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Abstract: Whereas excitation and inhibition of neurons are well understood, it is clear that neuromodulatory influences on neurons
and their synapses play a major role in shaping neural activity in the brain. Memory and learning, emotional and other complex
behaviors, as well as cognitive disorders have all been related to neuromodulatory mechanisms. A number of neuroactive substances
including monoamines such as dopamine and neuropeptides have been shown to act as neuromodulators, but other substances thought
to play very different roles in the body and brain act as neuromodulators, such as retinoic acid. We still understand little about how
neuromodulatory substances exert their effects, and the present review focuses on how two such substances, dopamine and retinoic
acid, exert their effects. The emphasis is on the underlying neuromodulatory mechanisms down to the molecular level that allow
the second order bipolar cells and the output neurons of the retina, the ganglion cells, to respond to different environmental (ie
lighting) conditions. The modulation described affects a simple circuit in the outer retina, involves several neuroactive substances and
is surprisingly complex and not fully understood.
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In addition to rapid synaptic excitation and inhibition, neuromodulation, by slow and sustained influences of neuroactive
substances, plays a critical role in determining the responses of neurons in the brain. Beyond the well-known neuroactive
substances being involved in neuromodulation such as monoamines and neuropeptides, other substances that play very
different roles in various tissues including the brain, such as retinoic acid (RA), have now also been shown to act as
neuromodulators.

Having spent many years studying neuromodulation in the retina, and one of us having shown RA is the active
metabolite of vitamin A except for the initial step in phototransduction that requires retinaldehyde,' a review of the
modulation of retinal function and synaptic plasticity by various agents seemed appropriate and hopefully useful. Here,
we will focus on and compare the roles of dopamine and RA as retinal neuromodulators, but also briefly discuss other
substances such as nitric oxide, which may also play such a role.

Retinal studies have shed considerable light on the cellular and molecular mechanisms underlying how neuromodu-
lators exert their effects, something we know less about in terms of how these substances work elsewhere in the brain,
where most emphasis has been on mapping where neuromodulatory substances are found, the pathways and projections
in which they are involved, and the behaviors that relate to these substances. One reason the retina has been yielding in
this regard is because of a relatively simple circuit found in the outer retina involved in establishing the center-surround
receptive field organization of second-order retinal bipolar cells.® It has long been known that the center surround
organization of ganglion cells, the third order retinal neurons that receive input from bipolar cells, show strikingly
different surround responses depending on lighting conditions.* In the dark, surround antagonism is weak or non-existent,
whereas in the light there is significant surround inhibition; the notion being that in the dark with little surround
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inhibition, the retina is a more efficient photodetector, whereas in the light, with strong surround inhibition, the retina is
better at resolving images.

The outer retinal circuit consists of three neuronal elements: photoreceptors that provide the input to second order
bipolar and horizontal cells. The bipolar cells carry a visual message to the inner retina where they synapse on third-order
ganglion and amacrine cells, while the horizontal cells are confined to the outer retina and spread their processes widely
there (see Figure 1). In addition, the horizontal cells are electrically coupled to one another, via electrical (gap junction)
synapses, which greatly extends their receptive field size. The photoreceptors directly activate the bipolar and horizontal

Figure | Schematic diagram of the synaptic connections of the dopaminergic interplexiform cells (DA IPC) of the fish retina. The input to these neurons is the inner
plexiform layer from amacrine cells (A) and centrifugal fibers (black) that originate in the olfactory bulb. The interplexiform cell processes make synapses onto amacrine cell
processes in the inner plexiform layer, but they never contact the ganglion cells (G) or their dendrites. In the outer plexiform layer processes of the interplexiform cells
surround the cone horizontal cells of all three types (HI, H2, and H3). They make synapses onto the horizontal cell perikarya and onto bipolar (B) cell dendrites, but not on
the cone (C) synaptic terminals. With permission from “The Retina: An approachable part of the brain”. J.E. Dowling, Harvard University Press, 2012, figure adapted and
modified from Zucker and Dowling (1987).
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cells, whereas the horizontal cells provide inhibition back onto the photoreceptor cells as well as forward inhibition onto
the bipolar cells. Thus, the center-surround organization observed in bipolar cells occurs as follows: The center response
reflects the direct photoreceptor-bipolar cell synaptic input, whereas the surround response results from inhibitory
synaptic interactions mediated by the horizontal cells. The transmitter released from the photoreceptors is
L-glutamate,® but how horizontal cells feedback onto photoreceptors occurs is still uncertain. There is evidence for
possible contributions by GABA, for ephaptic signaling through gap junction hemi-channels, and for protons.”* The
feed-forward inhibition by the horizontal cells onto bipolar cells appears to be mediated by GABA at classic synapses.’

The above is a bare-bones description of the circuit, and our focus here will be on the horizontal cells. We will start
with dopamine modulation of horizontal cells and move on to discuss nitric oxide briefly and then on to the modulation
by RA and other substances thought to be involved.

Dopamine

Although dopamine was first synthesized in 1910, its importance as a neuroactive substance in the brain was not
appreciated until the late 1950s when it was discovered that there was a loss of dopamine in the brains of Parkinson
patients.'® Subsequently, it was shown that L-DOPA, a precursor of dopamine, is an effective therapy for the disease,
cementing the importance of dopamine in neural function.

In the 1970s, the first dopamine receptor was identified, and by the 1980s five dopamine receptors had been found."'
All, it was shown, exert their effects by altering the levels of the second messenger molecule cyclic AMP (cAMP). The
D1 and DS receptors couple to Gag heterotrimeric G-proteins to increase cAMP levels, whereas D2, 3, and 4 receptors
couple to Go; heterotrimeric G-proteins to decrease cAMP levels. Dopamine receptors are found in varying amounts in
the brain, with the D1 receptors being the most abundant, and D4 receptors least abundant, although D4 receptors are
well-expressed in the retina. There is also variability in which receptors are in various brain regions, although overlap
does occur. In some brain regions, where there is co-expression of different dopamine receptors, there is evidence for the
formation of heterodimers and novel Gag coupling to Ca++ and PKC pathways in addition to the canonical Go, and Ga;
coupling to cAMP.'?

Dopamine neurons in the retina were first observed using the Falk Hillarp method, which results in neurons
containing dopamine to fluoresce.'® Curiously, in teleost fish and New World monkeys, the dopaminergic neurons
appeared unique among retinal neurons in that, although their cell perikarya sit among the amacrine cells in the inner
retina, they extend abundant processes in both synaptic layers in the retina - the outer plexiform layer in the outer retina
and inner plexiform layer in the inner retina — something amacrine cells do not do (Figure 1). Termed interplexiform (IP)
cells, they were found to form synapses on horizontal cells in the outer plexiform layer (OPL) and on amacrine cells in
the inner plexiform layer (IPL).

Subsequently, such IP cells were identified in other species by Golgi staining, and so such cells are believed to be
a general feature of all vertebrate retinas.'* Curiously, most OPL IP cell processes do not show abundant dopamine
fluorescence, although some such OPL fluorescence has now been seen in many retinas. However, in all species, clear
dopamine fluorescence is observed in the IPL.

That clear and abundant dopaminergic fluorescence is observed prominently in IP cells in teleost fish provided the
opportunity to explore in depth the effects of dopamine on a specific type of retinal neuron, the horizontal cell, which
mediates lateral inhibition in the outer retina. Furthermore, the horizontal cells in teleost fish are exceptionally large
neurons, easily identified both in vivo and in vitro, and are especially convenient for many types of physiological and
biophysical studies including intracellular recordings with both sharp and patch electrodes, intracellular injections and
perfusions, and the analysis of single-channel properties in both control and drug-treated preparations.

An additional advantage of this system for a detailed analysis was the finding by electron microscopy that the
dopaminergic IP neurons in fish make classic synapses on the horizontal cells, whereas their input is all in the IPL.
Whereas the cells do form synapses in the IPL, most of their synapses are in the OPL. Thus, IP cells serve as centrifugal
neurons within the retina carrying information from the inner to the outer retina. Interestingly, the IP cells in the fish's
inner retina get at least some of their input from centrifugal fibers that enter the retina from higher brain regions.’
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In the mammalian retina dopaminergic IP neurons also serve as centrifugal neurons — histaminergic centrifugal fibers
from the hypothalamus'” also innervate the dopaminergic IP neurons of the rodent retina, where they influence dopamine
release. Remarkably, dopaminergic IP neurons also form a retrograde signaling pathway conducting photic signals that
originate in novel melanopsin-expressing intrinsically photoreceptive ganglion cells from the inner to the outer retina.
A subset of dopaminergic IP neurons receive synaptic contacts from and are driven by the light responses of melanopsin
ganglion cells.'®!'” Intrinsically, photoreceptive ganglion cells drive sustained spiking of dopaminergic neurons and
provide intra-retinal feedback of background light intensity, likely acting on retinal cone adaptation through D4 dopamine
receptors.'® Interestingly, this reciprocal microcircuit — in which melanopsin ganglion cells drive dopamine neurons, and
dopamine neurons inhibit melanopsin ganglion cells — is tuned and modulated by somatostatin-expressing amacrine
cells.' Light drive on retinal dopamine neurons by melanopsin ganglion cells likely functions in parallel with the drive

20722 o provide a sustained component to light-induced dopamine release similar to the

from outer retinal photoreceptors
way melanopsin ganglion cell signaling mediates sustained components of circadian photoreception and the pupillary
light response.”

These findings reveal a novel function of retinal ganglion cells — intraretinal photic signaling — in addition to their
canonical role as projection neurons projecting visual signals to the rest of the brain. With photoreception originating in
both the inner and outer retina, and with reciprocal signaling in each direction — now one can truly say that the retina is
a two-way street, with IP neurons providing the “centrifugal lane”! Overall, the IP cells then represent an intraretinal
feedback system for neuromodulation based on light intensity, as well as the final stage of a centrifugal system from
central brain regions to the outer reaches of the retina.

The first physiological experiments examining the effects of dopamine on retinal neurons were carried out in the
goldfish retina.?* Intracellular responses were recorded from cone photoreceptors, bipolar cells, and horizontal cells

(Figure 2). In horizontal cells, dopamine induced a slow depolarization of the membrane potential and a decrease in light-
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Figure 2 The effects of dopamine on intracellularly recorded responses of a horizontal cell, depolarizing bipolar cells, and red cone. (a) Dopamine depolarized the horizontal
cell and reduced its light responsiveness. The effects of dopamine were blocked by the antagonist phentolamine. (b) Dopamine hyperpolarized the bipolar cell; following
dopamine application the depolarizing response to center illumination (raised abscissa) was increased, while the hyperpolarizing response to annular illumination (decreased
abscissa) was decreased. (c) Dopamine caused no change in the resting membrane potential of the cone. It did affect the waveform of the response, however, making the
response squarer. The change in waveform reflects, presumably a decrease of horizontal feedback onto the receptor. Log | relative flash intensity. With permission from the
“The Retina: An approachable part of the brain”. J. E. Dowling, Harvard University Press, 2012, figure adapted and modified from Hedden and Dowling (I978).24
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evoked responses. Important to note is that the outer retinal neurons respond to light only with graded potentials; they do
not generate action potentials, again a feature that aids in the analysis of the effects of a neuroactive substance on
a neuron. Furthermore, the photoreceptors hyperpolarize in response to light, as do the horizontal cells. Bipolar cells, on
the other hand, are of two basic types — ON-bipolar cells that depolarize to a central light spot and OFF-cells that
hyperpolarize to a central spot. Both bipolar cell types show surround inhibition induced by an annulus of light - ON-
cells hyperpolarize; OFF-cells depolarize. Thus, bipolar cells are the first cell types in the visual system to show clear
center-surround receptive field organization.*

The dopamine-induced depolarization and reduction in light-evoked responses in horizontal cells are slow and long-
lasting; a brief pulse of exogenously applied DA to the retina resulted in membrane potential changes and reduction in
light responsiveness that lasted for many seconds. Why DA induces these changes in horizontal cells will be explained
later, but recordings from bipolar and photoreceptor cells are more revealing in terms of one of the primary effects of DA
on this simple circuit. That is, DA in both cases reduces the effects of surround illumination. In the case of bipolar cells,
since one can elicit center and surround responses separately, dopamine increased the central response while decreasing
the surround response. In the photoreceptor response, DA reduced the rapid partial recovery of the response following its
initial peak. Both the surround response of bipolar cells and the partial depolarization of the photoreceptor following the
initial peak response are thought to be mediated by inhibition from the horizontal cells, suggesting that DA was reducing
the effectiveness of this inhibition.

How might this occur? Shortly after these initial studies, Negishi and Drujan® in Japan elegantly showed that DA
uncouples horizontal cells from one another. Recall that horizontal cells are coupled by electrical (gap junction) synapses, and
what Negishi and Drujan did was to compare horizontal cell responses to light spots and annuli. Upon DA application, the
annular responses declined in amplitude, whereas the spot responses grew in size. That this is due to electrical uncoupling of
the cells was subsequently demonstrated by isolating pairs of horizontal cells that were electrically coupled to one another and
applying DA to them (Figure 3).%” Current pulses to depolarize the membrane by 20 mV were injected into one of the two
cells, the driver cell, and the current pulses then passed into the follower cell via the gap junctions. The voltages generated
across the driver cell’s membrane reflect the resistance of its membrane, whereas the voltages induced in the follower cell’s
membrane reflect how much current is passing from one cell to the other. As seen in the figure, the voltages generated across
the follower cell’s membrane decreased substantially after DA application, indicating that the gap junctions were admitting
much less current. The current pulses in the driver cell decreased because the resistance of its cell membrane substantially
increased and much less current was now needed to depolarize the membrane by 20 mV in accord with Ohm’s Law (V=IR).

Why were the gap junctions less effective in allowing current to flow from one cell to the other? This was studied by
examining single-channel kinetics in pairs of horizontal cells in culture as well as by noise analysis following DA
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Figure 3 Effects of dopamine on an electrically coupled pair of white perch horizontal cells maintained in culture (left). Both cells were voltage-clamped at —60mV with
patch electrodes, and current pulses were applied to the driver cell (lower trace) to shift the membrane potential +20mV. Ringer solution containing dopamine was applied
briefly (0.5 sec) to the cell pair. The cells uncoupled, as shown by the decrease in magnitude of the current pulses required to depolarize the driver cell by 20mV, which
reflects the increase of resistance of the driver cell. The decrease in the magnitude of the current pulses passed into the follower cell (upper trace), reflects the decreased
conductance of the junctional membrane. With permission from “The Retina: An approachable part of the brain”, J.E. Dowling, Harvard University Press, 2012, figure
adapted and modified from Lasater and Dowling (I985).27
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application.?® The single channel unitary conductance did not change (~50 ps) in response to DA nor the number of
channels in the junctions, but because of a reduction in the open probability of the channels after DA application (~0.75—
0.14) brought about by a decrease in the open time of the channels by 2—3-fold.

As noted earlier, DA exerts its effects on neurons by altering levels of the second-messenger molecule, cAMP, and
that this occurs in teleost horizontal cells was shown by isolating and purifying batches of them by velocity sedimenta-
tion and applying DA to them, which resulted in cAMP accumulation.”’ The horizontal cells possess D1 receptors, which
when activated by DA, stimulate a G-protein that in turn activates the enzyme adenylate cyclase, which converts ATP to
cAMP. Cyclic AMP exerts its effects by activating protein kinase A (PKA) and injections of PKA into fish horizontal
cells uncouples them from one another.

This is an elegant story, but it is just the beginning. Figure 4 shows an experiment in which DA is applied to
horizontal cells in a teleost retina and responses to small spots of light increase in amplitude, whereas responses to full
field illumination decrease in size.>® This is similar to the Negishi experiments noted earlier showing uncoupling of
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Figure 4 (a) Intracellular records of carp horizontal cell responses to spot and full-field white-light stimuli before, during, and after the addition of dopamine (20uM) to the
superfusion medium. The spot (0.8mm in diameter) and full-field stimuli were presented as an alternating pair and adjusted before dopamine application to generate
responses of approximately equal amplitudes. Dopamine caused the responses to the spot stimuli to increase in amplitude and the responses to the full-field stimuli to
decrease in amplitude. Recovery from these drug effects required an average of about |15 min. Note that dopamine also caused the horizontal cell to depolarize slightly. (b)
Average carp horizontal cell response amplitudes as a function of stimulus spot diameter. The stimuli were centered on receptors in the middle of the cell’s receptive field
and were at an intensity that generated a half-maximal response when a full-field stimulus was used. Dopamine application cause average response amplitudes to small spot
stimuli to be significantly larger and average response to large spot and full-field stimuli to be significantly smaller. With permission from “The Retina: An approachable part
of the brain”, J.E.Dowling, Harvard University Press, 2012, figure adapted and modified from Mangel and Dowling, (1985).%°
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horizontal cells in response to DA, but with one important difference. Here, rather than using annular stimulation to show
the decrease in coupling, full field illumination was used. With full field illumination, little current flow should occur
between adjacent horizontal cells because they all receive equal input from the photoreceptors and should all be at the
same membrane potential. Thus, altering uncoupling strength should not have an effect on response amplitude. Thus, this
experiment indicates that DA is having another effect on the horizontal cells in addition to reducing gap junctional
conductance.

What was then found was that DA significantly enhances the response of isolated horizontal cells maintained in
culture to L-glutamate.*' The glutamate receptors found on horizontal cells are of the AMPA type and are strongly
activated by glutamate as well as by kainate, a non-desensitizing glutamate analogue. Cyclic AMP when injected into the
cells mimicked the effect of DA as did the injection of PKA.** For cAMP and PKA to enhance the response of the cell to
kainate, ATP needed to be present in the injection pipette, indicating that phosphorylation was involved.

Subsequent analysis of single-channel currents in horizontal cells in response to glutamate or kainate showed that DA
increased the frequency of channel opening to a given concentration of glutamate or kainate.>® Thus, the channels were
more sensitive to the photoreceptor transmitter glutamate, and this explains why DA depolarizes horizontal cells and
reduces their light-evoked responses (Figure 2). That is, by increasing the frequency of opening of the glutamate
channels, the cell depolarizes, and because the channels are now more sensitive to glutamate, light that reduces the
amount of glutamate released from the photoreceptors (because they hyperpolarize in response to light) will not be as
effective; hence, the full-field light responses are smaller. Figure 5 summarizes the biochemical events that occur in
a horizontal cell in response to dopamine. The cAMP generated in the cell exerts its effects via phosphorylation by PKA,
or possibly by activation of a phosphatase activated by PKA that dephosphorylates proteins in the cell. In All amacrine
cells of the IPL, D1 receptors have been shown to modulate gap junctional coupling via activation of phosphatase 2A;**
however, whether D1 stimulation in horizontal cells acts on gap junctions and glutamate receptors via phosphorylation or
dephosphorylation has not been determined.

Interestingly, recent work by Mangel et al demonstrated that ON cone bipolar cells also express dopamine DI
receptors and that there they also play a role in light-adapted receptive field organization.*> Here, dopamine acting
through D1 receptors rapidly influences the expression of GABAR on cone bipolar terminals to modulate the strength of
HC-driven surrounds in light adaptation.>> Thus, dopamine acting through D1 receptors, cAMP and PKA mediates
modulatory changes in both the kinetics and expression of ion channels and receptors in both horizontal cells and bipolar
cells in the outer retina.
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Figure 5 A scheme of the modulation of horizontal cells by dopamine in fish. Dopamine (DA) interacts with receptors linked to a G-protein (G) and adenylate cyclase (AC).
Adenylate cyclase catalyzes the formation of cyclic AMP (cAMP) from ATP. Cyclic AMP activates protein kinase A (PKA) that may directly phosphorylate (P) gap junctional
channels (GJ) and channels activated by glutamate (glut), or phosphatase (PP) that dephosphorylates these channels. Phosphorylation and dephosphorylation of the channels
modifies ion flow across them. With permission from “The Retina: An approachable part of the brain”, J.E. Dowling, Harvard University Press, 2012, see Chapter 5.
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As D1 dopamine receptors act on both horizontal cells and bipolar cells in the outer retina, this begs the question of
the role of dopamine modulation in each cell type with regard to modulation of ganglion cell receptive fields. Addressing
the cell-specific roles of dopaminergic modulation experiments using cell-specific knockout of dopamine receptors
followed by analysis of receptive field responses to DA could reveal mechanisms of receptive field modulation in intact
retinal circuits.

Nitric Oxide

About a decade after the original studies suggesting that dopamine uncouples gap junctions in the retina, DeVries and
Schwartz*® found that the gas, nitric oxide (NO), also modulates gap junctions between horizontal cells. Nitric oxide
synthase is found in both inner and outer retinal cells including the horizontal cells themselves and has effects on many
retinal cell types. NO also activates the synthesis of a second messenger, in this case cGMP, by activating guanylate
cyclase. With methods similar to those used to analyze the effects of DA, Lu and McMahon®’ showed by applying the
NO donor sodium nitro-prusside (SNP) to teleost horizontal cells that the coupling between pairs of horizontal cells
decreased by ~60%. To reach maximum uncoupling required 1-2 min and the uncoupling effect lasted for 5-10 min. As
with DA, SNP reduced the junctional open probability of the channels, from a control value of ~17 openings/second to
~7.1 openings/sec. Open duration did not change significantly nor did unitary conductance, however there was an
increase in the channel closed time.

That the NO acts through cGMP was shown by applying membrane permeable 8-bromo cGMP to the cells, as well as
an inhibitor of PKG that, interestingly, not only blocked the effect of SNP but also increased the basal coupling level,
suggesting that NO regulates the basal coupling of the junctions. NO action on gap junction coupling in the retina is not
limited to horizontal cells but occurs in AII amacrine cells as well.*®

What about the effect of NO on horizontal cell glutamate receptors? What was found was NO and cGMP do modulate
the glutamate receptors but in a different way to that of DA. NO reduced the horizontal cell responsiveness to relatively
low concentrations of glutamate and kainate®” but increased the maximal current at higher glutamate concentrations
thought to reflect synaptic levels of glutamate.** Quantitative modeling of the dose—response effects of NO on horizontal
cell glutamate currents showed that they predict the observed increase in horizontal cell light response amplitudes of NO
application in the intact retina.*® Interestingly, NO and DA applied together act synergistically to greatly increase the
magnitude of glutamate-evoked currents in horizontal cells.*® Thus, horizontal cell glutamate receptors can be indepen-
dently, or synergistically affected by second messengers — cAMP increases their affinity to glutamate, whereas cGMP
increases maximal current, again by PKA and PKG, respectively. While we have focused here on the effects of nitric
oxide on retinal neurons, it is important to note that NO also regulates blood flow in vascularized retinas, as well as
modulating immune responses, and therefore has potentially important impacts on a range of eye diseases.*!

Retinoic Acid

Retinoic acid (RA) is generally viewed as a morphogen, regulating many aspects of development and maintenance of
many tissues including the eye, by the activation of retinoic acid receptors, RARs, and RXRs, which in turn operate
mainly by increasing or decreasing the transcription of genes. Indeed, it is estimated that RA alters the expression of
hundreds of genes.** Retinoic acid is involved in early patterning of the retina, establishing dorsal and ventral

h,**** in the maturation of retinal cells and circuits*> and in the formation of high-acuity

characteristics in the zebrafis
regions of the retina like the fovea.*® Thus, it was a considerable surprise when it was shown by Weiler et al in the late
1990s that RA modulates gap junctional permeability between horizontal cells in adult retinas, not only in fish but also in
the mammalian retina.*’

How RA does this was elegantly shown by recording from pairs of coupled fish horizontal cells in culture.
Micromolar concentrations of RA reduced junctional conductance by up to more than 90%, and a half-maximal
inhibition of conductance required just ~2.5 uM of RA. RA did not affect glutamate or kainate-induced currents; indeed,
RA seems to have no effect on horizontal cell glutamate channels. A corollary finding to the above was the demonstration
that light increases the level of RA in mammalian and fish retinas relative to the dark retina, suggesting how the effects of

RA are mediated.*®** However, these studies did not establish absolute concentrations of RA in the retina.
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All-trans RA and 9-cis RA are equipotent in activating the RARs, but all-trans RA is about 50-fold less potent in
activating RXRs.!" All-trans RA and 9-cis RA are equally potent in uncoupling horizontal cell gap junctions, suggesting
that the uncoupling effect is mediated by an RAR-like protein. When all-trans RA was injected into horizontal cells, or
a PKA or PKC inhibitor, there was no uncoupling. On the other hand, application of 1 uM RA applied externally,
reduced the cells coupling by ~60%, as did application of RAR-alpha agonists but not RARg and RAR,-specific agonists,
indicating that the uncoupling was being mediated by an external binding site, presumably by an RAR-alpha-like
receptor.”® No second messenger was involved nor was a transcriptional mechanism. Remarkably, RA modulates gap
junction channels in cell-free excised membrane patches, suggesting direct modulation by the receptor. Single-channel
analysis indicated that RA reduced channel opening probability, but not unitary conductance. In addition, RA also
induced morphological plasticity in horizontal cells by a non-transcriptional mechanism — stimulating the growth of
horizontal cell spinules (see discussion below).

The surprising and unconventional way that RA uncouples horizontal cells via an RA-activated protein without the
involvement of a second messenger, PKA, PKG, or PKC, suggests that RA could potentially affect other neural circuits
in similar unique ways. Indeed, such has been found in the hippocampus where one RAR iso-form, RAR-alpha, directly
enhances the expression of AMPA-type glutamate receptors, thus altering synaptic efficacy by altering the number of
glutamate receptors postsynaptically.”*

RA receptors typically regulate protein expression at the genomic level, but here it is a non-genomic, direct effect
altering translation and the expression of AMPA receptor protein. RA levels in the hippocampus appear to be regulated
by synaptic activity, just as light regulates RA levels in the retina, and in this way synaptic efficacy is modulated. The
hippocampus is known to be involved in memory consolidation, and it has been shown that vitamin A deprivation and
RAR-alpha deletion in mice result in learning changes in animals confirming the significance of this synaptic
modulation.’*> Similarly, RA has recently been found to upregulate synaptic transmission and induce structural
plasticity in human cortical synapses.’® Thus, RA is being explored as a potential treatment for neuropsychiatric and
memory disorders such as Alzheimer’s disease.

RA signaling is involved at a number of levels in retinal degeneration and therefore has potential clinical application
to retinal degenerative disorders as well. RA is a critical driver of chronic ganglion cell hyperactivity in photoreceptor-
degenerate retinas, which complicates strategies to restore vision and drives further degradation of visual function
downstream in visual circuits in the brain.’>® Synaptic remodeling and altered gap junctional coupling are key
contributors to circuit hyperactivity. Could the non-transcriptional actions of RA first described in horizontal cells play
a role? This has yet to be explored.

Other Potential Modulators
Neuropeptide, vasoactive intestinal peptide (VIP), also has interesting effects on horizontal cells.’” First, it substantially
depolarizes horizontal cells with a decrease in membrane resistance, suggesting it directly opens membrane channels as
do classic excitatory neurotransmitters. However, VIP also strongly activates adenylate cyclase, producing substantial
amounts of cAMP in the cells. As yet, we do not know what the effect of VIP has on the coupling of horizontal cells or
their response to glutamate. VIP is found in amacrine cells in the inner plexiform layer, but no VIP containing processes
have been observed in the outer retina, suggesting that the VIP is released some distance away from the horizontal cells
but can diffuse to them to cause effects, something other peptides have been shown to do. Indeed, topically applied VIP/
PACAP eye-drops have been shown to attenuate ischemic retinal degeneration in rodent models.®

Another potential modulator is zinc (Zn 2+) which is found in photoreceptor terminals co-localized with glutamate in
synaptic vesicles.”® In the retina, zinc has been shown to modulate gamma-aminobutyric acid (GABA) receptors, AMPA-
type glutamate receptors, K+ channels, and hemi-gap junction channels on horizontal cells; GABA receptors on bipolar
cells; and NMDA and glycine receptors on ganglion cells.’* > Zinc modulation of AMPA and NMDAR is widespread
throughout the rest of the brain where it contributes to synaptic plasticity underpinning fear conditioning (AMPAR),*®
and potentially contributing to major depression (NMDAR).®” In addition, in the retina, zinc is critical for neuroprotec-
tion. There is prominent zinc mobilization from amacrine to ganglion cells following optic nerve crush, the prevention of
which with zinc chelators greatly enhances ganglion cell survival and axonal regeneration.®®
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Conclusions

We describe here a simple circuit involved in establishing center-surround receptive field organization in retinal bipolar
cells. What is astonishing in our view is how modifiable the circuit is, by so many neuroactive substances and in so many
ways. We understand a number of the mechanisms underlying the modulation, but almost certainly not all, and we have
some notion of why it is important to modulate the circuit - to accommodate the visual environment. But the richness of
the modulation, the number of substances and mechanisms involved is such that it is likely much more is going on than
what we have described here.

Indeed, as noted above, there are structural changes that occur in fish horizontal cells that relate to light and dark and
which appear to be partially modulated by DA and RA®®"° In the light, the horizontal cell processes making contact with
the photoreceptor terminals from which they receive synaptic input extend small extensions, called spinules, deeper into
the terminals. These spinules disappear in the dark and both DA and RA can induce the reappearance of spindles in the
horizontal cells. However, neither substance appears to completely mimic light adaptation nor are horizontal cell spinules
observed in other species, and their function even in fish is not understood. Thus, we have not emphasized them here.

While the data we have reviewed here are primarily from teleost fish horizontal cells, there is evidence that similar
processes and mechanisms occur in other vertebrate species, including mammals. We do know, however, that horizontal
cells differ somewhat in different species, including even among fish species, but what does this mean? We do not know.
Fish are particularly rich in terms of color vision,”" and perhaps some of this modulation relates to this. We have here
only reported on research related to cone horizontal cells, and for the most part not on horizontal cells that show
differential color responses.

In addition to its effects on horizontal cells, dopamine has now been shown to have effects on every retinal neuron in
vertebrate retinas. A number of these effects are indicated in Figure 6. Many of these effects relate to modulation of electrical
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Figure 6 The diverse and multiple effects of dopamine on the cells and synapses in vertebrate retinas. Most of the effects serve to alter the strength of the retinal synapses
and reconfigure the retinal circuitry or are on ion channels that contribute to the response of the neurons. The synapses modified by dopamine are indicated, as the ion
channels (eg Ina). En passant synapses of bipolar cells to DA neurons and ipGs are indicated.””> With permission from “The Retina: An approachable part of the brain” J.E.
Dowling, Harvard University Press,® 2012, adapted and modified by D.G. McMahon.
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coupling between neurons (of which there is a substantial amount in the retina), but also there are effects on both ligand and
ionic channels. Thus, the extent of modulation of circuitry in the retina by just dopamine is surprisingly extensive.

This review then makes it clear that not only can there be a substantial amount of neuromodulatory effects that can occur
within a simple circuit but it further emphasizes that how to identify and understand these interactions is an enormous
challenge. We can, of course, identify excitatory and inhibitory synapses anatomically, especially by electron microscopy.
However, some neuroactive substances when released from a neuron, especially neuropeptides, can have effects on neurons
many micrometers away, and so such interactions cannot be visualized. It is also the case that many inhibitory neurons using
GABA as their transmitter also contain and release neuropeptides so that the effects of the interactions exerted by such neurons
can be much more than simple inhibition. Further, substances not thought to be neurotransmitters or neuromodulators, such as
retinoic acid, released from unknown cells, can also induce neuromodulatory effects on neurons. Finally, substances like NO,
synthesized in a neuron, can have effects on that same neuron, regulating perhaps how that neuron responds to synaptic
substances impinging on that cell, setting perhaps baseline activity levels for that neuron.

In summary, as we attempt to understand neural circuitry in the brain, we must keep in mind the numerous ways
neuronal basal activity, neuronal responses to stimuli, and synaptic effectiveness for both chemical and electrical
synapses can be modified. What we have discussed in this review, what we have learned thus far about neuromodulation
from the study of the first simple circuit in the visual system, is a beginning to what will ultimately be a fuller story. We
have much work to do, and far to go, to understand complex neural circuits and the brain of any species.
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