia and ganglion cells are scattered 
within the orbit and are even found occasionally within the 
eye itself 16'7~,a~ n2. The number and location of these neu- 
rons vary among species and even among individuals within 
a species, but they are located in such places as the third nerve 
near the ciliary ganglion, the optic nerve sheath, the ciliary 
nerves near their penetration into the sclera, the choroid and 
the iris 53, J06. Sympathetic nerves to the eye are supplied al- 
most exclusively from the ipsilateral superior cervical gan- 
glion, Sensory nerves to the eye derive from the trigeminal 
ganglion. Those from the first division enter the orbit within 
the ophthalmic nerve. The maxillary nerve also makes a con- 
tribution to the sensory component of the ciliary nerves in 
monkeys 86 and most likely in man as well 4. 

Ill. Cholinergic innervation to the eye 

The thiocholine technique for acetylcholinesterase 5~ though 
indirect, remains the only histochemical method used to date 
for the demonstration of cholinergic nerves in the eye 24'59. 
Because this technique demonstrates the enzyme that metab- 
olizes acetylcholine instead of the neurotransmitter itself, the 
method is indirect. Immunohistochemical techniques using 
antisera against both choline acetyltransferase and acetyl- 
choline itself have been developed and promise greater spe- 
cificity, but these newer methods have not yet been applied 
successfully to peripheral ocular nerves. The issue of the 
specificity of the thiocholine technique is complex. Perhaps it 
is best simply to assert that it has proved to have practical 
value in ocular studies. Specifically, findings with it correlate 
well with physiological responses and biochemical measure- 
ments of choline acetyltransferase 72. On this basis, it is be- 
lieved to provide an accurate description of cholinergic in- 
nervation within the eye. Interestingly, the thiocholine tech- 
nique works especially well in albino animals, particularly 
the albino rabbit. The presence of melanin in tissue sections 
tends to dampen the histochemical reaction for cholineste- 
rase and thus limits the effectiveness of this method for pig- 
mented eyes. 
In the cornea, nerve bundles show acetylcholinesterase activ- 
ity, chiefly in the middle and anterior stroma and in the basal 
layers of the epithelium where in favorable tissue section 
multiple fine beaded fibers are seen. With regard to the drain- 
age angle for aqueous humor, the friability of cryostat-cut 
sections in this region makes it difficult to preserve tissue 
relationships. To add to the difficulty, considerable species 
variation has been observed in density of cholinergic nerves 
to this area 59. In spite of these problems, in the chamber angle 
of rabbit for instance, a moderate number of cholinesterase 
reactive nerves have been seen. For  monkey and cat, how- 
ever, only occasional reactive fibers are visualized; no studies 
have been reported in man. 
For  the ciliary body, the issue of innervation of the ciliary 
muscle must be separated from that to the ciliary processes; 
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innervation of the former relates to accommodation; of the 
latter, to aqueous humor formation. For the ciliary muscle, 
the density of acetylcholinesterase enzyme is so great that 
individual nerve fibers can be distinguished only at short 
incubation times. For the ciliary processes, pigmentation is 
important. Cholinesterase positive nerve fibers are found in 
each and every ciliary process of the albino rabbit; but in 
pigmented rabbits, rats and monkeys a careful search must 
be undertaken to visualize a few nerve fibers in the same 
region. This apparent discrepancy most likely is explained by 
melanin dampening of the histochemical reaction rather 
than a true difference in innervation density. 
For the iris the thiocholine technique reveals a rich network 
of cholinesterase positive nerve fibers in the sphincter mus- 
cle, a parallel to the ciliary muscle. In the dilator muscle, 
however, the reaction indicates far fewer nerve fibers but 
importantly a dual innervation to a tissue once presumed to 
be innervated exclusively by the sympathetic nerves. 
In the choroid 24,42, histochemical studies have revealed cho- 
linesterase positive nerve fibers surrounding large and 
medium sized arterioles. Nerve fibers also run within the 
stroma and on occasion are seen at the choriocapillaris. 

outflow apparatus varies widely among species. It is gene- 
rally plentiful in animals such as guinea pig and rabbit. In 
humans it is sparse but usually present in the young 25,26. In 
most instances it cannot be seen in eyes from older indi- 
viduals, but this observation must be qualified by an age- 
related increase in autofluorescence. If meshwork inner- 
vation truly is diminished or lacking in aged humans, the 
observation has potential importance in understanding the 
age-related occurrence of ocular hypertension and glau- 
coma. 

IV. Adrenergic innervation to the eye 

Of all the components of the ocular innervation, the adrener- 
gic is the most extensively studied. Since the introduction of 
histofluorometric method for tissue localization of catechol- 
amines 34, numerous reports have appeared on diverse spe- 
cies 25'26,59. The adrenergic nerves within the eye derive from 
sympathetic nerve fibers originating in the ipsilateral supe- 
rior cervical ganglion 3~ While variations among and even 
within species have been recorded, some general obser- 
vations can be made. 
As a rule innervation is plentiful to blood vessels within the 
eye, but the retina presents an exception. A dense adrenergic 
innervation to the central retinal artery drops markedly as 
the vessel enters the globe 57. A few adrenergic autonomic 
nerve fibers are seen surrounding blood vessels on and near 
the optic nerve head within the eye. The rest of the retinal 
vasculature is devoid of adrenergic innervation 57. Some have 
taken exception and dispute this observation 36, but the dis- 
agreement may reflect species differences. 
In the ciliary body, the ciliary muscle has a modest adrener- 
gic innervation that takes part in the relaxation of accommo- 
dation. Each ciliary process ordinarily contains a visible ar- 
ray of adrenergic nerves, providing the anatomical counter- 
part for the adrenergic sensitivity of its epithelial function. A 
sparse but definite innervation serves the junction of choroid 
and sclera at the lamina fusca. 
In the iris, the radially directed dilator muscle is heavily 
innervated and readily responsive to catecholamines. As al- 
ready noted, the thiocholine technique gives presumptive 
evidence for dual, albeit unbalanced, innervation. The scant 
adrenergic innervation to its antagonist, the pupillary 
sphincter, taken with the results of cholinesterase staining, 
thus indicates a dual and reciprocal adrenergic/cholinergic 
innervation to each of the intraocular muscles. 
Surprisingly, melanocytes within the eye are innervated 29'44 
although outside the eye this is a rarity. Especially on the 
anterior surface of the iris, melanocytes have a plentiful adre- 
nergic innervation and are dependent on it for the mainte- 
nance of their pigment content. Iris tyrosinase activity drops 
within days of superior cervical denervation 58. Alternatively, 
topical application of the e-adrenergic blocker thymox- 
amine but not the fl-adrenergic blocker timolol leads to a 
pale iris in juvenile rabbits, an observation that confirms 
adrenergic dependency while defining an c~ -adrenergic recep- 
tor mechanism 77. 
The density of adrenergic innervation to the aqueous humor 

Figure 1. Schematic illustrations of the comparative distribution of two 
types of peptidergic nerve fibers in the human eye. For precise descrip- 
tions, see text and references. Top: Nerve fibers immunoreactive to 
vasoactive intestinal polypeptide represent a sub-population of parasym- 
pathetic nerve fibers. They occur with greatest density in the choroid but 
are also found more anteriorly in the eye. Bottom: Nerve fibers immuno- 
reactive to neuropeptide Y, likely representing a substantial portion of 
sympathetic nerve fibers, are distributed differently within the eye. While 
also occurring in high density in the choroid, a richer anterior segment 
distribution is evident for nerve fibers containing this neuropeptide. Par- 
ticularly prominent is the innervation to the ciliary processes and to the 
iris dilator muscle. 
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Distribution of peptide-containing peripheral nerves in the mammalian eye 

793 

Neuropeptide Corneal Intraocular muscle innervation Vascular and tissue innervation 
inner- Iris Iris Ciliary Limbal Drainage Iris 
vation sphincter dilator m u s c l e  blood angle blood 

vessel vessels 

Ciliary Ciliary Cho- Melano- 
body blood processes roid cytes 
vessels 

VIP 0 + + + ++ + + ++ + +++ + 
Neuropeptide Y 0 + +++ ++ ++ + + ++ +++ +++ + 
Substance P ++ + + ++ ++ ++ + ++ ++ ++ + 
CGRP ++ + ~ ++ ++ + + ++ ++ ++ + 

The distribution of other neuropeptides found in peripheral ocular nerves, peptide histidine isoleucine, cholecystokinin and enkephalin, have not been 
described in sufficient detail to include in this summary. See text. Arbitrary of 0 to 3+, generalized from published reports. 

Variability among species is even more pronounced for the 
adrenergic innervation of  the cornea. In rabbit and guinea 
pig, the adult cornea harbors a moderate  but predictable 
adrenergic innervation, most  of  it anteriorly disposed. In 
monkey and man, histochemically demonstrable adrenergic 
corneal  innervation is for practical purposes absent; only 
rarely are nerve fibers seen and then mostly at the junction of  
cornea and sclera. Interestingly, a remarkable adrenergic in- 
nervation is found during embryonic development of  the 
cornea in primates 31, suggesting that the rare nerve fiber 
visible in the adult is vestigial. 

V. Neuropeptides localized to peripheral ocular nerves 

Many neuropeptides have already been identified in ocular 
nerves by the use of  immunohistochernical techniques. The 
potential for unrecognized cross-reactivity justifies the suffix 
'like immunoreact ive '  (-LI) in describing peptidergic nerves; 
in a few instances, confirming biochemical isolation has been 
performed for the antigen in ocular nerves. 
Because of  the diversity of  tissues and the regional differ- 
ences in function within individual coats of  the eye, highly 
detailed descriptions of  the distribution of  peptidergic nerves 
are required both for accuracy and for understanding (fig. 1). 
Among  eyes of  different mammal ian  species, the distribution 
of  nerve fibers containing individual neurotransmitters and 
neuropeptides tends to be reasonably similar. The chief dif- 
ferences concern nerve density. The table contains a general 
summary of  the distribution of  peptidergic nerves most ex- 
tensively studied to date in the mammal ian  eye. The precise 

details for particular species are provided in the cited immu- 
nohistochemical references. 

Vasoactive intestinal polypeptide 
Vasoactive intestinal polypeptide (VIP) was the first neuro- 
peptide localized to ocular autonomic nerves n7, and ocular 
nerves containing this peptide are an important  part of  the 
parasympathetic  system to the eye (figs 2 and 3). A rich 
VIP-LI innervation supplies ocular blood vessels, most  
prominently in the choroid 112,117,122. More  recently a non- 
vascular VIP-LI  innervation has also been recognized as a 
forward extension with supply that includes the ciliary 
muscle, both iris muscles, and the chamber  angle 71,9~ 
A pterygopalatine origin for choroidal  vascular nerves has 
been established in rabbit, cat and monkey 87 and has been 
shown to be the source of  the VIP-LI  nerve fibers in the cat 
choroid 117. VIP immunoreact ivi ty also occurs in a few ciliary 
ganglion and accessory ciliary neurons of  rat 53, and in uveal 
ganglion cells of  guinea pig 112 and man 71,105. Whether  nerves 
supplying specific structures within the eye thus originate 
from one or  more particular parasympathetic  sources is not  
fully known. N o r  is the matter  readily clarified. An orbital 
parasympathetic  denervation of  the eye is complicated by the 
mixed nature and overlapping paths of  many nerves in this 
region. For  instance, sympathetic and sensory fibers pass 
through the ciliary ganglion in many species. While the rat is 
an exception to this generalization, the ciliary ganglion of  
this species contains only a limited proport ion of  the para- 
sympathetic ganglion cells within the orbit  53. Studies under- 
taken so far to ascertain the relative contribution and intra- 

Figure 2. Vasoactive intestinal peptide-like immunoreactive nerve fibers 
in the corneo-scleral limbus. (Fluorescence micrographs; bars, 50 gm). A 
hnmunoreactive nerve fibers (arrows) surround a superficial limbal blood 

vessel in the rhesus monkey eye. B Immunoreactive nerve fibers (arrows) 
lie in the cat ciliary cleft through which aqueous humor drains. Chroma- 
tophores (*) in the cat uvea show intense autofluorescence. 
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Figure 3. Nerve fibers immunoreactive to individual neuropeptides have 
been observed to drape around melanocytes in the uvea. Illustrated is a 
vasoactive intestinal polypeptide-like immunoreactive nerve fiber in ap- 
position to a melanocyte (M) within the posterior ciliary body of the 
bovine eye (Fluorescence micrograph; bar, 25 gm). 

ocular contribution from different parasympathetic sources 
by selective denervation have not yielded definitive results. 

Peptide histidine isoleucine 
Peptide histidine isoleucine (PHI) co-localizes with VIP in 
many peripheral autonomic neurons 7,33,s4. This neuropep- 
tide has marked structural similarities to VIP and in fact 
derives from the same precursor molecule ~~ Immunoreac- 
tivity to PHI has been observed both in the guinea pig cho- 
roid 84 and in the rat iris 9. In the rat iris, the distribution of 
PHI -LI  nerve fibers closely parallels that of VIP-LI nerves, 
suggesting co-localization. No more detailed studies of the 
distribution of PHI in the eye have appeared to date, 

Neuropeptide Y 
A peptide of  the pancreatic polypeptide family occurs in 
ocular nerves 14,45,96'1~176 and now has been identified bio- 
chemically as neuropeptide Y (NPY) in rat and guinea pig 1~ 
The distribution of nerves immunoreactive for NPY closely 
mirrors the distribution of sympathetic nerves containing 
catecholamines as revealed by histofluorometric methods 
(fig. 4). Notable differences include the absence of NPY from 
corneal nerves and a lower density of  NPY-LI nerves in the 
ciliary body and around anterior uveal vessels. Following 
superior cervical ganglionectomy, most of NPY-LI ocular 
nerves disappear from the ipsilateral eye just as do the adren- 
ergicl4, l l0, and radioimmunoassay levels of the peptide fall 1. 
Unlike the observations with histofluorometric techniques, 
however, some choroidal nerve fibers persist t4,11~ Based on 
these observations, it is possible that a proportion of  NPY- 
LI nerves originate elsewhere. As described below, however, 
superior cervical ganglionectomy induces non-sympathetic 
neurons with ocular projections to express a NPY-LI anti- 
genii; on this basis, the few NPY-LI nerve fibers observed 
shortly after sympathectomy could as well represent the ini- 
tial steps in this repair process. 

Neuropeptides in ocular sensory nerves 
Three neuropeptides have been identified to date in ocular 
sensory nerves originating in the trigeminal ganglion (figs 5 
and 6): substance P (SP) 7~ l lZ 116, calcitonin gene-related 
peptide (CGRP) 6L67'101'111 and a peptide of the chole- 
cystokinin-gastrin (CCK) family 9, s4,81, loo. Only for substance 
P has biochemical identification been performed 94. Whether 
the newly discovered tachykinin, substance K 65, also occurs 

in ocular sensory nerves is not known. The evidence for the 
occurrence in the eye of CGRP and CCK rests solely on 
immunohistochemical identification. The validity of identi- 
fication of these peptides by immunohistochemistry is dis- 
cussed at length in the cited manuscripts. Based on analysis 
of trigeminal ganglia, SP-LI and CCK-LI immunoreactivity 
has been observed primarily in small trigeminal ganglion 
cells; CGRP immunoreactivity is present in small but also in 
larger trigeminal neurons. 
About 20 % of trigeminal ganglion cells are immunoreactive 
to SP, about 40 % are immunoreactive to CGRP 61,9t, t l l, and 
about 2 % are immunoreactive to CCK 55. Their pattern of 
co-localization is complex. Based on co-localization studies 
in the trigeminal ganglion of rat 61'91'm and guinea pig 55, 
essentially all SP-LI cells also are immunoreactive to CGRP. 
Consistent with their greater number, many CGRP-LI cells 
are negative for SP. For  SP and CCK in the guinea pig 
trigeminal ganglion, some immunoreactive cells are positive 
for only one of these peptides and some are positive for 
both 54. While not directly shown, it seems reasonable to sus- 
pect that some trigeminal ganglion cells are immunoreactive 
to all three peptides. Since many trigeminal cells are not 
reactive to any of the three, further reports are expected as 
new peptides become recognized. 
The pattern of co-localization observed in ocular nerve fibers 
parallels in many ways the observation in trigeminal gan- 
glion. By the use of simultaneous immunohistochemical la- 
beling techniques, nerve fibers immunoreactive to both SP 
and CCK 54 or to both SP and CGRP 37,67 have been observed 
in the eye. Although not studied in the eye, it is even now 
known that the latter two can coexist in the same secretory 
vesicle 38. Consistent with the co-localization pattern of  SP 
and CCK in the trigeminal ganglion, nerve fibers have been 
observed in the eye that are immunoreactive to both or to 
just one of these peptides s4. In co-localization studies with 
CGRP and SP, ocular nerve fibers immunoreactive to 
CGRP but negative for SP are observed, also consistent with 
the pattern in the trigeminal ganglion 67. 

Enkephalin 
Fine nerve fibers immunoreactive to leu-enkephalin have 
been observed in the eye of the rat 1~ and the guinea pig 
(Kuwayama and Stone, unpublished observations) by im- 
munohistochemical techniques. They present a novel prob- 
lem. Standard selective denervations do not affect their in- 
tegrity 1~ It is possible that they arise from accessory intraor- 
bital microganglia or from neurons intrinsic to the uvea. 
Without known connection, their origin is speculative. 

VI. Intraganglionic organization 

By intraocular injection of probes of retrograde axoplasmic 
transport, it is possible to identify neurons both in the supe- 
rior cervical ganglion and the trigeminal ganglion that 
project to the eyeL In the case of the superior cervical gan- 
glion, neurons projecting to the eye are distributed in the 
caudal portion of the ganglion. No specific transmitter- 
related histochemistry has yet been reported on these cells. 
For  the trigeminal ganglion in guinea pig, the specific issue of 
intraganglionic origin of cells projecting to the eye has been 
addressed 55. They are located within the anteromedial region 
of the ophthalmic division of the ganglion z. When studied by 
immunohistochemical techniques, there is no recognizable 
somatotopical organization to peptidergic neurons contain- 
ing SP, CCK or CGRP, either for the ganglion as a whole or 
for cells specifically projecting to the eye. When the propor- 
tion of neurons immunoreactive for each peptide and 
projecting to the eye is compared to the immunoreactive 
neurons of the ganglion as a whole, proportions are similar 55. 
Because of  the diversity of  innervated intraocular structures 
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Figure 4. Neuropeptide Y-like immunoreactive nerve fibers supply both 
vascular and non-vascular structures in the eye. (Fluorescence micro- 
graphs; bars, 50 lam). A In the albino rat choroid, a rich innervation is 
present and is clearly related to the vascular supply. IS, photoreceptor 
inner segment; OS, photoreceptor outer segment; RPE, retinal pigmented 
epithelium; V, blood vessel in choroid. B An immunoreactive nerve fiber 
(arrow) surrounds an arteriole in the ciliary body of the rhesus monkey. C 
An immunoreactive nerve fiber (arrow) within the ciliary process of the 

cat. At the light microscopic level, it is not possible to resolve whether 
immunoreactive nerve fibers in this structure relate primarily to the epi- 
thelial layer or to the blood vessels within the core of the process. NPE, 
non-pigmented epithelial layer; PE, pigmented epithelial layer. D A rich 
innervation lies along the dilator muscle in the rhesus monkey iris. Nerve 
fibers also are seen more anteriorly in the stroma. PE, pigmented epi- 
thelial layer. 

and because retrograde tracers label neurons non-selectively, 
such techniques may not  adequately select neurons of  spe- 
cific functional subtype. Alternatively, a complex and per- 
haps variable correlation between neuropeptide content  and 
sensory function may exist 6~ Because additional neuropep- 
tides are likely to be found in the eye, the ocular sensory 
innervation might still have distinguishing properties not  
currently evident. 

VII. Interactions of  parasympathetic, sympathetic and sensory 
nerves 

The eye has proved a usable model  for demonstrat ing the 
plasticity of  the peripheral nervous system, particularly with 
respect to neuropeptides. For  instance, two changes occur to 
the ocular innervation following sympathectomy besides the 
apparent  loss of  adrenergic nerves. First, unilateral sympa- 
thectomy results in a gradual enhancement  of  sensory neuro- 

peptides in the ipsilateral eye judged both by immunohisto-  
chemistry and by radioimmunoassay ~7' 49, 54, 88,120,128. Second, 
nonsympathet ic  nerve fibers in the eye gradually develop 
tyrosine hydroxylase and N P Y  immunoreactivity,  each o f  
which is considered a 'sympathetic '  marker  I~. Yet despite the 
presence of  tyrosine hydroxylase immunoreact ivi ty in sym- 
pathectomized eyes, there is no evidence of  catecholamine 
synthesis. Some nerve fibers induced to express tyrosine hy- 
droxylase or neuropeptide Y derive from the ciliary gan- 
glion; it has not  been possible to identify the source of  all 
such nerve fibers 11. 
In total, these observations indicate a complex interaction of  
parasympathetic,  sympathetic and sensory nerves and sub- 
stantiate prior  observations on the inductive plasticity o f  
neurotransmit ters /neuromodulators  in peripheral nerves as 
studied in other  systems. The full functional implications of  
these interactions are not  currently known, but the eye con- 
tinues a useful end organ for their elucidation. 
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Figure 5. A substance P-like immunoreactive nerve fiber (arrow) in the 
sphincter muscle (SPH) of the human iris. Despite the widespread distri- 
bution throughout the eye of substance P-like immunoreactive nerve 
fibers, the only established ocular effect of this peptide is miosis in selec- 
tive species. Despite the innervation present, substance P seems inactive to 
the human iris sphincter muscle. 121 PE, pigmented epithelial layer (Fluo- 
rescence micrograph; bar, 50 gin). 

VIII. Conspicuously absent neuropeptides 

Considering the diversity of tissues within the eye and the 
observations on the trigeminal ganglion discussed above, 
one might expect the neuropeptides of the eye to represent 
fully the neuropeptides in the ganglia that serve it. Inter- 
estingly, however, this is not the case. Several neuropeptides 
have been described in the relevant peripheral ganglia that 
have not been found in peripheral ocular nerves. Some, such 
as somatostatin, have been sought by several groups. Al- 
though present in retina, there are no reports of its existence 
in ocular peripheral nerves. Other neuropeptides, such as 
corticotropin-releasing factor, are so newly described in pe- 
ripheral ganglia 92 that they may not have been specifically 
studied by ophthalmic researchers as yet. 

IX. Physiological fimctions 

Physiology trails behind immunohistochemistry in the eye. 
Despite the large number of neuropeptides described by im- 
munohistochemical and biochemical techniques, relatively 
little is known about the physiological function of these pep- 
tides. 
One of the most extensively studied neuropeptides is VIP. It 
acts as a vasodilator in the eye 76, consistent with this function 
elsewhere in the body. VIP also enhances prejunctional cho- 
linergic transmission in the ciliary muscle 1~ Both iris mus- 
cles relax under its influence 4~ los. VIP stimulates adenylate 
cyclase in the rabbit iris ciliary body 73, suggesting a role in the 
regulation of aqueous humor formation. VIP also stimulates 
the production of cyclic AMP by cultured retinal pigmented 
epithelial cells 51, an observation that suggests it could help 
regulate the retinal environment. VIP localizes to retinal 
amacrine cells 13 as well as autonomic nerves of the choroid. 
Since the retinal pigmented epithelium lies between sensory 
retina and choroid, either or both sources of VIP might be 
involved in the regulation of retinal pigmented epithelial 
function. 
Despite the rich distribution of NPY-LI ocular nerves and 
the well-established and varied physiologic functions for this 

peptide, little physiologic work has been performed with it in 
the eye. NPY augments the contractile effects of 1- 
phenylephrine on the iris dilator but has no direct effect on 
the muscle83; this observation is consistent with the rich in- 
nervation of the iris dilator by nerves containing this neuro- 
peptide as well as the concomitant adrenergic innervation. 
No other physiologic reports have appeared to the present. 
For ocular sensory nerves, a role in mediating the ocular 
injury response is now clear, at least in rabbit 8. Severe me- 
chanical or chemical trauma induces a four-part response in 
the eye, consisting of miosis, vasodilation, breakdown of the 
blood-aqueous barrier with protein leakage and elevated in- 
traocular pressure. Both neurogenic and prostaglandin-me- 
diated mechanisms have been identified, the relative contri- 
bution of each depending on the type of stimulus 23. For the 
ocular reaction to chemical injury, a major role for the sen- 
sory innervation is widely accepted 15. Sensory denervation or 
prior treatment either with anesthetics or tetrodotoxin inhi- 
bit the reaction to chemical injury 15, while direct stimulation 
of the trigeminal ganglion elicits its four components 82. 
Moreover, individual neuropeptides appear responsible for 
individual components of the ocular injury response. Sub- 
stance P is a potent miotic 93' H6 and is released into the eye 
after trigeminal nerve stimulation 6. When applied to the eye, 
it stimulates the atropine-resistent miosis which occurs in the 
neurogenic ocular injury response. CGRP is known to be a 
potent vasodilator12; in rabbits, it induces breakdown of the 
blood-ocular barriers and a rise in intraocular pressure but 
does not cause miosis 12~ It thus has been suggested that 
CGRP acts jointly with SP in the eye after injury, each elicit- 
ing different components of the ocular injury response 12~ 
This is a reasonable hypothesis in view of the co-localization 
of both neuropeptides in many ocular nerves and leads to a 
unified theory for understanding the response of the rabbit 
eye to mechanical and chemical trauma. A species qualifica- 
tion is required for this attractive hypothesis, however. The 
miotic response to substance P shows great species variabil- 
ity. Although maximal in the rabbit, it is not observed in 
species such as cat, dog and man 12~. Perhaps as the full array 
of neuropeptides is discovered in ocular sensory nerves, these 
species differences will become understandable. Possibly, the 
principle will remain but the participant peptides will differ. 
It is important to realize that a function for most of the 
substance P-LI and CGRP-LI nerves in the eye is unknown. 
While corneal nerve fibers in a general sense serve a nocicep- 
tive role, important other possibilities remain unexplored. 
For instance, substance P has potent effects on fluid flow in 
the kidney 39. While substance P has been found in nerves to 

Figure 6. Calcitonin gene-related peptide-like immunoreactive nerve fi- 
bers (arrow) are present in the epithelium (Ep) and anterior stroma (Str) 
of the rat cornea. (Fluorescence micrograph; bar, 50 gin). 
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the ciliary process, there have been no studies of possible 
secretory effects for substance P in the eye. For CCK, the 
third sensory neuropeptide already discovered in the eye, no 
physiologic studies have yet been reported in this organ. 
Clues to possible ocular functions of enkephalins are known. 
Systemic opioids induce remarkable effects on pupillary di-  
ameter without inflammatory signs, and they can affect in- 
traocular pressure. For  the pupil either miosis or mydriasis is 
observed, depending on the species 74. Everyone is familiar 
with the police examination of suspected drug addicts for a 
pin-point pupil. This response is thought to be mediated 
primarily by the central nervous system 74. However, mor- 
phine applied topically to the human eye 35 or i~jected into 
the rabbit eye induces a unilateral miosis ~, indicating a pe- 
ripheral action as well. In this regard, enkephalin inhibits the 
cholinergic and SP-ergic in vitro responses of the electrically 
stimulated rabbit sphincter muscle but does not affect the 
sphincter response to exogenously applied carbachol or SP, 
suggesting the presence of opioid receptors on cholinergic 
and SP iris nerves Hg. Dynorphin, on the other hand, aug- 
ments the cholinergic but inhibits the SP-ergic responses in 
this system ~8. As far as intraocular pressure is concerned, 
intraocular injection of morphine or D-ala-met-enkephali- 
namide in rabbits lowers it 22. Moreover, morphine or heroin 
addicts have lower intraocular pressure than normal; and 
topical instillation of morphine to the eye lowers intraocular 
pressure in glaucoma patients 22. Opioids appear to affect 
intraocular pressure by enhancing the drainage of aqueous 
humor from the eye a2. In view of the enkephalin-like immu- 
noreactive nerves now known to be present, further studies 
are justified to clarify fully the local effects of the opioid 
peptides in the eye. 

X. Non-neuronal biologically active peptides 

Ocular physiology is replete with reports of the effects of 
hormones on ocular function 46. By and large, the hormones 
in question have not been found in ocular nerves and are not 
thought to be produced locally; the observed effects are as- 
sumed to be humoral. Yet the matter is unsettled. Paracrine 
cells have not been identified in the uvea. Using an antibody 
to neuron-specific enolase, however, it has been proposed 
that cells of the diffuse neuroendocrine system do exist in the 
trabecular meshwork of the monkey 99. To date, no biologi- 

cally active peptide or neurotransmitter has been identified 
within these cells. 
In the same vein, high levels of atrial natriuretic peptide 
recently have been found in the anterior urea 97. The cellular 
localization in the eye of this peptide has yet to be reported. 
Intriguingly, receptors to it have been identified on the pig- 
mented epithelium of the ciliary body 5,66,85. Although the 
physiologic function for atrial natriuretic peptide in the eye 
presumably relates to the secretion of aqueous humor, this 
connection remains to be established. 

IX. Retina 

The image of the outside world received by the rods and 
cones of the eye is signalled to the visual areas of the brain by 
the retinal ganglion cells. Between the photoreceptors at the 
depth of the retina and the ganglion cells near its surface lay 
three distinct classes of neurons - horizontal cells, bipolar 
cells, and amacrines. As the links between photoreceptor and 
ganglion cell, they are responsible for the coherent transla- 
tion and processing of rod and cone impulses. Some idea of 
the complexity of their task is gained when it is recalled that 
within the retina diverse types of physiological information 
are processed: the ganglion cells relay information about 
shape, color, contrast, and light level in an economic and 
accurate manner. To a great extent this task is facilitated by 
the intervention of the interneurons-horizontal ceils at the 
outer plexiform layer at the photoreceptor/bipolar cell bor- 
der and amacrine cells at the inner plexiform layer at the 
bipolar/ganglion cell border. Amacrine cell subtypes have 
long been thought to contain specific neurotransmitters27; 
cholinergic 75, dopaminergic 28 or serotonergic 78 subtypes 
have been recognized, among others. 
More recently, immunohistochemical and biochemical stu- 
dies have revealed ,the presence of neuropeptides in the re- 
tina 13, chiefly within specific types of amacrine cells (fig. 7); in 
the anuran retina, neuropeptides also appear to be present in 
ganglion cell processes within the optic nerve 52. While the 
detailed discussion of neuropeptides in the retina is beyond 
the scope of the present review, some general comments can 
be made to provide a framework for readers working outside 
this area. Consistent with the considerable species variability 
in retinal structure and retinal function, species variability 
exists in the identity of neuropeptides within the retina and in 

Figure 7. Vasoactive intestinal polypeptide-like immunoreactivity in the 
guinea pig retina. (Fluorescence micrographs; bars, 50 gm). A An immu- 
nostained amacrine celt (arrow) lies adjacent to the inner plexiform layer 

(IPL). Some of the nerve fibers in this layer are immunoreactive as well. B 
Sometimes, an immunoreactive amacrine cell (arrow) is placed in the 
ganglion cell layer. 1NL, inner nuclear layer; ONL, outer nuclear layer. 
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the number ,  subtype and  d is t r ibut ion  of  amacr ine  cells con- 
ta ining specific neuropept ides  13. Amacr ine  cells con ta in ing  
m a n y  different neuropept ides  have been recognized within 
the ver tebra te  ret ina,  including substance  P, enkephal in ,  
neurotens in ,  neuropept ide  Y, somatos ta t in ,  glucagon,  
vasoact ive intest inal  polypeptide,  and  cholecystokinin.  As in 
bra in ,  co-local izat ion of  individual  neuropept ides  with o ther  
neuropeptides47, 48, 63, 64, 125 or wi th  classical neuro t rans -  
mit ters  125-127 is recognized. 
Efforts  are now underway  to establ ish a physiological  role 
for neuropept ides  in the re t ina 19. Light  or da rk  adap ta t ion  
influences neuropept ide  levels 32,43,68,69. Individual  neuropep-  
tides also have been shown to influence specific ret inal  
cells 1 s,20,56,124. Neuropep t ides  cause the selective release of  
ret inal  neuro t ransmi t t e r s  3, and  po tass ium depolar iza t ion  
leads to neuropept ide  release 79. Receptor  mechan isms  are 
being identified utilizing second messengers  such as the ade- 
nylate  cyclase pa thway  56, so, 89,124. 

X I I .  Conclusions  

The appl ica t ion of  immunohi s tochemica l  techniques  to the 
discovery of  neuropept ides  in the eye has indicated a com- 
plexity to the per ipheral  innerva t ion  of  the eye tha t  was 
un imagined  only a few years ago. N o t  only have neuropep-  
tides been identified within parasympathe t ic ,  sympathet ic  
and  sensory nerves to this organ,  bu t  pa t t e rns  of  neuropep-  
t ide and  neuro t ransmi t t e r  co-localizations are now being de- 
scribed. I m p o r t a n t  in teract ions  between the three divisions 
of  the ocular  per ipheral  innerva t ion  are now also evident.  
The classical concept ion  of  a push-puU ocular  innerva t ion ,  a 
cholinergic pa rasympa the t i c  supply coun te rba lanced  by an 
adrenergic  sympathet ic  supply, p robab ly  remains  valid bu t  is 
vastly oversimplified. Because of  the impor tance  of  the eye's 
vegetat ive physiology in clinical disorders,  such as glaucoma,  
and  because of  the central  role played by cholinergic and  
adrenergic  agents in clinical pharmacology ,  unde r s t and ing  
the role of  po ten t  biologically active peptides clearly will lead 
to enhanced  unde r s t and ing  of  ocular  physiology and  to new 
drug therapies.  Because of  the lag between immunocy to -  
chemical  ident if icat ion and  physiological  definit ion,  our  
knowledge of  the funct ional  role of  neuropept ides  within the 
eye is considerably  beh ind  what  we know of  its neuroana-  
tomy. N e u r o a n a t o m i c a l  studies disclose a complexi ty to the 
ocular  innerva t ion  tha t  undoub ted ly  parallels a complexity 
of  physiological  funct ion.  It  will be revealed as neuropept ide  
act ions are delineated.  
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