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Purrost. The goal of these experiments was to identify the neurotransmitter in centrifugal axons
of the macaque retina.

MetHODS. Macaca mulatta retinas and optic nerves were fixed overnight in carbodiimide and
labeled with an antiserum to histamine with the use of an immunofluorescence technique.

ResuLrs. Several large histamine-immunoreactive axons ran from the optic nerve head to the
peripheral retina, where they branched extensively and terminated in the inner plexiform layer,
occasionally alongside retinal blood vessels. Other axons that emerged from the optic nerve head
ran in the optic fiber layer to the central retina, circled the fovea, and then returned to the optic
disc. These may be the source of histamine-immunoreactive axons that have been observed in
central visual areas. No labeled cell bodies were present in the retina. Because perikarya in the
posterior hypothalamus are the only known source of histamine in the primate central nervous
system and because neurons there can be retrogradely labeled from the cut optic nerve, the
histamine-immunoreactive axons must have originated there.

Concrusions. Centrifugal axons in the macaque retina are part of the system of axons containing
histamine that originate in the hypothalamus and project throughout the brain. Because the activity
of these neurons is highest during the morning, histamine might play a role in preparing the retina
to operate in daylight. The contacts of histamine-immunoreactive axons with blood vessels suggest
that histamine may also play a role in regulating the retinal microvasculature. (/nvest Opbtbalmol

Vis Sci. 1999;40:487-495)

natomic studies have shown that there is a centrifugal
projection from the brain to the retina in primates.
Large-diameter axons in the optic fiber layer (OFL) that
emerged from the optic disc and produced branches in the
inner plexiform layer (IPL) have been labeled in the primate
retina with the Golgi method' and with silver stains.?”” In
macaques, cell bodies in the posterior hypothalamus were
retrogradely labeled when horseradish peroxidase was applied
to the cut optic nerve.® Degenerating terminals in the IPL were
observed after optic nerve lesions,” and axons in the retina
were anterogradely labeled when horseradish peroxidase was
applied to the cut optic nerve.'®
The role of this pathway in vision is uncertain, however,
because the early physiological studies of centrifugal axons
relied on optic nerve stimulation, which produced antidromic
and orthodromic effects.'' To study the functions of centrifu-
gal axons more rigorously, we undertook these experiments to
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identify their neurotransmitter. Histamine-immunoreactive (IR)
axons were briefly described in the retina and optic nerves of
guinea pigs'? and rats,'® but labeled cell bodies were found
only in the posterior hypothalamus. Using the same technique
on whole-mount preparations of macaque retinas, we labeled
axons that resembled centrifugal axons described previously
but that were clearly different from other types of axons
observed in the retina.”'* Taken along with evidence from
previous studies that histamine is a retinal neurotransmitter, ‘>
these findings indicate that histamine and its agonists would
mimic the effects of activity in the centrifugal axons and that
antagonists would be useful to distinguish the two effects of
optic nerve stimulation. Another unexpected finding was that
some histamine-IR axons made numerous collaterals that cir-
cled the fovea and returned to the optic disc.

MATERIALS AND METHODS

Tissue Preparation and Fixation

Right eyes of adult Macaca mulatta were enucleated after an
overdose of pentobarbital and were transported to the labora-
tory in glass jars packed with ice. The eyes were hemisected,
and the posterior halves with the optic nerve attached were
fixed overnight in 1% to 4% 1-ethyl-3(3-diethlyaminopropyl)-
carbodiimide (Sigma, St Louis, MO) at 4°C in 0.1 M phosphate
buffer (pH 7.4) made fresh no more than 15 minutes before the
dissection.'® After washing in phosphate-buffered saline (PBS),
the retinas were carefully dissected away from the pigment
epithelium, and the remaining vitreous humor was removed.
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Immunocytochemistry

The isolated macaque retinas were first labeled with rabbit
antiserum to histamine (1:200 or 1:500; Chemicon Interna-
tional AB134) containing 0.3% Triton X-100 and 0.25% bovine
serum albumin (Sigma) in 0.3% sodium azide PBS (PBSa) for 7
to 8 days followed by affinity-purified secondary antibodies and
avidin-conjugated fluorophores (Jackson Immunoresearch) di-
luted in PBS. For the double-labeling experiments, donkey
anti-rabbit Cy3™ (1:100) was applied overnight; after washing
in PBS, a mouse monoclonal antibody to tyrosine hydroxylase
(TH, 1:10,000; Sigma #T-2928) containing 0.3% Triton X-100 in
PBSa was applied for 7 to 8 days, followed by a biotinylated
donkey anti-mouse IgG (1:100) for 2 days and streptavidin
Cy5™ (1:100) overnight. Some tissue incubated with only the
histamine antiserum was labeled with biotinylated goat anti-
rabbit IgG (1:100) for 2 days and then streptavidin Cy3™
(1:100) overnight. The retinas were mounted photoreceptor-
side down on glass slides in a 1:3 glycerol/PBSa solution con-
taining p-phenylenediamine.

To label histamine-immunoreactive axons in the optic
nerve, pieces of fixed nerve were cryoprotected in 30% su-
crose in PBS at 4°C overnight and sectioned in a cryostat.
Sixty-micrometer-thick longitudinal sections were processed
free-floating, or else 30-um-thick cross sections were mounted
on slides and dried. All sections were treated with goat serum
(1:100 in PBS) containing 0.3% Triton X-100 and 0.25% bovine
serum albumin for 3 hours. They were then rinsed and incu-
bated in the same solutions described above for the single-
labeled tissue, except with shorter incubation times: 3 to 4
days at 4°C for the primary antibody, 2 hours for the biotinyl-
ated secondary antibody, and 1 hour for the streptavidin-con-
jugated Cy3™. Control experiments were performed on the
30-um cross sections of the optic nerve. The histamine anti-
serum was preabsorbed overnight at 4°C with 1 mg histamine
per milliliter of diluted antiserum. Control sections showed no
evidence of labeled axons. The specificity of this histamine
antiserum has also been demonstrated previously.!”

Image Acquisition

Images were acquired using a Zeiss confocal laser-scanning
microscope (Carl Zeiss, Oberkochen, Germany) with a kryp-
ton-argon laser at a 512 X 512 pixel image size. Length and
diameter of axons and collaterals were determined using Zeiss
laser-scanning microscopy software from single optical sec-
tions and from reconstructed stacks of optical sections. To
make photomontages, each stack of images was aligned in
Adobe Photoshop 3.0 (Adobe Systems, Mountain View, CA).
The dimensions of the retinal layers and the dopamine plexus
were measured from a reconstructed stack of dual-scanned
optical sections of histamine and tyrosine hydroxylase-immu-
noreactivity through the whole-mounted retina and projected
onto the Z axis. The histamine-IR axons in the macaque retina
were drawn using a 40X water-immersion lens on a Zeiss
Axiophot microscope with a motorized stage, and the areas of
the terminal branches were calculated using with Neurolucida
3.0 (Microbrightfield).

RESULTS

A subpopulation of axons in the macaque retina was labeled
with antiserum to histamine, but cell bodies were not labeled.
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The axons ran from the optic nerve head to the temporal side
of the parafovea, where they .made numerous collateral
branches. Several of the histamine-IR axons branched exten-
sively in the IPL of the peripheral retina and resembled the
centrifugal axons that have been described previously in pri-
mate retinas.>*~71° These axons had a much larger diameter
and branched far more extensively in the IPL than those of the
ganglion cells with intraretinal collaterals.” Another finding
suggesting that the histamine-IR axons were centrifugal was
that they had large diameters and broadly striated terminals in
the IPL, like the degenerating axons observed in the macaque
retina after lesions of the optic nerve.® In addition, the only
cells in the primate central nervous system known to contain
histamine are found in the posterior hypothalamus,'®-?° and
neurons there have been retrogradely labeled after horseradish
peroxidase was applied to the proximal stump of the macaque
optic nerve.®

Histamine-Immunoreactive Centrifugal Axons in
Macaque Retinas and Optic Nerves

Five to 10 large histamine-IR axons, approximately 2.5 um in
diameter, ran through the OFL from the optic disc to the
parafovea. The majority ran at approximately a 30° angle above
or below the horizontal meridian, but these axons occasionally
followed the horizontal meridian, passing within 250 um of
the fovea (Fig. 1). They did not branch until they reached the
temporal half of the retina, where they had numerous collateral
branches running in either direction around the fovea (Fig. 2),
a few of which terminated with small swellings in the temporal
OFL. The majority of these collaterals ran back into the nasal
half of the retina and returned to the optic disc. Some collateral
branches returned via the superior retina and others via the
inferior retina (Fig. 3). Smaller histamine-IR axons, less than 2.0
pm in diameter, emerged from the optic disc at larger angles,
up to 60°, and also circled the fovea in both directions. No
axons emerged from the nasal side of the optic disc.

In each retina, four to five histamine-IR axons, of both
large and small types, also had branches that descended
through the ganglion cell layer orthogonally into the IPL (Fig.
4). These orthogonal branches then ran toward the temporal
retina until they were at least 2 mm past the fovea, and then
they branched into the IPL. Some terminal branches were also
seen in the IPL in the parafovea (Fig. 3). The axons were found
in sublaminas a and b and most commonly found in a broad
band around the center of the IPL. In a few instances, the
terminal branches in the IPL had orthogonal branches that ran
back to the OFL, but none returned to the optic disc (Fig. 5A).

The histamine-IR terminals in the superior retina could be
traced back to a single axon emerging from the optic disc at
approximately a 30° angle from the horizontal meridian (Fig.
5B). It circled the fovea in the OFL and made an orthogonal
projection to the IPL just nasal to the fovea. Unlike the axons
supplying the temporal retina, this axon made an extremely
long arc with a radius of approximately 6 mm. It made only a
few collateral branches as it ran through the inferior retina
until it reached the superior retina, where the axons branched
repeatedly into the IPL.

The smaller axons had swellings of approximately 1 pm in
diameter. Larger irregularly spaced varicosities of as much as
2.8 um in diameter were found along the larger axons in the
IPL (Fig. 6A). The axons did not form pericellular baskets or
other specialized endings;-instead, they ended in small swell-
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!
Histamine-immunoreactivity in the central macaque retina. A low-power magnification photomontage of the histaminc-immunoreactive

(IR) cenrrifugal axons, including the opric disc (OD), fovea (F), and temporal retina. The histamine-[R axons emerged from the optic disc and ran
into the optic fiber layer toward the fovea. Several axons (small arrows) had branches projecting orthogonally (*) to the inner plexiform layer,
where they ran to the temporal retina, branched repeatedly, and terminated. A single axon (farge arrow) ran through the inferior retina and
branched in the superior retina. Another set of collateral branches arose just temporal to the fovea (arrowbeads) within 1 mm of the horizontal
meridian, ran around the fovea, and returned to the optic disc. The superior retina is up, and the temporal retina is on the left. Scale bar, 0.5 mm.

FiGure 1.

ings. Histamine-IR axons also interacted with some of the
larger blood vessels in the OFL and IPL. The axons ran along-
side the blood vessels, forming varicosities (Fig. 6B). Varicose
histamine-IR axons were also found among the ganglion cell
axons in the optic nerve (Fig. 6C). The labeled axons were not
confined to any part of the optic nerve, but some were found
adjacent to the central retinal artery. None of the axons
showed any evidence of branching within the optic nerve.

On the basis of results found in the fish retina,®' centrif-
ugal axons were expected to contact dopaminergic amacrine
cells that ramify in stratum 1 of the IPL. In the macaque retina,
however, several double-label experiments with rabbit anti-
serum to histamine and mouse monoclonal antibody to ty-
rosine hydroxylase, the rate-limiting enzyme in dopamine syn-
thesis, indicated no such interaction. Most of the histamine-1R
terminals ramified vitreal to the dopamine plexus, and the
axons that ran in the same stratum as the dopaminergic pro-
cesses were not associated with them (Fig. 4).
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DISCUSSION

A subpopulation of axons was labeled with antiserum to his-
tamine in the macaque retina, The extensive arbors of these
axons were characteristic of retinopetal axons that originate
from areas other than the isthmo-optic nucleus.** These axons
ran from the optic disc to the temporal side of the parafovea,
where they made numerous collateral branches. The collaterals
ran back around the fovea to the optic disc and left the retina.
It is uncertain where these axons terminate, but histamine-IR
axons are known to be present in the lateral geniculate nucleus
and superior colliculus of macaques.?® Axons with this unusual
course have never been described previously in mammals, but
in turtle retinas centrifugal axons containing immunoreactive
nitric oxide synthase and NADPH diaphorase activity ran from
the optic nerve head, into the central retina, and then back.?®

The histamine-1R varicosities in the IPL might be sites of
synaptic contact or sites of histamine release without postsyn-
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Ficure 2. A high-power magnification photomontage of histamine-immunoreactive (IR) axons from the area temporal to the fovea (F) shown in
Figure 1. In this region, most histamine-IR axons made collateral branches in the optic fiber layer that continued around the fovea and returned

sc. One large axon (arrow) passed through this dense network of collaterals and ultimately made an orthogonally projecting branch
to T.]‘IL inner plexiform layer. In the parafovea, a few of the smaller collaterals terminated in the inner plexiform layer, and the remainder ended
in small swellings in the optic fiber layer (arrowhbeads). The superior retina is up, and the temporal retina is on the left. Scale bar, 200 um,
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FiGURE 3. A Neurolucida drawing of one large histamine-immunoreactive axon (Jarge arrow) and its
collaterals that returned to the optic disc. After making an orthogonal projection into the inner plexiform
layer (), several branches terminated there (small arrows). Other branches ran back to the optic fiber
layer (") and produced at least 16 collaterals that ran back to the optic disc, 3 of which are illustrated here
(arrowhbeads). The superior retina is up, and the temporal retina is on the left. Scale bar, 1.0 mm. F, fovea;

QD, optic disc.

aptic specializations. After lesions of the optic nerve, degener-
ating terminals making synapses were observed in the IPL of
macaques and cats.”** However, four previous studies have
examined the ultrastructure of axons containing histamine or
the synthetic enzyme histidine decarboxylase (HDC) in mam-
malian brains, and they found that these axons made very few,
if any, synapses. In the lateral geniculate nucleus of the cat,
appositions berween histamine-IR axons and other processes
were observed, but there were no obvious synaptic densities. >
Another group used an antiserum to HDC in the rat brain and
found some varicosities that made small asymmetrical syn-
apses, but most varicosities made no synapses at all.2%27 Syn-
apses from HDC.IR axons onto neuronal perikarya have also
been observed in the mesencephalic nucleus of the trigeminal
nerve in the rat brain.®® In this respect, the histamine-IR axons
are similar to central catecholuminergic neurons, which often
make unspecialized contacts.?® In a recent study of dopami-

nergic terminals in the rat neostriatum, for example, only 30%
to 40% of the varicosities made synapses.?®

A number of studies of histamine synthesis, its physiolog-
ical effects, and its catabolism suggest that histamine acts as a
neurotransmitter or neuromodulator in the mammalian retina.
Histamine has been detected in the retinas of macaques and
humans at levels comparable to that detected in the brain.?'
Histamine does not cross the blood-retinal barrier, and HDC
activity has been detected in macaque retinas.** Mast cells,
another possible source of histamine, are not present in the
retina.*>* The histamine in the retina is, therefore, likely to
originate from neurons. Horizontal cells have also been pro-
posed as the source of histamine in the guinea pig retina.®*
However, it is possible that the HDC antiserum used in that
study recognized an unknown decarboxylase in horizontal
cells because it also labeled dopaminergic cells containing
dopa decarboxylase. When the guinea pig retina was studied

FIGURE 4. A Neurolucida drawing of a single centrifugal axon (arrow) from a whole-mount preparation rotated 90° about the x axis. A typical
orthogonal projection from the optic fiber layer to the inner plexiform layer (*) is shown as it would appear in a vertical section. The terminal
branches from this axon covered 2.67 mm? in the temporal retina and formed a broad band 10-m to 15-um wide near the center of the inner
plexiform layer. The dopaminergic amucrine cell plexus (stippled area) sometimes overlapped with the terminal branches, but dopaminergic
processes did not interact with the histamine-immunoreactive varicosities. Scale bar, 20 pm.
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Figure 5. Neurolucida drawings of histamine-immunoreactive axons in the inner plexiform layer. (A) This axon emerged from the optic disc
(OD), ran along the horizontal meridian, and made an orthogonally projecting branch (*) into the inner plexiform layer. A few branches were found
nasal to the fovea (F, arrows), but the main axon ran to the temporal peripheral retina, where it terminated and supplied an area measuring 5.68
mm?. A second orthogonally projecting branch **) returned to the optic fiber layer but ended before reaching the optic disc. Scale bar, 1.0 mm.
(B) This axon emerged from the optic disc (OD), circled the fovea (F), and made an orthogonally projecting branch (*) into the inner plexiform
layer. The axon ran through the inferior retina, making only a few short branches (arrows), and then into the nasal superior retina. It branched
extensively there, supplying an area approximately 25 mm?, The superior retina is up, and the temporal retina is on the left. Scale bar, 3.0 mm.

using a histamine antiserum, only axons were labeled,'? as we
found in the macaque retina.

Histamine release from the retina has not been studied
directly, but there is indirect evidence that histaminergic neu-
rons in the macaque hypothalamus are active during the day.
The levels of histamine metabolites in the ventricular cerebral
spinal fluid increase more than threefold after the onset of light
and remain significantly higher than during darkness.” In rab-
bits, retinal histamine content is decreased by light stimula-
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tion,>® a finding consistent with histamine release in the
light.

The retina can remove histamine from the extracellular
space by two mechanisms. Mammualian retinas contain hista-
mine methyltransferase, which inactivates histamine via meth-
ylation.*® Rabbit retinas also take up *H-histamine, and this
uptake decreases in a dose-dependent manner by ouabain.®”
An autoradiographic study of histamine uptake in rabbit retinas
found only diffuse radioactivity throughout the retina, howev-
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FiGUure 6. Histamine-immunoreactive varicositics in the maciaque retina
and optic nerve. (A) These labeled axons were located approximately
1-mm inferior to the horizontal meridian in the inner plexiform layer of
the temporal retinit. The langer axons (farge arrow) had larger and more
frequent varicositics than the smaller axons (small arrow). Both types of
terminal branches were found throughout the inner plexiform layer. (B)
Two histamine-immunoreactive axons running alongside a retinal blood
vessel (arrow). This blood vessel is located in the inner plexiform layer of
the superior peripherul retina. Varicosities (arrowbeads) were common
along the axons contacting blood vessels. (C) A labeled axon in the
nacagque optic nerve running longitudinally. Varicosities (arrowbeads)
were present on these axons throughout the optic nerve, but they did not
branch. Scale bars, (A, €) 20 pm; (B) 100 pm.

er.?® This discrepancy may be attributable to differences be-
tween the two studies in the lighting and other physiological
conditions. It is also possible that uptake into the sparsely
distributed centrifugal axons in the rabbit retina®” was difficult
to detect in the vertical sections of the retina used in the
autoradiographic study.

H, receptors with a high affinity for histamine have been
detected in the human retina using *H-mepyramine, and
some H, antagonists decrease the critical flicker fusion fre-
quency in humans.*'~“? Because the responses of magnocellu-
lar-projecting retinal ganglion cells in macaques to luminance
flicker are identical to those of human subjects under the same
conditions,* it is possible that these ganglion cells are affected
by the H, antagonists. These drugs might be acting at any level
in the visual system, however, and their effects on retinal
ganglion cells have not been reported. Several effects of hista-
mine and its antagonists have been described in other mam-
malian retinas. One histamine effect is similar to that of dopa-
mine, which is released by light stimulation from macaque
retinas™®; histamine increased the current through y-aminobu-
tyric acid (GABA,) receptor-activated chloride channels in
isolated rat amacrine cells.*” One possible interpretation of
these findings is that dopamine and histamine act synergisti-
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cally to enhance the responses of the retina to rapidly changing
stimuli at high ambient light levels,

Other reported effects of histamine in mammalian retinas
are the opposite of those produced by dopamine, however.
Histamine inhibited the forskolin-induced increase in cAMP in
the rabbit retina,™ and the H, antagonist mepyramine reduced
the amplitude of the b-wave of the electroretinogram in
sheep.™ In addition, histamine decreased norepinephrine re-
lease from the pig retina®® and stimulated the influx of calcium
into dissociated rabbit retinal cells.®' Histamine might exert
some of its effects in the retina via receptors for GABA. In the
brain, endogenous histamine can be oxidized to form imida-
zole acetic acid,®® a potent antagonist of GABA.. receptors in
the retina,>*3% In the macaque retina, this histamine metabolite
would be expected to act on axon terminals of bipolar cells
because GABA.. receptors have been localized there.?

Another function of the centrifugal axons may be regula-
tion of retinal blood flow and capillary permeability. We ob-
served close appositions between histamine-IR axons and
blood vessels in the macaque retina similar to the ones de-
scribed previously in the hypothalamus,®® but we cannot rule
out the possibility that glial processes intervened between the
axons and the vessel walls. In the sthatum, HDC-IR axons have
also been seen in close proximity to cerebral blood vessels, but
the thin processes of glial cells always separated the axons
from the vessel walls.?” Varicosities and terminals in the OFL of
the central retina may aiso be sites of histamine release, and, if
so, they might influence blood vessels in that layer. Thus, it is
possible that the axons passing through the retina have effeces
on retinal blood flow even though they do not innervate the
peripheral retina.

The histamine-IR axons that contact retinal blood vessels
might play a role in the ctiology of diabetic retinopathy. Cen-
trifugal axons are reported to be abnormal in retinas from
diabetic donors, resembling axons undergoing pathologic re-
generation. The centrifugal axons that supplied retinal blood
vessels appeared to proliferate and surround microaneu-
rysms.>” In rats, exogenous histamine increases the permeabil-
ity of retinal blood vessels when it is applied intravitreally™,
therefore, it is possible that the histamine released from cen-
trifugal axons has the same effect on blood vessels in primate
retinas. If so, this may account for the therapeutic effects of
antihistamines on leakage from retinal blood vessels in diabetic
pﬂtii.ants,59
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