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Abstract

Since 1892, anatomical studies have demonstrated that the retinas of mammals, including humans,
receive input from the brain via axons emerging from the optic nerve. There are only a small
number of these retinopetal axons, but their branches in the inner retina are very extensive. More
recently, the neurons in the brain stem that give rise to these axons have been localized, and their
neurotransmitters have been identified. One set of retinopetal axons arises from perikarya in the
posterior hypothalamus and uses histamine, and the other arises from perikarya in the dorsal raphe
and uses serotonin. These serotonergic and histaminergic neurons are not specialized to supply the
retina; rather, they are a subset of the neurons that project via collaterals to many other targets in
the central nervous system, as well. They are components of the ascending arousal system, firing
most rapidly when the animal is awake and active. The contributions of these retinopetal axons to
vision may be predicted from the known effects of serotonin and histamine on retinal neurons.
There is also evidence suggesting that retinopetal axons play a role in the etiology of retinal
diseases.
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MORPHOLOGY AND FUNCTIONS OF RETINOPETAL AXONS IN MAMMALS

In mammalian retinas, three types of retinopetal axons have been distinguished by
morphological criteria. The first type gives rise to terminals in the outer strata of the inner
plexiform layer (IPL). Typically, the axons terminate along the border with the inner nuclear
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layer (INL) (Figs. 1A and 1C). Using the Golgi method, axons with this pattern of branching
have been identified in dog! and chimpanzee? retinas. The second type of retinopetal axon is
larger in diameter, varicose, and terminates in the outer plexiform layer (OPL). In rats, these
axons are labeled with antibodies to serotonin after loading the retina with a related
indoleamine, 5,7-dihydroxytryptamine (5,7-DHT). They originate from perikarya in the
optic chiasm or the preoptic area of the hypothalamus.® Retinopetal axons similar to these
are labeled with neurofilament antibodies in the mouse retina.# Neurons that project from
the anterior hypothalamus to the retina have been identified in a prosimian,® but their
terminals in the retina have not been described.

The third type of retinopetal axon branches extensively in IPL (Fig. 1B). Using the Golgi
method, Polyak described axons like these in macaque retinas.2 They run in the optic fiber
layer (OFL), and they give off a nearly vertical branch to the IPL, where they branch
extensively in a broad band in the center of the layer. In the mouse retina, axons with a
similar branching pattern are labeled with neurofilament antibodies.* These axons are also
labeled using reduced silver stains in monkey®’ and human®? retinas. These studies
confirmed and extended Polyak’s descriptions, and they also demonstrated clear
morphological differences between retinopetal axons and those of ganglion cells with
intraretinal collaterals. These ganglion cell axons have several long, thin branches that
extend into the outer half of the IPL.”-10 Retinopetal axons have a larger diameter, branch
more extensively, and do not originate from perikarya in the retina.

Retinopetal axons have also been studied using anterograde labeling techniques. After
lesions of cat optic nerves, degenerating terminals are found in the IPL near the perikarya of
amacrine cells.1112 After lesions of macaque optic nerves, degenerating terminals are found
in the outer third of the IPL.1! Retinopetal axons are labeled anterogradely with horseradish
peroxidase (HRP) applied to the cut optic nerve in macaques!3 and guinea pigs,14 or else
with phaseolus vulgaris leucoagglutinin injected in the oculomotor nucleus in rats.1®
Retinopetal axons have also been observed in transgenic mice that express yellow
fluorescent protein (YFP) in a subset of projection neurons under control of the Thy-1
promoter.16 An axon labeled by this technique is illustrated in Fig. 2. Thus, the retinopetal
axons are seen with a variety of anatomical techniques, ranging from one of the oldest, the
Golgi method, to one of the newest.

Mammalian retinas receive input from a relatively small number of neurons in the brain. In
dogs, for example, 176-260 neurons in the hypothalamus are retrogradely labeled after HRP
is applied to the optic nerve.1” In macaques and guinea pigs, only 25-35 neurons are labeled
using a similar technique.18 The branches of retinopetal axons are very extensive,
however.6-919.20 The axon in Fig. 2 occupies approximately one-fourth of the retinal area,
for example.

The early experiments on the functions of retinopetal axons are controversial, 2! but a
number of recent studies suggest that inputs from the brain to the retina make important
contributions to vision. In humans, retinal neurons respond more rapidly during the day than
during the night, regardless of the short-term adaptation state. Exposing one retina to a long,
bright stimulus at night returns that retina to the daytime state, and the effect transfers, in
part, to the unstimulated eye.2223 The latter finding suggests that retinopetal axons play a
role. There is both electrophysiological?* and psychophysical?>26 evidence for a decrease in
the sensitivity of humans to light stimuli during the day, also independent of adaptation
state, and retinopetal axons may play a role in these sensitivity changes as well. In rats,
retinopetal axons might influence the timing of rod outer segment disk shedding. The optic
nerves must be intact in order to reset the shedding rhythm in response to changes in
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illumination.2” Changes in retinal ganglion cell activity and the amplitude of the
electroretinogram (ERG) during sleep have also been attributed to retinopetal axons.28-30

Several neurotransmitters of retinopetal axons in other vertebrates have not been found there
in mammals. Nitric oxide is unlikely to be used as a transmitter because no retinopetal axons
are labeled with NADPH diaphorase histochemistry or with antibodies to nitric oxide
synthase.3! The neuropeptide FMRFamide is not present in macaque retinas.32 Another
neuropeptide, gonadotropin releasing hormone (GnRH), is found in the optic nerves of
rats,33:34 voles,3® and fetal macaques,3® but not in their retinas. One population of
retinopetal axons is labeled with antibodies to tyrosine hydroxylase, but the catecholamine
they presumably contain has not been identified.37-38 Two other candidates for retinopetal
neurotransmitters, histamine and serotonin, are discussed below.

RETINOPETAL AXONS CONTAINING HISTAMINE

Retinopetal axons containing histamine were first described in guinea pigs.3° Retinopetal
axons of the third morphological type are also labeled with antiserum to histamine in
macaque retinas.1® Some make collateral branches that return to the optic disk; these may be
the source of the histamine-immunoreactive (IR) axons seen in the superior colliculus and
lateral geniculate nucleus of macaques.*® Other histamine-IR axons descend orthogonally
through the ganglion cell layer (GCL) into the IPL and branch extensively in a broad band in
the center of the layer (Fig. 3). Histamine-IR axons run alongside some of the larger blood
vessels in the OFL and IPL. Varicose histamine-IR axons are also found among the ganglion
cell axons in the optic nerve. No cell bodies are labeled in the retina, and two lines of
evidence suggest that they are located in the tuberomamillary nucleus of the posterior
hypothalamus (Fig. 4). First, neurons there are retrogradely labeled after HRP application to
the proximal stump of the cut optic nerve.18 Second, this is the only area of the macaque
brain where cell bodies containing histamine are found.*0

The histamine-IR retinopetal axons in rats are similar to those in monkeys in most respects.
A few histamine-IR axons terminate in the GCL and OFL, but the majority of axons do not
have branches there. Most axons branch in the center of the IPL, and a few terminal
branches extend into the inner nuclear layer (INL). Histamine-IR terminals in the IPL
typically have large varicosities; varicosities on branches in the OFL and GCL are smaller
and less common. A few histamine-IR branches are closely associated with large retinal
blood vessels in the IPL. Histamine-IR axons are also found in the optic nerve.20

Histamine levels have been measured in the retinas of several mammals, and the values are
similar to those of brain regions, such as the cerebral cortex, that receive modest levels of
histaminergic input.*} Mast cells are another source of histamine in the brain, but they
cannot account for the histamine detected in the retina because none are present there.#2
Histamine is synthesized in one step from L-histidine by the enzyme histidine decarboxylase
(HDC). HDC activity has been detected in the retinas of rabbits,3 rats,*44> and monkeys.4>

The histaminergic neurons that project to the retina are a subset of the “waking-on” neurons
recorded in the tuberomamillary nucleus of the posterior hypothalamus of rats*6 and
cats.*”#8 They have a slow, tonic firing rate during waking, followed by a gradual decrease
during slow-wave sleep, and a complete a cessation of firing during paradoxical sleep (Fig.
5). Thus, the release of histamine in the retina should vary according to the sleep/wake cycle
of the animal. Histamine is expected to be released from retinopetal axons during the day in
diurnal animals and during the night in nocturnal animals.

In the central nervous system, histamine acts on three different G-protein—coupled receptors:
histamine receptor 1 (HR1), histamine receptor 2 (HR2), and histamine receptor 3 (HR3).
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HR1 are present on bovine retinal blood vessels,*® and histamine increases the permeability
of the blood-retinal barrier in rats.5% Histamine also produces a relaxation of bovine retinal
blood vessels mediated primarily by HR1, but also by HR2,51 and histamine increases the
diameter of rat retinal capillaries.52 Some of the histamine receptors mediating these effects
may be localized on pericytes. Histamine depolarizes isolated pericytes from rat retinas®3
and increases the ratio of free to bound calcium in isolated pericytes from bovine retinas.>*
Histamine receptors are also present on vascular endothelial cells from rat®! and bovine®®
retinas. Because they are expected to be active during the day in humans, histaminergic
retinope;tgl axons may contribute to the increase in optic nerve blood flow observed during
the day.

The binding of ligands to HR1 has been characterized in membrane preparations from
mammalian retinas,*1°” and HR1 have been localized to the IPL in macaque retinas.?®
There is indirect evidence suggesting that histamine acting at HR1 enables humans to
respond to light stimuli at higher temporal frequencies. HR1 antagonists decrease the critical
flicker fusion frequency.29-62 The responses of macaque parasol ganglion cells to luminance
flicker are identical to those of human subjects under the same conditions,®2 and it is
possible that the antihistamines act on the neural circuit providing input to parasol cells. In
rats, dopaminergic neurons express HR1 (Fig. 6),54 and these receptors would be activated
by tonic release of histamine at night. Histamine strongly inhibits the release of dopamine
from guinea pig retinas.%°

HR2 have not been localized in mammalian retinas, but there is indirect evidence that they
are present. Histamine inhibits a forskolin-induced increase in cAMP in rabbit retina via
HR2.86.67 Histamine also increases a GABA-mediated chloride current in amacrine cells in
rat retinas via protein kinase A, a signaling pathway frequently used by HR2.68.69 |f
amacrine cells are inhibited more effectively, there would be less tonic inhibition of the
ganglion cells and bipolar cells. Accordingly, both histamine and the HR2 agonist dimaprit
increase the maintained firing rates of rat retinal ganglion cells /n vitro. Because histamine
has no eﬁ;ect when synaptic transmission is blocked, this effect on ganglion cells must be
indirect.”

In monkeys, HR3 are found on the tips of the dendrites of ON-bipolar cells® (Fig. 7), but
the effects of histamine on primate bipolar cells have not yet been studied. Histamine and
the HR3 agonist methylhistamine modulate the maintained activity of most monkey
ganglion cells, and they also decrease the responses of some cells to full-field light stimuli.”®
Histamine might act via the same G, as the metabotropic glutamate receptor, closing
nonselective cation channels,’? or it might open K* channels.”? Both would hyperpolarize
ON-bipolar cells and decrease the maintained firing rates and light responses of ON-
ganglion cells. HR3 might produce opposite effects on maintained activity and light
responses if they increase the efficacy of GABA-mediated input from horizontal cells.”3.74
In the dark, this would depolarize ON-bipolar cells and increase the maintained activity of
ON-ganglion cells. However, with a full-field light stimulus, the responses of ON-ganglion
cells would be decreased because lateral inhibition is more effective.

The retina inactivates histamine by three mechanisms: reuptake, methylation, and oxidation.
Retinal slices take up [3H]histamine, and uptake is inhibited by ouabain, an inhibitor of Na*/
K*-dependent ATPase.”® The primary inactivation pathway for histamine is methylation by
N-methyltransferase, an enzyme present in the retina.”® The product in this pathway is zefe-
methylhistamine, which is biologically inactive. Endogenous histamine is also oxidized via
diamine oxidase to form imidazoleacetic acid (IAA),”” a known GABA( receptor
antagonist.”879 Diamine oxidase mMRNA is expressed in human retinas,8081 and this
pathway may be particularly important in the retina because of the prevalence of GABAc

Curr Eye Res. Author manuscript; available in PMC 2012 May 14.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gastinger et al.

Page 5

receptors on bipolar cell axon terminals.82 Because the ratios of GABAc to GABAA
receptors vary depending on the bipolar cell type,83 the efficacy of disinhibition of bipolar
cells by IAA would be expected to vary as well.

In summary, histamine released from retinopetal axons in mammalian retinas would be
expected to modulate the maintained activity of most retinal ganglion cells and to influence
the light responses of some ganglion cells as well. In some instances, the effects of
histamine appear to optimize retinal function at the ambient light intensities prevailing when
the animal is awake. In monkeys, which are diurnal, histamine decreases the responses of
some ganglion cells to light stimulation, a finding suggesting that retinopetal axons
contribute to light adaptation. In guinea pigs, a nocturnal species, histamine inhibits
dopamine release from amacrine cells, a finding consistent with a role for retinopetal axons
in dark adaptation.

RETINOPETAL AXONS CONTAINING SEROTONIN

Retinas of macaques and baboons contain serotonin-immunoreactive (5-HT-IR) retinopetal
axons.84 They emerge from the optic nerve head, run in the OFL and terminate, mainly in
the GCL. There is also a plexus of 5-HT axons in the OFL near the optic disk, and some
axons that supply other regions of the retina originate from there. Some of the 5-HT-IR
axons terminate in the distal IPL and in the INL; these may be the first type described by
Polyak. 5-HT-IR axons are also associated with a subset of retinal blood vessels, particularly
in the central retina. The area covered by each axon is quite large; for example, the branches
of one 5-HT-IR axon in a macaque retina occupy an area of 23 mm?.

The 5-HT-IR axons are similar in some respects to the histamine-IR axons, but there are
clear morphological differences: (1) the 5-HT axons mainly branch in the GCL, whereas
histamine-IR axons terminate in the IPL; (2) the 5-HT-IR axons are narrower in diameter
than the histamine-IR axons; (3) unlike the histamine-IR axons, the 5-HT-IR axons do not
surround the fovea or return to the optic disk; (4) the serotonin-IR axons form a plexus near
the optic disk, but the histamine-IR axons do not; and (5) although both types of retinopetal
axons run alongside retinal blood vessels, the 5-HT-IR axons make more branches
associated with blood vessels.

There are indoleamine-accumulating neurons in retinas of New World monkeys.8°:86 |n
rabbits, there are amacrine cells that take up 5-HT so avidly that they are labeled with
antibodies to 5-HT after contamination with blood.87:88 However, because these cells do not
contain detectable amounts of endogenous serotonin, they are thought to use other molecules
as their neuro-transmitters. It is unlikely that platelets are the source of the immunoreactive
serotonin in retinopetal axons of macaque and baboon retinas, however, because the animals
were exsanguinated or perfused before the eyes were removed, and there was no detectable
blood in the retinal vessels.

The levels of endogenous serotonin in mammalian retinas are relatively low, approximately
10% of the levels of an amacrine cell neurotransmitter, dopamine.89-93 These low levels of
endogenous serotonin suggest that serotonin is used as a neurotransmitter by a sparse
population of retinopetal axons rather than amacrine cells. Serotonin is synthesized from
tryptophan in two steps by tryptophan hydroxylase and amino acid decarboxylase.
Tryptophan hydroxylase and its MRNA have been detected in mammalian retinas, but most
retinal serotonin is synthesized by photoreceptors as a precursor for melatonin.%49°

The serotonergic neurons that project to the retina were identified in vervets, another species
of Old World monkey, using methods described recently.% After intravitreal injection of
cholera toxin subunit B, retrogradely labeled perikarya are found in the dorsal raphe, and all
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of these neurons contain immunoreactive serotonin (Fig. 8). These findings are not
attributable to transneuronal transport because no retinal ganglion cell axons are labeled in
the dorsal raphe. Rodent retinas are also innervated by axons from neurons in the dorsal
raphe. Five studies have shown that neurons in the dorsal raphe of various rodents are
labeled after intraocular injections of retrograde tracers.97-101 |n rats, retinal serotonin levels
are reduced after electrolytic lesions®” or injections of 5,7-DHT, which is toxic to
serotonergic neurons,192 in the dorsal raphe. Based on recordings from serotonergic neurons
in awake, behaving mammals, retinopetal axons are expected to fire tonically. Their firing
rate would be highest when the animal is awake and active, lower when the animal is quiet
or during slow wave sleep, and lowest during paradoxical sleep.193 Thus, retinopetal axons
in diurnal animals would be expected to release more serotonin during the day, and the
opposite would be true in nocturnal animals.

There are 14 types of receptors for serotonin, and they are divided into 7 families of related
molecules, 5-HT; to 5-HT7. 5-HT3 is an ionotropic receptor, but the rest are G-protein—
coupled receptors.104 One possible function of the 5-HT-IR axons associated with retinal
blood vessels is vasoconstriction. Serotonin constricts blood vessels in bovinel% and
atherosclerotic monkey206 retinas, and serotonin produces retinal ischemia in rats.197 In
humans, topical application of a 5-HT, antagonist increases blood flow in the posterior
ciliary arteries supplying the optic disk.198 In monkeys, the distribution of 5-HT-IR axon
terminals on retinal blood vessels suggests that they may also have a chemosensory
function. Serotonergic neurons in the dorsal raphe are stimulated by increases in arterial
CO, concentration,199 and according to this hypothesis, the 5-HT-IR axons convey a signal
to the brain reflecting the activity of neurons in the retina.

The physiological effects of serotonin and the localization of serotonin receptors suggest
that retinal neurons are the major targets of serotonergic retinopetal axons. In cat retinas,
serotonin decreases the maintained firing rates of ON center ganglion cells and increases the
firing rates of OFF center cells; it also has similar, but smaller, effects on their light
responses. The effects on maintained activity may contribute to light adaptation by
counteracting the effect of background light.210 Serotonin also increases the maintained
firing rates of rabbit retinal ganglion cells'11:112 and increases the amplitude of the b-wave
of the ERG in cats.113 In rabbit retinas, serotonin stimulates the release of purines in normal
saline but inhibits their release in saline with elevated K*.114 Serotonin also inhibits the
release of thyrotropin releasing hormone from rat retinas.11®

5-HT; receptors are present on rabbit retinal membranes,?2 and mRNA for 5-HT is
present in rabbit and rat retinas.116.117 The effects of the 5-HT1 4 agonist 8-hydroxy-2-(di-n-
propylamino) tetralin(8-OH-DPAT) are particularly well-characterized in rabbit retinas.88 8-
OH-DPAT reduces the ON responses of retinal ganglion cells; it either has no effect or
increases the responses of OFF cells. Although 8-OH-DPAT has no effect on horizontal
cells or the b-wave of the ERG, it blocks the inhibitory effects of horizontal cell stimulation
on retinal ganglion cells.118 Thus, serotonin acting at 5-HT would be expected to reduce
the responsiveness of receptive field surrounds in rabbit retinas. Some of the effects of
serotonin and 8-OH-DPAT might be mediated by 5-HT7,194 which are also expressed in rat
and rabbit retinas.116:117 For example, the increases in rabbit retinal CAMP in response to
serotonin19 and 8-OH-DPAT20 originally attributed to 5-HT; are now thought to be
mediat%% by 5-HT-.116 Serotonin acting at 5-HT7 also inhibits dopamine release from rabbit
retinas.

In rabbits, 5-HT, receptors are found on retinal membranes,®2 and serotonin acting through
5-HT, stimulates inositol phosphate formation in retinal slices.1?1 5-HT, 4 are localized to
the axon terminals of rod bipolar cells, rod spherules, cone pedicles, and unidentified puncta
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in the IPL122 (Fig. 9 A,B), and serotonin acting at 5-HT, inhibits dopamine release. The
effects mediated by 5-HT, on rabbit retinal ganglion cells are essentially the opposite of
those mediated by 5-HT; .88 In rat retinas, the mRNA for 5-HT,c has been localized to a
subset of perikarya in the proximal INL and in the GCL by /n situ hybridization, a finding
suggesting that these receptors are expressed by amacrine cells, ganglion cells, or both
types.123 Acting through 5-HT>, serotonin decreases the CI~ current through GABA -
receptors of rat bipolar cells.124 Serotonin released from retinopetal axons would, therefore,
be expected to reduce the efficacy of inhibitory inputs from amacrine cells to bipolar cells,
increase the amplitude of bipolar cell light responses, and increase the rate of spontaneous
glutamate release. If the effects of serotonin are similar in other mammalian retinas, this
may account for the increase in the amplitude of the b-wave of the cat ERG13 and the
increases in the maintained firing rates of rabbit retinal ganglion cells.111.112 5. 4T3
receptors are localized to human, rat, and rabbit rod spherules.1’ (Figs. 10 C,D).
Accordingly, the effects of serotonin via 5-HT3 receptors are observed only in dark-adapted
retinas; it enhances the responses of ON ganglion cells and decreases the responses of OFF
ganglion cells.125

In summary, serotonin released from retinopetal axons is expected to act on at least four
types of receptors, and the three types that have been localized each have a different
distribution within the retina. To date, the effects of serotonin, its agonists, and its
antagonists on retinal physiology have been studied only in nocturnal or crepuscular
animals. The results suggest that serotonin released from retinopetal axons improves the
performance of neural circuits in the retina at scotopic or mesopic levels of illumination, the
conditions prevailing when these animals are awake. Acting via 5-HT1, serotonin would be
expected to increase absolute sensitivity of rabbit retinal ganglion cells by decreasing
surround inhibition. Serotonin also increases the responses to increments in light intensity in
cat and rabbit retinal ganglion cells, probably through its effects on bipolar cells via 5-HT».
Acting through 5-HT3, serotonin increases the sensitivity of ON retinal ganglion cells to
light stimuli in dark-adapted rabbit retinas. Serotonin also inhibits dopamine release from
rabbit amacrine cells via 5-HT, and 5-HT+, and this may contribute to dark adaptation. To
understand how serotonergic retinopetal axons contribute to retinal information processing
in diurnal animals, it will be necessary to extend the physiological studies to other species.

CONCLUSIONS

Mammalian retinas receive input from neurons in the brain, and in this respect, they are like
other vertebrate retinas and sensory systems in general. In mammals, the two populations of
retinopetal axons that have been studied most thoroughly originate from cell bodies in the
hypothalamus and midbrain that contain histamine or serotonin, respectively. These neurons
also project to many other targets in the central nervous system. They fire tonically
according to the sleep/wake cycle, with the highest rates when the animal is awake.28 With
one exception, the receptors for these neurotransmitters are G-protein—coupled receptors.
The axons containing histamine and serotonin are morphologically similar, and there are
also some similarities in the localization of their receptors. Although these retinopetal axons
terminate in the inner retina, their targets are often in the outer retina. Serotonin receptors
are localized to photoreceptor terminals, and histamine receptors are localized to ON bipolar
cell dendrites. These findings suggest that at least some effects of retinopetal axons are
mediated by volume transmission. As a result, retinopetal axons are able to influence many
types of retinal neurons. Dopaminergic amacrine cells are also targets in some species, and
because dopamine influences so many types of retinal neurons, this greatly amplifies the
effects of the retinopetal axons.
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Many of the effects of histamine and serotonin on light responses suggest that retinopetal
axons optimize retinal function at the ambient light intensity during the animal’s waking
period. Histamine reduces the amplitude of light responses in a subset of monkey retinal
ganglion cells, a finding consistent with a role for retinopetal axons in light adaptation in
these diurnal animals. Several of the effects of serotonin in retinas of nocturnal and
crepuscular animals suggest that retinopetal axons play a role in dark adaptation in these
species. Serotonin reduces the strength of surround inhibition in rabbit retinal ganglion cells,
disinhibits rat bipolar cells, and increases the amplitude of the b-wave of the cat ERG. Both
neurotransmitters of retinopetal axons also inhibit dopaminergic neurons in nocturnal or
crepuscular animals. Dopaminergic neurons express HR1 in rats, and histamine inhibits
dopamine release from guinea-pig retinas. Serotonin inhibits dopamine release from rabbit
retinas through both 5-HT, and 5-HT7. Because dopamine plays a major role in light
adaptation, 127 a reduction in dopamine release at night may facilitate dark adaptation.

Histamine and serotonin released from retinopetal axons may contribute to vision in other
ways as well. Both neurotransmitters modulate the maintained rate of firing in retinal
ganglion cells, and this should increase their operating ranges. Cells that have no maintained
activity can signal only by increasing their firing rates, and cells with high rates can signal
only by decreasing their rates. On the other hand, cells with intermediate maintained firing
rates can signal by either increasing or decreasing their firing rates.128.129

Acting through 5-HT g, serotonin increases the sensitivity of mice to the effects of constant
light on their circadian rhythm of activity.13 Increasing the sensitivity of the retina to light
might be detrimental under pathological conditions, however. The photoreceptors of rats are
more sensitive to light damage with the optic nerves intact than after the optic nerves have
been sectioned.131 There might be neuroprotective effects mediated by the dying ganglion
cells or by the reduction of visual input to the brain, but another possibility is that sectioning
the optic nerve removes retinopetal axons that normally increase the sensitivity of the rat
retina to light during the night. The neuroprotective effects of 5-HT, antagonists in rats
suggest that serotonin increases the sensitivity of ionotropic glutamate receptors in the retina
but also makes the retina more vulnerable to ischemia.32

Histaminergic retinopetal axons might contribute to the etiology of diabetic retinopathy
through their interactions with retinal blood vessels. The axons undergo degenerative
changes in the retinas of streptozotocin-diabetic rats,2° and in a preliminary clinical trial, a
combination of HR1 and HR2 antagonists decreased the permeability of the blood-retinal
barrier in diabetic patients with nonproliferative diabetic retinopathy.33 Although a larger
trial with HR1 antagonist alone did not conclusively demonstrate a beneficial effect in
similar patients, there were robust trends toward improvement in the areas of the retina
where the density of histaminergic retinopetal axons is expected to be highest based on
results in non-human primates.19.134

Further investigations of the cellular localization of receptors for retinopetal
neurotransmitters and their effects at each site are likely to yield other examples of
contributions of retinopetal axons to vision or to the etiology of retinal diseases. It is also
essential to identify more neurotransmitters and co-transmitters of retinopetal axons.
Anatomical studies indicate that there are additional types of retinopetal axons whose
origins and functions are still unknown.
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FIGURE 1.

Two of the three types of retinopetal axons in mammalian retinas. (A, B) Two types of
retinopetal axon terminals were redrawn from plates 74 and 93 of Polyak, respectively.2 One
type from a chimpanzee (A), terminates near the border of the inner plexiform (IPL) and
inner nuclear layer (INL). A second type from a macaque has more broadly stratified
branches in the center of the IPL (B). (C) In the dog retina, two retinopetal axons were
redrawn from plate Al-36 from Ramon y Cajal.l They have large diameters, terminate in the
outer strata of the IPL, and end in large swellings. The orientation of the drawing is
photoreceptors are up; subdivisions 1-5 represent the sublamina of the IPL.
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FIGURE 2.

A THY1-YFP positive retinopetal axon in the mouse retina labeled from a transgenic mouse
(line H, Jackson Laboratories) that expresses THY1-YFP in a subset of neurons.16 The
labeling in the retinas was enhanced with a rabbit polyclonal antibody to GFP conjugated to
Alexa Fluor 488 (Molecular Probes). (A) A low-power photomontage of a whole-mounted
retina. (B) A Neurolucida (Microbrightfield, Williston, VT, USA) drawing of a retinopetal
axon that emerges from the optic disk (arrow) and branches in the retina. Axon branches
reach to the ora serrata, indicated by the thick line. Scale bar = 0.5 mm.
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FIGURE 3.

A histamine-immunoreactive retinopetal axon in the macaque retina. This axon was labeled
with a histamine antiserum in whole-mounted retina, as previously described in Gastinger et
al.1® It emerged from the optic disk (OD) and ran to the temporal retina where it made an
orthogonally projecting branch (*) to the inner plexiform layer. The axon branches were
studded with varicosities and stratified in the center of the inner plexiform layer. Scale bar =
1.0 mm.
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FIGURE 4.

Localization of histamine-immunoreactive neurons and retinopetal neurons in the macaque
hypothalamus. Two coronal sections redrawn from Labandiera-Garcia et al.18 show the
regions where retrogradely labeled neurons from the cut optic nerve (black circles) are
found. The sites of histamine-immunoreactive neurons were superimposed on these sections
(shaded areas), based on descriptions by Manning et al.*C TM, tuberomamillary nucleus;
PH, posterior hypothalamus; LH, lateral hypothalamus; OT, optic tract; PM, premamillary;
Cl, capsula interna; Cd, caudate nucleus; GP, globus pallidus.
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FIGURE 5.

Histaminergic neurons in the posterior hypothalamus are most active during waking in the
cat. A single histaminergic neuron, recorded /7 vivo, fires action potentials at a steady rate
of 4-6 Hz during waking, more slowly early in slow wave sleep, and is silent during
paradoxical sleep. Modified and reprinted from Vanni-Mercier et al 48
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FIGURE 6.

HR3 localization in the outer plexiform layer of a macaque retina. This vertical section was
double-labeled with a rabbit anti-HR3 (red, Chemicon) and mouse anti-mGIuR6 (a gift from
Noga Vardi’3) antibodies. Both HR3 and mGIuR6 were found on the tips of ON-bipolar cell
dendrites. Reprinted from Gastinger et al.54 Scale bar = 5 um.
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FIGURE 7.

HR1 localization in rat retina. This rat retina was double-labeled with a rabbit anti-HR1 (red,
Chemicon) and mouse anti-tyrosine hydroxylase (green, Sigma). All retinal layers were
scanned using a confocal microscope, and HR1 receptors were found in all parts of the TH-
IR amacrine cells in stratum 4 of the IPL (A), in S1 of the IPL (B), and in the INL (C).
Reprinted from Gastinger et al.54 Scale bar = 50 gm.
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FIGURE 8.

Darkfield photomicrographs of retrogradely labeled neurons in the dorsal raphe of a green
monkey. St. Kitts vervet monkeys (n =2) were given a 60-ul intravitreal injection of cholera
toxin subunit B (CTB; 1 mg/ml) with 10% dimethyl sulfoxide. After a 2-week survival, the
animals were perfusion fixed with 4% paraformaldehyde. Coronal sections of the brain were
cut on a Vibratome, incubated in a goat anti-CTB antibody (1:10000, List Biological
Laboratories), and visualized using an immunoperoxidase technique.® (A-D) CTB-labeled
neurons were found in the dorsal raphe. Each panel represents an increasing level of
magnification. Scale bar = 200 um (A, B), scale bar = 100 zm (C). (D) Retrogradely labeled
neurons like this one (arrow) also contained immunoreactive serotonin (not illustrated).
Scale bar = 20 um. DR, dorsal raphe; Ag, cerebral aqueduct; SC, superior colliculus.
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FIGURE 9.

Serotonin receptors in the rabbit retina. (A-B) Serotonin receptors of the 5-HT,a subtype are
localized to rod bipolar cell terminals in the rabbit retina. These vertical sections were
labeled with antibodies to 5-HT,a (red) and protein kinase C (PKC, green). 5-HT,a-IR
puncta were found in the inner plexiform layer (IPL, arrows) (A) and outer plexiform layer
(OPL) (B). All of the PKC-IR rod bipolar cells expressed 5-HT,x in both the IPL and OPL.
(C-D) 5-HT3p receptors in the rabbit retina are localized to rod spherules in the outer
plexiform layer (OPL). Using an antibody to 5-HT3a (red), large puncta were labeled in the
OPL. The yellow regions in panel (C) demonstrate that the 5-HT3a-IR were colocalized
with a marker for rod spherules, B16 (green). Alternatively in panel (D), a marker of cone
pedicles, peanut agglutin (green), was not associated with 5-HT3a-IR puncta. (A-B)
Modified and reprinted from Pootanakit and Brunken.122 (C-D) Modified and reprinted from
Pootanakit et al.117
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