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Chapter 1
Introduction: G-Protein Signaling in the Retina

Kirill A. Martemyanov and Alapakkam P. Sampath

Abstract Mammalian organisms are composed of a multitude of cells with unique
anatomical and physiological specifications that perform a vast variety of functions.
The survival of mammals is hinged on seamless integration of cells and coordina-
tion of their processes, within a particular structure or organ, or between organs.
Intracellular signaling pathways play an indispensable role in this process. The
typical architecture for such pathways includes cell surface receptors for sensing
molecules or physical stimuli and the intracellular machinery for converting their
presence into changes in biochemical activity that allows the organism to exploit
this information.

Mammalian organisms are composed of a multitude of cells with unique anatomi-
cal and physiological specifications that perform a vast variety of functions. The
survival of mammals is hinged on seamless integration of cells and coordination of
their processes, within a particular structure or organ, or between organs. Intracellu-
lar signaling pathways play an indispensable role in this process. The typical archi-
tecture for such pathways includes cell surface receptors for sensing molecules or
physical stimuli and the intracellular machinery for converting their presence into
changes in biochemical activity that allows the organism to exploit this information.

The largest family of cell surface receptors is formed by the G-protein-coupled
receptors (GPCRs), whose members account for approximately 3—4 % of mamma-
lian genomes. These receptors all share a common structure of seven transmem-
brane domains and their activity on the cell surface leads to signaling within the
cell. Indeed, G proteins (or guanosine triphosphate (GTP)-binding proteins) are the
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Fig. 1.1 Key reactions in G-protein signaling

targets of GPCRs, which serve to couple the receptor activity with effector mol-
ecules, a collective term for a vast number of second messenger enzymes, kinases,
ion channels, and transcription factors that influence cellular activity. In the proto-
typic sequence of events, agonist-bound GPCRs activate G proteins by catalyzing
their guanosine diphosphate (GDP)/GTP exchange on the Ga subunit. Upon GTP
binding, G proteins dissociate into Go and Gy subunits and both Ga-GTP and
free GPy subunits are able to activate or inhibit downstream effector molecules
(Fig. 1.1). Termination of the response requires inactivation of both the GPCR,
which can be quenched by phosphorylation and the binding of arrestin proteins,
and the G protein, which is achieved when the Ga subunit hydrolyzes GTP, and the
inactive GDP-bound form reassociates with the By subunits.

GPCRs mediate a wide range of functions, ranging from sensory transduction
to hormone action, in a large range of tissues. These receptors are major targets for
therapeutics, and the great importance of their associated signal transduction path-
ways to biology is highlighted if one simply peruses the list of Nobel Prize winners
in Chemistry, or in Physiology or Medicine. Indeed, Nobel Prizes have been awarded
for a number of the studies of GPCRs: the characterization of rhodopsin by Granit,
Hartline, and Wald in 1957; the identification of odorant receptor proteins by Axel
and Buck in 2004; for structural studies of B-adrenergic receptors by Kobilka and
Lefkowitz in 2012; the identification of G proteins by Gilman and Rodbell in 1994;
and classical studies of second messenger action by Sutherland in 1971. In addition,
many other Nobel Prizes have been awarded for related studies of signal transduc-
tion and ion channel function.

Light is the main form of energy that fuels life on Earth. The ability to inter-
act with it is built into almost every organism. The gateway for light reception in
mammals is a neuronal structure called the retina. Perhaps not surprisingly, GPCR
signaling pathways are indispensable for receiving and processing light signals
in the retina. Historically, the first GPCR pathway understood at a high level of
molecular detail was the phototransduction cascade of vertebrate rod and cone
photoreceptors. Photoreceptor cells display significant advantages for the study of
G-protein-coupled signaling pathways. Firstly, the cascade components are isolated
in a privileged compartment, perfectly accessible for physiological experiments and
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for high-throughput biochemistry. Secondly, the stimulus (light) can be controlled
with precision, allowing the number of activated GPCRs, or incident photons, to
be estimated and the resulting activity to be measured. Furthermore, a significant
portion of the cell’s dynamic range encodes a linear representation of the number
of photons absorbed, allowing linear systems and quantitative methods to be used.
Thirdly, most components of the system are expressed only in the photoreceptor
outer segments and nowhere else in the body, allowing targeted genetics with sur-
prisingly little dosage compensation or developmental abnormalities. Due to these
advantages, technological innovations in biochemistry and physiology in the 1970s
significantly advanced studies of retinal phototransduction. Classical work by Bay-
lor, Lamb, and Yau [13] suggested in toad rod photoreceptors that slow light-evoked
responses could not be explained by direct gating of ion channels by the stimulus,
instead suggesting that the responses are produced by a sequence of chemical re-
actions and the buildup of some messenger molecule. Among the leading candi-
dates for this putative messenger were Ca’>" and cyclic guanosine monophosphate
(cGMP). In the early 1980s, the biochemistry of rhodopsin — G protein (transdu-
cin) — effector (¢cGMP phosphodiesterase) was established [3, 5], but it was not
until 1985 that seminal physiological work showed that cGMP indeed directly gated
transduction channels [2, 12]. Cone photoreceptors have since been shown to oper-
ate with similar cGMP-gated channels [4].

In the ensuing decades, the mechanistic basis for the photoresponse has been
studied quantitatively and has served as a general template for G-protein signal-
ing. In the retina, the signaling cascade in the dendrites of ON-bipolar cells (BCs),
which receive direct glutamatergic inputs from photoreceptors, provides a vivid ex-
ample. Following the physiological demonstration that glutamate analogue L-AP4/
APB suppresses the activity of ON-BCs [11], it was hypothesized that G proteins
might play a role in signal transmission. Indeed, subsequent work established that
ON-BC responses required GTP hydrolysis [9]. Additionally, the glutamate recep-
tor mGluR6 was shown to be the GPCR with selectivity for L-AP4/APB [§]. In the
following two decades, many additional players were implicated in this signaling
cascade including the G protein (Go,) [1], the transduction channel (TRPM1) [6,
7, 10], and an array of regulatory elements that coordinate transmission of signal
between photoreceptors and ON-BCs. Despite overall similarity, the phototrans-
duction cascade of photoreceptors and the signaling pathway of the ON-BC dis-
play notable differences in their temporal characteristics, the spatial organization of
components, and the properties of the effector ion channels. These differences place
key constraints on the properties of these individual pathways. Contrasting these
properties, while taking into account physiological needs and specializations of in-
dividual cells, has and will continue to generate significant insight into the overall
understanding of the architecture of GPCR pathways.

In recent years, other G-protein cascades in the retina have also become better
characterized. The logistical advantages of working with retinal tissue can also be
leveraged to establish a common logic for how these pathways operate in vivo. For
instance, the catecholamine dopamine has been shown to provide slow modula-
tion of retinal sensitivity via regulating electrical coupling between neurons via
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gap junctions and by adjusting response sensitivity through the control of neuro-
nal excitability. Additionally, these mechanisms appear to guide another emerging
G-protein cascade in the retina, melanopsin-based signaling in intrinsically photo-
sensitive retinal ganglion cells (ipRGCs). Directly activated by light, this GPCR
pathway is responsible for circadian light entrainment and the pupillary reflex.
Once the organizational principles and logistics of signal transduction in these cas-
cades are established, perhaps the next frontier would be to determine how these
different cascades are coordinated.

We have learned a great deal about the organization and function of GPCR
pathways, and the role that they play in vision. The information gained from these
studies has provided, and will continue to provide, critical insights to further our
understanding of complex GPCR pathways in the central nervous and endocrine
systems. In essence, the retina is the first “optogenetically” driven circuit with
clearly understood physiology. Thus, studying GPCR-driven pathways in the retina
will likely guide the interpretation of optogenetic experiments, which are increas-
ingly utilized to study central circuits.

The goal of this volume is to summarize our current understanding of the or-
ganizational principles of GPCR pathways, using insights derived from the study
of the retina. We have highlighted several G-protein signaling cascades, including
phototransduction, ON-BC signaling, dopaminergic pathways, and ipRGC signal-
ing. This volume will generally follow the path of signal flow through the retina.
The first chapters will focus on the elucidation of the phototransduction cascade
of rod and cone photoreceptors. These chapters will begin with a discussion of
the activation and shutoff steps of phototransduction, with a treatment on the rate-
limiting reaction for shutoff of the light response (Chap. 1). This will be followed by
a comparison of rod and cone visual pigments and G proteins, with particular focus
on differences in their physiological properties (Chap. 2). A description of what is
understood about interactions between the G protein and the effector phosphodies-
terase is provided in Chap. 3. The subsequent chapters will delve into our current
understanding of the mechanisms of synaptic information encoding by retinal ON-
BCs, where the GPCR mGluR6 plays a fundamental role. Chapters in this section
will examine the physiological features of the ON-BC response (Chap. 4), an analy-
sis of the components of the mGluR6 cascade (Chap. 5), and the macromolecular
organization of the mGluR6 signaling complex (Chap. 6). Two additional chapters
will evaluate the role of dopamine in electrical coupling between retinal neurons
(Chap. 7), and its role in setting the excitability of rod BCs (Chap. 8). The final
chapter (Chap. 9) will be focused on the output neurons of the inner retina, specifi-
cally the ganglion cells, where the components of the emerging GPCR melanopsin
cascade in intrinsically photosensitive ganglion cells will be detailed. Collectively,
these signaling pathways allow the retina to represent visual space over a wide
range of light intensities and to synchronize its function to the day/night cycle. We
hope that the rigorous study of these mechanisms will provide more general insights
into G-protein signaling.
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Chapter 2
G Protein Deactivation Mechanisms
in Vertebrate Phototransduction

Ching-Kang Chen and Hung-Ya Tu

Abstract Heterotrimeric G proteins are widely used in nature to facilitate cellular
responses to extracellular stimuli. In humans, these G proteins mediate vision and
other senses, modulate neurotransmission, and are required for hormonal actions.
The signaling system involves three groups of molecules, namely, the receptors
with heptahelical transmembrane motifs, the trimeric G proteins themselves, and
the effectors through which G proteins alter cellular homeostasis. Advances in
genome sciences have revealed the full complement of this system in multiple spe-
cies, and the current challenges are to elucidate which, when, where, and how each
component is used. The field of phototransduction has historically provided unri-
valed details in describing general principles of G-protein signaling. This chapter
intends to cover the reactions that dominate the rate of phototransduction recovery
in rod and cone photoreceptors.

Phototransduction Mechanisms

Vertebrate retinal photoreceptors are terminally differentiated cells with organized
subcellular compartments tailored for distinct functions [5, 68]. Other than organelles
common to eukaryotic cells, a unique compartment of photoreceptors that allows
its identification is the outer segment. This structure contains tightly packed mem-
brane discs enclosed in plasma membranes in rods and an invaginated, sometimes
tapered, plasma membrane in cones. The outer segment links to the inner segment
through a delicate connecting cilium, a microtubule-based structure broken off eas-
ily in solution by mechanical means. This allows the membrane-rich, and hence
buoyant, outer segment to “float” during centrifugation for rapid isolation [75]. The
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Fig. 2.1 Phototransduction activation and recovery in a vertebrate rod. Photon absorption by
rhodopsin (R) leads to the formation of metarhodopsin II (R*), which in turn catalyzes guanine
nucleotide exchange on a subunit of the heterotrimeric transducin. Activated transducin dissoci-
ates into T"a-GTP and Tfy moieties, with the former (7T"a-GTP) interacting with the inhibitory y
subunits of phosphodiesterase (PDE; P, yz) to disinhibit the catalytic subunits (P* ) and allow
free cGMP to be rapidly hydrolyzed to 5'-GMP. The decline of free cGMP leads to the closure of
cyclic-nucleotide-gated (CNG) channels and membrane hyperpolarization. While CNG channels
are close and Ca?' entry is blocked, the Na/Ca, K exchanger (NCKX) continues to extrude Ca?*,
leading to a decline in intracellular free Ca?" concentration. This reduction in Ca?" is sensed by
two calcium-binding proteins, recoverin (Rv) and guanylate cyclase-activating proteins (GCAPs).
Rv binds and inhibits G-protein-coupled receptor kinase 1 (GRK1). GCAPs activate de novo syn-
thesis of cGMP by guanylate cyclases (GC). During the recovery phase, GRK1 phosphorylates
R* to enable its quenching by arrestin (A47r1). The intrinsic GTPase activity of transducin o sub-
unit hydrolyzes GTP to GDP. The GTPase activity is accelerated by a GTPase activating protein
(GAP) complex that consists of RGS9-1, GF5L, and RGS9 anchoring protein (R94P)

ease of obtaining sufficient outer segments enabled a detailed biochemical charac-
terization of reactions involved in phototransduction activation and deactivation,
with many enzymatic activities unambiguously assigned to homogeneously puri-
fied outer segment proteins [29, 31, 42, 43, 57, 103]. Back when recombinant DNA
was at its fledgling stage, this strong foundation together with electrophysiological
interrogations of the system jointly infused the G protein field with enviable real-
time kinetic information that still remains unparalleled today [9]. By virtue of its
simplicity and accessibility, rod phototransduction has been studied extensively and
regarded as one of the most exquisite examples of G-protein signaling pathways.
In the dark, a “dark current” circulates between the outer and inner segments of
rods and sustains a depolarized membrane potential and continuous glutamate re-
lease at axonal terminals. As depicted in Fig. 2.1, illumination activates a G-protein-
coupled visual pigment (rhodopsin) located on disc membranes when the attached
chromophore 11-cis-retinal is photoisomerized into the all-frans configuration. The
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protein then adopts a conformation capable of catalyzing the exchange of guanosine
diphosphate (GDP) for guanosine triphosphate (GTP) on the a-subunit of the G
protein heterotrimer named transducin. During its lifetime, a photoactivated rho-
dopsin molecule may activate ~20 transducin in a mouse rod [54]. The GTP-bound
transducin o-subunit dissociates from the By dimer to interact with the effector
c¢GMP phosphodiesterase (PDE) by sequestering its inhibitory y-subunit (PDEYy).
The disinhibited PDE catalytic aff subunits are near perfect enzymes that hydrolyze
cGMP at a rate near the diffusion limit [4, 59]. This leads to a hasty decline in free
c¢GMP concentration and closure of cyclic-nucleotide-gated (CNG) channels, which
otherwise allow extracellular Na*, Ca?", and Mg?* [16, 109] to enter the outer seg-
ment to drive the dark current. The interruption of inward current causes membrane
hyperpolarization and a reduction in tonic synaptic glutamate release. The activi-
ties of rhodopsin and PDE endow the pathway with the needed amplification and
together with the remarkable thermal stability of rhodopsin in the dark [111], they
account for the long-appreciated fact that a human rod can detect single photons
[38]. In contrast to the light-induced decrease of Ca** influx through CNG channels,
the light-insensitive and electrogenic Na*/Ca?", K* exchanger (NCKX) located on
the outer segment plasma membrane extrudes Ca?" continuously during channel
closure [110]. This leads to a drop in intracellular Ca®* level, measured in both rods
and cones of different species to change from 600 to 700 nM in the dark to <50 nM
in saturating light [33, 83, 84, 104]. The decline of cytoplasmic Ca®* concentration
regulates several reactions involved in phototransduction inactivation.

The overall duration of a rod photoresponse, and the temporal sensitivity of rod
vision, is determined by how fast phototransduction is terminated. For deactiva-
tion to occur in a timely manner, all active intermediates need to be turned off
and cGMP levels restored. At the receptor level, the activated rhodopsin is phos-
phorylated by rhodopsin kinases (aka G-protein-coupled receptor kinase 1 (GRK1))
and then bound by arrestin to cap its catalytic ability. Rhodopsin kinase activity is
regulated by Ca?" through its Ca*>"-dependent interaction with recoverin, the study
of which exemplifies the power of parallel characterizations of phototransduction
using biochemical and electrophysiological means. As a small photoreceptor-en-
riched calcium-binding protein, recoverin was initially thought to stimulate guanyl-
ate cyclase (GC) activity [23]; but see also [45] when intracellular calcium levels
fall following light stimulation—this allows the rapid restoration of cGMP needed
for response recovery [50]. However, when internally dialyzed into outer segments,
exogenous recoverin did not alter recovery kinetics but instead prolonged the ac-
tivation phase [26, 34], quite the opposite of what one might have expected for a
protein involved in recovery. These results necessitated another search for new cal-
cium-binding protein(s) for this particular activity, leading to the identification of
guanylate cyclase-activating proteins (GCAPs) [24, 32]. The GCAP-activated and
GC-dependent de novo cGMP synthesis replenishes free cGMP levels in the outer
segment, facilitating the reopening of CNG channels and depolarization of rods. As
for recoverin, it binds and inhibits rhodopsin kinase [10, 46, 49], thus participating
in recovery in a counterintuitive way [19, 66]. Increasing recoverin levels in the
outer segment prolongs phototransduction by holding back rhodopsin kinase to
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prevent phosphorylation of activated rhodopsin, and hence delays its quenching
mediated by subsequent arrestin binding. At the G protein level, the a-subunit itself
has intrinsic GTPase activity, which can be accelerated by the GTPase-activating
protein (GAP) complex comprising RGS9-1, GB5-L, and ROAP. The GAP activity
can be further enhanced by PDEy, ensuring timely deactivation of transducin only
after its interaction with PDE. Details regarding the discovery of the transducin
GAP complex will be discussed in more detail below.

Akin to rods, cone phototransduction uses cGMP as the second messenger but
signaling is carried out by a distinct set of proteins. For example, instead of rho-
dopsin, cones express visual pigments of distinctive spectral sensitivities, or opsins,
to enable color vision. Furthermore, some proteins such as RGS9-1 and rhodopsin
kinase are expressed by both rods and cones albeit to different levels, which may
also contribute to the dissimilar response kinetics and light/dark adaptation proper-
ties between the two cell types.

The GAP for Transducin Is a Protein Complex

Another windfall from both biochemical and physiological characterizations of pho-
totransduction is the insight that transducin required a GAP for its timely deactiva-
tion [2, 3]. Depending on species and recording conditions, a typical photoresponse
of a vertebrate rod lasts for a few hundred milliseconds [9]. In order for response
recovery to occur, all active G proteins must be inactivated, as must all other active
intermediates generated during the phototransduction activation phase. In the case
of transducin, the deactivation relies on its intrinsic GTPase activity [29, 40], which
is assayable by measuring the release of radioactive y-phosphate of bound GTP. The
measured rate of y-phosphate release from purified transducin was too slow in vitro,
roughly once every 10-20 s [2, 3, 40] to commensurate with the short duration of
recorded rod photoresponses. Therefore, factor(s) exists in the outer segment that
can dramatically accelerate GTP hydrolysis by transducin.

Since the GAP activity is assayable, fractionating outer segment components
seemed to be a straightforward way to identify it. However, the GAP activity was
found to be tightly associated with membranes and labile in the presence of deter-
gents. Direct purification of the GAP turned out to be a formidable task. However,
these attempts were fruitful to establish the role of the inhibitory subunit of the
cGMP-PDE [3, 96], which is not the GAP itself but it significantly augments the
GAP activity [2, 14]. Around that time, a new group of proteins coined regulators
of G-protein signaling (RGS) were discovered in the trimeric G protein field, first
in yeast and worm then in mammals [25, 51]. These RGS proteins are quite differ-
ent in sizes but all possess a highly conserved RGS domain of approximately 120
amino acids in length that is necessary and sufficient for their GAP activity toward
G, proteins [101]. Several laboratories went on to test the possibility that the long
sought-after transducin GAP might be an RGS protein. For several members that
were tested, they indeed all helped transducin hydrolyzing bound GTP in vitro [12,
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27, 37, 68, 69]. The investigation then turned to determine which RGS protein is
the actual transducin GAP, or to accommodate a notion that multiple RGS pro-
teins are redundantly present in the outer segment for this important task. To sort
out these possibilities, additional criteria such as photoreceptor-specific expression
and whether or not PDEy could enhance their GAP activity were considered [37,
102]. RGS9-1 stood out as a promising candidate because it satisfied both of these
requirements [37], while others did not [102]. The speculation was confirmed as
recovery in mouse rod and cone was severely delayed when the RGS9 gene was
knocked out [14, 62].

These loss-of-function approaches in genetically malleable species, such as
mouse and zebra fish, have proved quite useful to establish the genes critical for
phototransduction (for examples, see [13, 58, 63, 71, 80, 106]). In the case of iden-
tifying the transducin GAP and in addition to RGS9-1, this approach verified the
presence of two more components, namely GB5-L [98] and ROAP (RGS9 anchoring
protein, [41]), in the ternary GAP complex in photoreceptors that helps transducin
hydrolyze GTP. The delays in phototransduction recovery seen in RGS9-knockout
rods are also found in rods lacking GB5 or ROAP [48]. Furthermore, these studies
also revealed a unique obligate partnership between RGS9-1 and GB5-L [14, 17,
48], suggested during biochemical characterization of then elusive transducin GAP
[65], wherein the loss of one leads to the instability of the other despite the presence
of messenger RNA. Equally if not more interesting is that the expression level of
this GAP complex is higher in cones than in rods [21]. Depending on the species,
this difference can be as high as tenfold [113, 114] and hence fuels the speculation
that the GAP level might be an important factor governing kinetic differences be-
tween rod and cone photoresponses.

Regulation of Rhodopsin Lifetime

The decay of purified activated rhodopsin in vitro is also too slow to account for the
short duration of rod photoresponses. To quickly shut down activated rhodopsin, the
C-terminal tail of rhodopsin which contains multiple serine and threonine sites is
indispensable [11]. In fact, one of the early biochemical reactions readily character-
ized in purified outer segment preparations was light-dependent rhodopsin phos-
phorylation [60, 89]. The kinase responsible for this activity is rhodopsin kinase [44,
61], which belongs to the G protein receptor kinase (GRK) family and is expressed
in both rods and cones in humans [15, 55, 115]. Phosphorylation of rhodopsin trig-
gers the binding of arrestin [55], which quenches rhodopsin’s catalytic activity and
prevents it from activating additional transducin molecules. Human Oguchi disease
patients with loss-of-function mutations in either arrestin [28] or rhodopsin kinase
gene [108] are night blind because their rods remain saturated due to the prolonged
catalytic activity of photoactivated rhodopsin. However, their daytime vision is
minimally affected [20, 28, 108] because additional cone arrestin [22] and cone op-
sin kinase (aka GRK7) [15, 99, 100] are present to prevent excessive signaling from
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cone visual pigments. When assayed in vitro on rhodopsin, recombinant GRK7 is
a superior enzyme to rhodopsin kinase [72, 95]. In carp retina where pure rod and
cone populations can be isolated in sufficient quantity for side-by-side comparison,
efficiency of light-dependent visual pigment phosphorylation was reported to be
much higher in cones than in rods [95]. It is unclear whether the presence of both
GRK?7 and rhodopsin kinase in cones of certain species, such as humans, contrib-
utes to the sensitivity and kinetic differences between the two photoreceptor types.
Unlike Oguchi disease patients, however, mice lacking rhodopsin kinase have much
delayed cone photoresponse recovery [13, 63]. The lack of GRK7 expression in
mouse cones may account for this discord between human and mouse [99]. It is
noteworthy that there exist other kinases in photoreceptors that can phosphorylate
activated visual pigments. One such kinase that has been extensively character-
ized is protein kinase C (PKC) [35]. However, in the context of phototransduction
recovery, PKC apparently plays little role [13, 63]. Finally, the N-terminal portion
of rhodopsin kinase is phosphorylated by protein kinase A (PKA) at serine 21 in
dark-adapted retina, which leads to a reduction in catalytic activity toward activated
rhodopsin [73]. It was speculated that this regulation is involved in photoreceptor
light adaptation, an interesting idea that awaits future investigation.

Rate-Limiting Step of Phototransduction Recovery

The relatively short duration of rod’s photoresponses intrigued many laboratories.
The activation reactions, initiated by photoisomerization of rhodopsin’s chromo-
phore, proceed sequentially in the phototransduction cascade (Fig. 2.1). This activa-
tion phase can be robustly recorded from photoreceptors of many species and can
be modeled by a delayed Gaussian function put forth by Lamb and Pugh [56]. The
LP model can account for the diversity of response parameters due to species differ-
ence in outer segment dimensions and different recording temperatures. Unlike the
activation phase, however, reactions involved in the recovery phase occur in paral-
lel and all active intermediates produced during activation must be turned off, and
c¢GMP must be replenished to reopen CNG channels to resume the dark current [9].
Conceivably, the slowest reaction(s) among the many that must occur determines
the overall rate of recovery. Mechanistic investigations along this line thus aim
to identify the so-called rate-limiting step of recovery. Many elegant studies were
conducted [47, 54, 67, 79, 81, 112] but thus far the identities of this rate-limiting
step appeared mixed, which may reflect species difference or an intrinsic difference
between rods and cones within the same species [62, 67, 112]. All experiments, in
vitro and in vivo, compared recovery time constants in manipulated versus con-
trol conditions, procedurally or reverse-genetically. If the speed of a reaction when
accelerated increased the overall rate of recovery, the rate-limiting step was then
said to be identified or otherwise excluded. Several seminal findings along this
line of thought are worth mentioning. First, it was shown that preventing outer seg-
ment calcium changes in salamander rods has no effect on the rate of rod recovery,
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indicating that the rate-limiting step therein is a calcium-independent process [62].
However, this finding appears not applicable to cones of the same species as cal-
cium appears to alter the rate of cone recovery when the light-induced drop in outer
segment calcium level was delayed [67, 112]. While it is unclear where calcium
exerts this effect on cone recovery in salamander, existing data suggest that it is at
the pigment level. The identity of the rate-limiting step is a bit clearer in mouse. A
loss-of-function approach by inactivating GCAPs has ruled out the involvement of
the calcium/cGMP negative-feedback loop [7]. Knocking out the calcium-binding
protein recoverin hastens the recovery of rod phototransduction [66]. As mentioned
earlier, recoverin binds rhodopsin kinase in a calcium-dependent manner [10, 49],
so this deductively implies that rhodopsin deactivation might be the long thought-
after rate-limiting step. However, in another gain-of-function experiment, overex-
pressing rhodopsin kinase by three to four folds either has no significant effect [54]
or accelerates rod recovery to a moderate extent [82].

A surprise emerged when elevation of the level of transducin GAP complex by
overexpressing its membrane anchor ROAP leads to a dramatic speeding up of rod
recovery [54]. The degree of acceleration correlates well with moderate level of
overexpression but approaches an asymptote when expression is pushed higher.
This is because rod recovery becomes more limited by the next slowest reaction(s)
than by transducin deactivation. Taken together, these data indicate pretty clearly
that transducin deactivation is the rate-limiting step in normal mouse rod recovery.
However, this is a conclusion that needs reconciliation with the observed moderate
acceleration of recovery in recoverin-less rods [66], the robust binding and inhi-
bition of rhodopsin kinase by recoverin [10, 49], and moderately accelerated rod
recovery when rhodopsin kinase is overexpressed [19, 82]. Given the precedence
that calcium appears to differentially regulate amphibian rod and cone phototrans-
duction recovery and that cones express a higher level of transducin GAP than rods
[21, 113, 114] in multiple species, it will also be important to see whether transducin
deactivation similarly rate-limits mouse cone recovery. Along this line, it is note-
worthy that overexpressing GCAP1 was found to speed up the recovery of cone-
derived electroretinogram (ERG) responses. However, it remains to be determined
whether such acceleration occurs directly at the level of cone phototransduction
[76]. Finally, from an evolutionary point of view, it is worthwhile to revisit amphib-
ian phototransduction to determine whether species differences (vs. mouse) account
for the disparity in reactions that limit the rate of recovery. For instance, while sala-
mander rod recovery is not influenced by holding outer segment calcium fixed, it
is unclear whether G protein deactivation is the rate-limiting step. Similarly, while
calcium is important for timely recovery of salamander cones, the identity of the
rate-limiting step therein has not been shown by a gain-of-function approach under
normal and not under calcium-clamped conditions. The salamander genome has
been sequenced and annotated [91] and novel genome-editing tools have emerged
[86] that may allow comparative genetic studies in this species with those from
laboratory mice. These experiments are necessary to determine the importance of
G proteins and their timely deactivation in the recovery of photoreceptor light re-
sponses among different species.
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The Role of Recoverin in Phototransduction

The binding and inhibition of rhodopsin kinase by recoverin is robust and occurs
at physiological calcium levels [8, 10, 49]. The notion that transducin deactiva-
tion rate-limits mouse rod recovery needs to be reconciled with the moderately
accelerated recovery observed in recoverin-knockout rods [66]. By breeding the
recoverin-knockout mice into a background where transducin GAP is highly over-
expressed [19, 53], the moderately accelerated rod recovery can be further hastened.
This indicates that the rate of recovery in recoverin-knockout rods is rate-limited
by transducin deactivation. The moderate acceleration of recovery can also be re-
corded in mice with greater than tenfold rhodopsin kinase overexpression, which
can similarly be speeded further by GAP overexpression [19]. Thus, it appears that
in addition to regulating rhodopsin lifetime [18, 26, 34, 44], recoverin and rhodop-
sin kinase also play an unintuitive role in normal rod recovery by speeding up PDE
shutoff, as previously reported [66].

It is unclear how recoverin and rhodopsin kinase regulate PDE deactivation.
However, the presence of the GAP complex in mouse rods is required to see this
moderate acceleration effect on recovery [19], indicating that transducin, GAP
complex, and/or PDE itself may be the target and that the N-terminal RGS homol-
ogy (RH) domain of rhodopsin kinase [88] cannot substitute as a surrogate trans-
ducin GAP. Along these lines, it has been shown that removing phosphorylation
sites of the inhibitory y subunit of PDE alters rod recovery kinetics [97]. Although
a direct link between rhodopsin kinase and PDEy phosphorylation has not been es-
tablished, it is an interesting target for future investigation. Furthermore, recoverin
is abundantly expressed in photoreceptors and the distribution therein is regulated
by light [94]. The physiological significance of this light-dependent recoverin re-
distribution in photoreceptors remains unclear, nor is the mechanism. Despite a lack
of mechanistic understanding, the physiological importance of recoverin-mediated
acceleration of rod recovery in light adaptation is now appreciated. It is well estab-
lished that background light accelerates rod recovery [104]. The acceleration is in
large part mediated by recoverin’s action on rhodopsin kinase because knocking
out recoverin hampers it [19]. Thus, with respect to recoverin’s role in phototrans-
duction, it appears to modulate the lifetime of activated rhodopsin and to speed
up recovery during light adaptation. Finally, one enigmatic function of recoverin
remains unsolved as it appears to enhance signal transmission between rod and
downstream neurons [85].

Future Directions

Understanding how generalizable the knowledge we gain from phototransduction
applies to other trimeric G protein pathways throughout the body is a worthwhile
endeavor. Even within the visual system, we still are putting together the tit bits of
information available to construct G-protein signaling cascades in retinal depolar-
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izing bipolar cells [52, 76, 87] and in intrinsically photosensitive retinal ganglion
cells [107]. Future research efforts may benefit from a focused approach in the
retina, which is an approachable part of the central nervous system with abundant
anatomical detail to assist mechanistic inquisition. While mechanisms of rod pho-
totransduction are well described, cone phototransduction remains incompletely
understood. A simultaneous comparative examination of both rods and cones will
provide valuable insights into how these mechanisms produce light responses with
distinct characteristics. Finally, the field of G-protein signaling in the retina may
exert further impact by advancing the biophysical characterizations [78] of impor-
tant molecules such as visual pigments [74, 93], G proteins [92], G protein GAPs
[90], arrestins [39], PDEs [4], rhodopsin kinase [87], GCAPs [1], and GCs, to name
just a few, to understand how mutations therein affect complex formation and/or
biochemical activity, and how functional perturbations may cause blinding diseases
in humans.
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Chapter 3

Signaling by Rod and Cone Photoreceptors:
Opsin Properties, G-protein Assembly,

and Mechanisms of Activation

Alexander V. Kolesnikov, Oleg G. Kisselev and Vladimir J. Kefalov

Abstract Photoreceptor cells utilize a G-protein-mediated signaling cascade to
convert the energy of a photon into an electric impulse in the first step of vision. The
relative abundance of photoreceptors in the retina and the localization of the pho-
totransduction cascade proteins in a specialized modified cilium structure, known
as the outer segment (OS), have greatly facilitated the biochemical characterization
of phototransduction proteins and the reactions involved in this canonical G protein
cascade. In addition, the electrophysiologically measurable response produced by
stimulating the cascade with light has resulted in quantitative understanding of the
reactions involved in the activation and inactivation of rod and cone photorecep-
tor G-protein-coupled receptors (GPCRs) and their coupled G protein, transducin.
Here, we review the structure of rod and cone visual pigments in the context of
photoreceptor function as well as the assembly and function of the heterotrimeric
transducin.

Retinal Photoreceptors and Visual Pigments

We derive most of our information about the world through our visual system by
means of rod and cone photoreceptors. The human retina has one type of rod for dim-
light vision, and three types of cone cells that allow color discrimination. Rods and
cones share the same principles of phototransduction, the intracellular mechanism of
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light detection. Electrophysiologically, rod and cone photoresponses can be observed
either as reduction in the membrane current using single-cell suction electrode record-
ings or as change in transmembrane potential using electroretinogram (ERG) record-
ings in vivo or from isolated retina. The pathway for converting light into an electric
impulse, known as phototransduction (Fig. 3.1), is a prototypical G-protein-coupled
receptor (GPCR) transduction cascade and has been well characterized in rods (for re-
views, see [ 1-3]). There, phototransduction is initiated when a photon absorbed by the
visual pigment induces 11-cis to all-zrans conformational change of its chromophore,
retinal. The photoactivated visual pigment triggers the next step in the phototrans-
duction cascade by binding to the G protein transducin. This causes the exchange of
guanosine diphosphate (GDP) with guanosine-5'-triphosphate (GTP) on the a-subunit
of transducin (Ga,) converting it to its active form. The Ga~GTP complex, in turn,
activates the enzyme cyclic guanosine monophosphate (cGMP) phosphodiesterase
(PDE), which hydrolyzes cGMP and causes a rapid decrease in its concentration. As
a result, cGMP-gated cationic channels in the plasma membrane close, which leads
to reduction in membrane current, hyperpolarization of the cell, and modulation of
neurotransmitter release at its axon terminal (Fig. 3.1). A similar cascade is believed to
function in cones and, indeed, most of the equivalent cone transduction proteins have
been identified [4]. Yet, amazingly, the physiological properties of rods and cones
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differ significantly in several important aspects that result in two types of photorecep-
tors suitable for distinct dim- and bright-light conditions, respectively.

The light-absorbing molecule responsible for the initiation of the light response is
known as visual pigment. It represents approximately 95 % of the membrane protein
in the outer segments of photoreceptor [5]. The visual pigment in both rods and cones
consists of an apoprotein, called opsin, and of a chromophore, typically 11-cis-retinal
[6], but in some aquatic species 11-cis-3-dehydroretinal [7]. Retinal is tightly bound
in the highly hydrophobic core of the protein [8] and is covalently attached to it [9, 10]
via protonated Schiff-base linkage between the aldehyde of retinal and the e-amino
group of a lysine residue [11]. The site of retinal attachment to opsin has been identi-
fied, and in vertebrate rod opsin it is Lys-296 (reviewed by [12]). Vertebrate cone
opsins also have a lysine at the site corresponding to position 296 of the rod opsin [5].

One productive approach to understanding the interactions between 11-cis-reti-
nal and opsin has been to use modified retinal analogs. By modifying the structure
of the chromophore and then investigating the characteristics of the resulting pig-
ment, much has been learned about the interaction between retinal and opsin and the
relation between their structure and function (for reviews, see [13—16]). The inabil-
ity of some retinal analogs to form pigment has also provided valuable information
about the chromophore-binding pocket of opsin and the constraints it imposes on
retinal. The use of smaller compounds has allowed a more precise definition of the
structural requirements of the hydrophobic binding of retinal to opsin.

In addition to understanding the basic principles of ligand—opsin interactions, a
new aspect of this research has emerged recently that caries significant potential for
therapeutic application to treat some of the most debilitating eye diseases that affect
photopigment regeneration, such as Leber’s congenital amaurosis (LCA), reviewed
in [17]. LCA is an inherited eye disease that is characterized by fast onset and
rapid retinal degeneration that leads to blindness if left untreated. Although some
forms have been successfully cured by gene therapy [18], more treatment options
are clearly needed. One of the promising approaches currently under investigation
is based on synthetic ligands that bind to the retinal photopigments. Binding of the
ligand appears to have beneficial effects via, at least, two mechanisms: (1) stabiliza-
tion of the opsin conformation and proper delivery to the outer segments [19], and
(2) inhibition of the constitutive activity of unliganded opsin by 11-cis-retinal or
its light-stable analogs [20]. The work on the opsin—retinal interactions represents
one of the success stories that align modern physiology, biochemistry, and high-
resolution structural studies for the ultimate benefit of patients.

Differences in the Functional Characteristics of Rods
and Cones

Despite the similarity in the components of the rod and cone phototransduction
cascades, rods and cones differ in a number of ways: rod responses are slower, rods
are much more sensitive, and rod photoactivated pigment decays and regenerates
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much more slowly than cone pigment. The major physiological differences in the
two types of photoreceptors are discussed in detail below.

Rod and cone photoreceptors have different but overlapping ranges of opera-
tion (Fig. 3.2). Rods are extremely sensitive and capable of detecting even the ab-
sorption of a single photon [21, 22]. Thus, the rod cell has acquired the maximum
theoretical sensitivity, limited by the quantal nature of light. The reliability of the
system and the chance of interference between thermal noise and signal are greatly
reduced by the requirement of 6 coincidently stimulated rods for the perception of
light ([22]; see also [23]). Rods decrease their sensitivity when exposed to steady
illumination and this allows them to extend their functional range over a 6-log unit
range of light intensity [24, 25]. However, at light intensity close to twilight condi-
tions, rods saturate and become unresponsive [26, 27]. During the daylight hours,
rods are largely saturated and the visual system relies mostly on the cones [28].
Cones are far less sensitive than rods and they require between 100 and 1000 times
brighter light to produce a threshold response [25, 29-31]. However, they are able
to adapt to much brighter lighting conditions and, in fact, cannot be saturated even
with very bright illumination [25, 32, 33]. Thus, rods with their very high sensitiv-
ity are perfectly adapted to work in very dim surrounding light and are responsible
for nighttime vision. Cones on the other hand function in much brighter conditions
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and are responsible for daylight vision. Together, rods and cones allow the human
visual system to respond to light over a range of 10'>-fold out of the 10'3-fold range
of intensities normally encountered in nature [26].

An interesting exception to the rule that rods saturate in high light intensity con-
ditions are the rods of the skate which continue to give incremental responses even
in extremely bright backgrounds without saturating [34]. This allows the all-rod
retina of the skate to remain functional over a wide range of light intensities, from
darkness to bright background [35]. The mechanisms of adaptation of skate photo-
receptor are not understood. Skate rods, with their physiology resembling that of
rods at low light intensities and cones at higher backgrounds, may hold important
insights for understanding the differences in the adaptive mechanisms between the
two photoreceptor types.

Rods and cones differ considerably in the kinetics of their photoresponses [36,
37]. In general, the electrical responses from cones are three- to tenfold faster than
the response from rods both in terms of time to peak and decay [38, 39]. However,
differences also exist in the properties of responses among the various cone sub-
types. In the salamander retina for instance, responses of violet cones exhibit more
rod-like behavior, with slower kinetics and higher sensitivity than red cones [37,
40]. Similarly, green rods and blue cones in salamander share the same visual pig-
ment and produce similar dark-adapted responses [41]. However, the properties of
these two photoreceptors diverge in background light where they behave like typi-
cal rods and cones, respectively.

The two photoreceptors also differ in the way photoactivating, or bleaching,
a fraction of the pigment affects their physiology. The decrease in the dark cur-
rent after comparable bleaches is substantially smaller in cones [42] than in rods
[43]. Recovery of responsiveness after exposure to bleaching light in the absence
of 11-cis-retinal is faster in cones, where a steady state is reached in a few seconds,
compared to rods, where over 30 min are required for a steady state. The recovery
of sensitivity after treatment with 11-cis-retinal is also significantly faster in cones
where dark adaptation occurs in the order of seconds [44]. In contrast, in rods, tens
of minutes are required for complete dark adaptation [42, 45]. Light adaptation, on
the other hand takes place in a matter of seconds in both rods and cones [42].

Consistent with these differences observed from isolated photoreceptors, rods
and cones also differ in their respective kinetics of dark adaptation in vivo (Fig. 3.2)
(reviewed in [46]). In fact, cone dark adaptation is so much faster that it was com-
pletely missed in an early study of dark adaptation and only the rod dark adaptation
was observed [47]. Hecht and coworkers were the first to show that in humans, after
exposure to very bright light, cones dark adapt several times faster than rods [29].
They observed that following the exposure to bright light, dark adaptation occurs
in two parts. The first, which apparently begins at once, the authors attributed to
cone function. The second part, which appeared later and was much slower, they
attributed to rod function. In their experiments, cone dark adaptation was complete
in 3—4 min, whereas rod dark adaptation took at least 30 min.

Recent biochemical studies indicate that one mechanism contributing to the
faster dark adaptation of cones compared to rods is based on the supply of recycled
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chromophore for pigment regeneration. The canonical visual cycle involves the pig-
ment epithelium (Fig. 3.3), where all-frans-retinol is converted into 11-cis-retinal
via a series of enzymatic reactions and then transported back to the photoreceptors
for incorporation into opsin [48—51]. The rapid dark adaptation of cones and their
ability to maintain adequate levels of pigment and remain light sensitive even in
steady bright light require rapid pigment regeneration, whence rapid recycling of
chromophore for cones. However, the slow rate of chromophore turnover in the pig-
ment epithelium and the competition for recycled chromophore between cone opsin
and overwhelming levels of rod opsin in most rod-dominant species indicate that
the canonical retinal pigment epithelium (RPE) visual cycle might not be sufficient
to meet the chromophore demand of cones. Indeed, recent biochemical studies from
cone-dominant species have brought up the idea of a second, cone-specific pathway
for recycling of chromophore located within the retina and possibly relying on the
Miiller cells (Fig. 3.3) [52-55]. The role of this novel cycle in mammalian rod-dom-
inant species is still controversial. However, recent physiological experiments with
amphibian [56], fish [57], and mammalian [58, 59] photoreceptors demonstrate the
function of a cone-specific retina visual cycle under physiological conditions in
a rod-dominant retina [15, 60]. Importantly, the combined action of the pigment
epithelium and the retina visual cycles is required for the rapid and complete dark
adaptation of cones.

Photochemical and Thermal Characteristics of Rod
and Cone Pigments

Activation of the visual pigment by light is the first step in phototransduction and
is subject to significant amplification. Thus, it is conceivable that differences in the
properties of rod and cone visual pigments can impact substantially the functional
properties of rods and cones. The quantum efficiency, defined as the ratio of the
number of photoactivated visual pigment molecules to the number of such mol-
ecules that absorbed a photon, is the same in rods and cones [61] and equals to about
0.7 (see also [62]). Thus, in both photoreceptor types, roughly 70 % of the absorbed
photons will trigger photoactivation of rhodopsin, with the remaining 30 % of the
absorbed photons dissipated as heat.

The quantum efficiency for photoactivation can be expressed as the molar pho-
tosensitivity divided by the molar extinction coefficient. Thus, another, indirect way
of comparing the quantum efficiency of rod and cone pigments is to compare their
photosensitivities and their extinction coefficients. The extinction coefficients of
three of the chicken pigments have been measured. Those include the red cone
(€=47,200, [63]) and the green cone pigment (¢=40,800, [64]), and the chicken rod
pigment (¢=40,700, [63]). Adding to the observation that these numbers are very
similar, the fact that these pigments also have similar photosensitivities [64], one
can once again conclude that rod and cone pigments possess comparable quantum
efficiencies. Therefore, the differences in the sensitivities of rods and cones most
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Fig. 3.3 The two visual
cycles in the eye. The canoni-
cal retinal pigment epithelium
(RPE) visual cycle (black
arrows) recycles all-trans-
retinol released from rods and
cones following a bleach to
11-cis-retinal which can be
used by both rods and cones
for pigment regeneration.
The retina visual cycle (red
arrows) uses glial Miiller
cells to recycle all-trans-
retinol to 11-cis-retinol,
which only cones can oxidize
to 11-cis-retinal for pigment
regeneration. RAL retinal,
ROL retinol, 11c 11-cis, at
all-trans, IPM interphotore-
ceptor matrix. (This figure
was originally published in
the Journal of Biological
Chemistry [15] © the Ameri-
can Society for Biochemistry
and Molecular Biology)
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likely do not derive from the differences in the ability of their pigments to absorb

photons and be activated.

Another long-standing hypothesis linking the visual pigment to the differences
between rods and cones is that the thermal stability of rod pigments is higher than
that of cone pigments [65, 66]. Indeed, studies with amphibian photoreceptors indi-
cate that the different stability of rod and cone pigments modulate their respective
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phototransduction cascades. First, analysis of transgenic Xenopus rods expressing
red cone opsin has allowed the direct observation of physiological responses to the
activation of a single cone pigment molecule [67]. This has made possible the deter-
mination of the rate of spontaneous thermal activation of red cone pigments, which
produces a response identical to the activation by a photon [68]. The molecular rate
of thermal activation measured in this way is ~ 10,000 times higher for red cone pig-
ment than for rod pigment. As a result, amphibian red cones experience ~200 pig-
ment activations per second in darkness. This level of dark activity is comparable to
the total dark noise measured from salamander red cones [69] indicating that most
of the noise in these cells originates from the thermal activation of the pigment. This
spontaneous activity acts as background light to induce adaptation and, therefore,
desensitization and acceleration of the flash response [70]. A second mechanism by
which the stability of the visual pigment contributes to the differences between rods
and cones is based on the covalent bond between opsin and retinal in their respec-
tive pigments. Both biochemical [71] and physiological [72] studies indicate that
the formation of the covalent bond between opsin and chromophore is reversible in
amphibian cones but not in rods. As a result, the visual pigment in cones, but not in
rods, can spontaneously dissociate into free opsin and 11-cis-retinal. The very low
level of free 11-cis-retinal in the outer segment (only ~0.1% of the pigment con-
tent) shifts the equilibrium between free and chromophore-bound cone opsin so that
even in dark-adapted cones there is ~10% free opsin. At this high level, the total
catalytic activity of free opsin, though weak per single molecule [73], is sufficient
to induce adaptation and further reduce the sensitivity and accelerate the kinetics of
the cone flash responses [72].

The effects of pigment properties on mammalian photoreceptor function have
not been well characterized. Interestingly, studies from transgenic mouse rods ex-
pressing cone pigments indicate that, though still significantly higher than that of
rod pigment, the rate of thermal activation of cone pigment is not high enough to
affect significantly cone photosensitivity [74, 75]. A possible explanation for the
relatively low thermal activity of cone pigments in mammalian species compared to
amphibians might be that they use a slightly different chromophore (11-cis-retinal,
or Al) than most amphibian photoreceptors (11-cis-3-dehydroretinal, or A2). The
reversibility of cone pigment formation and its possible effect on cone function
have not yet been examined in mammalian cones. Finally, differences in the proper-
ties of rod and cone visual pigments also contribute to the very different rates of
dark adaptation in rods and cones discussed above.

Phototransduction in Rods and Cones

As already mentioned above, phototransduction in retinal rod and cone photorecep-
tor cells relies on the classic heterotrimeric G-protein-mediated pathway, which has
served this important role based on more than three decades of intense research.
Mechanistic details of coupling between corresponding visual pigments and the
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intracellular enzyme of the photoreceptor second-messenger system, cGMP-PDE,
are believed to be very similar and conserved among vertebrates [76]. Yet, rods and
cones contain distinct sets of G proteins, which represent various isoforms of large
and diverse mammalian protein families comprised of 16 Ga (including four sub-
families: Ga, Go, Gaq, and Go,,), 5 GB and 12 Gy subunits [77].

Both rods and cones rely on the inhibitory G, class of G proteins. Rod transducin,
the multisubunit enzyme of the phototransduction cascade (Fig. 3.1), is composed of
the Ga,; subunit (39 kDa) and the obligate dimer, GBy subunit complex (GB,, 36 kDa,
and Gy, 8 kDa), which is dissociable only under denaturing conditions [78-80]. In
contrast, cones contain Ga,,f,v, transducin heterotrimers [81-84]. Rod and cone sub-
units of transducin share fairly high levels of amino acid identity: Goy, is 78 % identi-
cal to Ga,,, GB, is 80 % identical to GB,, and Gy, is 64 % identical to Gy,.

The subunits of transducin have distinct functional roles. The G protein
a-subunits give the heterotrimeric G proteins its overall name as enzymes that pos-
sess GTP-binding and GTP-hydrolyzing properties. They are precise nucleotide-
dependent switches that determine the amplification rate and the time course of the
photoresponse. The type of the nucleotide bound to Ga controls the status of the
switch, since it determines the overall conformation of Ga: the GDP-bound state is
inactive and the GTP-bound form is the active state [85—88].

In rods, Ga,, is the exclusive signal transducer and amplifier. Deletion of the Ga,
gene (Gnatl) in mice completely eliminates scotopic vision [89]. Activation of the
phototransduction cascade starts when the photoactivated conformation of rhodop-
sin, metarhodopsin II (Meta II, R*), characterized by the de-protonated Schiff-base
linkage, catalyzes the exchange of the bound GDP with GTP on Go, via a transient
nucleotide-empty R*~G, complex [90, 91]. The high efficiency of R*~G, interaction
is at the basis of the first step of signal amplification in the overall cascade of vision.
During its lifetime, a single molecule of R* is thought to activate 20—-100 molecules
of G, [92, 93], which ultimately results in the hydrolysis of 10° molecules of cGMP
by PDE [94].

The lifetime of the active Ga,~GTP is controlled by the GTPase activity of Ga.,.
The basal GTPase activity is relatively slow but it is accelerated markedly when Ga,
forms the G/PDE/RGS9 (Regulator of G Protein Signaling 9) complex. GTPase
reaction is crucial for the overall timing of the photoresponse, as it has been shown
to be rate limiting in controlling the overall rate of photoresponse recovery [95,
96]. The stereochemistry of nucleotide binding and hydrolysis of the monomeric
and heterotrimeric G proteins as well as Go conformations have been reviewed
[97-100].

While the physiological functions of Ga, are now fairly well understood, the
molecular and physiological roles of transducin Gy continue to draw significant
interest. It is the involvement of Gy subunit complex that makes heterotrimeric G
proteins distinct from the small monomeric G proteins. It was originally purified as
part of G, from bovine rods by an ingenious and now widely used procedure, which
utilizes highly enriched rod outer segment (ROS) membranes [101], and high-af-
finity binding of G, to R* with subsequent release of G, in low ionic strength buffer
containing GTP [85, 102, 103].
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All major steps of the Ga, activation cycle require the GBy complex [104]. The
cycle starts with the inactive G~GDP. Two posttranslational lipid modifications, at
the N-terminus of Ga, by the heterogeneous mixture of fatty acids (C<14) [105],
and at the C-terminus of Gy by the isoprenoid farnesyl (C=15) [106], contribute to
the lipid-lipid and lipid-protein interactions [107]. Overall, G, heterotrimer is the
least hydrophobic among heterotrimeric G proteins, which makes it easily soluble
in biological buffers containing no detergents, and determines its unique membrane/
cytosol partitioning properties inside the photoreceptor cells [ 107]. The weaker lip-
id membrane interactions of the farnesylated Gy, compared to the geranylgeranyl-
ated GPy subtypes in other cells, appear to be crucial for proper translocation of
GPy within the rod photoreceptor cell and the mechanism of light adaptation [108].

The hydrophobic properties of Gfy regulate the membrane attachment of the
heterotrimer [109], which is essential for the high rate of G, activation by R* [92].
One of the first identified roles for GPy was in fact to facilitate G, targeting to the
lipid membranes, binding to the photoactivated rhodopsin [103, 110], and facilita-
tion of R*~G, complex formation via enhanced collision coupling [90], which re-
sults in higher rates of rhodopsin-catalyzed nucleotide exchange. For many years
this conclusion relied solely on biochemical data, until Gy was eliminated from
mouse rods recently by the genetic deletion of Gy, gene (Gngtl). One of the major
difficulties of calculating signal amplification in photoreceptors, which is propor-
tional to the rate of Ga, activation by R*, after complete or partial removal of GBy in
native rods is that it can be obscured by the concomitant reduction of Ga, concentra-
tion. Thus, careful analysis of the membrane-bound fraction of Ga, in ROS is neces-
sary. Physiological and biochemical analysis of the Gy,-deficient mice confirmed
that rods require Gy for efficient amplification of the visual signal. The reduction
of signal amplification at the R*~G, interaction step was a significant contributing
factor to the overall 90-fold reduction of scotopic light sensitivity in the absence of
Gy, ([111], see also [112]). Interestingly, desensitization of mouse cones after the
targeted deletion of GB, was concluded to be proportional to the reduction of Ga,,
[113] indicating either potential lack of modulation of signal amplification by the
cone Gy, complex or possible compensatory effects from other Gy complexes.
Whether this represents a meaningful difference between rod Gp,y, and cone GB,y,
transducin complexes or signaling via other redundant G proteins in cones remains
to be elucidated.

The answer to the mechanistic puzzle of how R* catalyzes the nucleotide ex-
change on Ga, undoubtedly centers on the elusive R*~G, nucleotide empty com-
plex. While transient in rods under physiological conditions because of the high
cytoplasmic GTP concentration, the complex is stable when formed in vitro under
conditions of no nucleotide present [91]. Significant research effort is underway
to determine the high-resolution structure of the complex and the conformational
changes that accompany signal transfer from R* to G,, reviewed in [100, 114, 115].
Currently, the crystal structure of the B -adrenergic receptor monomer/G_ complex
[116], which is another prototypical GPCR system that is thought to share the mech-
anisms of activation with the visual system, is the best approximation of the R*-G,
interactions. The visual system, however, continues to provide crucial insights on
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the mechanism of activation by broadening the scope of the GPCR/G protein model
to include rhodopsin oligomers [117].

One of the fundamental features of R* is its ability to act catalytically on many
G~GDP molecules. Upon activation, Go,~GTP and Gy dissociate from each other
and from R*. The dissociation of GPy is essential for production of free Ga,~GTP,
which is capable of interacting with and relieving the action of the inhibitory PDEy
subunit, because the sites of interactions of Ga, with GBy and PDEy have significant
steric overlap [118]. Whether Gy truly dissociates from R* during multiple activa-
tion cycles in vivo, or remains bound to Meta II and regulates its photochemical
properties or lifetime was examined recently using a mouse model lacking rod Gy,.
Consistent with the earlier biochemical and physiological data, complex formation
between photoactivated rhodopsin and transducin is severely compromised in the
absence of GPy. The photoactivation and thermal photoproduct decay, however,
remained unchanged, which supports the model of Gy dissociation from R* [119].

Finally, after GTP hydrolysis, the last step of the G protein cycle is marked by the
reassociation of Ga,~GDP with Gy to form the inactive form of transducin hetero-
trimer, ready for the next activation cycle. At this step, Gy acts as a typical guanine
nucleotide dissociation inhibitor (GDI) [120]. Binding of Gy also occludes the ef-
fector interacting sites on Ga,~GDP, which further stabilizes the inactive conforma-
tion of the heterotrimer and prevents accidental activation of PDE.

Contribution of Transducin to the Functional Differences
Between Rods and Cones

As discussed above, mammalian rod photoreceptors are 100—1000-fold more sensi-
tive to light compared to cones. It is likely that multiple mechanisms contribute to
this important functional difference. A number of previous studies, however, sug-
gest that one of the major mechanisms could be the reduced signal amplification
rate in cones [40, 121, 122]. Considering the key role of G, in controlling signal
amplification, one of the main factors to explain the lower amplification and pho-
tosensitivity of cones could be the unique functional properties of cone-specific
isoforms of G,. Not surprisingly, the extent of contribution of the distinct isoforms
of transducin subunits to rod/cone physiological differences has been a matter of
intensive research efforts.

Rod and cone G, heterotrimers are considered unique and the sole signal trans-
ducers in rods and cones respectively, compared to other cell types that contain
multiple G protein isoforms. Thus, replacing individual subunits in retinal photo-
receptors is a powerful approach to address their functional differences. Each of
the three subunits of transducin: Ga,, versus Ga,,, GB, vs. GB,, and Gy, vs. Gy, can
potentially contribute to the observed lower rate of G, activation in cones.

Analysis of recent reports that investigated the functional interchangeability
between the rod and cone Go, subunits reveal somewhat conflicting results with
regard to the physiological consequences of substituting cone Ga,, for rod Go,, in
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mouse rods. The first evidence came from the transient expression of cone Go,, in
mouse rods and the reciprocal expression of rod Ga,; in cones, using the adeno-
associated virus (AAV) technology. The results obtained from transretinal ERGs
and single cell recordings showed that although protein sequences of rod and cone
Ga, are only 78% identical, the proteins are functionally interchangeable [123].
This work was followed by the stable transgenic expression of cone Go,, in mouse
rods lacking the endogenous rod Go,,. Physiological analysis of this model showed
that cone Go,, expressed in rods resulted in significantly decreased photosensitivity,
reduced rate of activation, and accelerated recovery that are typical of cone photo-
receptors [124]. Finally, a recent study reported transgenic expression of cone Ga,,
in mouse rods on the rod Ga, -deficient background and also expressing S-opsin,
in order to compare the amplification rates from different GPCRs in the same cell.
Single cell recordings revealed that rod and cone Ga, couple to rthodopsin and cone
S-opsin with similar efficiency [125]. Interestingly, biochemical analysis of puri-
fied proteins aimed at addressing Ga,,/Ga,, differences demonstrated that, while
spontaneous nucleotide exchange on Ga,, was about tenfold higher, the rate of R*-
catalyzed activation as well as the rate of inactivation for the rod and cone isoforms
of Go, were identical [126].

Overall, the majority of the data point to close functional similarity and good in-
terchangeability between Ga,; and Go,,. Thus, the lower visual sensitivity of cones
compared to rods and reduced rate of signal transduction between the cone visual
pigment and PDE cannot be explained by the differences in Go, subunits. Similar
studies are underway to address the possible role of the rod and cone transducin Gy
complexes in this regard [127].

Assembly of Heterotrimeric Transducin in Rod Cells

To carry out its signaling role in phototransduction, the functional transducin het-
erotrimer should first be formed from its individual subunits. As mentioned above,
the rod and cone photoreceptor transducins have different subunit compositions
[84], which is Ga,B,y, in rods and Gta,B,y, in cones. The machinery for synthe-
sis and assembly of both Ga,; and GB,y, subunits is located in the photoreceptor
inner segment and involves multiple auxiliary proteins and organelles. While the
mechanisms of transducin assembly have become increasingly appreciated, until re-
cently most of our knowledge of this process was derived from studies of rod Gf,y,
complex formation either in vitro or in transfected cells expressing recombinant
G, subunits [128]. In addition, conclusions about photoreceptor transducin were
often extrapolated from results obtained with different Gy compositions, such as
the most common G,y, dimer [129-132]. Like all other known cellular GBy com-
plexes that can be formed in principle, mature GB,y, is an obligate heterodimer in
which both GB, and Gy, constituents are unstable on their own [133-135] and must
be associated together to avoid proteolytic degradation.
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During the last decade, several accessory proteins for G, folding have been iden-
tified. It has been established that, among other Gy dimer combinations, the as-
sembly of the rod Gy, complex critically depends on the molecular chaperone
CCT (chaperonin-containing tailless polypeptide 1, also known as TRiC [136]).
CCT is a large cytosolic chaperonine protein (~ 1 MDa) of cylindrical shape formed
by a pair of precisely stacked rings. Each ring consists of eight different 60 kDa
subunits, denoted as CCT ~CCT, in mammals that enclose a central CCT cavity
[137-140]. Each CCT subunit has adenosine triphosphate (ATP)-binding site and
possesses ATPase activity required for transition of CCT to its closed conformation
in which nascent polypeptide chain of CCT substrate is folded [137, 141, 142]. The
CCT complex is present in rod photoreceptors [ 143—145] where its content reaches
~ 65% of total CCT in the retina [146]. A recent study of transgenic disruption of
CCT function in mouse rods provided the first demonstration of its significance in
mammalian photoreceptors in vivo. This manipulation affected protein networks
that are essential for rod outer segment morphogenesis, viability, and Gt signaling,
and has been shown to lead to rapid death of rods and cause progressive retinal
degeneration [147].

The proposed mechanism of G, folding on CCT chaperonine is schematically
shown in Fig. 3.4, along with the entire sequence of G, heterotrimer formation.
Newly ribosome-translated nascent G, is delivered to CCT by yet uncharacterized
mechanism, enters CCT internal cavity, and is folded there in an ATP-dependent
manner adopting its stable seven-bladed B-propeller conformation. Unfolded G,
becomes a subject for intracellular aggregation and degradation [148, 149]. How-
ever, CCT alone is insufficient to assemble Gp,y, dimer in vivo; this process also
requires the co-chaperone called phosducin-like protein 1 (PhLP1) [150], a member
of the phosducin family of proteins having ~65 % homology to phosducin [151].
PhLP1 is highly expressed in rod photoreceptors and other retinal neurons [144,
150, 152]. It binds CCT [129, 130, 153], where it occupies the apical part of one of
the two CCT rings and thus blocks the access for other CCT substrate molecules
to its central chamber [154] while further assisting G, folding. The stability of the
resulting PhLP1/CCT/G, ternary complex depends on phosphorylation status of
PhLP1 which is maintained by caseine kinase 2 (CK2). The N-terminal phosphory-
lation of PhLP1 (at serine 18-20 cluster) causes the release of PALP1/GB, complex
from CCT [131]. However, it is currently unclear when phosphorylation takes place
and whether dephosphorylation events occur, since this type of posttranslational
modification may be constitutive in many tissues in vivo [155, 156].

Once released from CCT, PhLP1/GR, rapidly interacts with a prefolded Gy, sub-
unit to complete the assembly of GB,y, dimer and disengage PhLP1 which becomes
ready to assist a new round of CCT-assisted GB, folding [136, 157]. An important
insight into the process of PhLP1-dependent assembly of GB,y, in rod photorecep-
tors and its impact on phototransduction has been recently obtained from a mouse
model with conditionally ablated PhLP1 [150]. The lack of PhLP1 had profound
effects on G, heterotrimer formation in mouse rods, resulting in accumulation of un-
assembled GB, on CCT, the deficiency in biogenesis of both Ga,; and Gy, subunits,
substantial desensitization of photoreceptors, and severely compromised scotopic
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Fig. 3.4 The formation of Ga, By, transducin heterotrimer in the inner segment of rod photore-
ceptors is assisted by molecular chaperones chaperonin-containing tailless polypeptide 1 (CCT),
phosducin-like protein 1 (PALPI), and (presumably) dopamine receptor-interacting protein 78
(DRiP78)-like protein. See the text for specific details. Other designations in the scheme: ROS
rod outer segment, CK2 caseine kinase 2, ER endoplasmic reticulum, PM posttranslational lipid
modifications of Ga,, and Gy,, ATP adenosine triphosphate, 4DP adenosine diphosphate, Pi inor-
ganic phosphate

vision [150]. The same study also demonstrated the involvement of PhLP1 in the
assembly of another rod outer segment-signaling complex, RGS9/GB;, which is
required for timely inactivation of Go,,~GTP/PDE and termination of the photore-
sponse [150].

Even a more severe degeneration of rods has been documented in transgenic
mice expressing the dominant-negative ! #PhLP1 mutant lacking its N-terminus
including S18-20 phosphorylation site, with identical underlying mechanism of re-
tention of unfolded Gf, on CCT [147] and thus preventing the processing of mul-
tiple cytosolic protein substrates of CCT [158, 159]. In addition, the overexpression
of this mutant, also known as PhLPs, which is a product of alternative splicing of
PhLP1 gene in human retina [160] but is normally absent in mice, caused strong
suppression of the synthesis of Ga,, subunit at transcriptional level suggesting that
it may be the first identified negative regulator of assembly of heterotrimeric G, in
vivo [157]. However, considering the lower physiological level of its expression
than that of full-length PhLP1 [160], its potential CCT modulatory function in hu-
man rods remains to be elucidated.
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The expression levels of Go,, and G, critically depend also on Gy, subunit
whose expression is required for maintaining their proteolytic stability inside the
cell. This conclusion stems from the fact that in two separate Gy -deficient mouse
lines both Ga,; and Gf, were markedly reduced in ROS (although to a different
degree), even before the onset of progressive retinal degeneration observed in these
mice [111, 112], which likely resulted from gross proteosomal overload with un-
folded G, jammed on CCT [146]. Despite these in vivo observations, still very
little is known about the processing of Gy, subunit after the exit of its nascent poly-
peptide from the ribosome (Fig. 3.4). Gy, is not one of CCT folding substrates since
it does not associate with CCT in cell-free translation systems [136]. It has been
suggested that endoplasmic reticulum (ER) resident dopamine receptor-interacting
protein 78 (DRiP78, or DnaJ homolog subfamily C member 14) serves as molecu-
lar chaperone for Gy, before its association with GB, [161], presumably operating
as C-terminally linked dimer [162, 163]. DRiP78 is a two-transmembrane domain
HSP40-like protein containing J-domain that is required to enhance the intrinsic
ATPase activity of chaperone HSP70 whose isoforms are also present in photore-
ceptors [143, 145]. It can directly interact with PhLP1/Gp, in transfected cells and
facilitate the binding of newly synthesized Gy to this complex thus preventing the
subunit from degradation [161]. For Gy,, the degradation process is believed to
involve the 26S proteasome following ubiquitylation [148]. The association of Gy,
with PhLP1/G, occurs on the opposite side of GB,, not occupied by PhLP1, as fol-
lows from the resolved phosducin—-GB,y, structure [164].

However, despite documented localization of dopamine D2 and D4 receptors in
photoreceptor inner segments [165—-168], the expression of the dopamine receptor-
interacting protein DRiP78 in photoreceptors has not been reported. Furthermore,
DRiP78 has the lowest capacity to interact with Gy, among other Gy subunits tested
in cell culture experiments [161]. Interestingly, proteomic and immunohistochemi-
cal (IHC) data show the presence of cysteine string protein o (CSPa) in bovine
[143] and mouse [169] rod outer segments, in addition to its abundance in synaptic
terminals. This protein, also known as DnaJ homolog C5 in humans, contains Dnal-
domain, which is a characteristic of Hsp40 type co-chaperones, and can bind G
protein a-subunits [170]. CSPa deficiency causes massive and rapid photoreceptor
degeneration of mostly synaptic origin [169], but whether CSPa. or other photore-
ceptor chaperones detected in proteomic analyses [143, 145] are also involved in G,
assembly is currently unclear.

The C-terminal “CAAX” motif of Gy, subunit in complex with Gp, is further
posttranslationally prenylated with the isoprenoid farnesyl, by the enzyme farnesyl-
transferase (FTase) [106, 171] that presumably occurs near the ER membrane. Sub-
sequent removal of the AAX sequence by the Ras-converting enzyme 1 (Rcel)-me-
diated proteolysis [172, 173] and the final carboxyl methylation of the C-terminal
cysteine of Gy, by isoprenylcysteine carboxyl methyltransferase (ICMT) [174-176]
complete the posttranslational modifications of GB,y, complex, presumably at the
cytoplasmic surface of the ER [177]. These modifications greatly enhance the affin-
ity of GB,y, to membrane lipids and also facilitate its interaction with Ga, subunit
[176, 178, 179].



38 A. V. Kolesnikov et al.

The association of GB,y, with Ga,, is the final step of G, assembly (Fig. 3.4).
However, the mechanism of Ga,, processing is sparsely explored. Comparison of
crystal structures of phosducin/GB,y, [164, 180] and heterotrimeric G, [86] shows
that phosducin N-terminal domain and Ga,, occupy the same surface on GB,y,,
therefore PhLP1 should be displaced from GB,y,, perhaps by Go,,, which also has
an increased affinity to lipid membranes. The affinity is provided by heterogeneous
N-acylation of Ga,, with C12:0, C14:0, C14:1, and C14:2 fatty acid moieties [105,
181] by still to be determined acyltransferase. The absence of the myristoyl group
on Ga,, in Go, -G2A mutant results in its permanent mislocalization to the inner
segments of rod photoreceptors and leads to markedly diminished phototransduc-
tion [182].

It has been suggested that CCT chaperonin is also involved in the folding of Ga,,
[183]. In that study, CCT was co-immunoprecipitated with not-yet-native Go,, sub-
unit in either cell-free translation system or rat rod photoreceptor culture and, like
in the case of other CCT substrates, the release of folded functional Ga,, from CCT
was stimulated by ATP. Recent in vivo studies clearly demonstrated the remark-
able downregulation of Ga,; level in rods with compromised CCT function caused
by latching of unfolded G, subunit in CCT binding pocket, even in predegener-
ated cells [111, 112, 150]. Yet, the direct physiological evidence of CCT-mediated
Ga,, folding is still missing, since the possibility of secondary loss of the bulk of
Ga,, that could be initially processed by other cellular chaperones in the absence
of GB,y, in those mouse models cannot be ruled out. Toward this end, a number of
other potential chaperones including Ric-8 [184—187] and HSP70/90 [188, 189]
have been suggested to assist the folding of nontransducin Go subunits in vari-
ous model systems. Modern proteomic approaches [143, 145] and IHC techniques
[144, 190, 191] reveal the presence of HSP70/90 chaperones in photoreceptors,
and their potential role in Go,, folding and Ga, By, assembly is an exciting area of
future investigation. Finally, using genetic manipulations and new animal models
will help to unravel the mechanisms of chaperone-assisted assembly and formation
of Go,,B,y, heterotrimer in cone photoreceptor cells.

Eventually, G, is trafficked from the ER membrane [177] to its final destination,
the photoreceptor outer segment. There is substantial evidence supporting the idea
that the bulk of G, is transported in the form of fully assembled heterotrimer, since
in dark-adapted rods of Gy, knock-out mice Ga,, is evenly distributed through all
photoreceptor compartments, and the same mislocalization is observed for Gy,
in dark-adapted Ga,; knock-out mice [112, 192]. However, more recent findings
have challenged this idea and suggested that significant fraction of heterotrimeric
G, on rod inner segment (RIS) ER membrane can be dissociated to its constituents
by uncoordinated 119 (UNC119) and prenyl binding (PrBP/d) proteins that are then
involved in presumably independent transport to the outer segment of Ga,; and
GB,v, subunits, respectively [193-198]. In addition, the delivery of GB,y, to ROS is
facilitated by phosducin [199]. In the outer segment, G, heterotrimer is reassembled,
anchored on the cytosolic side of disc membranes by its lipid moieties, and becomes
ready to perform its major function of signaling in the phototransduction cascade.
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Summary

Biochemical and physiological studies of retinal rod and cone photoreceptors have
been leading the way in understanding the quantitative details of phototransduction
and G protein signaling in general. With the advancement of new genetic and mo-
lecular tools, the road ahead looks exciting and should produce further insight of the
G protein signaling and its role in all aspects of human biology.
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Chapter 4
G-Protein—Effector Coupling in the Vertebrate
Phototransduction Cascade

Nikolai O. Artemyev

Abstract For many years, the rod phototransduction cascade has served as a valu-
able model to study the mechanisms of cellular signaling by G-protein-coupled
receptors (GPCRs). Our understanding of the key steps of signal transfer from
GPCRs to G proteins and further downstream to G protein effectors has been greatly
advanced through extensive biochemical studies in rod photoreceptors. This review
focuses on the coupling of the visual G protein transducin to its classical effector
phosphodiesterase 6. A new level of mechanistic insight has been achieved from
the atomic structures of the signaling molecules. Recent studies on light-dependent
translocation of transducin in rods raise a possibility for noncanonical transducin
signaling and partners in the photoreceptor synaptic terminal.

Introduction

The visual transduction cascade in vertebrate rod photoreceptors has served for
many years as a paradigm for G-protein signaling. Phototransduction takes place
in a specialized ciliary compartment of photoreceptor cells called the outer seg-
ment (OS). Following absorption of a photon of light, photoexcited rhodopsin (R*)
stimulates guanosine triphosphate (GTP)—guanosine diphosphate (GDP) exchange
on the retinal G protein, transducin, resulting in dissociation of Go, GTP from Gf,y,
and R*. Ga, in the GTP-bound conformation activates the effector enzyme cyclic
guanosine monophosphate (cGMP) phosphodiesterase 6 (PDE6) by displacing the
inhibitory y subunits (Py) from the PDEG6 catalytic core (PDE6AB). cGMP hy-
drolysis by active PDE6 produces closure of cGMP-gated channels in the plasma
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membrane [1-4]. The lifetime of the activated complex between Ga GTP and
PDES is controlled by the GTPase activity of Ga,. Hydrolysis of GTP transforms
the GTP-bound conformation of Ga, into the inactive GDP-bound state and allows
for re-inhibition of PDE6AB by Py. A photoreceptor-specific member of the regula-
tors of G-protein signaling (RGS) family, RGS9-1, in complex with G, acts as a
GTPase-activating protein (GAP) for Ga,, and thus is a major regulator of the turn-
off kinetics of the visual signal [4-9]. The Py subunits potentiate the GAP action
of RGS9-1[10, 11] by increasing the affinity between Go, and RGS9-1/GB5L [12].
Here, I review general aspects of the G-protein—effector coupling in photoreceptor
cells. Our current understanding of this step of phototransduction was built initially
upon extensive biochemical studies, and subsequently it has been greatly advanced
by the atomic structures of the key signaling molecules. Lastly, a novel aspect of
transducin signaling in rods is discussed. A long-recognized phenomenon of light-
induced translocation of rod transducin from the OS to the inner segment (IS)/syn-
aptic terminal is thought to contribute to light adaptation and neuroprotection of
rods [13—17]. New findings suggest that transducin translocation in rods enhances
signaling to rod bipolar cells, apparently by interacting with as yet undetermined
partners or effectors in the synaptic terminal of photoreceptor cells [18].

HoloPDEG6: Inhibition of the Catalytic Subunits by the
Inhibitory Py Subunits

Eleven families of phosphodiesterases (PDEs) of cyclic nucleotides have been iden-
tified in mammalian tissues based on primary sequence, substrate selectivity, and
regulation [19, 20]. Photoreceptor rod and cone PDEs comprise the PDE6 family.
In various species, rod photoreceptor PDE is composed of two large homologous
catalytic oo (PDE6A) and B subunits (PDE6B) of ~90-100 kDa and two copies of
an inhibitory Py subunit of ~10 kDa [21—-27]. The degree of homology between
PDEGA and PDEG6B subunits is 70-75 % [27]. Cone PDE is composed of two iden-
tical PDE6C subunits which share > 60 % homology with PDE6A and PDEG6B [28].
A cone-specific inhibitory Py subunit is highly homologous to the rod Py [29]. Each
PDES6 subunit in the catalytic dimer is composed of three structural domains: two N-
terminal regulatory GAF domains (GAFa and GAFb) and the conserved C-terminal
PDE catalytic domain of about 300 amino acid (aa) residues [30] (Fig. 4.1a). The
GAFa domains in PDEG6 serve as the site for noncatalytic binding of cGMP [31, 32].
The high-resolution structure of PDEG6 is not available. However, the atomic struc-
ture of the individual chicken cone PDE6 GAFa domain has been solved [32], and
models of the PDE6 catalytic domains have been generated based on the structures
of the related catalytic domains of PDE5 and PDE5/6 chimera [33—35].

A general map of the Py-PDE6 interactions has been defined in biochemical
studies. Two regions of Py are primarily involved in the interaction with the PDE6
catalytic subunits, the proline-rich polycationic region (approximately residues
2045 of rod Py) and the Py C-terminus [36—43] (Fig. 4.1a). The polycationic
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Fig. 4.1 a Cartoon depicting the subunit composition and domain structure of rod and cone phos-
phodiesterase 6 (PDEG6). The inhibitory y subunits (Py) region ~20-45 interacts with the GAFa
domain of PDE6, whereas the C-terminal residues ~70-87 bind the PDEG6 catalytic domain.
b Surface representation of the PDE5/6 catalytic domain without bound Py70-87 showing the cat-
alytic cavity. The PDE catalytic site contains zinc (yellow sphere) and magnesium (cyan sphere)
and the IBMX inhibitor molecule (sticks) (PDB ID: 3JWR) [35]. ¢ The PDES5/6 catalytic domain
with bound Py70-87 (magenta) showing how the Py C-terminal peptide occludes the catalytic
site (PDB ID: 3JWR) [35]. The N-terminal residue in the structure of PDE5/6¢d is shown in blue,
and the C-terminal residue is shown in red (b, ¢). The C-termini of PDE6 catalytic subunits are
isoprenylated, suggesting a probable membrane orientation

region of Py binds to the PDE6 GAFa domain and contributes significantly to the
overall affinity of Py for PDEG6 catalytic subunits. The C-terminus of Py constitutes
the key inhibitory domain. It interacts with the PDE6 catalytic domain and occludes
the active site [39, 40]. Free Py appears to be an intrinsically disordered protein
with elements of transient secondary and tertiary structure [44]. Upon binding to
PDEG6AB, Py apparently adopts an extended conformation [43]. This allows Py to
bind simultaneously to the PDE6 GAFa domain and the catalytic site separated by
a distance of more than 50-60 A [45]. The noncatalytic cGMP bound at the PDE6
GAFa domain enhances affinity of Py for the PDEG6 catalytic subunits. Reciprocally,
Py increases the binding of noncatalytic cGMP [41, 46]. The interface between the
polycationic region of Py and the GAFa domain is yet to be fully elucidated. None-
theless, cross-linking studies, mutational analyses of the PDE6C GAFa domain,
and the structure of the PDE6C GAFa revealed a conserved surface consisting of
negatively charged and hydrophobic residues that participate in binding of the Py
polycationic region [31, 32, 42]. This surface is in close proximity to the opening of
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the binding pocket for noncatalytic cGMP [31, 32]. Thus, the positive cooperativ-
ity between noncatalytic cGMP and Py arises in all probability from direct mutual
stabilization of the binding sites. The functional significance of this cooperative
regulation for phototransduction, however, remains elusive [46].

The Structure of the PDE-Bound Py C-Terminus Reveals
Molecular Details of PDE6 Inhibition

The atomic structure of the chimeric PDES/PDEG6 catalytic domain (PDES5/6¢)
bound to the inhibitory peptide of Py, Py70-87, provided the first structural insights
into the mechanism of PDE6 inhibition by Py [35] (Figs. 4.1b, ¢ and 4.2). In the
structure, residues Py75-83 form an a-helix and residues Py 84-87 form a cap near
the active site [35]. The interactions between Py70-87 and PDE5/6¢d are a combi-
nation of hydrophobic, electrostatic, and Van der Waals interactions with hydropho-
bic interactions providing a major contribution. The PDES/6-Py70-87 structure is
consistent with the role of the PDE6 M-loop/a-helix 15 region containing two key
residues, Met and Phe (M804 and F823 in PDE5/6¢d; Fig. 4.2). These residues have
been implicated in the inhibitory interaction with Py in biochemical studies [47, 48].
Moreover, the roles of many putative PDE6 contact residues of Py suggested previ-
ously [37, 49] have been supported and elaborated by the structure [35]. M-loop
residues 1802 and M804 interact with Py residues A82, Q83, Y84, and G85, and
a-helix 15 residues F820, F823, and V824 make contacts with E80, L81, Q83, and
Y84 of Py [35]. PDE5/6¢d 1802, P803, M804, and L816 form a barrier, thus termi-
nating the a-helix of Py and inducing the C-terminal cap, which is also stabilized by
intramolecular Py interactions involving hydrophobic residues [35]. As a result, the
Py peptide completely blocks the active site of PDE5/6¢d by occluding the opening
of the catalytic cavity (Fig. 4.1b, c).

The Membrane-Bound Complex Between Ga GTP
and PDE6

Following the R*-dependent activation of the heterotrimeric transducin and dis-
sociation of GB,y,, Go GTP diffuses along the surface of the disc membrane until
it encounters holoPDE6. Although a single N-acyl lipid modification of Ga, does
not provide for a strong membrane-binding affinity, it is unclear if Ga, GTP sig-
nificantly dissociates from the membrane prior to interaction with PDE6 [50—52].
This interaction leads to the formation of an active membrane-bound complex, Go,/
Py-PDE6AB-Py/Ga, [53, 54]. The membrane attachment of the complex is secured
by the N-acyl anchor of Ga, as well as by isoprenyl C-terminal lipids of PDE6AB
[55]. The key binding sites for Go, GTP on holoPDE6 are presented by the Py sub-
units [1, 3, 56-59], although additional contacts of Ga, with PDE6AB have been
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Fig. 4.2 A model of PDEG6 activation by transducin. The proposed model [35] is based on the
structure of the PDES5/6¢d bound with Py70-87 (PDB ID: 3JWR) [35] and the Py C-terminal
fragment bound to the transition-state complex of Ga, (PDB ID: 1FQJ) [59]. In holoPDES, activ-
ity of the PDEG catalytic domain (light pink; the Py-binding H- and M-loops are in green and
cyan, respectively) is blocked by the Py C-terminus (orange). Activated Go, (yellow) interacts
with the PDE6-bound Py and induces a hinge-like rigid-body movement of Py 78-87 away from
the PDES6 catalytic pocket causing Py 71-87 to adopt its Ga,-bound conformation (marine; only
residues Py 71-87 are shown from the Py 50-87 fragment in 1FQJ). The N-terminal residues in
the structures of Ga, and PDES5/6¢d are shown in blue, and the C-terminal residues are shown in
red. The N-terminus of Go, and the C-termini of PDE6 catalytic subunits are modified with lipids,
suggesting probable membrane orientation of the signaling complex. In agreement, the C-terminus
of Go,, a major R* recognition site, is facing the membrane. The extreme N-terminal PDE5/6cd
residue is projected away from the membrane surface where it is expected to link with the PDE
GAF domains. The top view indicates a potential cleft between Ga, and PDES5/6c¢d that may allow
the Py24-46 region to extend towards the GAFa domain

suggested as well [60, 61]. The conventional model of rod PDEG6 activation dur-
ing phototransduction stipulates that Ga,GTP binds equivalently to each Py in the
complex, and the maximal PDEG6 activation occurs with the displacement of both
Py subunits by two Ga,GTP molecules [3, 62]. Contrary to this view, several stud-
ies have shown that just one Ga, molecule can maximally activate the catalytic
dimer [63—65]. The latter studies may imply that PDE6A-Py and PDE6B-Py have
significantly different affinities for Go,GTP, and the binding of Go, to the lower af-
finity site does not lead to PDE6 activation. Moreover, the lack of activation at the
lower affinity site may indicate that one subunit, PDE6A or PDEG6B, is catalytically
deficient [66]. More recently, the analysis of chimeric PDE6 expressed in rods of
transgenic X. laevis demonstrated the enzymatic equivalence of the PDE6A and
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PDEG6B catalytic subunits and supported the conventional model of PDE6 activa-
tion by transducin [67].

The activated Ga GTP/PDE6 complex is inactivated by the GAP complex
that is also membrane bound. RGS9-1/GB,; is anchored to disc membranes via
the transmembrane protein ROAP (RGS-9-1-anchor protein) [68]. This membrane
attachment is shown to significantly enhance the GAP activity of RGS9-1/Gf;
[69, 70]. Thus, both the activation and inactivation of PDE6 take place at the disc
membrane surface, and the membrane interactions of the PDE6 signaling complex
play a critical role in the kinetics and amplification of phototransduction [64, 71].
When activated, PDE6 is a nearly perfect enzyme with the catalytic efficiency
k. /K, exceeding 2x 10°M™" s7! [62]. This catalytic efficiency makes PDE6 an ex-

cat
cellent “amplifier” in the phototransduction cascade.

Effector-Competent Conformation of Go, and the Sites
of Interaction with PDE6

The crystal structures of Ga,GDP and Ga,GTPyS coupled with the mutational anal-
yses of transducin-o. provided the first insights into the effector-interacting surface
of the visual G protein. Three regions of Ga,, called switch regions I, II, and I1I, as-
sume significantly different conformations in the structure of Go, GTPYS compared
to that of Ga,GDP [72, 73]. The rearrangements linked to the interactions of the
y-phosphate of GTP lead to more ordered switch regions and prevent the binding
of GB,y,, which would substantially occlude the effector surface on Ga,. Therefore,
the switch regions represented potential contributors to the effector surface of Ga,
[72, 73]. The switch II region of Go,, in particular, has emerged as a major con-
tributor to the conformation-dependent interaction of Go, with PDE6. The initial
evidence was based on the inability of the Ga, switch II mutant, W207F, to activate
PDESG [56]. Further mutational analysis of the Ga, switch II region has revealed that
in addition to W207, conserved R201, R204, and 1208 are essential for the inter-
action with Py [58]. However, the switch II regions in Ga subunits from different
families are highly conserved and alone cannot account for the G protein effector
selectivity. In addition, biochemical studies on Ga/effector interactions indicated
the presence of conformation-independent effector site(s). While Ga,GDP is inca-
pable of efficient activation of PDE6, it was shown to bind Py with ~20-30-fold
lower affinity compared to Ga,GTP [74, 75]. Moreover, analysis of the interaction
of Ga,/Go, chimeras with Py suggested that the a3 helix-a3/B5 loop region in both
Ga,GDP and activated Ga, GTP states participates in binding Py [57]. Subsequent
studies revealed that the a3 helix also provides for the specificity of the Ga,~Py in-
teraction. Several residues in the a3 helix of Ga, were identified as responsible for
the conformation-independent effector-specific interaction [58]. The role of the a3
helix becomes clearer in the context of the conformational changes of the switch II
region upon activation of Ga,. Bound GTP causes the switch II region, comprising
the a2 helix and the a2/B4 loop, to stretch and rotate relative to the GDP-bound con-
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formation, enabling the side chains of R201, R204, and W207 to form ordered in-
teractions with residues E241, 1245, and 1249 from the o3 helix [72, 73]. Thereby,
an effector-competent surface of Gayis formed involving both the switch II and the
a3 helix-a3/B5 loop regions.

The Interface Between Ga, and Py

Interestingly, the Py regions implicated in the interaction with Go, GTP are over-
lapping or adjacent to the Py site of interaction with the PDE6 catalytic subunits.
The sites of Py for binding Ga, GTP were localized to the polycationic region
(Py-24-45) and the C-terminal region (Py-63-87) [76—78]. A cross-linking pro-
filing of the Py interactions with PDE6AB and Ga,GTP indicated the Py C-ter-
minal region interacts preferentially with Go GTP, whereas the central region of
Py has a higher affinity for PDE6AB [77]. Furthermore, Ga,GTP and PDE6AB
co-immunoprecipitated in a Py-dependent manner, thus supporting simultaneous
binding of the proteins to Py [77]. Thus, the complementary interactions of Py
with PDE6AB and Ga,GTP appear to facilitate the formation of the activated
PDEG6 complex with transducin-a. The weaker interaction of the Py C-terminus
with PDE6AB may allow occasional openings of the catalytic pocket without full
dissociation of Py. This may constitute a critical mechanism for the basal “dark”
PDEG activity. Basal PDEG6 activity is essential to prevent elevation of free cGMP
concentration that may cause retinal degeneration [79]. Basal PDE6 activity is
also responsible for the continuous component of dark noise in rods [80]. On
the other hand, the stronger interaction of Ga,GTP with the Py C-terminus may
provide for its effective displacement away from the catalytic pocket during the
enzyme activation. In the activated complex, the central region of Py would keep
Py tethered to PDE6AB. The specifics of the weaker Go,GTP interaction with the
central region of Py remain obscure. In contrast, the structure of the Py C-terminal
fragment Py-46-87 bound to the transition-state complex of Ga, offers important
structural details into this part of the Go,~Py interface [59] (Fig. 4.2). The structure
confirmed the switch II/a3-helix cleft as the key Py interaction region. The notion
of the composite effector-activating surface composed of conformation-sensitive
switch II residues as well as effector-specific residues in the a3-helix/a3-B5 loop
was further supported [59]. The bound Py fragment forms three short a-helices
with the middle helix interacting most intimately with switch Il/a3 of Ga, [59].
This helix contains the critical W70 residue that is inserted into the switch II/a3
cleft of Go, making multiple hydrophobic contacts with transducin residues [59].
The observed W70 contacts are in accord with the central role of W70 in the Py/
Ga, interaction and the GAP potentiation activity of Py demonstrated earlier [81].
Moreover, there is a small direct interface between Py and RGS9 in the ternary
complex with Ga, [59], which is consistent with the Py role as the affinity adapter
for the GAP complex [12] (Fig. 4.3).
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Fig. 4.3 A model of RGS9 GAP/Ga,/PDE6 complex leading to inactivation of PDE6. A model for
the activated Go, and PDE6 complex (as in Fig. 4.2) bound to RGS9/Gf; was generated by superim-
position of the RGSY domains from the transition-state Ga, structure (PDB ID: 1FQJ) [59] and the
structure of the RGS9/GP complex (PDB ID: 2PBI) [109]. RGS9 is shown in brown; GB; is dark
green. The complex is tethered to the membrane by RGS-9-1-anchor protein ROAP (not shown)

The Structures of the PDE6- and Ga,-Bound Py
C-Terminus Illuminate the Mechanism of PDE6 Activation
by Transducin

Comparison of the PDE5/6¢cd-bound conformation of the Py C-terminus [35] with
that when bound to the transition-state complex of Go, [59] provides important
insights into the mechanism of PDEG6 activation by transducin. Several PDE6AB
contact residues of Py, F73, L81, and 187 also interact with Go, [35, 59]. Thus, ac-
tivation of PDE6 involves reorientation of these residues away from PDE6AB and
sequestration by Ga,. In addition, in the PDES5/6¢d- and Go,-bound states, the Py
C-terminal residues 78—87 assume similar conformations featuring o-helices and
C-terminal caps [35, 59] (Fig. 4.2). Consequently, the ten C-terminal Ca atoms
of Py in the two complexes are nearly superimposable. However, the Go,-bound
conformation of residues 71-77 is different from that in the PDE5/6¢cd-bound state
[35, 59]. A mechanism of PDE6 activation has been proposed whereby Go,GTP
interaction with the PDE6-bound Py induces a conformational change within Py
residues 71-77 and results in a hinge-like rigid-body movement of Py-78-87 away
from the PDEG catalytic pocket [35]. Two Go,-contact residues of Py, W70 and L76,
while essential for the PDEG6 activation by transducin, do not appear to contribute
to the Py-PDEO6AB binding [35, 49, 59, §1]. The Py-70-87/PDES5/6c¢d structure sug-
gests that Py L76, and likely W70, are readily accessible for binding Go,. Thus, L76
and W70 may serve as anchors for the initial docking of Go,GTP. An additional
docking site for Ga, has been mapped to Py residues 52-54 [82]. Upon docking, Ga,
causes activating displacement of the Py C-terminus from PDEG6 and sequesters Py
residues F73, L81, and 187 released from the interface with PDEG6 [35] (Fig. 4.2).
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Light-Dependent Translocation of Transducin: New
Partners and Functions in the Inner Compartments of
Rods?

Exposure to bright light causes translocation of rod transducin from the OS to the
IS and synaptic terminal [13—16]. Two common mechanisms for this transloca-
tion, diffusion and active transport, have been intensely investigated. At present,
abundant biochemical evidence supports the diffusion model [83—85]. In a diffu-
sion model, the light-induced dissociation of Gt subunits permits them to diffuse
into the IS [16]. Light-induced translocation of transducin requires R* and does
not take place in RPE65-knockout mice when regeneration of rhodopsin is blocked
[86]. It occurs even in rods that are depleted of ATP [87, 88]. Phosducin facilitates
translocation of Gt subunits through binding to Gp,y, and sequestration of the Gy,
farnesyl moiety [89]. An important feature of transducin translocation in rods is the
triggering light intensity threshold, which is dependent on the presence and concen-
tration of the RGS9 GAP complex [90, 91]. A prominent translocation of Ga, begins
at light intensities causing ~ 5000 rhodopsin photoisomerizations per rod per second
[91]. This threshold is lower in RGS9- and R9AP-knockout mice, and is higher in
mice overexpressing the RGS9 GAP complex [90, 91]. The light intensity threshold
for transducin translocation is best explained by the membrane attachment of the
Ga,/PDE6 complex that is not free to diffuse. Thus, translocation can only occur
when Gt is activated in excess of PDE6 concentration and the rate of transducin
activation by R* exceeds the rate of its inactivation by the rod RGS9 GAP complex
[91]. In fact, the light threshold for transducin translocation provides an additional
strong argument in favor of the diffusion mechanism.

Translocation of Go, and GB,y, to the inner compartments of rods opens up an
opportunity for the transducin subunits to encounter new interaction partners. One
such partner for Go, is UNC119. UNC119, a mammalian ortholog of C. elegans
unc-119 [92] also known as Retina Gene 4 protein (RG4), is relatively abundant in
the IS and photoreceptor synapses [93]. UNC119 was originally reported to inter-
act with the N-terminus of the GTP-bound Ga, in an acylation-dependent manner
[94]. Subsequently, it was shown that UNC119 can interact with heterotrimeric G,
promote dissociation of Ga, from Gp,y,, and release them from the membrane [95].
The co-crystal structure of UNC119 with the lauroylated N-terminal Ga, peptide
shows that UNC119 sequesters the lipid into the hydrophobic cavity formed by the
B-sandwich fold of the protein [94]. Furthermore, UNC119 interacts with about six
to ten N-terminal residues of Ga, [94]. Thus, UNC119 appears to disrupt the interac-
tion of transducin subunits by sterically occluding the GB,y,-binding site within the
N-terminal a-helix of Go, [96]. A recent study has estimated the relative abundance
of UNCI119 in rods as one molecule of UNC119 per four molecules of Ga, [97].
Therefore, depending on the light exposure and the extent of transducin transloca-
tion, the relative concentrations of UNC119 and Ga, in the inner rod compartments
may range from nearly stoichiometric to a three- to fourfold excess of Ga,. Thus,
Ga, is likely to be a major partner of UNC119 in light-adapted rods.
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The functional significance of the UNC119/Ga, interaction is not fully known.
The transport of G, from the IS to the OS in the dark is impaired in the absence of
UNCI119 suggesting the protein role in the transport of transducin [94]. However,
the interaction of UNC119 with Ga, is likely to play additional regulatory or signal-
ing roles in rods. Myristoylated proteins other than Go, are potential partners for
UNCI119. UNCI119 has been shown to interact with the renal celiopathy nephro-
nophthisis (NPHP) protein nephrocystin-3 (NPHP3) and ciliary protein cystin in a
myristoyl-dependent manner [98]. Moreover, UNC119 has several known lipid-in-
dependent partners. In the IS and the connecting cilium, UNC119 binds monomeric
Arf-like GTPases ARL2 and ARL3 that are involved in microtubule-dependent
processes and protein trafficking through the connecting cilium [99—102]. UNCI119
preferentially interacts with the GTP-bound ARL3 [100], which facilitates release
of myristoylated cargo [98, 103]. Thus, UNC119 appears to serve as an ARL3 effec-
tor in ciliary transport of myristoylated proteins. In the synaptic terminal, UNC119
binds CaBP4 [104], a Ca**-binding modulator of the voltage-gated Ca®>* channel
(Ca, 1.4) [105], and RIBEYE, a key component of the synaptic ribbons [106]. As
a major UNC119-interacting partner [97], Go, can outcompete myristoylated cargo
from UNC119 or form ternary complexes with UNC119 and its lipid-independent
partners. Since UNC119 partners have been linked to regulation of ciliary func-
tion and synaptic transmission in photoreceptor cells, translocated transducin may
potentially modulate ciliary trafficking and synaptic transmission in photorecep-
tors. Particularly interesting in this regard is a recent study showing that transducin
translocation enhances synaptic transmission from rods to rod bipolar cells [18]. In
mutant mice with impaired translocation of transducin, following bright light ex-
posure rods were less desensitized than control rods [18]. However, in these mice,
rod bipolar cells were more strongly desensitized than control [18]. This sensitivity
reversal suggested that transducin translocation in rods enhances signaling to rod
bipolar cells. The enhancement was not attributed to modulation of IS conductances
or the voltage sensitivity of the synaptic Ca*" current, thereby favoring interac-
tions of transducin with the synaptic machinery [18]. The mechanism of the rod/
rod bipolar cell synapse sensitization by transducin is unknown. Hypothetically, it
can be linked to Ga, interactions with the UNC119/RIBEYE complex [106]. Alter-
natively, GB,y, can modulate neurotransmitter release through direct interactions
with the SNARE complex as it has been shown for synaptic transmission in the
CNS [107, 108]. Interactions of transducin outside the classical phototransduction
cascade are emerging as an exciting area for future investigations.
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Chapter 5

Interdependence Among Members of the
mGluR6 G-protein Mediated Signalplex
of Retinal Depolarizing Bipolar Cells

Ronald G. Gregg, Thomas A. Ray, Nazarul Hasan,
Maureen A. McCall and Neal S. Peachey

Abstract Normal vision depends on signaling from photoreceptors to central visual
areas via parallel pathways that are optimized for detecting increments (ON) or dec-
rements (OFF) in light intensity. The divergence of these two pathways occurs at the
first synapse. The OFF pathway is mediated via Off-bipolar cells that hyperpolarize
in response to light increments because they utilize ionotropic glutamate receptors.
On-bipolar cells that initiate the ON pathway utilize metabotropic glutamate recep-
tors to signal via a G-protein cascade to the transient receptor potential melastatin 1
(TRPM1) channel, and depolarize in response to light increments. Several proteins
(mGluR6, TRPM1, GPR179, RGS7, RGS11, nyctalopin, LRIT3, Ga0, GB3, Gf5,
and R9AP) have been shown to be required for normal functioning of the depolariz-
ing bipolar cell cascade. Here, we use immunohistochemistry in mouse models that
lack one or more of these proteins to understand their interdependency. The picture
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that evolves is that of a large complex, in which the removal of any one element
results in either delocalization of or decreased expression of other elements.

Light stimulation results in a graded change in sustained release of the neurotrans-
mitter glutamate from photoreceptors. This chemical signal is converted into an
electrical signal by two classes of postsynaptic bipolar cells (BCs) that either hy-
perpolarize (HBCs) or depolarize (DBCs) in response to a light increment. HBCs
utilize ionotropic glutamate receptors and maintain the polarity of the photorecep-
tor signal. DBCs, in comparison, utilize the G-protein-coupled receptor (GPCR)
metabotropic glutamate receptor type 6 (mGIuR6) to modulate the transient re-
ceptor potential melastatin 1 (TRPM1) nonspecific cation channel, inverting the
photoreceptor response. The members of this GPCR signal transduction cascade
have been identified based on contributions from many laboratories. The focus of
this review is to provide an overview of the interdependence of expression among
these components of the DBC dendritic mGluR6 to TRPM1 signaling complex, or
“signalplex,” based on analyses of multiple mutant mouse lines and cascade com-
ponents by immunohistochemistry.

Defects in most components of the mGluR6—GPCR cascade have been identi-
fied in humans and animal models using the noninvasive assay of retinal function,
the electroretinogram (ERG). All of these mutants share the same ERG phenotype,
a normal a-wave reflecting the function of the photoreceptors themselves, but the
absence of a b-wave reflecting the loss of DBC function. An example of an ERG
series for the Nyx", no b-wave mouse mutant is shown in Fig. 5.1. The ERG
defect indicates that nyctalopin (NYX) expression is required for normal DBC
function not only in the mouse but also in human patients with complete congeni-
tal stationary night blindness (cCSNB). Other members of the DBC signalplex
subsequently have been identified based on a comparable loss of the ERG b-wave.
These include in mouse models the genes: Grm6, Trpmi, Nyx, Gpri179, Lrit3, Gao,
Gf3, RGS7/RGS11 double knockouts, [10, 12, 14, 16, 19, 22, 23, 25, 26, 32, 34,
40, 41]; in cCSNB human patients: NYX, GRM6, TRPM1, GPR179, LRIT3, [1-3,
6,11, 15, 18, 20, 21, 27, 35, 38, 39, 42, 44, 46-50] and in night-blind horse mod-
els, Trpml [5].

We know that the GPCR cascade begins when a change in photoreceptor glu-
tamate release is detected by the mGluR6 receptor and ends with the gating of the
TRPMI1 channel and a depolarizing response in the DBCs. How the other parts of
the DBC signalplex function remains incompletely understood, in part because the
detailed interaction and stoichiometry of the proteins remain to be defined. In this
chapter, we describe the known interdependencies that have been inferred from
immunohistochemical analyses of key components in mouse mutants where expres-
sion of one or more members of the cascade is absent. We focus in particular on the
expression of proteins that form puncta at the tips of DBC dendrites, presumed to be
the locus of the DBC cascade. In the case of rod DBCs, discrete puncta are visible,
and we focus our analysis on these structures, which can be visualized using im-
munohistochemistry with confidence (Fig. 5.2). We do not include a description of
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proteins such as Ga,, or GB3, which do not form distinct puncta in the OPL, rather
they are expressed throughout the cell [14, 43]. This does not mean they are unim-
portant for DBC function, as the knockout models produced for each lack an ERG
b-wave and DBC function [12—14]. Rather, this feature may indicate they interact
with other signalplex components in a transient manner, or are simply not visible by
immunostaining when localized to DBC puncta.

Table 5.1 summarizes the expression on the tips of the DBCs of the mGluR6—
GPCR components localized to the DBC puncta that have been identified in mutant
mouse models to date. Below, we review results obtained in mouse mutants for
Grmo, Trpml, Gprl79, Nyx, or Lrit3 in terms of the impact of a mutant allele on the
expression of other signalplex components.

PR17

. opPL

INL

Fig. 5.2 Punctate labeling of rod DBCs in OPL of the mouse retina. Transverse section of WT
mouse retina stained for GPR179 (green), which localizes to all DBC dendrites, and PNA (red)
a marker for cone terminals. Note that GPR179 co-localizes with PNA. The green puncta in the
merged image represent staining at the tips of rod DBCs
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mGluR6 Expression is Required for the Localization of
Multiple Signalplex Components

mGluR6 is encoded by Grm6, which was established as the DBC glutamate recep-
tor using Grmo6 knockout mice, created by gene targeting [23]. These mice lack
the ERG b-wave and responses to light onset in the superior colliculus. Subse-
quently, two additional mutants for Grm6 were identified: Grm6™ [22] and Grm-
6"°*? [34]. Immunohistochemical results are very similar in all three lines, namely
mGluR6 expression is absent from the DBC terminals. Using immunoprecipitation
approaches, mGluR6 has been shown to interact with TRPM1 and GPR179 [29].
Figure 5.3 shows the consequences of the absence of mGluR6 on expression of
TRPM1, GPR179, RGS11, RGS7, nyctalopin, and ROAP at the tips of DBCs. The
impact on the protein level using western blots is similar (Fig. 5.4), although this
does vary depending on the specific laboratory. These data and those summarized
in Table 5.1 indicate that mGIuR6 expression is required for the correct localization
of TRPM1, RGS11, GB5, and ROAP to the dendritic tips of DBCs [8, 9]. The latter
three components are proposed to form a trimeric GAP complex because the loss
of any one results in the absence or significant reduction in expression of the other
two. The western blot data indicate that the loss of mGIuR6 has a relatively moder-
ate impact on GPR179 and TRPM1. In the case of TRPMI, this is because there is a
large pool of TRPMI1 in the other compartments of the cell, so loss of TRPM1 from
the dendrites does not appear to have a major impact on total TRPM1 expression.
RGS7 puncta remain in Grm6"* mice [8], suggesting it is part of another complex,
possibly GPR179/GB5/RGS7.

Localization of Other Signalplex Components
is Independent of TRPM1 Expression

TRPMLI is the nonspecific cation channel modulated by the mGluR6 cascade. The
first indication that TRPM1 was the channel required for DBC function came from
studies in night-blind Appaloosa horses [4, 5]. In these horses, it was noted that
the leopard spotting coat color and night blindness phenotypes were localized to
a chromosomal region containing TRPM1. In addition, levels of Trpm/-mRNA
expression were significantly reduced (several hundred fold) in night-blind horses,
as compared to animals with normal vision. The identity of the DBC cation channel
as TRPM1 was confirmed by three groups independently using knockout mice [19,
25, 40]. Their data showed that: Trpm I~ mice lack the ERG b-wave and Trpml =/~
DBCs lack mGlur6-mediated light evoked responses. TRPMI1 colocalizes with
mGluR6 in DBC puncta, together strongly suggesting that it is a critical component
of the DBC signalplex. However, unlike some other components of the complex,
TRPMI is expressed both in the puncta and throughout the entire DBC, where it is
located in intracellular compartments [33]. In TrpmI~~ mice, mGluR6, GPR179,
RGS11, RGS7, and nyctalopin are all expressed and normally localized (Fig. 5.3).
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Grm6~"- Gpr179m°5  Trom1

Fig. 5.3 Interdependency of DBC signalplex components revealed by immunohistochemistry
in WT, Grm6~~, GPR179"", and TrpmI~ mice. Staining in most panels was generated in the
authors’ laboratory using published methods and antibodies [28, 32, 33]. The image of TRPM1
staining in the Grm6~"mice is adapted from Xu et al. [45]. Open box indicates that this particular
experiment has not been done
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While the mechanism by which TRPM1 is gated remains to be firmly established
(see Nawy chapter for review), the number of functional TRPM1 channels pres-
ent in the DBC signalplex may be the limiting factor with respect to the maximal
amplitude of the light-evoked DBC response. This conclusion was reached after us-
ing a TRPM1 mutant, Trpm ™™, resulting from an N-ethyl-N-nitrosourea (ENU)
mutagenesis screen. The Trpm ™27 mutation is caused by a missense mutation,
p-A1068T, in the predicted pore region of the channel, which is presumed to cause
the lack of function. As predicted, mice homozygous for the Tipm1 "7 share the
same ERG phenotype with other 7rpmi knockout lines, namely the lack of a b-
wave. In contrast to Trpml~~ mice, the mutant TRPM1%™27 protein is expressed
and localized correctly into puncta on the DBC dendritic tips [31].

The most significant observations from this study arose from comparisons
of mice heterozygous for either the Trpm1”™?7 or the Trpml knockout allele. In
TrpmI1*"~ mice heterozygotes, the b-wave was the same as WT controls, whereas
the b-wave of Trpm 1?7 heterozygous animals was about 32 % smaller. Patch-
clamp recordings of TrpmI*"™?7 heterozygous rod DBCs also showed mGluR6-
mediated responses that were similarly reduced, a reduction that was not seen in
heterozygous TrpmI*~ DBCs. These results suggest that the p.A1068T mutation
acts as a dominant negative in the tetrameric TRPM1 channel and that the channel
in the TrpmI*"™?7 heterozygous DBCs is comprised of WT and mutant subunits.
The quantitative reduction of DBC function is consistent with the hypothesis that
channels with 0—2 mutant subunits retain function whereas those with 3—4 mutant
subunits do not, although individual combinations of mutant and WT subunits also
may have different kinetics. How the number of TRPM1 channels present in DBC
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puncta might be set is unclear but likely involves yet to be discovered scaffolding
components of the signalplex.

Expression of GPR179 is Required for Localization of GAP
Complexes to DBC Dendrites

GPR179 is a 7-transmembrane protein. Based on primary sequence data, it has been
classified as a member of the GPCR superfamily. It was discovered as an important
component of the mGIuR6 transduction cascade independently and simultaneously
from whole-exome sequencing of patients with cCSNB [2] and from mapping the
gene involved in Gpr179%" anaturally occurring mouse b-wave mutant [32] and it
colocalizes with DBC signalplex components (Fig. 5.3). GPR179 expression local-
izes both RGS7 and RGS11 to the DBC terminals (Fig. 5.3 and Orlandi et al. [28]).
RGS7 is likely to interact with GB5, as DBCs in mice lacking GB5 expression also
lack RGS7 expression [7, 8, 24, 36]. Because RGS7 does not interact with ROAP,
it is possible that its interaction with GRP179 is critical to both its localization and
perhaps function in the DBC cascade. While the specific functions of GPR179 re-
main to be determined, it is clear that GRP179 plays a critical role in assembling
elements of the mGluR6-GPCR signalplex, although both mGluR6 and TRPM1
are localized to the tips of Gpri79"" DBCs (Fig. 5.3). Our recently published data
indicate that GPR179 sets the sensitivity of the TRPM1 channel, whereas RGS7/
RGS11 sets the sensitivity of the mGluR6 cascade [37].

Nyctalopin is Required for TRPM1 Expression

In 1998, Pardue and colleagues identified a naturally occurring no b-wave mouse
mutant. In this mouse, the phenotype was inherited as an X-linked trait [30] and
subsequently we showed that it was caused by a deletion mutation in Nyx [17],
the same gene that causes the X-linked form of human cCSNB [3, 35]. Nyctalopin
is a member of the small leucine-rich repeat proteoglycan family of proteins. It
is anchored to the cell membrane by either a single transmembrane domain or a
GPI anchor in a species-dependent manner. Nyctalopin is comprised of a series
of leucine-rich repeats, which are localized to the extracellular space. Efforts by
several groups to make selective antibodies to nyctalopin have been unsuccess-
ful, likely resulting from its extensive post-translational modifications. In view of
this, we made a transgenic mouse line expressing an EYFP-nyctalopin fusion gene
[17], which showed restricted and punctate expression of GFP to DBC terminals
and colocalization with mGluR6 puncta. When these transgenic mice were crossed
onto the Nyx™’ background, the expression of the EYFP-nyctalopin fusion protein
restored the ERG b-wave. In addition to the absence of the ERG b-wave, results
show nyctalopin also interacts with TRPM1 [9, 33]. Together, these results suggest
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that Nyx" DBC dysfunction is due to the loss of the TRPM1 channel from the sig-
nalplex (Fig. 5.5). How nyctalopin controls TRPM1 expression and localization to
the DBC dendritic tips is unclear, but could reflect a role in trafficking TRPM1 or
stabilization in the DBC membrane.

LRIT3 is Required for DBC Function

LRIT3 (leucine-rich-repeat, immunoglobulin-like and transmembrane-domain 3
(LRIT3) is the most recently identified member of the mGIluR6 signalplex [47].
This discovery was made by whole-exome sequence analysis of cCSNB patients
who did not harbor a mutation in any of the known members of the signalplex.
Lrit3 knockout mice lack the ERG b-wave [26] supporting the results from cCSNB
patients. While the function of LRIT3 is currently unknown, it is predicted to be an
extracellular protein tethered to the membrane by a single transmembrane domain.
The extracellular domain contains a LRR domain similar to nyctalopin. Whether
LRITS3 interacts with nyctalopin via this domain will be of interest. This similarity
also suggests it may be involved in trafficking and/or localization of some critical
component of the DBC signalplex, similar to nyctalopin.

Interdependent Expression of RGS11, G5, and R9AP

The DBC light evoked response requires the inactivation of the mGluR6 medi-
ated G-protein cascade. Critical to this process are regulators of G-protein signal-
ing (RGS), protein complexes that act as GTPase-activating proteins (GAPs). Two
RGS proteins, RGS7 and RGS11 appear to have redundant function, as expression
of both must be eliminated to produce a no b-wave ERG phenotype [10, 41]. In
photoreceptors, RGS proteins form complexes with ROAP and Gf5. In DBCs, this
is true at least for RGS11, since R94AP~~ mice lack normal localization of RGS11
and reduced expression of GB5. Knockout of RGS7 and RGS11 or ROAP leave the
primary members of the signalplex, mGluR6, TRPM1, and GPR179 localized cor-
rectly (Fig. 5.5).

General Conclusions

This review presents the analyses of a large number of knockout mouse lines us-
ing immunohistochemical approaches to examine the interdependent/independence
of expression patterns of many components of the mGluR6—-GPCR transduction
cascade. We believe that the results suggest that the mGluR6—-GPCR signalplex
is comprised of several subdomains with clear hierarchies. One domain includes
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Fig. 5.5 Interdependency of DBC signalplex components revealed by immunohistochemistry in
WT, RGS7—"""—/-RGSI11~~, R9AP—""", and Nyx"® mice. Data for R9AP—"'" mice adapted from
Cao et al. [8]. Open boxes indicate that these particular experiments have not been done

mGluR6, TRPM1, R9AP, RGS11, and G5, which appear to form a complex with
several interdependencies, but in which expression of all members is dependent on
the presence of mGluR6. A second domain includes ROAP, RGS7, and G5, as the
elimination of any of these has no impact on mGIuR6 expression. We think that
RGS7 and GBS form a third complex with GPR179 and that GPR179 appears to be
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a master regulator of the GAP complexes, as its absence causes mislocalization of
RGS7/RGS11, R9AP, and GBS5. Nyctalopin and TRPM1 form a separate subcom-
plex, and nyctalopin is essential for correct localization of the TRPM1 channel to
the DBC membrane. In comparison, elimination of TRPM1 has the least impact
on the expression of signalplex components, and its absence leaves the localized
expression of every known component intact. This is consistent with the idea that
TRPMI1 gating is the final step in the DBC signal transduction process.
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Chapter 6

Mechanistic Basis for G Protein Function
in ON Bipolar Cells

Noga Vardi and Anuradha Dhingra

Abstract The synapse from photoreceptors to ON bipolar cells is unique among
feedforward synapses in that it inverts the sign of the light response from hyper-
polarizing in photoreceptors to depolarizing in ON bipolar cells. This occurs due
to a highly specialized cascade that uses the metabotropic glutamate receptor
mGluR6 to activate the heterotrimeric G protein G_, which then closes the non-
selective cation channel TRPM1. When glutamate in the synaptic cleft drops, G
is deactivated rapidly and TRPMI1 opens; this deactivation is key to the rising
phase of the light response. This chapter presents the evidence that established
Ga, , GB3, and Gy13 as G_’s subunits in ON bipolar cells. While G_’s key func-
tion is to couple mGluR6 with an effector, the different subunits also contrib-
ute to maintaining the synaptic integrity, at both the molecular and structural
levels. Evidence suggests that G_’s deactivation is accelerated by at least two
different types of guanosine triphosphatase (GTPase) activating protein (GAP)
complexes: RGS11/GB5/R9AP and RGS7/GB5/GPR179. A third complex may
contain RGS11/GB5/GPR179. Certain elements of these GAP complexes (RGS7
and RGS11) are redundant, but others (G5 and GPR179) are crucial. Differ-
ent molecules likely modulate the cascade, but so far only one, Ret-PCP2, was
clearly shown to accelerate the light response in rod bipolar and certain types of
ON cone bipolar cells. Interestingly, most cascade elements including mGluR6
and the GAPs are restricted to the dendritic tips, but the G protein subunits Ret-
PCP2 and TRPM1 are also present in other parts of the cell.
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The Heterotrimeric G Protein in the ON Bipolar Cells

Ga  is Crucial for Coupling mGluR6 with its Downstream
Cascade

In the early 1990s, several studies discovered that ON bipolar cells use a G-protein-
coupled receptor to sense glutamate. This is unlike OFF bipolar cells, or most other
central synapses, that use ionotropic glutamate receptors in synaptic transmission.
Probing for different G protein a-subunits in ON bipolar cells using immunocyto-
chemistry revealed staining only for Ga, [1]. Ga, is found in all types of ON bipolar
cells (rod bipolar and ON cone bipolar cells), where it is associated with the plasma
membrane and it is highly enriched in the cells’ dendrites (Fig. 6.1d, ). Ga,_ is not
present in the ON bipolar axon terminals, or in OFF bipolar cells [2]. The evi-
dence for Go,’s crucial role in mediating the mGIuR6 cascade rely on multiple ap-
proaches. First, in in vitro biochemical experiments using a guanosine triphosphate
(GTP)-binding assay, purified mGIuR6 reconstituted into lipid vesicles activates G|
much more efficiently than G, [3]. Second, dialyzing an antibody directed against
Ga, into salamander ON bipolar cells suppresses the glutamate response in these
cells, suggesting that an endogenous Ga. -like G protein is necessary to mediate the
response [4]. Third, and most convincing, electroretinography in mice lacking both
splice variants of the Ga, gene (Gnao) shows that this mouse has a normal nega-
tive a-wave, reflecting normal activity of photoreceptors, but no b-wave, indicating
no response in ON bipolar cells. The b-wave is absent under both scotopic and
photopic conditions, suggesting Go, is required in both rod bipolar cells and ON
cone bipolar cells [5]. Under these conditions, the retina remains largely intact, and
mGluRe6 staining is normal. Taken together, these results establish that G is neces-
sary to mediate mGluR6 signaling, and no other Ga subunit compensates for its loss
in the ON bipolar cells.

ON bipolar cells express two splice variants of Ga,, Ga, ; and Go,,. Using splice
form-specific knockout (KO) mice and immunocytochemistry approaches, it was
shown that Ga., is the predominant splice form that is present in all ON bipolar
cells. Ga,, is expressed at much lower levels, and it is present in rod bipolar cells
and in some ON cone bipolar cells. In agreement with the localization study, mice
lacking Go,; splice form display a normal electroretinogram (ERG) a-wave and
lack the ERG b-wave; mice lacking the Ga, , splice variant display normal a- and b-
waves [6]. Although undetectable by ERG, whole-cell recordings from rod bipolar
cells lacking Go,; show a small response, suggesting some contribution from Ga, .
In support of this interpretation, mice lacking Ga,, show reduced light sensitivity
that is not due to reduction in total Go, , as rod bipolar cell sensitivity is not affected
in heterozygous (Go, +/—) mice expressing 50 % of the total Ga, level [7]. Thus,
it appears that Go,, works in a coordinated manner with Ga,; to improve the light
sensitivity of rod bipolar cells, but the mechanism of this coordination, or how Go, ,
contributes, is unclear.
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Fig. 6.1 The mGluR6 cascade components display three different staining patterns. a—¢ Double
immunostaining for mGluR6 and TRPM 1. Staining for mGluR6 is punctate and is restricted to the
dendritic tips (df) of ON bipolar cells; staining for TRPM is also punctate in the OPL, but it is also
strong in the somas (). d—f Double immunostaining for Ga,, and RGS11. Staining for Ga, is strong
in somas (s) and dendrites (d); the dendritic tips are not distinct. Staining for RGS11 is punctate;
as for mGluR®6, it is restricted to the dendritic tips (df)

Gf3 Partners with Ga,, in Coupling mGIluR6

ON bipolar cells express two G subunits: GB3 (encoded by Gnb3), a conventional
member of G -family; and GB5 (encoded by GnbJ5), a divergent member of the
family. The expression of GB3 in ON bipolar cells has been shown over the years
by different methods, in different species, and using different antibodies. First, a
study investigating G proteins in retina showed GfB3 to be in cones and in certain
ON bipolar cells [8]. Second, single-cell reverse transcription polymerase chain
reaction (RT-PCR) from rod bipolar cells and type 7 ON cone bipolar cells (using a
transgenic mouse expressing green fluorescent protein (GFP) in these cells) showed
that the message is present in these cells [9]. Third, a comparative study across
vertebrate retinas showed expression in cones and in islet-positive cone ON bipolar
cells across species, indicating expression of GB3 in many ON bipolar cells (but the
exact cell types could not be identified by this method). Fourth, using a transgenic
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mouse line expressing GFP only in ON bipolar cells clearly showed that all ON
types express Gf3, but OFF bipolar cells do not. A Gnb3-KO mouse confirmed that
this expression is specific [10].

Evidence for GB3’s role in vision came initially from a blind chicken line that
was reported in a UK commercial stock in 1987. This chicken line has a naturally
occurring mutation D153del in the Gnb3 gene, which is predicted to destabilize
the protein and result in autosomally recessive retinopathy and globe enlargement
(RGE) phenotype [11-14]. The birds show retinal defects soon after hatching, in-
cluding disorganization of the outer plexiform layer, and abnormal location of endo-
plasmic reticulum in the photoreceptors associated with progressive developmental
disruption of photoreceptor terminals. By 3 weeks, chickens show pupillary defects
and abnormal visual behavior; and by 8 weeks, the functional vision is lost [12].
Unlike in mammals, chicken Gf3 is expressed in both rod and cone photoreceptors;
thus, the precise role of GB3 in bipolar cells could not be established [15].

The specific role of GB3 in the ON bipolar cascade became clear by testing the
light responses of the Gnb3-KO mouse. In a dark-adapted mouse, a dim scotopic
stimulus elicits no positive-going b-wave. A saturated stimulus, which elicits mixed
rod- and cone-generated responses in the wild-type mice, elicits a normal a-wave
with no clear positive wave in the Gnb3 KO, suggesting a defect in ON bipolar sig-
naling [10]. However, the negative wave in the Gnb3 KO recovers faster than that
in Grm6 (encoding mGluR6) KO (which completely lacks the b-wave). This result
indicates that a weak response in ON bipolar cells pulls the ERG wave upwards.
To obtain a relatively pure b-wave, one can subtract a relatively pure a-wave, such
as that provided by ERG from Grm6-KO mouse. For both scotopic and photopic
stimuli, subtracting the ERG response of the Grm6 KO from the corresponding
response of the Gnb3 KO reveals a residual b-wave whose amplitude is about 25 %
of the wild type. The dramatic reduction of the b-wave suggests that GB3 contrib-
utes to the light response, but the residual response suggests that it is not absolutely
necessary. Consistent with the ERG recordings, whole-cell recordings from Gnb3-
null rod bipolar cells show a tiny light response with close to normal dark resting
potential and current noise [10]. This normal resting potential and current noise
stand in sharp contrast to the rod bipolar cell behavior in the Grm6 KO where the
cells rest at 15 mV more hyperpolarized potential than the wild type with higher
input resistance and lower noise level [16, 17]. It is however consistent with the
normal holding current and current noise seen in Ga, ,-null rod bipolar cells [7].

The results obtained with the Gnb3-KO mouse were surprising because the ab-
sence of GP3 was less detrimental than the absence of GB5. When Gnb5 is deleted,
the ERG b-wave appears similar to that of Grm6- or Gnao-KO mice, suggesting
that the ON light response is totally eliminated [18]. This raises the possibility that
GBS is the B-partner of Ga, . The following pieces of evidence establish that this is
not the case: (1) Unlike GBS, the distribution of GB3 closely resembles that of Ga,
and of Gy13, the best candidate for the Gy subunit of G. (2) GB3 deletion greatly
reduces Gy13, while GB5 deletion does not. (3) In co-immunoprecipitation experi-
ments, an antibody against Go, pulls down GB3 but not GBS5. (4) Finally, GB5 is a
unique member of the G} family; it is known to form complexes with R7 regulator
of G-protein-signaling (RGS) proteins in vivo but not with Gy subunits.
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Deletion of Gfi3 has a Detrimental Effect on the Correct
Localization of Cascade Components

As more mouse KO models are generated, it becomes clear that deletion of any
component of the mGIuR6 cascade affects the localization, and sometimes the ex-
pression, of other components of the cascade. Deleting Gnb3 is expected to reduce
expression of its G protein subunit partners because the heterotrimer is considered
to be a tight complex whose subunits traffic together (reviewed by Marrari et al.
[19]). However, deleting Gnb3 unexpectedly and dramatically also affects localiza-
tion of other cascade components. This includes about 40 % reduction in staining
for the mGIuR6 receptor and the TRPM1 channel in the dendritic tips, and about
80 % reduction in staining for RGS11, GB5, and R9AP, three components of the
GTPase activating protein (GAP) complex. Deleting Gnb3 also mislocalizes an-
other channel, Kir2.4, which normally localizes to the ON bipolar dendritic tips
but whose function is unknown [20, 21]. The reduction of mGluR6-related cascade
proteins in the ON bipolar dendritic tips may indicate either that they form a tight
complex with G33 or perhaps that their trafficking to the tips is coordinated to some
extent by GB3. Although it is currently difficult to discriminate between these two
possibilities, it is noteworthy that the light response in Gnb3 KO relative to the
wild type at 3 weeks of age, just at the end of the developmental process, is greater
than that of the mature mouse [10]. This suggests that additional defects occur after
development, and that GB3 in ON bipolar cells helps to maintain the tight complex.
Thus, GB3 in the ON bipolar cascade serves not only to couple mGIuR6 to G s ef-
fector but also to maintain the integrity of the complex.

Gf3 Contributes to Maintenance of the Synaptic Ultrastructure

In addition to affecting the signaling components of the mGluR6 cascade in ON
bipolar cell dendrites, deletion of GB3 affects the ultrastructural appearance of the
rod-to-rod bipolar synapse. In wild-type retina, a rod terminal forms a ribbon syn-
apse that contacts two lateral invaginating horizontal cell processes and two central
invaginating rod bipolar dendrites, forming a tetrad (Fig. 6.2b); in a typical cross
section though, only one bipolar is typically seen (Fig. 6.2a, b). This characteristic
synapse has several membrane specializations that include the active zone right
under the ribbon, which is in apposition to the horizontal cell processes, and an
electron-dense rod membrane that apposes the invaginating bipolar dendrites and
envelopes them. In Gnb3 KO, the ribbons, the horizontal cell processes, and the
appositions between the rod membrane and the horizontal cell membrane appear
normal. However, the bipolar dendrites are rarely present in their characteristic cen-
tral location (Fig. 6.2c). The apparent reduction in invaginating rod bipolar cells has
also been seen in other KO mouse models lacking mGIluR6 cascade components.
This includes the nob4 mouse (with a mutation in the Grm6 coding region) [22],
Gnb5 KO [18], and one strain of RGS7/RGS11 double-KO mouse [23]. A similar
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Fig. 6.2 The normal structure of the rod-to-rod bipolar cells synaptic complex and its dependency
on cascade components. a A schematic diagram of the rod terminal (R7) and its postsynaptic ele-
ments. The terminal possesses an electron-dense synaptic ribbon () to which synaptic vesicles
are tethered. Postsynaptic to the rod terminal are two horizontal cell processes (4) and two rod
bipolar dendrites (b, typically only one is seen in an EM cross section). Horizontal cells express
ionotropic receptors (iG/uR) in apposition to the active zone, and rod bipolar cells express the
metabotropic receptor mGIluR6 and its cascade elements in apposition to a rod electron-dense
membrane (arrowhead), somewhat removed from the release site. Further information about this
synapse and the cone synaptic complex can be found in Vardi et al. [67]. b Electron micrograph
image with two RT in the WT retina showing the characteristic features of the synapse. ¢ Electron
micrograph image with two rod terminals in the Gnb3 null retina, the bipolar dendrites are rarely
seen in the synaptic complex

deficit in the rod-to-rod bipolar cell ultrastructure is also seen in mouse KO that
are missing one of the presynaptic components that are specifically localized to
the apposition with the rod bipolar cells. These are pikachurin, dystroglycan, and
dystrophin [24, 25]. It is likely that an absence of a critical cascade component de-
stabilizes not only the postsynaptic elements but also some presynaptic elements via
a chain of interacting molecules.

Gy13 Contributes to the Scotopic, but Not Photopic, Light
Responses

It has been suggested that Gy13 (encoded by Gngl3) is the third subunit that com-
poses G. Like Ga and GB3, Gy13 is localized to all types of ON bipolar cells and
not to OFF bipolar cells [9]. The message for this protein is expressed in ON bipolar
cells, giving support to antibody localization [20, 26]. Supporting this idea is the
fact that in vitro, Gy13 forms a functional dimer with GB3 with high efficiency
[27]. Furthermore, in ON bipolar cells, absence of GB3 or Ga, , reduces staining for
Gy13 [10, and unpublished data]. Recent results show that deleting Gy13 reduces
the ERG b-wave amplitude in response to scotopic stimuli, but not in response to
photopic stimuli [28]. Furthermore, staining for GAP proteins is reduced in rod bi-
polar cells much more than in ON cone bipolar cells. Thus, Gy13 greatly contributes
to the generation of the scotopic light response, but it is not clear whether the main
contribution is direct or indirect via regulating GAP localization, nor is it known
whether another Gy also contributes to the light response.
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Diverse Functions of G Protein Subunits

An interesting outcome of the G protein KO studies in ON bipolar cells and pho-
toreceptors is the diverse functions of the G protein subunits. Different subunits
in a heterotrimer in a certain cell type may affect different proteins, and the same
subunit in different cell types may contribute to different cellular processes. The
following are examples of different functions of G protein subunits within the ON
bipolar cells: (1) Ga,, versus Ga, ,: While Ga, is the major contributor to the light
response, Go, , increases the light sensitivity of the rod bipolar cell, a function that
could not be performed by a similar amount of Ga, , [7]. (2) GB3 versus Ga,: While
Go, is absolutely required for the light response, GB3 greatly contributes to effi-
ciency. Yet, GB3 has a greater role in maintaining correct localization of the synap-
tic components and its ultrastructure [5, 10, and unpublished data]. (3) Gy13 versus
Go,, and GB3: Gy13 has a smaller role both in eliciting the light response and in
maintaining the synaptic integrity [unpublished data]. An example of different roles
for the same subunit in different cell types is GB3. In cones, GB3 is responsible only
for the correct localization of Gat2 and Gyt2 [29], but in ON bipolar cells, GB3 di-
rectly or indirectly is responsible for localization of most cascade components and
for normal synaptic structure. Furthermore, while GB3 in cones is unlikely to in-
teract with an effector molecule, in ON bipolar cells it might modulate the TRPM1
channel gating [30]. See the chapter by Scott Nawy in the present volume.

Given this diversity, an open question is to what degree deleting GB3 (or Gy13)
affects the response directly by uncoupling receptor from effector, or indirectly by
affecting expression and localization of other essential molecules. Unfortunately,
use of conventional KO mice cannot resolve the mechanism by which the response
is compromised. However, it is interesting to note that, as in ON bipolar cells, in
photoreceptors, absence of, or mutations in, the Go subunit (Gatl in rod or Gat2
in cones) totally abolishes the light response, while absence of the corresponding
GP (GP3 in cones) or Gy (Gyl in rods) does not [29, 31-35]. Yet, absence of Gyl
causes faster degeneration than absence of Gatl. It is therefore natural to ask: (1)
Why is deleting Go. more detrimental to the light response than deleting GB or Gy,
and (2) why is deleting GB or Gy more detrimental to an array of cellular processes
such as degeneration? The first question could be explained if photoreceptors and
bipolar cells cannot compensate for the missing Ga,, but they can compensate for the
missing GP or Gy. However, this does not explain why cellular processes are more
affected after deleting G or Gy than after deleting Go. The answer may rely on the
differential roles of these subunits: Ga is absolutely required for the light response
because it can be activated in the absence of Gy, as has been shown in vitro for
rhodopsin and Gatl [36, 37]. Gp and Gy may contribute to activation efficiency, but
as discussed above, they are also required for maintaining cellular processes.
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The GAP Complexes in the ON Bipolar Cells

The Rising Phase of the ON Bipolar Cells’ Light Response
Requires Deactivation of Ga,

To transmit a signal faithfully and repeatedly, it is necessary for any G protein to
cycle between the inactive complex (Ga. ;,,GPy) and the active forms (G, + free
GBy). The active Ga.;p, has an intrinsic GTPase activity, but this is typically slow;
for Ga,, the rate constant was estimated at around 0.3 min™! [38]. In most G-protein-
coupled receptor signaling cascades, the response arises with activation of the G
protein and decays with GTP hydrolysis. To facilitate the decay, GTP hydrolysis is
often accelerated by RGS. In ON bipolar cells, the mGluR6 cascade inverts the light
response from hyperpolarizing in photoreceptors to depolarizing in these cells. In
the dark, photoreceptors are depolarized, glutamate binds mGluR6, and G is active.
This closes TRPM1 channels and maintains the cells at a hyperpolarized “resting”
potential (see schematic of the mGluR6 machinery in Fig. 6.3). The light signal
that hyperpolarizes the photoreceptors causes a drop of glutamate in the synaptic
cleft, followed by the deactivation phase of the G protein cycle and opening of
the TRPM1 channels. Therefore, in ON bipolar cells, the rising phase of the light
response is controlled by the deactivation phase of the G protein cycle. A fast ris-
ing phase of the depolarizing light response is essential for signal transmission to
third-order cells and especially to amacrine cells whose timely feedback is critical
in shaping the responses in the ganglion cells. Therefore, mechanisms must exist to
facilitate the rising phase of the ON bipolar cells’ light responses.

An initial search for the RGS isoform in ON bipolar cells used a yeast two-hybrid
screen with constitutively active Go, as bait [39]. This study revealed Ret-RGS1
(a splice variant of RGS20) as a candidate. Evidence supporting this candidacy
includes its localization to bovine ON bipolar cells and its interaction with Ga. in the
retina. However, localization of Ret-RGS1 to ON bipolar cells in mouse could not
be confirmed, and ERG light responses of RGS20 KO are similar to those of wild
type (unpublished data). In contrast, two RGS proteins of the R7 family, RGS7 and
RGSI1, proved to contribute to Ga,’s deactivation. Interestingly, neither of these
was found by the yeast two-hybrid screen. This may be explained by the subsequent
findings of the obligatory GAP complex in ON bipolar cells.

Bipolar Cells Use at Least Two Different Types of GAP Complexes

Similar to phototransduction, GTP hydrolysis of the Ga protein in ON bipolar cells
is accelerated by an obligatory complex that contains the ROAP anchoring protein
and the unconventional GB5 subunit. Unlike photoreceptors (that use only RGS9),
ON bipolar cells use at least two RGS proteins of the R7 family (RGS7 and RGS11),
and perhaps also other molecules as discussed below. The first line of evidence for
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Fig. 6.3 The mGluR6 cascade and its known components. Upon binding, glutamate changes the
conformation of mGluR6 and activates (green arrows) the G protein G, (which is composed of
Ga,,, GB3, and Gy13). Either Go, or GBy closes the TRPM1 channel to keep the cell hyperpolar-
ized. Light reduces the concentration of glutamate in the synaptic cleft, G, deactivates (red arrow)
by two GAP complexes, and this gives rise to the rising phase of the light response. The inset
shows a rod bipolar light response, color coded in accordance to the activation and deactivation of
G,. GTP guanosine triphosphate, GDP guanosine diphosphate, GEF guanine nucleotide exchange
factor

the involvement of the R7 family came from studying their localization. Immunos-
taining for RGS7 and RGS11 shows a punctate pattern in the OPL (see Fig. 6.1¢);
these stained puncta colocalize perfectly with mGluR6 staining, indicating that
the proteins are restricted to the dendritic tips of rod bipolar and ON cone bipolar
cells [40, 41]. A similar pattern of staining in the OPL is obtained with an antibody
against ROAP and Gf35, two components that in photoreceptors complex with RGS9
to form the obligatory GAP complex [18, 22]. Incidentally, ON bipolar cells also
express an R7 binding protein, R7BP, but in these cells, R7BP does not seem to
complex with RGS7 or RGS11 and may not contribute to the GTPase activity [41].

Functional evidence that RGS7 and RGS11 contribute to accelerating GTPase
activity of Go, is strong, but interestingly the function of these two RGSs are not ad-
ditive or interdependent, but redundant. Like RGS9, RGS7 and RGS11 are thought
to function as subunits in an obligatory trimer that includes GB5 and an anchor-
ing protein. It appears that ON bipolar cells use two different complexes, one that
contains RGS11/GB5/R9AP and the other containing RGS7/GB5/GPR179. A third
complex may contain RGS11/GB5/GPR179. Below is a detailed account of the evi-
dence for the involvement of the GAP complexes in the mGIuR6 cascade.
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GpS Is Required for the Light Response and Proper Synaptic Structure

GBS (Gnb5), a nonconventional G subunit, has two splice variants: the long splice
variant is specific to photoreceptors and the short variant is found in multiple areas
in the brain. GB5 is localized to the dendritic tips of all types of ON bipolar cells,
and this staining is eliminated in the Gnb5 KO mouse [18]. Somewhat unexpect-
edly, the ERG b-wave in the Gnb5 KO is completely eliminated; this suggests that
GPS is crucial for the light response. This result was unexpected because in photo-
receptors the deletion of GBS just slows down the response recovery, with the light
response actually increasing in size [42]. Deletion of Gnb5 also compromises the
structure of the rod-to-rod bipolar cell synapse: While in the wild type ~35% of
synaptic profiles show at least one invaginating ON bipolar dendrite, in the KO,
only ~7% profiles show an invaginating dendrite. Thus, the lack of the b-wave
in the Gnb5 KO could be due directly to lack of GTPase activity, or to a develop-
mental defect. However, given the known function of G5 in photoreceptors, and
the known interaction of GB5 with the R7 family [43, 44], it is more likely that the
lack of response is due to absence of GAP activity. Indeed, subsequent experiments
showed that co-immunoprecipitation using an antibody against RGS11 pulls down
GP5 and R9AP from both transfected cell lines and retinal lysates [22, 40, 45]. Fur-
thermore, deletion of G5 reduces staining for, and expression of, both RGS7 and
RGSI11 in the dendritic tips, indicating tight complexes [22, 41].

Assuming the function of G5 is not developmental, but strictly to stabilize the
GAP complex and enable its activity, then why was the ON bipolar cell light re-
sponse of Gnb5-KO mouse diminished rather than increased? The answer must lie
in the unique function of the GAP in ON bipolar cells. As mentioned above, the
GAP activity in ON bipolar cells mediates the rising phase of the light response,
not its decay. If this necessary deactivation of Go,is too slow, the response may
have too little time to develop. Indeed, when both RGS7 and RGS11 are deleted,
the ERG b-wave is missing, as is the rod bipolar cell flash response as measured by
whole-cell recordings. However, a small response to a step of light can be detected
in this dKO.

The Function of RGS7 and RGS11 Appears Redundant

Both RGS7 and RGS11 are localized to the dendritic tips of ON bipolar cells, but
their concentration in rod bipolar cells compared to ON cone bipolar cells appears
to be different. While staining intensity for RGS11 is similar in these two classes,
staining for RGS7 is stronger in rod bipolar cells [46]. However, the functional
significance of this finding is not clear since experiments so far suggest that either
RGS7 or RGS11 can compensate for the loss of the other. Thus, absence of either
RGS7 or RGS11 leads to a minimal delay of about 25 ms in the b-wave implicit
time (time to peak of the ERG b-wave). Only when both RGS proteins are deleted
is there a pronounced effect on the ON response [23, 47]. In fact, the effect on
the response is so dramatic that the b-wave is completely eliminated. This likely
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occurs because the short flash stimulus reduces glutamate in the synaptic cleft
only for a short time, too short for GTPase activity to deactivate Ga, and open
TRPMI1 channels.

Two different RGS7/RGS11 double KO models were generated; in both mod-
els, the ERG b-wave is eliminated. The resulting synaptic ultrastructure is different
though. In one model, where exon 4 is deleted (resulting in truncation in the middle
of the DEP domain), the percent of rod spherules with invaginating rod bipolar cells
is close to normal [47], while in the other model, where exons 68 are deleted, the
structure is deficient just as in the Gnb5-KO mouse [23]. The reason for this dif-
ference is not clear, but could be due to different genetic manipulations, testing at
different ages, or perhaps due to the use of different cues to recognize the bipolar
dendrites. It has been shown that deleting Grm6 alters the morphology of the ON
bipolar dendritic tip [48]. If a similar alteration occurs in the double KO, it can hin-
der structural recognition. Nonetheless, the important conclusion from both studies
is that RGS7 and RGS11 are not only the main contributors to GAP activity in ON
bipolar cells but also constitute essential elements in mediating the rising phase of
the light response. Two more conclusions can be drawn from the RGSs studies: (1)
The two RGS proteins are functionally redundant and are expressed in high abun-
dance. This is concluded from the fact that deletion of either RGS7 or RGS11 re-
duces the amount of total RGS protein, yet, it hardly affects the response. (2) There
may exist yet another RGS protein that contributes to the acceleration of the rising
phase of the light response. This is suggested because the 40x reduction in the rate
of the rising phase of the step response in the RGS7/11 dKO is smaller than what
would be expected based on the intrinsic Go, GTPase rate [47]. An open question
is why ON bipolar cells use two similar RGS proteins. A possible reason might be
the uniqueness and importance of Go, deactivation for eliciting the light response.
However, this reasoning is weak since many other components such as mGluR6 and
Ga,, are crucial, and nothing compensates for their function. Alternatively, the two
RGS proteins might be used together for differential fine-tuning of rod and ON cone
bipolar cell responses; such fine-tuning may not be detected by ERG.

The RGS/GB5/GPR179: A Unique GAP Complex with Additional Functions

While both RGS7 and RGS11 belong to the R7 family of RGS proteins and both are
complexed with GBS5, only RGS11 interacts with ROAP. Furthermore, when ROAP
is deleted, staining for RGS11 is almost completely lost from the dendritic tips, but
that for RGS7 is without change, or may even be stronger [49]. When G5 is de-
leted neither RGS is present in the dendritic tips and ROAP is greatly reduced [22].
Finally, when the orphan receptor GPR179 is deleted, both RGS7 and RGS11 are
mislocalized [50]. Thus, there appear to be two different mechanisms for anchoring
or trafficking the RGS proteins: R9AP is responsible for anchoring RGS11, and
GPR179 is responsible for anchoring both RGS7 and RGS11. Beyond anchoring,
RI9AP and GPR179 may contribute to facilitation of the GTPase activity. ROAP
was shown to enhance allosterically the GAP activity of Ga, in oocytes expressing
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mGluR6 [51]. GPR179 is also likely to contribute to enhancing GAP activity as has
been shown for its close relative GPR158 [50]. However, the function of GPR179
must be very different than that of ROAP since deletion of ROAP hardly affects the
ON bipolar light response, but deletion of, or mutation in, GPR179 totally elimi-
nates the ON bipolar light response [52, 53]. The reason for total elimination of the
light response after deleting GPR179 may be due to its effect on localization of both
RGS7 and RGS11. If so, ON bipolar cells are predicted to give a small step response
in the absence of GPR179 (as they do when both RGS7 and RGS11 are absent). Also
if so, then the main role of GPR179 may be in trafficking (or stabilizing) RGS7 and
RGS11. However, it is also possible that GPR179 has an RGS-independent func-
tion, a fundamental function that is independent of the GAP-related activity. Given
that GPR179 has the structure of a G-protein-coupled receptor, it may be sensing
ligands or ions in the synaptic cleft and relaying the signal to the bipolar cells via
G,. The precise function and its mechanism are still under investigation and results
will probably provide the clue for the need of different GAP complexes.

Other Cascade Modulators

Several protein families modulate the G protein cycle. The GTPase-accelerating
proteins discussed above enhance the intrinsic rate of GTP hydrolysis on Ga; gua-
nine nucleotide exchange factors (GEFs) facilitate guanosine diphosphate (GDP)/
GTP exchange; and guanine nucleotide dissociation inhibitors (GDI) inhibit the
release of GDP from Ga (reviewed by Siderovski and Willard [54]). GEFs typi-
cally bind to monomeric Ga,,, competing with GBy. Among the known GEFs,
ON bipolar cells transcribe Ric8 (also called synembryn), AGS3, and Ras-GRF1
[20, 26], but little other information is known. Theoretically, Ric8 in ON bipolar
cells can work as in the Caenorhabditis elegans’ olfactory system [55]: after acti-
vation of Go, by glutamate-bound mGluR6 and after its GTP hydrolysis, Ric8 can
compete with GBy for binding Ga. ., It then activates Ga, again by re-catalyzing
GTP/GDP exchange, in effect amplifying the signal to keep the cell hyperpolarized.
The GDI modulators are characterized by GoLoco motifs that interact with GDP-
bound Go,,, and inhibit GDP dissociation [54, 56, 57]. Among the GDIs, the cells
transcribe Purkinje cell protein-2 (PCP2, also called L7 or GPSM4) and GPSM?2
[20, 26]. The localization and function of PCP2 is well tested in retina and will be
further discussed below. Another modulator, PKCao, is discussed in the chapter by
Scott Nawy in the present volume.

PCP2 Accelerates the Light Response in ON Bipolar Cells

PCP2 has been shown in transfection systems and in the native tissue to interact
with Ga of the G, family [16, 58]. This protein is considered a member of the GDI
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modulators because it has the GoLoco domain, and in an in vitro system it inhibits
GDP dissociation [57, 59-61]. However, a GEF function was also demonstrated
[57]. PCP2 has three splice variants, the two shorter forms are expressed by Pur-
kinje cells, and the longer variant (with an added exon at the 5’ end, termed Ret-
PCP2) is expressed by rod bipolar cells and certain types of ON cone bipolar cells
[62, 63]. Whole-cell recordings from rod bipolar cells showed that Ret-PCP2-null
cells are more depolarized than wild-type cells with greater inward current when
clamped to —60 mV. In normal Ames medium, the light response of Ret-PCP2-null
rod bipolar cells is slower than that of the wild type in both the rising and the decay
phases of the response. However, when inhibitory receptors are blocked, the effect
of Ret-PCP2 deletion is most pronounced close to the response peak, suggesting
that Ret-PCP2 sharpens the peak response. Thus, Ret-PCP2 has dual functions: It
hyperpolarizes the rod bipolar cell’s dark-membrane potential, and it accelerates
both phases of the light response near its peak [63]. The precise mechanism of ret-
PCP2’s action, i.e., whether it works as a GDI or as GEF, could not be elucidated
in vivo. While a GEF-like action can easily explain the results, a GDI-like action in
collaboration with another GEF can also explain the results.

Contribution of Cascade Modulators to Circuit Properties

Most of the mGluR6 cascade components are expressed in all types of ON bipolar
cells. Yet, different types exhibit distinct temporal bandwidths to facilitate the
extraction of different temporal features in the scene. This suggests that some com-
ponents may be differentially expressed in certain types of cells. Ret-PCP2 is ex-
pressed in rod bipolar cells and in several types of ON cone bipolar cells. In mouse,
Ret-PCP2 is not expressed in type 7 cone bipolar cells; responses to light in this cell
type are slow, perhaps because it lacks Ret-PCP2’s acceleration function. Similarly,
in monkey, cone bipolar cells that terminate in stratum 3 of the inner plexiform
layer (DB4) express more Ret-PCP2 than those that terminate in strata 3 +4 (midget
bipolar cells), and these in turn express more than those that terminate in stratum
5 (DB6 and blue cone bipolar cells) [64]. This expression pattern approximates
the arborization of ganglion cells (GC) with different temporal bandwidths: para-
sol GCs stratifying near stratum 3 display faster light responses than midget GCs
stratifying in strata 3+4, and these are probably faster than sluggish-response GCs
that arborize in stratum 5. This correlation once again suggests that Ret-PCP2 con-
tributes to shaping the temporal properties of ON cone bipolar cells light responses.
It is likely that more modulators will be found with differential expression in ON
bipolar cells.
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Differential Localization Patterns

We have described above the localization of the mGluR6 cascade components and
their function. In principle, mGIuR6 is needed only in the ON bipolar dendritic
tips where it senses glutamate in the synaptic cleft. Similarly, the components that
mediate mGluR6 action may be needed only at the tips. Indeed, most of the known
components are restricted to the dendritic tips; these include mGluR6 (Fig. 6.1a),
the GAPs (RGS7, RGS11, GB5, R9AP, and GPR179), and two other proteins
known to be crucial for night vision (nyctalopin and LRIT3) whose function is not
understood [65, 66]. In contrast, the G protein subunits and Ret-PCP2 are expressed
throughout the cell, with strong expression in the dendrites, milder in somas, and
variable in the axon terminals (Fig. 6.1d). Staining for TRPM 1 shows an intermedi-
ate pattern, punctate in the OPL (suggesting little staining in the primary dendrites)
and strong staining in the somas with little staining in the axons and their terminals
(Fig. 6.1b). The significance of the diffused staining of the G proteins is unclear and
many speculations can be raised. We suggest that a diffused staining throughout the
cell may indicate a higher abundance of the protein. In the case of Ret-PCP2, the
expression outside the dendrites (or abundance) was correlated with the temporal
response of monkey ON cone bipolar cells [64]. It is possible, as in photoreceptors,
the abundant expression of the G protein subunits is to ensure high amplification of
the cascade response. For ON bipolar cells, such amplification would tend to keep
the cell more hyperpolarized in the dark to maintain a large dynamic range for the
depolarizing light response.
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Chapter 7
Modulation of TRPM1 and the mGIluR6
Cascade in ON Bipolar Cells

Scott Nawy

Abstract In the retina, cones contact two types of bipolar cells, releasing the same
transmitter onto each. Since the two types of bipolar cells must respond to light (and
therefore cone transmitter) with opposite polarities, each has evolved very different
postsynaptic mechanisms to solve this problem. The OFF bipolar cell expresses
ionotropic a-amino-3-hydroxy-5-methyl-4-isoxazoleproprionic acid (AMPA) and
kainate glutamate receptors, conferring depolarization during photoreceptor trans-
mitter release. However, the requirement for a hyperpolarizing action of glutamate
at ON bipolar cells ruled out the use of ionotropic receptors at this synapse. Years of
investigation by a number of different laboratories have revealed this highly novel,
perhaps unique mechanism by which activation of a glutamate receptor, metabo-
tropic glutamate receptor type 6 (mGluR6), results in membrane hyperpolarization.
The photoreceptor—ON bipolar cell synapse must also be adaptive, enhancing rapid
changes in illumination while attenuating slower, more long-lasting changes in
order to avoid saturation of downstream synapses. Calcium appears to play a major
role in this form of short-term plasticity. Finally, recent evidence suggests that the
gain of this synapse is additionally regulated by ambient light levels. Both cyclic
guanosine monophosphate (¢cGMP)/protein kinase G (PKG) and protein kinase C
(PKC) appear to play key roles in these forms of long-term plasticity. Sections “ON
Bipolar Cells and the mGluR6 Pathway: A Brief History” and “Elucidation of the
mGluR6 Signaling Cascade” of this chapter summarize what is currently known
about this synaptic pathway, with an emphasis on the major historical breakthroughs
that shaped our understanding of this exceedingly complex synapse along the way.
Sections “Modulation of the mGluR6 Cascade: Ca>*”, “Modulation of the mGluR6
Cascade: cGMP”, and “Modulation of the mGluR6 Cascade: PKC and DAG” sum-
marize the roles of Ca?*, cGMP, and PKC in the regulation of this pathway.
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ON Bipolar Cells and the mGluR6 Pathway: A Brief
History

A Surprising Discovery: Light Depolarizes ON Bipolar Cells
by Opening Channels

It has been four decades since the first published intracellular recordings of bipolar
cell light responses [1-3]. This was the era of the sharp electrode, as patch clamp
recording was more than a decade away. Mammalian cells were too small to pen-
etrate with microelectrodes, and for this reason, either amphibian or fish (cyprinid)
retinas were chosen as model systems for studying retinal circuitry. The earliest
studies focused on the polarity of light responses, showing that cells could be clas-
sified as ON or OFF, depending upon their response to light. They also conclusively
demonstrated the concept of center and surround components of the receptive field,
correctly predicting that the center response of bipolar cells was provided by direct
input from photoreceptors, while the surround response, which had the opposite
polarity as the center response, originated from horizontal cells.

The second wave of papers began to focus on finer details of synaptic transmis-
sion. An important question to be addressed was how light could depolarize one
type of bipolar cell and hyperpolarize another. It was understood that the best way to
approach this question was to characterize the types of channels that were activated
by light in each type of bipolar cell. The basic strategy was to change the mem-
brane potential by passing current through the electrode during the light response.
This was a daunting task when one considers that the resistance of the electrode
was typically an order of magnitude higher than the input resistance of the cell.
Often, a reversal of the light response was not possible, as too much current was
required to change the membrane potential sufficiently, and so investigators relied
on extrapolations of the /-J relation. By far, the most studied bipolar cell during
this time period was the Mb-type ON bipolar cell from the carp or goldfish retina. It
has a large cell body, making it amenable to electrophysiological studies. As will be
discussed in the next section, bipolar cells in mammalian retina receive input from
rods or cones, but almost never both. However, this arrangement is different in the
retinas of lower vertebrates, where bipolar cells, including the Mb-type, often re-
ceive synaptic input from both rods and cones [4, 6—9]. Measurements of resistance
changes and reversal potentials associated with the light response yielded a surpris-
ing result: Light responses originating from rods were associated with an increase
in membrane conductance, and a reversal potential approaching 0 mV. On the other
hand, light responses originating from cones, measured in the same bipolar cell,
were associated with a decrease in conductance, and a reversal potential at negative
voltages [10—15]. OFF bipolar cells appear to follow a simpler rule, with input from
both rods and cones activating the same conductance mechanism. Activation of
either rods or cones was found to decrease membrane conductance, indicating that
light closed channels in OFF bipolar cells [15].



7 Modulation of TRPM1 and the mGluR6 Cascade in ON Bipolar Cells 101

This initially seemed puzzling: When comparing input from the same photo-
receptor (i.e., rods), ON and OFF bipolar cells respond with opposite polarities,
so why should the reversal potential of the light response be the same for both?
The answer was found to lie in the conductance change associated with the light
response: OFF bipolar cells respond to light with a decrease in conductance, an
indication that light closes channels, while ON bipolar cells respond with a con-
ductance increase. Because it was known that the photoreceptor transmitter was
released in darkness and suppressed by light [16], investigators suggested that the
endogenous transmitter activates a Na* conductance in OFF bipolar cells, and de-
creases Na* conductance in ON bipolar cells. In the case of the ON bipolar cell, the
effect of the photoreceptor transmitter was compared to an inhibitory transmitter,
and so for this reason there was some speculation at that time, albeit only briefly,
that photoreceptor might actually release different transmitters onto ON and OFF
bipolar cells. Soon it would be appreciated that ON and OFF bipolar cells expressed
very different kinds of glutamate receptors.

The Unique Pharmacology of the ON Bipolar Cell Synaptic Hinted
at a Novel Synaptic Mechanism

The study of bipolar cells, the ON type in particular, benefited tremendously from
the discovery of a selective agonist for the photoreceptor—ON bipolar cell synapse.
Almost simultaneously, two papers were published demonstrating that the gluta-
mate agonist L-2-amino-4-phosphonobutyric acid (L-AP4; known as L-APB at that
time) selectively blocked light responses of ON bipolar cells [17, 18]. Measure-
ments of conductance changes associated with L-AP4 demonstrated conclusively
that it acted not as an antagonist to block the action of transmitter, but rather to
mimic transmitter effects. In the mammalian retina, application of L-AP4 blocks all
input along the ON pathway, regardless of whether it originates from rods or cones
[19], supporting the idea that a single kind of glutamate receptor is expressed in
all types of ON bipolar cells in the mammalian retina. Interestingly, in fish retina,
L-AP4 acts only on the rod input to ON bipolar cells, leaving the cone input un-
changed [20]. Thus, in the fish, inputs from rods and cones differ not only in their
conductance mechanisms but in their pharmacology as well. In fact, cone input
was later shown to be mediated by a glutamate transporter, rather than a traditional
receptor-mediated pathway [21, 22]. The effectiveness of L-AP4 on all types of ON
bipolar cells in the mammalian retina suggests that the transporter mechanism used
to convey input from cones in lower vertebrates has been abandoned in the retina of
higher-order vertebrates, and will not be considered further here.

At the end of the 1980s, the tremendous importance of G proteins in transmitter
signaling was becoming clear. It seemed likely that a channel-closing transmitter
would require some intracellular machinery, such as a G protein cascade, interposed
between the receptor and the synaptic channel. One example which proved to be
useful was the inhibition of K" current in bullfrog sympathetic ganglia that came
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to be known as M current [23] through a mechanism that required activation of a
G protein [24]. The recent advancement of patch clamp recording allowed for ex-
periments that could directly test the possibility that closure of the synaptic channel
of ON bipolar cells likewise required G protein activation. Whole-cell recordings
revealed that the response to glutamate ran down rapidly, an indication that cel-
lular constituents washed away by whole-cell recording were required for support-
ing the function of the channel that is closed by glutamate [25]. Soon after, it was
demonstrated that the intracellular application of the hydrolysis-resistant guanosine
triphosphate (GTP) analog GTP-y-S eliminated the response to glutamate, locking
the synaptic channel in a closed state [26]. Verification that the glutamate receptor
expressed in ON bipolar cell dendrites was indeed a metabotropic, G-protein-cou-
pled receptor came several years later when it was cloned and termed metabotropic
glutamate receptor type 6 (mGIuR6) [27].

Elucidation of the mGluR6 Signaling Cascade

Components of the mGluR Pathway

The identity of the major components of the ON bipolar cell cascade was only
slowly revealed. As mentioned above, the receptor, termed mGluR6, was cloned in
1993. The G protein to which the receptor couples was identified as G_ several years
later [28, 29] through a combination of genetic and physiological approaches (see
Vardi and Dhingra, this volume). However, the mystery of the channel itself proved
to be the most difficult of all to solve. Insight came from an unexpected place, the
Appaloosa horse, where it was found that horses with abnormalities in pigmentation
called leopard spot often also suffered from congenital stationary night blindness
(CSNB) [30]. Leopard spot results from homozygous expression of the incomplete
dominant gene LP. Bellone and colleagues found that in LP-homozygous animals,
a closely associated gene, transient receptor potential melastatin 1 (7rpml), was
expressed in the retina at less than 1% of the level found in normal Appaloosa
horses [31].

TRPM]1 encodes a member of the Trp family of channels, whose physiological
properties were completely unknown and undefined at that time. It was known to be
expressed in melanocytes and was first identified in a cDNA screen in a search for
prognostic markers for melanomas [32]. For reasons that are not clear, there is a de-
crease in levels of TRPM1 mRNA in primary cutaneous tumors [33]. More details
about TRPMI1 can be found in a recent review [34]. This discovery was followed
by a series of publications showing that ON bipolar cell transduction was absent in
a mouse line in which expression of TRPM1 was eliminated [35-38]. These studies
strongly indicate that TRPM1 is necessary for generation of a synaptic response in
ON bipolar cells, but do not eliminate the possibility that other, still unidentified
channels may form a complex with TRPM1 to generate this response.
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Thus, key components of the cascade including the receptor, G protein, and ef-
fector channel had been identified. The initial finding, documented some 40 years
ago, that the photoreceptor transmitter hyperpolarized ON bipolar cells could now
be explained, at least in a very rudimentary way. Light suppresses photoreceptor
transmitter release and inactivates the mGluR6 cascade. When the cascade is shut
OFF, TRPMI1 can open (see below) and the net flux of Na* and K* through the
channel depolarizes the cell. Conversely, in the dark, glutamate binds to mGIluR6,
activating the cascade, and TRPM1 closes. In the absence of the current contributed
by TRPMI, the resting conductance is carried mostly by K*, and this keeps the cell
in a hyperpolarized state. This mechanism also accounts for the original observa-
tion that the light response is associated with an increase in conductance. It should
be noted that expression of mGluR6, TRPM1, and G, are common to both rods and
cone bipolar cells. Thus, mammals appear to have departed from the evolutionary
path of teleost, in which rod and cone input was mediated by different transduction
machinery in the dendrites of ON bipolar cells.

Gating of TRPM1: What Turns It OFF, and What Turns It On?

In darkness, glutamate binds to mGluR6, causing the dissociation of the Go, and
GPy subunits. In principle, either the alpha subunit or the dimer could bind directly
to the channel and close it. The traditional view is that By dimers are better suited
to interact with channels due to their greater hydrophobicity, and the G-protein-
coupled inward rectifier potassium channels (GIRK) and Ca" channels are the best
studied examples of this [39—43]. In support of this, dialysis of Gy dimers into rod
bipolar cells suppresses TRPM1 and blocks the light response [38]. In that study,
dialysis with Ga| subunits that had been preactivated with GTPyS had no obvious
effect on the current. However, there is some controversy about the relative impor-
tance of GBy versus Go, for closing TRPMI. Using inside-out patches of membrane
excised from CHO cells that had been transfected with TRPM1, Furakawa and his
colleagues demonstrated that direct application of Ga, to the patch closed channels
thought to be TRPM1 [36]. An alternative idea that Go, closes the TRPM1 channel
indirectly by catalyzing the degradation of a second messenger that is required for
channel opening would seem to be ruled out by experiments using isolated mem-
branes. It is possible that tightly bound intracellular machinery remained attached
to the inside-out patches, and that the Ga, interacted with a tightly bound cytosolic
effector rather than the channel itself. It is difficult to fully reconcile these two
viewpoints except to conclude that perhaps both the alpha subunit and the By dimer
may play a role in closing the channel.

During the light response, TRPM1 is open. Is a second messenger required, or is
opening constitutive? To date, no second messenger has been identified, and a num-
ber of candidates have been ruled out. These include the classic second messengers
c¢GMP, cyclic adenosine monophosphate (¢cAMP), Ca®*, IP3, and diacylglycerol
(DAG) [28, 44, 45]. Other lipid-based compounds, including endocannabinoids
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such as 2-AG and anandamide, remain possible candidates. On the other hand, stud-
ies of TRPMI1 in expression systems and human melanocytes consistently demon-
strate constitutive activation [36, 38, 46, 47]. Although it is difficult to rule out the
existence of a second messenger that is sufficiently ubiquitous as to be present in the
cytosol of most cell lines and expression systems, the most parsimonious explana-
tion would seem to be that TRPM1 can open constitutively.

The currents obtained in cell lines are substantially smaller than those found in
bipolar cells. This may result from TRPMI1 channels that are in a continuous state
of desensitization (see below), or because expression systems lack the necessary ac-
cessory proteins for proper trafficking insertion, and maintenance in the membrane
(see Gregg, Chap. 5 in the present volume). To summarize, in the dark, TRPM1
channels are closed by the action of either GBy dimers [38] or the dissociated Go,
subunit [36, 47]. Light inactivates the mGIuR6 cascade by suppressing transmitter
release, allowing for reassociation of the G protein complex, permitting the con-
stitutive opening of TRPM1 and the conduction of depolarizing Na*, K*, and Ca*
through the channel.

Modulation of the mGluR6 Cascade: Ca%*

Calcium Influx Triggers “Desensitization” of TRPM1

As described above, when expressed in cell lines, TRPM1 appears to be open con-
stitutively [34, 36, 38, 47], but in ON bipolar cells, the open state of the channel is
tightly regulated. Steps of light depolarize ON bipolar cells, but in most cases this
depolarization is transient compared with the stimulus, and is followed by a decay
of the depolarization toward baseline. This is particularly true for higher light in-
tensities. The kinetics of the light response are evident in the earliest recordings of
bipolar cells [1, 2], and have often been attributed to the transient nature of the pho-
toreceptor response. Rods, in particular, respond to steps of light with a pronounced
peak followed by a plateau phase, due in part to I, channels which are activated by
hyperpolarization and depolarize the rod membrane potential [48]. Depolarization
of the rod membrane potential would restore transmitter release from rods, and this
would repolarize the ON bipolar cell, consistent with the observed behavior during
steady illumination. However, several lines of evidence suggest that the transient
nature of the ON bipolar light response cannot be attributed to a presynaptic effect
alone. First, the bipolar cell response is transient at light intensities that produce a
sustained response in rods [49]. Second, transient responses are still present when
the presynaptic rod input is bypassed completely using a pharmacological approach
[44]. Third, transient responses are largely eliminated under conditions when Ca?*
is tightly and rapidly buffered with BAPTA [50-52]. In mammalian retina, the ef-
fect of Ca?" is rapid, reducing the light response on the order of milliseconds [50],
while the effect is somewhat slower in lower vertebrates [51, 52].
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The TRPM1 channel is itself permeable to Ca®* [38, 44, 53], and so influx of
this cation through the channel could act to signal that the channel has opened in
response to light. In principle, Ca?" could restore the membrane potential to near
dark levels through the activation of voltage and Ca**-dependent potassium or chlo-
ride channels. Such a mechanism would be independent of an effect on the TRPM 1
channel itself. However, several lines of evidence argue against this. The effect per-
sists under voltage clamp, and at a range of holding potentials [50—52]. In addition,
it is unaffected when Cs* is substituted for K* in the internal recording solution,
or when the CI” concentration is varied (unpublished observations). It seems more
likely that Ca?" acts directly on the mGluR6 cascade to reduce the amplitude of the
TRPMI1 current. We have referred to this Ca**-dependent process as desensitization,
as we view it to be functionally analogous to the desensitization of ligand-gated
channels during agonist binding.

The dependence of desensitization on extracellular Ca?* is illustrated in Fig. 7.1.
Here, an ON bipolar cell from the salamander retina is voltage clamped at + 40 mV.
The cell is bathed in a solution containing 1 mM glutamate, delivered through an
apparatus that allows for rapid local solution change, and so the TRPM1 current is
suppressed. The glutamate solution bathing the cell is then rapidly exchanged for a
solution containing the mGluR6 antagonist cyclopropyl-4-phosphonophenylglycine
(CPPQG), and this activates TRPM1 current, which at this voltage is outward. Note
that there is no change in the amplitude of the current with time (i.e., no desensitiza-
tion). However, when the voltage is stepped to a negative voltage (—20 mV in the
top right panel), the TRPM1 current becomes inward and then decays exponentially
to a plateau value (black trace). This experiment is consistent with the idea that the
driving force is sufficient to drive Ca?" through the TRPM1 channel and promote
desensitization at =20 mV, but not +40 mV. Stepping to more negative voltages
produces a larger TRPM1 current and a greater amount of desensitization (Fig. 7.1a,
right panels, summarized in Fig. 7.1b). The role of Ca®* is made clear when the same
experiments are repeated in nominally Ca?*-free solutions (Fig. 7.1a, gray traces).
Because the driving force for Ca®* increases with hyperpolarization, its effect on the
steady-state current is correlated with voltage (Fig. 7.1c). The steady state /-V rela-
tion of the TRPMI current is linear in the absence of Ca?*, but rectifies outwardly in
the presence of physiologically relevant concentrations of extracellular Ca?".

Desensitization Makes Light Responses More Transient
and Prevents Bipolar and Ganglion Cell Saturation

What advantage does desensitization confer to ON bipolar cells? First, it assists in
the conversion of the relatively sustained light response generated by photoreceptor
activation to a transient response to light in the inner retina. This effect was quanti-
fied in my laboratory by recording from a downstream retinal ganglion cell (RGC)
and measuring the number of transmitter quanta that were released from the axon
terminal of an upstream bipolar cell during a light event. First, a light response was
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Fig. 7.1 Voltage-dependent properties of the transduction current are conferred by Ca?'. a The shaded
area at the top of the figure shows the voltage protocol for the four panels enclosed within the box. On
the /eft is the response to the application of cyclopropyl-4-phosphonophenylglycine (CPPG) at +40 mV
in the presence and absence of Ca?" in the bathing medium. The three panels on the right illustrate the
effect of steps to the indicated voltage, also in the presence and absence of Ca?>". Removing Ca*" essen-
tially eliminates the voltage-dependent decay of the transduction current. b Summary of the effects of
Ca”* removal on desensitization. ¢ -V relation of the plateau phase of the transduction current in 2 mm
Ca*" and Ca*-free solution. Removing Ca* eliminates the rectification. (Reprinted with permission
from [51])
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simulated by the application of the mGluR6 antagonist LY341495 and the num-
ber of transmitter quanta in the postsynaptic RGC excitatory postsynaptic current
(EPSC) was determined. Next, the experiment was repeated using a solution that
was nominally Ca*" free, thus blocking Ca?'-dependent desensitization. Blocking
desensitization increased quantal release during the simulated light event by nearly
fourfold [52]. This is consistent with the idea that desensitization of TRPMI1 re-
polarizes ON bipolar cells sufficiently to close L-type Ca?" channels at the axon
terminal, thus reducing transmitter release onto postsynaptic ganglion cells. De-
sensitization is not the only mechanism for truncation of transmitter release from
bipolar cell terminals. Inhibitory feedback from amacrine cells also plays a role, as
has been well documented [54-57].

Desensitization of the TRPM1 channel insures that the response to a main-
tained light event is transient. It differs from adaptation because unlike adaptation,
strengthening the stimulus will not result in further signaling by the bipolar cell.
Instead, the TRPM1 channel remains in the desensitized state on the order of mil-
liseconds in mouse [50] and up to seconds in cold-blooded vertebrates [52]. This
might seem to be counterproductive, preventing bipolar cells from signaling dur-
ing the time period when TRPMI channels are recovering from desensitization.
However, it is advantageous for several reasons. Synaptic currents generated by the
opening of TRPM1 are rather small, and bipolar cells require a high input resistance
to be sure that the currents generated at the distal dendrites reliably depolarize the
axon terminal at the other end of the cell. If the light stimulus impinging on the pre-
synaptic photoreceptor pool is not homogeneous, but instead covers only a portion
of the photoreceptor pool, then strong stimulation of the TRPM1 channels that are
postsynaptic to the stimulated photoreceptors could have a shunting effect, lower-
ing the input resistance and reducing the response to stimulation of other regions of
the dendritic tree. Such a mechanism would seem to be particularly advantageous
for ON bipolar cells that sample from a large number of photoreceptors, such as in
the tiger salamander [58].

The same argument can be extended to the ganglion cell. Depending on the type
and eccentricity in the retina, ganglion cells can receive input from many ON bipo-
lar cells. Illumination of a portion of the ganglion cell receptive field may result in
saturation of ganglion cell spike frequency, rendering the cell incapable of increas-
ing its fire rate should the stimulus increase in size. Desensitization assures that
long-lasting light stimuli detected in a subunit of the total ganglion cell receptive
field will increase spike frequency only transiently, freeing the ganglion cell to in-
crease spike rate in response to incoming signals from other regions of its receptive
field.

Mechanism of Ca’* Desensitization

Many Ca’*-mediated signaling processes involve Ca?*-binding proteins, which
contain EF-hand domains that bind to Ca?" ions [59, 60]. Calmodulin (CaM) is a
ubiquitous Ca®*-binding protein containing four EF-hand motifs, each with distinct
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affinities for Ca?". One possibility is that CaM binds directly to TRPMI1 leading to a
conformational change that is the molecular basis of desensitization. Alternatively,
CaM might activate a kinase (CaMKII) or phosphatase (calcineurin). However,
neither the CaM antagonist calmidazolium nor a CaM inhibitory peptide affected
TRPMI1 desensitization (Kaur and Nawy, unpublished observations). It should be
noted that CaM binds Ca?" with high affinity [61], and it can often be difficult to
disrupt this complex using a pharmacological approach [62]. It has been suggested
that activation of CaMKII is a requirement [63], and there is a precedent for modu-
lation of desensitization of the vanilloid family of TRP channels, Trpv1 [64], and
the N-methyl D-aspartate (NMDA) receptor by CaMKII [65-67], but a lack of ef-
fect of CaMKII antagonists on desensitization has also been reported [51] (see the
next section for a calcineurin-dependent form of TRPMI regulation by Ca?"). A
pharmacological approach may not allow for a definitive conclusion. Instead, the
use of genetic approaches, such as expression of dominant negative forms of CaM
that do not transduce Ca®*, may be a better approach [68, 69].

An intriguing possibility is that the sensor for Ca** desensitization is not lo-
cated on the TRPM1 channel itself, but at a more distant location. Diffusion of Ca*"
through the channel pore and subsequent binding of Ca?* to the channel would re-
quire movement of the ion across a very small nanodomain [70-72]. Conversely, if
the Ca®* sensor is located at a different site, Ca>" would be required to diffuse across
a distance of several microns from the mouth of the channel. Thus, the Ca?* domain
would be on the order of microns rather than nanometers [73—76]. For several rea-
sons, the microdomain model is more consistent with the present data. First, small
reductions in synaptic glutamate produce TRPM1 currents that do not undergo de-
sensitization [52]. This is true if the observed current is approximately 20% or
less of the maximum evoked current. The lack of desensitization under conditions
when only a small fraction of TRPM1 channels open seems useful, as it increases
the probability that small signals generated by the opening of such a few number of
channels will be passed along to postsynaptic cells. This finding is in conflict with
the nanodomain model where desensitization is a property of individual channel
and therefore should be observed for all measurable current amplitudes.

Another line of evidence supporting the microdomain model comes from ex-
periments using the Ca?" chelators ethylene glycol tetraacetic acid (EGTA) and
1, 2-bis(o-aminophenoxy)ethane-N,N,N’,N'-tetraacetic acid (BAPTA). Both bind
Ca®* equally well at equilibrium, but EGTA binds Ca?* ~ 100-fold more slowly than
BAPTA [76, 77]. Thus, if the Ca?" site of action is near the channel, BAPTA is more
effective than EGTA at sequestering Ca?". In contrast to this prediction, BAPTA
and EGTA are equally effective at blocking desensitization, supporting the idea
that diffusion of Ca®* to the effector is sufficiently far to allow both chelators an
opportunity to bind the cation [50-52]. Finally, the time course of recovery from
TRPMI1 desensitization has been shown to be proportional to the number of TRPM1
channels that open during a synaptic response [52]. A nanodomain model would
predict that the rate of recovery from desensitization for a given TRPM1 channel
should be independent of the total number of open channels, and instead should
be governed by the kinetic properties of the channel itself. Instead, recovery from
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desensitization seems to reflect more global changes in Ca?" concentration, perhaps
indicating the presence of a Ca®* sensor that is separate from the channel. Finally,
desensitization has been reported for rod, but not cone, bipolar cells in the mam-
malian retina [50]. Whether this is due to differences in the molecular structure of
cone and rod TRPM1 or to differences in the upstream cascade is an intriguing and
as yet uninvestigated question.

A Separate, Calcineurin-Dependent Form of Ca’* Regulation

There is a second form of Ca?*-dependent regulation of TRPM1 current, well docu-
mented in lower vertebrates but not yet established in mammalian retina. The calci-
neurin-dependent and the independent form of desensitization complement one an-
other. As discussed above, the independent form requires only a single brief period
of Ca?" influx through the open channel, on the order of milliseconds in mammals,
but the calcineurin-dependent form is most effectively triggered by frequent, brief
openings of the TRPM1 channel. In other words, the calcineurin-dependent form
performs more of an integrative function, responding to the fraction of time that the
channel spends in the open state [44, 78]. Calcineurin-dependent desensitization
occurs over a time period of minutes rather than seconds or milliseconds. Perhaps
the strongest evidence for the role of calcineurin is the observation that the introduc-
tion of constitutively activated, Ca>*-independent calcineurin through the recording
pipette can cause desensitization of TRPM1 even when Ca?" is tightly buffered by
inclusion of BAPTA in the recording solution, a condition which typically blocks
calcineurin-dependent desensitization (Fig. 7.2). There is precedent for this form
of desensitization, as at least one type of desensitization of the Trpv1 channel also
requires calcineurin [79].

The calcineurin-dependent and calcineurin-independent forms of desensitization
operate through different upstream mechanisms, but might possibly converge on
the TRPM1 channel through the same downstream mechanism. The calcineurin-
dependent form reduces TRPM1 current by ~60 % [78], similar to the calcineurin-
independent form [51]. However, the possibility that the two forms occlude one
another has not been formally tested.

Modulation of the mGluR6 Cascade: cGMP

cGMP and Gating of TRPM1

The cyclic nucleotide, cGMP, strongly potentiates TRPM1 currents. Intracellular
perfusion of cGMP through a recording pipette or via bath application of mem-
brane-permeant analogs was found to cause a robust increase in TRPM1 current
[26, 80]. This was initially interpreted as evidence that cGMP gated the TRPM1
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channel open. It was hypothesized that endogenous levels of cGMP were sufficient
to open only a few of the synaptic channels, serving to reduce noise and maintain
a high input resistance, much as had been shown for cGMP and cyclic nucleotide-
gated channels in photoreceptors. Introduction of a high concentration of cGMP
through the recording pipette would lead to the opening of more synaptic chan-
nels than would open under physiological conditions, thus giving the appearance of
potentiation. Further, it was proposed that the mGIuR6 cascade closed the synap-
tic channel by decreasing cGMP levels, perhaps by activation of a cGMP-specific
phosphodiesterase [26]. The same interpretation was reached by a second, indepen-
dent group [80].

The idea that the transduction cascade in bipolar cells was essentially the same
as the photoreceptor cascade was appealing by virtue of its simplicity, if nothing
else. However, several lines of evidence came to light that were inconsistent with
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such a model. First, the cGMP-gated channel expressed in rods was absent in the
dendrites of ON bipolar cells, as judged by the lack of staining of bipolar cell den-
drites using an antibody that detected cGMP channels in rod outer segments [81].
Second, an essential requirement for the cGMP model in its simplest form is that
c¢GMP hydrolysis is required to allow for the current to be shut OFF by glutamate.
However, the application of glutamate was found to strongly suppress the current
even when highly hydrolysis-resistant forms of cGMP were dialyzed into the cell
[28]. Nevertheless, the idea that cGMP was essential for channel gating stubbornly
remained in the ON bipolar cell literature, in part because a more appealing model
was not rapidly forthcoming.

c¢GMP Increases Signal Amplification in the mGIluR6 Cascade

The initial experiments on cGMP and bipolar cells were conducted in lower ver-
tebrates, but later were expanded to mouse. Two observations were made that
provided insight into the mechanism of potentiation. First, the effect of cGMP on
TRPMI1 required cGMP-dependent kinase. Second, potentiation was only observed
on submaximal TRPM1 currents [82]. The second finding, in particular, is intrigu-
ing because it implies that phosphorylation of TRPM1, or perhaps another element
in the cascade, increases the efficiency of coupling to the mGluR6 cascade. Small
perturbations in glutamate release, brought about by absorption of single photons
in the rod pool, were highly magnified by the addition of exogenous cGMP. In a
series of experiments performed in my laboratory, we found a strong correlation
between the magnitude of TRPM1 current and the amount of potentiation produced
by cGMP application. In some cases, a brief application of mGIluR6 antagonist dis-
placed glutamate from only a few mGIluR6 receptors and was not sufficient to open
any TRPM1 channels [82]. However, after dialysis with cGMP, the same stimulus
resulted in a robust activation of the cascade and opening of TRPM1 channels.
Similar effects of cGMP on the mGIuR6 cascade have been observed in cat and fish
retinas [83, 84].

The Effects of cGMP at ON Bipolar Cells Is Retained in
Downstream AIl Amacrine Cells

In the mammalian retina, rod bipolar cells are presynaptic to AIl amacrine cells
rather than ganglion cells [85]. Experiments using paired recordings have demon-
strated highly coordinated, multivesicular release of synaptic transmitter from bipo-
lar to amacrine cell when the bipolar cell membrane potential is instantaneously de-
polarized by the application of a voltage step [86, 87]. But light responses generate
depolarizing responses in rod bipolar cells that are both slower and smaller [88—90]
than typical voltage steps. Both the amplitude and rise time of the bipolar cell light
response impact the resulting AII EPSC. For example, maintaining a constant am-
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plitude of 20 mV, but varying the rise time of the bipolar cell depolarization from
an instantaneous voltage step to a ramp that lasts 100 ms, decreases the amplitude
of the AIl EPSC by 50% and changes the shape from a single peak representing
well-orchestrated transmitter release to a series of randomly distributed peaks [91].

Modulation of the mGluR6 cascade by cGMP not only potentiates the peak of
the TRPMI current, but importantly increases the rate of rise as well. This is illus-
trated in an experiment from my laboratory in which a rod bipolar cell was recorded
in current clamp and depolarized by the application of an mGluR6 antagonist in a
background of L-AP4, while a downstream AIl amacrine cell was voltage clamped
in order to monitor the effect of cGMP on the EPSC (Fig. 7.3). Application of CPPG
depolarized the rod bipolar cell and elicited an EPSC in the downstream AIl ama-
crine cell. By changing the duration of the CPPG “puff,” the size of the bipolar
cell depolarization and the resulting postsynaptic EPSC could be varied. Next, a
membrane-permeant cGMP analog was applied to the bath and the experiment was
repeated. cGMP increased the depolarization rate of the bipolar cell, strongly poten-
tiating the EPSC of the AIl amacrine cell.

Historically, studies of cGMP effects in ON bipolar cells have relied on the ad-
dition of exogenous cGMP to produce these effects, the implication being that en-
dogenous cGMP levels are insufficient to generate potentiation of TRPM1 currents
and downstream AIl EPSCs. In the intact retina, changes in cGMP levels are most
likely mediated by the second messenger nitric oxide (NO). Nitric oxide is syn-
thesized by nitric oxide synthase, most likely the neuronal form (nNOS) which
predominates in the retina [92, 93]. ON bipolar cells express a NO-activated gua-
nylyl cyclase [94-96], the only known receptor for NO, and stimulation with NO
or its analogs upregulates cGMP levels in ON bipolar cells [97-99] and potentiates
TRPMI1 currents [82]. Thus, the machinery for elevating cGMP is present in ON
bipolar cells. One explanation for the apparently low concentration of endogenous
c¢GMP in bipolar cells may be that the levels of endogenous NO are compromised
in a slice preparation. A more intriguing possibility is that NO production is pro-
moted by specific patterns of illumination [100, 101] and would be absent in retina
preparations that are maintained under conditions of continuous illumination. Since
nNOS is distributed throughout the retina, including bipolar cells, amacrine cells,
and nearby photoreceptors [92], the issue of whether production of cGMP is auto-
crine or paracrine is unresolved and will require further study.

Modulation of the mGluR6 Cascade: PKC and DAG

Finally, there is evidence that activation of PKCa through the canonical phospho-
lipase C (PLC) pathway results in potentiation of TRPM1 [45]. Interestingly, PKC
seems to exert its actions by relieving the inhibition of TRPM1 by intracellular
Mg?* [45], as activation of PKCa with the DAG analog 1-oleoyl-2-acetyl-sn-glyc-
erol (OAG) has no effect at intracellular Mg?" concentrations below 0.5 mM. The
trigger for activation of this pathway appears to be the binding of synaptic glu-
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Fig. 7.3 Potentiation of rod bipolar cell (RBC) responses by cyclic guanosine monophosphate
(cGMP) that in turn potentiates AIl EPSCs. a Averaged response of an RBC—AII pair to an 8-ms
puff (left), or 50-ms puff (right) of cyclopropyl-4-phosphonophenylglycine (CPPG) following
break-in (black trace) and after the local application of 1 mM 8-pCPT-cGMP (blue trace). Inset,
experimental protocol; in some experiments, cGMP was dialyzed directly into individual RBCs,
while in others, such as the one shown here, it was added in a membrane-permeant form. b Left,
effects of cGMP on the rate of depolarization of the RBC and the peak All response from the pair
shown in a. Puff lengths were 8, 35, and 200 ms. Open symbols are before and filled symbols are
after 8-pCPT-cGMP application, respectively. ¢ Summary of the effects of cGMP on All response
amplitude as a function of puff duration. Data from bath and intracellular application of cGMP
have been pooled, and puff lengths have been binned as labeled. n=8 for all puff length bins except
for 25 ms (n=6). (Reprinted with permission from [91])

tamate to Group I metabotropic receptors that have been shown to be expressed
specifically in rod, but not cone, bipolar cells, and whose activation elicits Ca?*
release from stores in the vicinity of the distal dendrites [102]. Interestingly, PKCa
itself is expressed only by rod, and not by cone, bipolar cells [103], and in fact the
relief of Mg?" block by PKC activation is observed only in rod bipolar cells [45].
Inhibition of Group I mGluR receptors with specific antagonists, or presentation
of dim background illumination, which has a suppressive effect on glutamate re-
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lease from photoreceptors, both block potentiation by PKCa (Rampino and Nawy,
unpublished observations). Unlike the effect of cGMP described above, PKCa po-
tentiates TRPM1 current at every light intensity, consistent with the idea that it acts
directly on the channel to relieve Mg?" inhibition, rather than to modulate coupling
to mGluR6 cascade.

Measurements of ON bipolar cell function in a PKCo '~ mouse line obtained by
monitoring the b-wave of the electroretinogram (ERG) do not reveal the expected
decrease in amplitude, but instead argue for the improper, delayed shutOFF of the
TRPMI1 current after the termination of the light response [104]. Conversely, patch
clamp recordings from rod bipolar cells of the same mouse line reveal a dimin-
ished TRPMI current, which cannot be rescued by the addition of DAG analogs
[45]. It should be noted that the b-wave does not directly reflect the behavior of
the dendritic TRPM1 current, but rather it takes into account all inputs that modu-
late the membrane potential of bipolar cells, including inhibitory feedback. In fact,
measurements of inhibitory feedback onto rod bipolar cell terminals support the
idea that feedback is greatly reduced in the PKCa-knockout mouse [45], perhaps
explaining the discrepancy between the patch clamp and ERG studies.

Concluding Remarks

The synapse between photoreceptors and ON bipolar cell has long fascinated those
of us in this field. The problem was to create a sign inversion at a synapse where
there should not be one, to generate an inhibitory synapse using an excitatory trans-
mitter. Evolution left us with an outside-the-box solution to this problem. At each
end of the synaptic pathway, one finds a glutamate receptor and an ion channel that
are expressed in only one type of cell in the nervous system. In the middle, a ubiq-
uitously expressed G protein whose inactivation, a necessity for generating a light
response, is apparently more tightly regulated than its activation. At first glance, this
would appear to be the Rube Goldberg of synaptic mechanisms, as one could imag-
ine more familiar and seemingly simple solutions to solve this problem. But the use
of a channel-closing mechanism allows for the highest possible input resistance
(and therefore synaptic gain) in the dark, while the choice of a membrane-delimited
pathway ensures high fidelity and speed.

Although the photoreceptor—ON bipolar cell synapse is the first in the visual
system, even at this early stage of processing, there is a tremendous capacity for
synaptic plasticity. Synaptic gain is reduced by Ca®" through at least two separate
pathways and time scales, and is an important mechanism for restoring ON bipolar
cell membrane potential and input resistance to near dark levels during maintained
illumination. Conversely, gain can be increased by pathways involving NO and
mGluR1/5 and their canonical signaling pathways. This is a highly unusual, perhaps
unique synapse, and the last decade of research has elucidated novel forms of syn-
aptic plasticity that have coevolved to meet its needs. Undoubtedly, there are more
surprises waiting to be discovered.
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Chapter 8
The Role of Dopamine in Fine-Tuning
Cone- and Rod-Driven Vision

Rolf Herrmann and Vadim Y. Arshavsky

Abstract Dopamine, one of the major neuromodulators in the retina, acts through
dopamine D1, D2, and D4 G-protein-coupled receptors localized to many types
of retinal neurons. This expansive expression pattern allows dopamine to regulate
visual processing at different cellular sites of the retinal circuitry. One of the most
extensively studied functions of dopamine is its role in mediating the shift from rod-
dominant to cone-dominant vision at the transition from night to daylight. However,
dopamine is also critical for the regulation of the rod-driven circuitry. Recent stud-
ies in the mouse demonstrated that dopamine enhances the light sensitivity of the
rod bipolar cells which mediate vision under dim-to-moderate illumination. In this
mechanism, dopamine acts via dopamine D1 receptors and induces a GABAergic
input onto rod bipolar cells which evokes a sustained hyperpolarizing chloride cur-
rent carried by the GABA . receptor channel. This sensitizing GABAergic input is
crucial for increasing the light response amplitudes and extending the operational
range of rod bipolar cells. These recent findings expanded the role of dopamine in
retinal processing from its well-established function of supporting the transition
between rod- and cone-dominant vision to enhancing light responses in the dark or
under dim light.

Introduction

Dopamine, acting through its G-protein-coupled receptors (GPCRs), is a major cat-
echolamine neuromodulator in the brain where it regulates a variety of physiologi-
cal functions, such as locomotor activity, cognition, reward behavior, or emotion
[1, 2]. Misbalances in the dopaminergic system can cause dramatic effects which
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often culminate in diseases such as Parkinson’s disease, schizophrenia, or Tourette’s
syndrome [1, 3—5]. Consistent with the key role of dopamine in mediating diverse
aspects of brain function, the abuse of drugs which act on dopaminergic neurons
(e.g., amphetamine and cocaine) causes severe addictive behavior [6].

Mammalian species have two distinct families of dopamine receptors, the D1
type and the D2 type, both belonging to the rhodopsin-like family of GPCRs (for a
detailed review, see [1]). The D1-type family includes the dopamine D1 (D1R) and
D5 receptors (D5R), whereas the dopamine D2 (D2R), D3 (D3R), and D4 (D4R)
receptors constitute the D2-type family. These two receptor families are function-
ally distinguished by their effects on the activity of adenylate cyclase. Receptors of
the D1 family activate the G protein G_ that stimulates the cyclase activity resulting
in the elevation of intracellular cyclic adenosine monophosphate (cAMP) levels. In
contrast, activation of D2-family receptors causes inhibition of adenylate cyclase
via the G protein G, and a reduction in cAMP levels. Given the central role of cAMP
in mediating diverse cellular functions, dopamine acting on D1- or D2-type recep-
tors can differentially modulate various aspects of cellular signaling.

Studies of the brain demonstrated that, in addition to this conventional role of
dopamine regulating the intracellular cAMP, dopamine can initiate other signal-
ing pathways, such as those engaging phospholipase C [7] or arachidonic acid [8].
Furthermore, a large body of recent work revealed that D2 receptors can function
through a signaling cascade engaging protein kinase B (Akt), GSK-3 (glycogen
synthase kinase 3), and B-arrestin-2 [9]. Growing evidence suggests that the latter
mode of cellular signaling underlies pathophysiology of various psychiatric and
neurological disorders [10].

Dopamine has also been recognized as an important neuromodulator in the ret-
ina. Numerous studies conducted over the past decades on a variety of vertebrate
species revealed that dopamine signaling is implicated in various aspects of retinal
physiology including dark/light adaptation, gap junction coupling, synaptic trans-
mission, and cell development (reviewed in [11]). Perhaps the most extensively
studied aspect of dopamine signaling in the retina is its role in the light adaptation
of multiple neurons, i.e., the adjustment of their sensitivity to changes in ambient
illumination. Light adaptation is a fundamental function of the retina because it
allows our vision to operate over an enormous range of light intensity changes cov-
ering more than nine orders of magnitude [12]. Various components of the retinal
circuitry contribute to light adaptation, including the rod-driven pathway mediating
vision under dim illumination (Fig. 8.1; [13, 14]). The functional role of dopamine
in both dark- and light-adapted retina is the major focus of this chapter.

Dopamine in the Retina

In the mammalian retina, dopamine is synthesized by dopaminergic amacrine
cells [15]. The cell body of this neuron is localized at the border between the inner
nuclear and inner plexiform layers (OFF sublamina 1) [16, 17], where it projects
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Fig. 8.1 Cartoon illustrating parts of the primary rod-driven pathway in the retina and the major
retinal neurons discussed in this chapter. Rod bipolar cells receive glutamatergic inputs from rods
in the outer plexiform layer (OPL) and provide glutamatergic output onto AIl amacrine cells in
the inner plexiform layer (/PL). All amacrine cells transmit the signal to cone ON-bipolar cells
via electrical synapses (not shown). Dopaminergic amacrine cells release dopamine, which can act
on dopamine receptors expressed by horizontal cells in the OPL and by amacrine cells in the /PL.
See text for details. (This and all subsequent figures are reproduced or modified with permission
from [20])

axons laterally over large distances up to 500 um [18]. In addition to this lateral
stratification, dopaminergic amacrine cells project multiple processes into the inner
plexiform layer. Work on rat and monkey retinas showed that these cells also project
axons to the outer plexiform layer where they establish presynaptic contacts with
horizontal and bipolar cells [11, 19]. We recently reported a very similar projection
pattern for the mouse retina (Fig. 8.2a; [20]). Tyrosine hydroxylase, the enzyme
catalyzing the rate-limiting step of dopamine synthesis from tyrosine, is localized
throughout the entire dopaminergic amacrine cell, including varicosities and thin
dendritic terminals. This distribution suggests that dopamine synthesis (and poten-
tially release) can occur at virtually all locations of this cell. Together with the cell’s
complex stratification and projection pattern, this allows dopamine to act at mul-
tiple cellular sites within the retinal circuitry.

Although the dopaminergic amacrine cells stratify in the OFF sublamina 1, it
has been traditionally accepted that these cells do not receive direct inputs from the
OFF pathway. Rather, they receive inputs from the ON pathway, which is medi-
ated by a bi-stratifying cone ON bipolar cell as shown in the rabbit retina [21]. The
presence of this input from the cone-driven ON pathway indicates that the dopa-
minergic amacrine cell responds to light increments at intensities that drive cone-
mediated visual responses. Based on their light response properties, dopaminergic
amacrine cells are surprisingly heterogencous and can be classified into at least two
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Fig. 8.2 Processes of dopaminergic amacrine cells extend into the horizontal cell layer and are
in close proximity to dopamine D1 receptors. a Confocal z-stack from a tangential retinal section
representing the outer plexiform layer in a wild-type (WT) mouse. The tissue was co-stained for
the horizontal cell marker, calbindin (red), and the dopaminergic amacrine cell marker, tyrosine
hydroxylase (TH, green). b Confocal z-stack from a tangential WT mouse retinal section repre-
senting the outer plexiform layer co-stained for D/R (red) and TH (green). Scale bars: 25 pm

distinct classes. The first class displays transient ON responses, whereas the second
class responds to light onset in a sustained fashion [22]. Additionally, dopaminergic
amacrine cells maintain light-independent, spontaneous electrical activity [18, 22].
Further experiments showed that the ON-transient dopaminergic amacrine cells are
excited by ON bipolar cells (consistent with the morphological findings reported by
[21]), whereas ON-sustained dopaminergic amacrine cells receive excitatory glu-
tamatergic inputs from intrinsically photosensitive retinal ganglion cells (ipRGCs,
[23]). However, a very recent study reported that some dopaminergic amacrine cells
respond to dim-light onset with hyperpolarization and a transient suppression of
spontaneous spiking activity [24]. This reduction in spontaneous activity to light
offset is most likely generated by inhibitory glycinergic inputs from an amacrine
cell excited by rod bipolar cells. Therefore, dopaminergic amacrine cells also re-
ceive inputs from the rod-driven circuitry.

Even isolated from the retina, dopaminergic amacrine cells display spontaneous
spiking activity which induces basal release of dopamine [25]. This is consistent
with the findings that the basal level of dopamine release takes place in the dark-
adapted retina (see below). With increasing levels of illumination, the dopaminergic
amacrine cells increase their spike firing rate and consequently increase dopamine
release. In the rabbit retina, steady illumination by bright light causes an elevation
of the dopamine release rate by ~66 % relative to the dark [26]. Another study con-
ducted with the fish retina documented an ~twofold increase of dopamine release
in response to flickering light [27].
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It is commonly thought that dopamine, once released, reaches its receptors ex-
trasynaptically via diffusion, a process often referred to as “volume transmission”
[28]. However, it is conceivable that in addition to volume transmission, dopamine
could be released at defined synaptic connections. For example, dopaminergic ama-
crine cells form synapses with AIl amacrine cells [29] which were found to express
D1-type receptors [30]. Therefore, dopamine could act on its cellular targets both in
a synaptic and in an extrasynaptic fashion. Similarly, mouse horizontal cells express
dopamine D1 receptors in close proximity to the processes of dopaminergic ama-
crine cells, which also suggests a synaptic action of dopamine at these sites within
the outer plexiform layer (Fig. 8.2b).

While the retina does not express D3R and D5R (the latter was found in the reti-
nal pigment epithelium [31]), DIR, D2R, and D4R have been localized to different
types of retinal neurons across different species. DIR has been localized to horizon-
tal cells in mouse and rat retinas using immunohistological techniques [20, 32] and
is thought to be expressed in horizontal cells of both cold-blooded vertebrates and
primates, based on functional studies (e.g., [33, 34]). DIR is expressed in the inner
retina as well. Hayashida et al. reported DR localization to ganglion cells in the rat
retina [35], although this has not been confirmed by others [32]. DIR expression
is also documented in several subtypes of cone bipolar and amacrine cells [35].
Accordingly, D1R immunostaining displays a broad pattern in the inner plexiform
layer of the mouse retina [20]. A complete set of neuron types in the mouse retina
expressing DIR remains to be identified.

The expression pattern of D2R-family receptors, D2R and D4R, appears to be
more restrictive and confined predominantly to photoreceptors [36—38]. D2R is also
found in dopaminergic amacrine cells [39] where it functions as an autoreceptor
for the regulation of dopamine release [25]. However, a recent study detected D4R
mRNA in the inner nuclear layer and in ganglion cells of the mouse retina [40], sug-
gesting that the expression pattern and functional role of D4R receptors in the retina
might be more complex than presently appreciated.

Regarding the mode of cellular signaling downstream from dopamine receptors,
all studies conducted so far in the retina suggested the classical mechanism based
on the regulation of intracellular cAMP levels. For example, dopamine-dependent
cAMP changes have been shown to underlie photoreceptor or horizontal cell cou-
pling—the adaptation mechanism discussed in detail in the next section. Any in-
volvement of the Akt/GSK3 signaling cascade in the regulation of cellular signaling
in retinal neurons remains to be addressed in the future studies.

The Role of Dopamine in Biasing the Retinal Circuitry
from Rod- to Cone-Dominant Vision

For a long time, dopamine has been recognized as a neuromodulator that facilitates
the switch from rod-dominant to cone-dominant vision at the transition from night
to day (there is ample experimental evidence that this mechanism is controlled by
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the circadian clock (e.g., [41, 42]). The underlying theme is that dopamine enhances
cone-driven responses, while suppressing the flow of rod signals to downstream
neurons at different sites of the rod-driven circuitry. This function of dopamine
is accomplished via two principle mechanisms: modulation of the coupling state
between different classes of retinal neurons (i.e., photoreceptors, horizontal cells,
amacrine cells, and ganglion cells) and regulation of the strength of synaptic outputs
from rods and cones to second-order neurons.

Dopamine regulates the gap junction coupling between rods and cones. Acti-
vation of D2-type receptors enhances the rod—cone coupling in Xenopus retina at
“mesopic” light intensities [43], at which both rods and cones contribute to visual
responses. This coupling, which allows cone signals to flow into the rod pathway
and vice versa, is likely to take advantage of both high sensitivity of rod inputs and
high temporal resolution of the cone-driven circuitry. In bright light, however, D2-
type receptors mediate the opposite effect. As demonstrated in the fish, mouse, and
rabbit retinas, dopamine acting through D2-type receptors reduces rod—cone cou-
pling in bright daylight, an effect also regulated by the circadian clock [40, 44, 45].
This uncoupling of rods from cones appears to be the best established mechanism
of how dopamine prevents rod signals from flowing into the cone-driven circuitry
in bright light.

The coupling state of horizontal cells also undergoes dopaminergic regulation.
Zhang et al. showed that primate horizontal cells are electrically coupled in the
dark and become uncoupled in the light, a mechanism mediated by activation of
DIR [34]. Ribelayga and Mangel found that in bright light D1R activation reduces
rod horizontal cell coupling in the fish retina [46]. Very similar observations were
obtained by Weiler and Vaney for horizontal cells of the mouse retina [47]. This
regulation may be further fine-tuned under dim light conditions when the degree of
horizontal cell coupling is pronounced even more than in complete darkness [48].

Horizontal cells provide the antagonistic surround receptive fields for bipolar
and ganglion cells [49-51], which is thought to contribute to enhanced contrast
detection at the level of the outer plexiform layer [52]. Since horizontal cell uncou-
pling establishes smaller receptive field sizes [53], this mechanism may contribute
to the higher spatial resolution characteristic for cone-driven vision, as compared to
rod-dominant vision operating with large visual fields [11]. However, recent work
argues against this view by providing evidence that horizontal cell coupling does
not affect the spatial tuning at the level of ganglion cells [54, 55]. Therefore, the
physiological significance of horizontal cell uncoupling in mediating cone-driven
visual responses remains controversial.

Al amacrine cells are moderately coupled among themselves via gap junctions
in the dark, and the extent of this coupling is further increased by dim-light il-
lumination [56]. Dopamine, acting via D1R, closes the gap junctions among All
amacrine cells in bright light [30, 57], which reduces the extent of their coupling to
the degree observed in dark-adapted retina [55]. The extensive coupling of AIl ama-
crine cells in dim light has been suggested to allow the summation of light signals
over a relatively large receptive field to enhance the synchronized transmission of
rod signals above the background noise [58, 59]. The significance of such a mecha-
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nism could be to increase the reliability of synaptic transmission throughout the
rod-driven circuitry, although we find it puzzling that, just as in the case of horizon-
tal cells, this mechanism is employed primarily in dim light but not in the darkness
where it would appear to be equally beneficial. Therefore, future work is needed to
fully understand the functional significance of light-dependent AIl amacrine cell
coupling/uncoupling. The reduction of AIl amacrine cell coupling in bright light
should contribute to the reduction of the size of visual fields, generally consistent
with the concept of dopamine assisting the transition from rod- to cone-dominant
vision.

As a part of the primary rod-driven circuitry, AIl amacrine cells also form gap
junctions with cone ON bipolar cells (Fig. 8.1), which constitute electrical synapses
between these two cell types. In contrast to the AII-AIl uncoupling, dopamine does
not uncouple AIl amacrine cells from cone ON bipolar cells [60], which would be
an alternative mechanism to prevent light signals from rods to reach ganglion cells
in bright light. On the contrary, there is evidence that dopamine exerts opposite ef-
fects in dim light ([61]; see the following section). Overall, it appears that dopamine
acts to bias the retinal circuitry toward cone vision in bright light, but not to block
rod signals entirely. Indeed, psychophysical studies report the presence of rod in-
puts under photopic conditions (e.g., [62]).

Ganglion cell coupling is also controlled by dopamine. The coupling between
OFF o ganglion cells is maintained at a relatively low level in the dark due to the
activity of D2-type dopamine receptors; the extent of this coupling increases in
bright light, which is mediated by DIR [63]. Ganglion cell coupling is the cellular
basis for synchronized firing between neighboring cells [64, 65]. This synchronized
activity might serve to compress visual information into parallel streams for robust
and reliable transmission via the optic nerve to visual centers in the brain [55].
Such a mechanism might ultimately facilitate the processing of visual signals by
higher visual centers [66] and therefore become significant at brighter light levels
when the retina integrates more complex light information than single photons. The
full extent of the regulation of ganglion cell coupling and synchronized activity by
dopamine and its relation to enhancement of cone vision is not fully explored and
awaits further studies.

It should be added that the effects of dopamine on the coupling state of differ-
ent retinal neurons poses an interesting problem regarding the underlying molecu-
lar mechanisms. Dopamine acting via DIR causes dephosphorylation of connexin
Cx36 which forms the gap junctions in AIl amacrine cells [67]. This dephosphory-
lation triggers gap junction closure and AIl amacrine cell uncoupling by reducing
the opening probability and opening frequency of the gap junction channels [68]. In
this mechanism, D1R activates protein kinase A (PKA), which is thought to phos-
phorylate the PP2A phosphatase. Phosphorylated and thereby activated PP2A can
now dephosphorylate Cx36 which results in the gap junction closure. On the other
hand, dopamine acting via D2-type receptors in photoreceptors also causes dephos-
phorylation of Cx36 and, as a result, rod/cone uncoupling. Since D2-type receptors
inhibit PKA activity (whereas DIR activates PKA), Cx36 has to be directly phos-
phorylated by PKA in this case to allow for D2R-mediated closing of gap junctions
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[40]. Similarly, D1R stimulates ganglion cell coupling as described above via direct
phosphorylation of Cx36 by PKA [55, 69]. How this differential regulation of Cx36
phosphorylation in individual types of retinal neurons is achieved on the molecular
basis (e.g., whether PKA is engaged in signaling complexes that differ between
photoreceptors, ganglion and AIl amacrine cells) has not yet been resolved.

Several studies on lower vertebrates provide evidence that dopamine can reduce
both light responses and light-dependent synaptic output from rods. Thoreson et al.
showed that dopamine acting through D2-like receptors reduces the rod synaptic
output in the amphibian retina [70]. Witkovsky et al. found that dopamine increases
cone inputs to the axon-bearing horizontal cells of the Xenopus retina, while sup-
pressing the rod input onto these cells [71]. Again, this effect was mediated by
D2-like dopamine receptors. On the other hand, stimulation of D2-like receptors re-
duces the hyperpolarization-dependent /, current in rods of Xenopus [72]. Since the
I, current counteracts the hyperpolarizing light responses in rods by depolarizing
these cells, this could potentially lead to dopamine-dependent enhancement of rod
responses to flash stimuli. However, the authors argued that this depolarization is
important to reduce rod responses to temporally fluctuating bright light stimuli. The
dopamine-dependent decrease of /, would drive rods into saturation and, therefore,
prevent them from transmitting light signals to second-order neurons.

In summary, the available experimental evidence leads to a picture in which do-
pamine reduces the rod-driven light signals at two major sites: at the electrical syn-
apses between rods and cones formed by gap junctions, and at the synapses formed
between rod terminals and downstream horizontal and bipolar cells. Dopamine’s ef-
fect on the coupling between horizontal, amacrine and ganglion cells might serve to
enhance the features of retinal processing which are characteristic for cone vision.
Although dopamine suppresses the rod-driven circuitry in favor of the cone-driven
pathway in bright light, the dopaminergic system has the remarkable capacity to op-
erate in a reversed manner in dim light by suppressing cone-driven responses while
facilitating rod-driven responses. The role of dopamine as a facilitator of rod vision
will be described in the following sections.

Dopamine Regulates Retinal Circuitry in the Dark
and in Dim Light

Despite dopamine’s well-recognized role in adaptation to bright light, there is a
large body of experimental evidence that dopamine also plays a critical role in regu-
lating light responses of the retina adapted to the dark or dim light. One of the
first publications demonstrating that dopamine regulates visual processing in the
dark-adapted retina came from Mangel and Dowling performing single-cell record-
ings of cone horizontal cells in the goldfish [73]. The results obtained in that study
indicated that in dark-adapted retina, dopamine release causes a reduction of both
light responses and the receptive field size of cone horizontal cells. A similar result
was reported by Yang et al. who found that dopamine blocks light responses of cone
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horizontal cells in dark-adapted fish retina [33]. These data showed that dopamine
not only suppresses the rod-mediated circuitry in favor of the cone-driven pathway
in bright light but also acts in the opposite manner to silence cone inputs onto hori-
zontal cells when vision is dominated by the rod-mediated circuitry in the dark or
in dim light. Although these studies were performed in lower vertebrates, there is
clear evidence for dopamine release in dark-adapted retinas of mammalian species.
High steady-state level of dopamine release was observed in the rabbit retina [26],
and significant dopamine synthesis and release were also documented in the mouse
retina during the night [74].

Perhaps the first study that described a critical role of dopamine signaling in
facilitating rod-driven responses was conducted with the zebra fish retina [61]. De-
pletion of dopaminergic amacrine cells caused an elevation of dark-adapted visual
thresholds by as much as two to three orders of magnitude. This result was inter-
preted as a consequence of reduced dopamine levels, which impaired the rod-driven
retinal output both at the level of ganglion cell activity and in behavioral assays.
These findings showed that the presence of released dopamine in the dark-adapted
retina is critical for rod signals to be effectively transmitted to ganglion cells.

More recent work conducted in the mouse provided evidence that at least one
major target of dopamine in the dark and in dim light is the rod bipolar cell [20].
In this study, we and our colleagues demonstrated that dopamine is engaged in a
mechanism that allows rod bipolar cells to maintain high light sensitivity over a
wide range of light intensities. The experimental highlights from this study and
detailed discussion of this mechanism are the subject of two subsequent sections.

The Role of Dopamine in Sensitizing and Light-Adapting
the Rod-Driven Circuitry

The initial evidence that dopamine plays a critical role in sensitizing light responses
of rod bipolar cells and that this function is conveyed specifically via DIR came
from our electroretinography (ERG) analysis of knockout mice lacking each of the
five dopamine receptors (DIR”-, D2R"", D3R”-, D4R, and D5R" mice) [20]. ERG
is a noninvasive technique consisting of recording massed field potentials gener-
ated by light responses of retinal neurons in vivo using an electrode placed at the
cornea. ERG allows monitoring these responses without perturbing any neuronal
connections, affecting endogenous neurotransmitter levels, or altering intra- and
extracellular ion concentrations [75]. A typical dark-adapted ERG evoked by a dim
flash consists predominantly of a positive signal, the “b-wave,” which reflects the
cumulative depolarization of rod bipolar cells [75, 76].

Our experiments demonstrated that the amplitudes of ERG b-waves recorded
from DIR” mice were smaller than those from wild-type (WT) controls, particu-
larly in the presence of adapting background illumination (Fig. 8.3a). The analysis
of rod-driven b-wave light sensitivities (defined as the ratio between the maximal
b-wave amplitude and its half-saturating flash intensity) measured at various back-
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ground light intensities showed that the lack of DIR reduces the rod bipolar cell
operational range, i.e., the range of light intensities allowing reliable responses
above the noise level (Fig. 8.3b). This reduction was not accompanied by any ab-
normality in the retinal morphology of DIR”- mice, which suggested that it reflects
a distinct functional, rather than anatomical, impairment of the rod-driven circuitry.
In control experiments, the results obtained with DIR” mice were phenocopied
by pharmacological blockade of DIR in WT mice using a DIR antagonist, SCH-
23390. The reductions in b-wave response amplitude and sensitivity were specific
for DIR’ mice; these parameters were unaffected in mice lacking any of the four
other dopamine receptors.

As described above, DIR is expressed rather ubiquitously throughout the entire
retina. Although found in a subset of cone bipolar cells [32], DIR was not detected
in rod bipolar cells [20]. This suggests that the D1R-dependent regulation of rod
bipolar cells’ light responses originates from dopamine modulating another neuron
type(s). In this case, the immediate sensitization of rod bipolar cells is likely to
be mediated by a different neurotransmitter. Indeed, our subsequent experiments
argued that the effect of dopamine is conveyed via a GABAergic input. Earlier
studies demonstrated that rod bipolar cells contain two types of chloride channel
GABA receptors, GABA R and GABAR (e.g., [77-79]), and receive GABAergic
inputs from amacrine and potentially horizontal cells [79-82]. Remarkably, ERG
recordings from GABA R-knockout (GABA .R"") mice revealed a phenotype strik-
ingly similar to that of D/R”" mice, consisting of a substantial reduction in b-wave
dark sensitivity and compression of b-wave operational range (Fig. 8.3c, d). The
same effect was observed in WT mice following a pharmacological blockade of
GABA_Rs with intraocularly injected GABA_R antagonist, TPMPA. In contrast,
the pharmacological blockade of GABA ,Rs did not affect either dark sensitivity or
operational range of rod-driven b-waves.

These results suggested that the effect of D1R knockout can be explained by an
alteration of the GABA R-mediated input onto rod bipolar cells. Further support
for this idea came from a set of reciprocal experiments in which ERG responses
were recorded after intraocular injections of GABA (Fig. 8.3¢). GABA injections
increased b-wave amplitudes in WT mice, but did not change b-wave sensitivity
and operational range (Fig. 8.3f). On the contrary, intraocular GABA injections
into DR’ mice not only increased b-wave amplitudes but also restored the b-wave
light sensitivity and operational range to the levels observed in WT mouse controls.
Therefore, the lack of D1R-mediated signaling could be completely compensated
by exogenous GABA, further supporting the idea that dopamine binding to DIR
induces a GABAergic input onto rod bipolar cells. Consistently, pharmacologi-
cal blockade of GABA_R in D/R’ mice did not further reduce b-wave sensitiv-
ity (Fig. 8.3d), indicating that the dopamine-dependent sensitization of rod bipolar
cells is mediated by GABAR.

The next important question addressed the mechanism by which the GABAergic
input mediated by GABA _Rs sensitizes rod bipolar cells. Initial insights came from
the analysis of maximal amplitudes of dark-adapted rod-driven ERG b-waves,
which are proportional to the extent of bipolar cell depolarization upon a saturating
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Fig. 8.3 Summary of the key ERG results providing evidence for the dopamine-dependent sensiti-
zation of rod bipolar cell light responses. a ERG recordings from wild-type (WT) and DIR”- mice
performed under dark- and light-adapted conditions. Representative ERG responses consisting
predominantly of a positive deflection, the b-wave, which reflects the cumulative light activity of
rod bipolar cells, are shown. Light intensities for flash and background light are provided in units
of photoexcited rhodopsin molecules per rod (R */rod) and photoexcited rhodopsin molecules per
rod per second (R */rod/s), respectively. b The sensitivities of rod-driven ERG b-waves (the ratio
between the saturating b-wave amplitude and its half-saturating flash intensity) were determined
for the five dopamine receptor knockout mice, normalized to the dark sensitivity of W7 mice
(878 14y, wr) and plotted as a function of background light intensity (mean+SEM). ¢ Representa-
tive ERG recordings from WT and GABA R’ mice under dark- and light-adapted conditions. d
ERG b-wave sensitivity plots for the following mice and conditions: WT; GABA R"; WT intra-
ocularly injected with the GABA R antagonist, SR-95531; WT intraocularly injected with the
GABA R antagonist, TPMPA; DIR™ intraocularly injected with TPMPA. e ERG recordings from
dark- or light-adapted WT and D1R”* mice with and without intraocular GABA injections. f ERG
b-wave sensitivity plots for WT and DIR’- mice with or without intraocular injections of GABA
(mean+SEM).
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Fig. 8.4 Both potassium and sustained chloride currents contribute to hyperpolarization of the rod
bipolar cell resting membrane potential. a Cartoon illustrating the role of KCC2 in chloride extru-
sion from rod bipolar cells and the roles of sustained chloride and potassium currents in hyper-
polarization of the rod bipolar cell resting potential. b Electrical equivalent circuit illustrating the
exchangeability and additivity of chloride and potassium conductances in hyperpolarization of the
rod bipolar cell resting potential and in creating the driving force for light-induced cation influx
causing cell depolarization. Based on this equivalent circuit, the resting potential is defined as
V= (g Ex +8orEc)/ (8¢ T8¢ Where g, and g, are potassium and chloride conductances, and £
and E, are potassium and chloride reversal potentials, respectively

light stimulus [76]. This saturating response amplitude was found to be significantly
reduced in both D/R”- and GABA R~ mice, which suggested that sustained chloride
currents carried by GABA_Rs extend the voltage range between resting potential
and maximal light-evoked depolarization. On the other hand, dark-adapted b-wave
amplitude was ~twofold increased upon intraocular injections of GABA, which
indicated that this voltage range could be significantly expanded beyond the normal
WT level when additional GABA R channels are allowed to be opened.

A sustained GABA _R-mediated chloride current could extend the voltage range
of rod bipolar cell responses by contributing to hyperpolarization of these cells’
resting potential. In agreement with this notion, patch clamp recordings from rod
bipolar cells showed that their light response amplitudes increase with more nega-
tive values of the holding potential [83].

A prerequisite for this chloride-dependent hyperpolarization is that the chloride
equilibrium potential in the resting state is negative to the rod bipolar cells’ resting
potential. Only in this case, the chloride influx would hyperpolarize the cell in the
same manner in which potassium outflux fulfills this function in other neurons (e.g.,
[84]). Should this condition be met, the electrochemical gradients of both chloride
and potassium would cause hyperpolarization of the rod bipolar cell resting po-
tential and provide the electrical driving force for the light-induced cation influx.
This concept and an equivalent circuit describing the respective contributions from
chloride and potassium currents to rod bipolar cell hyperpolarization are illustrated
in Fig. 8.4

The large transmembrane gradient of chloride in rod bipolar cells is maintained
primarily by the K*/CI~ co-transporter KCC2, which extrudes chloride from these
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cells utilizing the chemical gradient of potassium as the driving force. Immunolabel-
ing indicates that KCC2 is expressed throughout most parts of the rod bipolar cell
[85, 86], being most abundant in axons and cell bodies [20, 85, 86]. We should add
that an early study suggested that ON bipolar cells also express the NKCC1 trans-
porter localized to their dendrites. Because NKCC1 accumulates chloride inside
the cells, the authors proposed that chloride is transported in opposite directions in
axons and dendrites of rod bipolar cells [87]. However, they revised this conclusion
in a subsequent study after gaining access to the NKCC1-knockout mouse, which
allowed them to evaluate the immunostaining specificity of their antibodies [86].
They found that NKCC1 immunostaining in rod bipolar cell dendrites was due to
cross-reactivity of the “T4” anti-NKCC1 antibody used in their original experi-
ments. They used another, non-cross-reacting antibody to demonstrate that, within
the outer plexiform layer, NKCCI1 is expressed only in horizontal cells but not in
bipolar cell dendrites [86]. Regrettably, this critical revision is not always appreci-
ated by the community (e.g., [88]). Another argument against the possibility that
chloride is transported in opposite directions at dendrites and axon terminals of rod
bipolar cells was obtained in single-cell recordings by Satoh et al. who showed that
the values for chloride reversal potentials are the same at the dendritic and axonal
ends of these cells [89]. This result is consistent with rod bipolar cells expressing
KCC2 but not NKCCI1.

The functional evidence that KCC2 plays an important role in creating a chlo-
ride gradient across the rod bipolar cell plasma membrane in vivo was obtained
by pharmacological blockade of KCC2 in WT mice. This blockade reduced the
dark-sensitivity and operational range of ERG b-waves very similarly to GABA_R
inactivation [20]. Importantly, this effect of KCC2 blockade could not be restored
by exogenous GABA; GABA_R opening in this case could not hyperpolarize the
cell due to a disrupted chloride gradient caused by the KCC2 inactivation. In ad-
dition to KCC2, rod bipolar cells express the sodium-driven chloride bicarbonate
exchanger NCBE [88], which also extrudes chloride from these cells [90]. There-
fore, it is likely that the combined action of both KCC2 and NCBE establishes the
physiological chloride gradient across the plasma membrane of rod bipolar cells.
This idea is consistent with the observation that NCBE-knockout mice display re-
duced ERG b-wave amplitudes in the dark [88], again most likely due to a disrupted
chloride gradient.

Another requirement for this chloride-dependent hyperpolarization mechanism
is that the GABA receptor chloride channels do not undergo ligand-dependent inac-
tivation over time. In this context, GABA_Rs represent a perfect fit due to lack of
their GABA-dependent desensitization [91]. This property distinguishes GABA Rs
from 7y subunit-containing GABA R channels which are localized to postsynap-
tic sites of the synaptic cleft. These y subunit-containing GABA ,Rs are activated
by transient synaptic GABA release and mediate transient inhibition. Furthermore,
these receptors undergo rapid GABA-dependent desensitization (e.g., [92, 93]) and
therefore are better suited to provide dynamic GABAergic inhibitory feedbacks than
long-lasting modulation. In contrast, the § subunit-containing GABA ,Rs are local-
ized to extrasynaptic sites of multiple neurons where they mediate tonic inhibition,
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similar to the role of GABA_Rs in rod bipolar cells. For example, GABA ,Rs con-
sisting of o6 subunits in cerebellar granule cells and of a,6 subunits in hip-
pocampal dentate granule cells have a very high affinity for GABA and can be
activated by the low ambient concentration of GABA present in the extracellular
space [94]. Consistent with their role, the 8 subunit-containing GABA ,Rs are also
resistant to desensitization, similar to GABARs [95].

Further experiments in WT mouse retinal slices confirmed the presence of a
tonic GABAergic current in rod bipolar cells that was antagonized by the GABA_ R
blocker, TPMPA [20]. Consistently, this current was absent in rod bipolar cells of
GABA _R-knockout retinas. As expected, this sustained GABA _R-mediated current
hyperpolarized the rod bipolar cell resting potential. The latter conclusion came
from experiments in which we measured the resting membrane potential in current
clamp with zero holding current. TPMPA depolarized the resting potential of WT
rod bipolar cells, but had no effect on rod bipolar cells in GABA .R-knockout mice.

In summary, dopamine acting via D1R induces a sustained release of GABA
from one or several types of retinal neurons, which supports a GABA R-carried
chloride current hyperpolarizing the resting potential of rod bipolar cells. This hy-
perpolarization increases the amplitude of rod bipolar cell light responses, both
in the dark and in the presence of background illumination thereby extending the
operational range of these cells. The physiological significance of such a noncon-
ventional hyperpolarization mechanism may be rationalized as follows. Rod bipo-
lar cells have to maintain a large chloride gradient in order to receive the strong
dynamic GABAergic feedback that shapes their light responses. However, the gen-
eration of this chloride gradient, which is accomplished by KCC2 co-transporting
both K and CI~ outside the cell, comes at the expense of reducing the gradient of
potassium. This creates a potential problem whereby the diminished driving force
for potassium results in hyperpolarization insufficient to maintain high light sen-
sitivity of these cells. This problem is solved by using the newly acquired driving
force for chloride to compensate for the “missing” component of rod bipolar cell
hyperpolarization.

Potential Cellular Sites for Sustained Dopamine-
Dependent GABA Release

A central question emerging from our study [20] is the identity of retinal neuron(s)
providing the sustained D1R-dependent GABAergic input onto rod bipolar cells. As
described above, DIR is expressed in horizontal and amacrine cells, both forming
synaptic connections with rod bipolar cells in the outer and inner plexiform layers,
respectively (Fig. 8.1). Additionally, GABA Rs are localized to both axon terminals
and dendrites of rod bipolar cells [20, 79], and the expression pattern of KCC2 sug-
gests that efficient chloride extrusion could take place over the entire rod bipolar
cell. Therefore, both amacrine and horizontal cells could potentially serve as the
source of sustained GABAergic inputs onto rod bipolar cells.
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Little additional information is currently available to further differentiate be-
tween amacrine cells and horizontal cells (or both) responsible for sustained GABA
release. The only experimental hint so far came from the analysis of light-dependent
GABA immunostaining of amacrine and horizontal cells in WT and D/R”- mice
[20]. Whereas GABA staining in amacrine cells did not reveal any systematic light-
dependent changes in either animal type, the GABA staining of horizontal cells
in WT mice increased upon illumination. This light dependency was abolished in
DIR’ mice, in which the GABA staining remained at a constant high level regard-
less of conditions of illumination. One way to interpret this result is to suggest that
GABA staining intensity correlates with the intracellular retention of GABA, which
could serve as a reciprocal measure of the amount of GABA released. Based on this
interpretation, horizontal cells would release less GABA in D/R” than in WT mice
and produce reduced GABAergic inputs onto rod bipolar cells.

On the other hand, the hypothesis that horizontal cells serve as a major site for
sustained GABA release faces a major problem. The largest phenotypes of both
DIR and GABA_R knockouts on ERG b-wave sensitivity are observed in the
presence of background light which causes horizontal cells to hyperpolarize (e.g.,
[96]). In contrast, GABA release from any neuron requires its depolarization, no
matter whether release occurs via synaptic or inversed transport mechanism [97,
98]. Indeed, depolarization induces GABA release from isolated horizontal cell
preparations [99]. Whereas one can speculate that dopamine counteracts this light-
dependent hyperpolarization [71, 100], the net effect of light exposure results in
horizontal cell hyperpolarization. This leaves a possibility for horizontal cells to
provide sustained GABA release in the dark, but casts doubt that they can do it in
light-adapted retinas.

Given these considerations, sustained GABA release could originate from ama-
crine cells. Specifically, GABAergic inhibition from amacrine cells can be seen
at either the reciprocal synapses formed between rod bipolar cell axon terminals
and of the A17 amacrine cell or at more typical inhibitory synapses formed from
wide-field amacrine cells onto rod bipolar cells [77, 101, 102]. Consistent with this
hypothesis, sustained GABA R-mediated currents have been documented in axon
terminals of mixed rod/cone bipolar cells of the goldfish retina [103, 104]. Further-
more, experiments in retinal slices demonstrated that both GABA R and GABA ,R
antagonists decrease the dynamic range of light responses in intact rod bipolar cells,
but not in cells with severed axon terminals [83]. Because the available evidence for
the cellular origin of sustained GABA release does not allow a distinct answer, there
is a need for additional experiments to elucidate the contributions from horizontal
and amacrine cells to this regulatory mechanism.

Conclusions and Future Directions

The data reviewed in this chapter summarize evidence for a novel role of dopamine
in the retinal circuitry. They expand the well-established role of dopamine as a
messenger of bright-light adaptation to a sensitizer of the rod-driven circuitry for
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dim-light vision. Dopamine exerts this new function via binding to D1R receptors
in a yet-to-be identified retinal neuron(s), which induces a sustained hyperpolar-
izing GABAergic input onto rod bipolar cells. The GABA _R-dependent chloride
current produced by this input is critical for hyperpolarization of the rod bipolar
cell’s resting potential. As a result, the rod bipolar cell utilizes an atypical strategy
for hyperpolarizing its resting potential by employing not only potassium currents,
as most neurons do, but also chloride currents. Electrochemically, the contribu-
tions of these two currents are interchangeable and additive. However, the potential
regulation of these currents is different. While the potassium conductance is defined
by the intrinsic properties of channels and transporters expressed in rod bipolar
cells, the chloride conductance is modulated by sustained GABAergic inputs from
a GABA-releasing cell, a process further regulated by the dopamine content in the
retina.

Once the cellular origin of sustained GABA release becomes established, the
next question to address would be whether the sustained GABAergic input could
be dynamically regulated by the changes in ambient illumination and whether such
a regulation is based on the well-documented light-dependent increase in retinal
dopamine levels. Another experimental direction would be to elucidate the intracel-
lular molecular mechanism responsible for supporting the D1R-dependent GABA
release.

It is an open question whether a similar dopamine-dependent sensitizing and
range-extending mechanism applies to any of the cone bipolar cells as well. Inter-
estingly, recent work on the zebra fish retina showed that the celsr3 mutation causes
an increase in both GABA_R and GABA R expression at the axon terminals of
ON bipolar cells [105], which receive either cone or mixed rod—cone inputs [106].
This overexpression resulted in increased b-wave amplitudes, similar to the effect
of exogenous GABA on rod-driven b-wave responses in the mouse [20, 76]. This
observation suggests that sustained chloride currents carried by GABA receptors
could indeed play a general role in sensitizing light responses of both rod- and cone-
driven ON bipolar cells, adding yet another function for dopamine in the retina.
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Chapter 9
Regulation of Electrical Synaptic Plasticity
in the Retina by G-Protein-Coupled Receptors

John O’Brien

Abstract More than six decades of research has firmly established the critical
role of electrical synapses in retinal circuitry and physiology. The functional cor-
relate of gap junctions between neural elements, electrical synapses serve unique
purposes separate from those of chemical synapses. Electrical synapses between
like neurons expand receptive field sizes, dampen noncorrelated noise, and coor-
dinate activity. Between dissimilar cell types, electrical synapses establish special-
ized feed-forward synaptic circuits that play a prominent role in retinal signaling.
Many electrical synapses display a high degree of plasticity, exceeding an order of
magnitude in dynamic range that is an important component of circuit remodel-
ing during light adaptation and circadian tuning of retinal function. This plastic-
ity is largely dependent on activities of G-protein-coupled receptors responding
to extracellular cues. The molecular mechanisms that transduce these signals are
varied and specific to each cell type. Dopamine D1, and in some cases D2-like
receptors, control coupling in horizontal cell, amacrine cell, and ganglion cell net-
works. In the AIl amacrine cell, a balance between activity-dependent signaling
that enhances coupling and dopamine-driven signaling that reduces coupling sets
the functional state of each electrical synapse independently. An intricate balance
of dopamine D4 and adenosine A2a and A1 receptor activities tightly controls pho-
toreceptor coupling in a push—pull manner. This chapter provides a detailed view
of the dynamic changes of electrical synapses in retinal neurons and the molecular
mechanisms that control them.
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Introduction

Electrical synapses are a unique form of synaptic communication that permits di-
rect transfer of electric current between two cells. Formed by head-to-head docking
of gap junction proteins from the two contacting cells, electrical synapses contain
clusters of channels that can remain persistently open, allowing passage of electri-
cal current and some cytoplasmic small molecules. Electrical synapses serve unique
purposes separate from those of chemical synapses. Electrical synapses between
like neurons expand receptive field sizes, dampen noncorrelated noise, and coordi-
nate activity. Between dissimilar cell types, they establish specialized feed-forward
synaptic circuits that play a prominent role in retinal signaling.

Many electrical synapses display a high degree of plasticity, exceeding an order
of magnitude in dynamic range. This plasticity plays an important role in remodel-
ing retinal circuits to tune the retina to function optimally in very different light
regimes. The changes in electrical coupling can be driven by circadian rhythms or
by light adaptation, and depend on a variety of mechanisms. This chapter provides
a historical introduction to the discovery and physiological understanding of electri-
cal synapses in the retina and examines in depth their plasticity, particularly with
regard to its control by G-protein-coupled receptors. Several recent reviews provide
more detailed views of the physiological roles and properties of electrical synapses
in the retina and throughout the central nervous system [1, 2], and of their patho-
physiologic roles in neuronal injury [3].

Historical Overview of Electrical Synapses in the Retina

Electrical synapses are the functional correlate of gap junctions between neural ele-
ments. First described in the giant septate motor axons of crayfish [4, 5], electrical
synapses were shortly found to be widely distributed throughout the nervous system
of vertebrates [6, 7]. Ultrastructural evidence of electrical synapses in retinal neu-
rons was developing concomitantly with the recognition of this mode of synaptic
communication. Sjostrand [8] observed frequent close contacts between extensions
of b-type receptors (cones) onto a-type receptors (rods) in the outer plexiform layer
of the guinea pig retina. Cohen [9—-11] and Missotten [ 12] observed similar contacts,
both between rods and cones and between cones and cones in several species includ-
ing pigeon, human, gray squirrel, and macaque. Some of these contacts were made
by telodendria extending from the terminals to distant receptors. All authors agreed
that these were some sort of synaptic contact, but lacking clusters of vesicles, they
did not fit the criteria for a traditional synapse. These contacts were clearly shown to
be gap junctions by Raviola and Gilula [13, 14] and Witkovsky and colleagues [15].

Studies in the retina lent support to the notion that electrical synaptic commu-
nication was widespread. Early intracellular recordings of carp cones by Tomita
and colleagues [16] gave hints that there might be direct electrical communication
between photoreceptors. Tomita et al. observed that the spectral response curve of
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red cones contained a shoulder at shorter wavelengths that did not fit the Dartnall
nomogram of the red pigment, suggesting the possibility of another receptor type
contributing to the response. Clear physiological evidence that there were electro-
tonic synaptic contacts between photoreceptors came from the work of Baylor and
colleagues. They found that the receptive fields of cones were substantially larger
than their diameters and further that current injected into one cone was passed to
some other cones up to 40 pm away [17]. They noted that this was about the length
of the telodendria observed in turtle retina [18], suggesting that these processes
serve the purpose of direct electrical communication between the receptors, and
implicating gap junctions as the route for electrical communication.

Concomitant with work on photoreceptors, similar, but much larger close mem-
brane appositions were noted among axon terminals of horizontal cells [19]. O’Daly
[20] found these also among the dendrites and further noted the similarity of these
to electrotonic junctions observed in teleost motor neurons [6]. Negishi found that
S-potentials spread through the network of horizontal cells, implying that there was
direct electrical contact among them [21]. Shortly thereafter, Kaneko [22] gave a con-
vincing demonstration that horizontal cells are coupled, showing both direct current
flow between pairs and dye diffusion to neighboring horizontal cells. Internal and ex-
ternal horizontal cell networks were coupled independently and bipolar cells were not
included in the network. Significantly, Kaneko also observed substantial variability in
the coupling ratio, hinting at plasticity of the junctions between the cells.

Electrical synapses are also widespread in the inner plexiform layer neurons.
Kolb and Famiglietti observed numerous gap junctions in the novel type II (AIl)
amacrine cell in the cat retina [23]. This amacrine cell holds a special place in the
circuitry of the rod pathway in mammals. Kolb and Famiglietti [23-25] found that
rod bipolar cells do not make synaptic output onto ganglion cells, as did cone bipo-
lar cells. Instead, rod bipolar cells synapsed onto a dyad consisting of a type [ and a
type II amacrine cell. The type I amacrine cell made reciprocal synapses while the
type II amacrine cell, in turn, made gap junctions onto cone bipolar cells as well as
other type II amacrine cells. At least four types of cone bipolar cell receive these
electrical synapses [26]. In this way, rod pathway signals in the rod bipolar cells are
funneled into the cone pathway [27, 28].

The sheer abundance of gap junctions in the inner plexiform layer was revealed by
Marc’s electron micrographic studies using oblique sections of carp retina [29]. Capi-
talizing on the enhanced electron density of gap junctions compared to plasma mem-
brane in the absence of uranyl acetate staining, Marc found over 100 gap junctions
among neurons in the IPL. These included a variety of amacrine-to-amacrine and
bipolar-to-bipolar cell gap junctions. Using systematic injections of biotinylated trac-
ers, Vaney [30] found that many different cell types were gap-junctionally coupled
in the rabbit retina. These small cationic tracers gave evidence for much more wide-
spread coupling than had been evident from diffusion of anionic fluorescent dyes. The
vast majority of amacrine cell types filled showed tracer coupling, as did several types
of ganglion cell. Furthermore, there was ample evidence of heterologous coupling
between certain ganglion and amacrine cells. From this variety of early studies, it was
evident that every major class of retinal neuron harbored electrical synapses.
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Physiological Functions of Electrical Synapses

The discovery of direct synaptic communication between photoreceptors raised
questions as to what is the purpose of this communication. The most evident effect,
the enlargement of the receptive field produced by electrical coupling, was accom-
panied by an enhancement of responses upon modest enlargement of the illuminat-
ing field for both cones [31, 32] and rods [33-36]. Thus, electrical synapses among
photoreceptors served an integrating function. Indeed, this integrating function was
such that toad rods reliably respond to flashes of light that bleach less than one
pigment molecule in their own outer segment [37] and sum responses from an area
as large as 0.5 mm? [38]. Other studies found this area of summation to be much
smaller [35], but coupling was extensive nonetheless.

Another important function of photoreceptor electrical coupling is a substantial
reduction in the variance of the photovoltage response resulting from averaging
noncorrelated plasma membrane potential variations [34, 37]. This effect was el-
egantly demonstrated and modeled by Lamb and Simon [39], who showed that the
voltage variance was proportional to the square root of the length constant for de-
cay of the voltage signal within the photoreceptor network. For typical turtle cones
with a length constant equal to about one cell-to-cell spacing, this resulted in an
order of magnitude drop in variance of the voltage response compared to uncoupled
cones. This large effect on noise improves the fidelity of the synaptic output of the
photoreceptor by improving the signal-to-noise ratio at the synapse. This has been
proposed to improve detection of contrast boundaries with only a modest amount of
coupling [40]. In high-density photoreceptor arrays such as the primate fovea, cone
coupling is expected to blur the neural representation of the image projected on the
retina both optically [41, 42] and chromatically [43, 44]. However, the optical blur
is calculated to be less than that produced by the optics of the eye [42], resulting in
a net benefit in acuity.

A significant function of photoreceptor coupling is the crossing over of rod and
cone pathways. In studies of turtle and amphibian photoreceptors, this is most evi-
dent as appearance of additional components in the spectral sensitivity curve of the
rods, alteration in rod response kinetics, and enhancement of the ability of rods to
follow high-frequency stimuli [45-48]. However, in mammalian retina, the substan-
tially different architecture of the photoreceptors and their coupled network leads
to the significant effects of rod—cone coupling being observable in the cones. Rod
input leads to the appearance of high-sensitivity, slowly inactivating light responses
in cones and cone-connected horizontal cells [49—51]. This rod input can also be
detected in the inner retina. It can be observed in Off pathway ganglion cells by
inhibition of the On pathway with metabotropic glutamate receptor agonists, with
a sensitivity as low as 0.2 R*/rod/s [52]. In the AIl amacrine cells, it is observed
by blocking AMPA receptor input between rod bipolar cells and AIl amacrine cells
[53]. This signal, entering the All via its gap junction with cone On bipolar cells,
has a threshold 2 log units lower than cone threshold. Thus, rod—cone coupling pro-
vides a significant pathway for rod signals to activate inner retinal neurons, engag-
ing both On and Off pathways.
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Plasticity of Electrical Synapses

Horizontal Cells

Studies of horizontal cell electrical coupling in the 1970s revealed some signifi-
cant variability in electrical coupling within the network. Results of Byzov [54]
and Lamb [55] showed that electrical coupling of horizontal cell networks varied
with lighting conditions and horizontal cell polarization. Application of bright back-
ground lights or hyperpolarization resulted in increased length constants. These
changes could be accounted for by changes in membrane properties, without in-
volving a change in the coupling resistance.

Studies of plasticity began in earnest when Negishi and Drujan [56] examined
the effects of catecholamines on fish horizontal cell light responses. They found that
high concentrations of adrenaline, noradrenaline, and dopamine reduced surround
responses and enhanced center responses. This observation led to a number of stud-
ies that narrowed the catecholamine effects down to dopamine, establishing it as an
important neuromodulator in retinal physiology [57-61]. Piccolino et al. [62] found
that gamma-aminobutyric acid (GABA) receptor antagonists also reduced coupling
in turtle horizontal cells. This effect was shortly shown also to be mediated by dopa-
mine [63], suggesting that GABA antagonists increased release of dopamine from
the dopaminergic interplexiform cells. The action of dopamine on horizontal cells
elevated intracellular cyclic adenosine monophosphate (cAMP) and depended on
adenylyl cyclase activity [64, 65], strongly suggesting this was a G-protein-coupled
receptor-mediated effect. Piccolino and colleagues [66] showed that this effect on
electrical coupling was dependent on activation of D1-type dopamine receptors,
confirming this hypothesis.

Studies of isolated fish cone-driven horizontal cells and pairs of horizontal cells
showed that electrical coupling was reduced by dopamine, in agreement with stud-
ies using dye coupling and receptive field measurements. D1 dopamine receptor
activation drove the pathway, which required adenylyl cyclase activation and could
be mimicked by application of membrane-permeant cAMP analogs [61, 67, 68].
The uncoupling further depended on activation of protein kinase A (PKA) [67],
implicating a canonical dopamine D1 receptor pathway. The reduced electrical cou-
pling resulted from a reduction in the open probability of the gap junction channels
without a change in unitary conductance [69].

In addition to physiological changes of receptive field size and coupling con-
ductance, horizontal cell gap junctions also show correlated ultrastructural changes.
Kurz-Isler and Wolburg found that gap junction particle density in horizontal cells
was high, showing crystalline organization, in dark-adapted goldfish retina. The
particle density was reduced rapidly upon light adaptation, resulting in a less order-
ly array of particles [70, 71]. Baldridge [72] found this effect to be due to a response
to dopamine via D1 receptors, suggesting that the reorganization of gap junction
particles was related to the process of uncoupling the gap junction.

Modulation of horizontal cell coupling by D1 receptors has turned out to be a con-
served feature of vertebrate retinal organization. In addition to teleost cone-driven
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horizontal cells discussed above, this has also been seen for mudpuppy [73], turtle
[74], and mammalian [75] horizontal cells. Curiously, the horizontal cells of the all-
rod skate retina showed no such modulation, although they are very well coupled
[76, 77]. In contrast, rod-driven horizontal cells in goldfish are regulated by dopa-
mine D1 receptors in the same manner as the cone-driven horizontal cells [78].

A very interesting observation on electrical coupling in fish horizontal cells was
that prolonged darkness reduced receptive field size and caused uncoupling, just
as did dopamine [79, 80]. This result suggested that prolonged darkness caused
dopamine release, leading to a controversy regarding whether or not dopamine is
released in darkness. Measurements of dopamine and DOPAC in goldfish retina
preparations following prolonged dark adaptation showed that dopamine release
was low in the dark-adapted preparation and elevated in the light [81]. This is cor-
roborated by similar results in several species indicating that dopamine release is
relatively low, but steady in darkness, and enhanced by light stimuli [82—-85]. While
resolving the dopamine release controversy, this did not explain the uncoupling of
horizontal cells by prolonged dark adaptation.

Rabbit horizontal cells also show the inverted U-shaped adaptation curve [86],
with low coupling during prolonged dark adaptation, very high coupling with sco-
topic background illumination, and low coupling again in bright light. As in fish
horizontal cells, this bright light-induced uncoupling depends on a D1 dopamine
receptor. The mechanism underlying the inverted U-shaped adaptation curve has
not yet been resolved, although it may be analogous to the mechanism of a similar
effect seen in AIl amacrine cells, which is discussed shortly.

AIl Amacrine Cells

The retinal AIl amacrine cell has been a mainstay for retinal neuroscience for four
decades. As a lynchpin interneuron in the mammalian rod pathway [27, 28] and
perhaps the most numerous single type of amacrine cell in the mammalian retina
[87], it has been heavily studied. AIl amacrine cells are extensively coupled by gap
junctions, which has been known from the first description of the cell [23]. This ex-
tensive coupling is readily observed by diffusion of Neurobiotin tracer injected into
single AIl amacrine cells into large groups of neighbors [88]. Using this tracer dif-
fusion as an assay for coupling, Hampson et al. [88] showed that AIl amacrine cell
coupling was regulated by dopamine in a manner very similar to that of horizontal
cell coupling. In control conditions, a single injected AIl amacrine cell led to the
labeling of an average of 73 neighboring cells. Exogenously added dopamine as low
as 10 nM reduced the coupled patch by more than half, with the effect increasing
with dopamine concentration up to 10 pM. The dopamine effect was blocked by D1
receptor antagonist SCH 23390 and mimicked by D1 receptor agonist SKF 38393,
revealing its dependence on D1 dopamine receptors just as in horizontal cells.

As dopamine is thought to be a light signal [89], it was presumed that the dopa-
mine-dependent uncoupling is a light-adaptation mechanism. This was shown well
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Fig. 9.1 Comparison of tracer
coupling and receptive field size of
rabbit AIl amacrine cells injected
with Neurobiotin across a range of
background light intensities. Each
data point represents the mean

and standard error of multiple
injections or recordings. Well dark-
adapted retinas are represented

by data point corresponding to
“none” background light inten-
sity and display very restricted
coupling. Adaptation to light levels
above the rod threshold result
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by Bloomfield and colleagues [90, 91] in rabbit AIl amacrine cells. Using intracel-
lular recordings of responses to rectangular slits of light and injection of Neurobio-
tin tracer, they observed profound changes in coupling dependent on background
lighting conditions (Fig. 9.1). In complete darkness after prolonged dark adaptation,
the On center receptive field size and tracer-coupled patch of AIl amacrine cells
were both small, about twice the size of the dendritic arbor. With background illu-
mination in the scotopic range, the receptive field size and the patch of tracer-cou-
pled cells increased markedly to six to seven times the size of the dark-adapted On
center receptive field. With photopic background illumination, the receptive field
size and tracer-coupled patch were again reduced. In these experiments, the diam-
eter of the receptive field and of the tracer-coupled patch were in good agreement,
indicating that both measures give a valid representation of coupling among the
cells. The resulting inverted U-shaped adaptation curve is strongly reminiscent of
the physiological observations of horizontal cell coupling, which showed reduced
coupling during prolonged dark adaptation [79, 80] and consequently have a similar
inverted U-shaped adaptation curve [92]. As with horizontal cells, the uncoupling in
photopic conditions is understood to result from dopamine D1 receptor activation,
however, the low coupling in dark-adapted retina remained mysterious.

In a remarkable twist on the AIl amacrine cell story, Mills and Massey [93] dis-
covered that while the AIl amacrine to AIl amacrine cell gap junctions were regu-
lated by dopamine and cAMP signaling as previously described, the AIl amacrine
to cone On bipolar cell gap junctions were not. Instead, the All to bipolar cell gap
junctions were uncoupled by nitric oxide donors and membrane-permeant cyclic
guanosine monophosphate (¢cGMP) analogs, implicating a nitric oxide — guanylyl
cyclase — cGMP — protein kinase G pathway. They further observed that the All
to bipolar cell gap junctions had a lower permeability to larger biotinylated tracers
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(biotin-X-cadaverine) than did the AII-AII junctions, suggesting a molecular differ-
ence between the two types of gap junction. The stark differences between the ho-
mologous and heterologous gap junctions within the AIl amacrine cell network gave
a clear indication that these types of gap junctions were functionally independent.

Mills expanded on this work with detailed analysis of the regulatory properties
of the AII-AII and All-bipolar cell gap junctions [94]. This work revealed that
dopamine triggered a reduction in the diffusion coefficient across the All-bipolar
cell gap junctions, but at a reduced efficacy compared to that across AII-AIl gap
junctions. In contrast, membrane-permeant cAMP analogs reduced both with equal
efficacy. The data could be fit with a model in which gates on each side of the gap
junctions were sensitive to a cAMP-based signaling pathway. D1 dopamine recep-
tors regulated that pathway on both sides of the AII-AII gap junctions, but on only
one side of the All-bipolar cell gap junctions. Nitric oxide, on the other hand, regu-
lated only the All-bipolar cell gap junctions. Noteworthy is the observation that
nitric oxide did not regulate coupling uniformly among the different types of cone
On bipolar cell that are coupled to AIl amacrine cells. Thus, nitric oxide signaling
can selectively alter the relative inputs of different bipolar cells to AIl amacrine
cells, and vice versa.

The role of this selective regulation of coupling between AIl amacrine cells and
different cone On bipolar cell types can perhaps be better understood from the per-
spective of cone pathway function than of rod pathway function. While the AIl
amacrine cell is a central element of the rod pathway, in its relatively uncoupled
state during photopic light adaptation it is still functional. Manookin et al. [95]
showed that ganglion cells in the Off pathway receive On pathway inhibition that
is derived from the transmission of On bipolar cell signals through gap junctions to
Al amacrine cells. The inhibitory signals arise from glycinergic synapses onto Off
ganglion cells (see [96] for ultrastructural description of this synapse). The physi-
ological role of this pathway is most prominent as a disinhibition of the Off pathway
upon light decrements and plays a fairly prominent role in ganglion cell responses
to low contrast stimuli. Nitric oxide regulation of the All-bipolar cell electrical syn-
apses selectively regulates both the strength of this pathway and the types of bipolar
cells that contribute to it.

The mechanisms of AIl amacrine cell electrical synaptic plasticity have been
studied in detail recently, providing the foundation upon which our understanding
of the molecular mechanistic basis of electrical synaptic plasticity has been built.
AlI amacrine cells express Connexin 36 (Cx36) [97, 98], a connexin that was first
identified in retina [99, 100] and is widely expressed throughout the central nervous
system in neurons [101]. Cx36 and its fish homologue Cx35 contain PKA phos-
phorylation sites, and activation of PKA in a variety of expression systems results
in reduction of coupling [102, 103]. This is consistent with numerous observations
of electrical synaptic plasticity driven by D1 receptor activation. Indeed, it has been
proposed that PKA phosphorylation of Cx36 reduces coupling, as would be pre-
dicted for activation of a dopamine D1 receptor signaling pathway [104]. How-
ever, Kothmann and colleagues, using antibodies that recognize the phosphorylated
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Fig. 9.2 Relationship of AIl amacrine cell tracer coupling to Cx36 phosphorylation in rabbit
retina. a—¢ Neurobiotin tracer coupling between AIl amacrine cells is modulated by dopamine
DIR signaling. DIR activation (b, SKF38393, 10 uM) reduced the extent of Neurobiotin dif-
fusion relative to control (a). DIR antagonism (C, SCH23390, 100 uM) increased tracer diffu-
sion. Yellow boxes highlight areas shown in d through i (at different focal depth). d—f Cx36 gap
junctions, labeled with mouse anti-Cx36 antibody (red) and rabbit anti-phospho-Ser293 antibody
(green), on and around the dendrites of the injected AIl amacrine cell, labeled with fluorophore-
conjugated Streptavidin (blue). The Cx36 gap junctions not on the injected cell are primarily on
other AIl amacrine cells. Arrowheads identify prominent Cx36 gap junctions on the injected cells.
g—i phosphorylation of Cx36 at Ser293, a site known to regulate coupling through Cx36 gap junc-
tions [103], is also modulated by dopamine DI1R signaling. Arrowheads identify the locations of
the same Cx36 gap junctions identified in (d—f). DIR activation (h, SKF38393, 10 uM) reduced
Ser293-P labeling relative to control (g). DIR antagonism (i, SCH23390, 100 uM) increased
Ser293-P labeling. j Quantification of the relationship between AIl amacrine cell coupling and
Cx36 phosphorylation at Ser293. The mean ratio of Ser293-P intensity to mCx36 intensity across
all Cx36 gap junctions in three images per injection is plotted against the diffusion coefficient for
Neurobiotin tracer transfer calculated for each injected AIl amacrine cell network. The strong cor-
relation of the data (+2=0.86) indicates a direct relationship between AIl amacrine cell coupling
and Cx36 phosphorylation at Ser293. Scale bar in ¢ is 50 um; bar in f is 5 pm. (Reproduced with
permission from Kothmann et al. 2009 [106])

regulatory sites of fish Cx35 [105], showed very clearly that D1 receptor and PKA
activation actually reduce Cx36 phosphorylation (Fig. 9.2) [106]. This paradoxical
effect was due to activation of protein phosphatase 2A by PKA activity. Kothmann
et al. observed an essentially linear relationship between the phosphorylation state
of Cx36, as represented by a ratio of phospho-Cx36 to total Cx36 immunostain-
ing on each individual gap junction, and the diffusion coefficient for Neurobiotin
through the network of coupled AIl amacrine cells. This relationship held over a
20-fold dynamic range of coupling, representing most if not all of the physiological
plasticity of the electrical synapse.
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The dopamine D1 receptor-mediated dephosphorylation of Cx36 accounted for
the photopic light-adaptation phase of the AIl amacrine cell adaptation curve, but
did not account for the low coupling observed in dark-adapted retina. However,
the unexpected role of a D1 receptor-activated phosphatase did suggest a potential
mechanism: that basal activity of the phosphatase could dephosphorylate the con-
nexin in the absence of a phosphorylating drive. In subsequent experiments, Koth-
mann et al. showed that such a mechanism was indeed at work. Kothmann et al.
[107] found that prolonged dark adaptation strongly dephosphorylated Cx36. Brief
exposure to light or to metabotropic glutamate receptor antagonists, mimicking
light by depolarizing On bipolar cells, triggered extensive Cx36 phosphorylation.

Similar to activity-dependent potentiation of many glutamatergic synapses in
the central nervous system, the activity-dependent potentiation of AIl amacrine
cell electrical synapses depends on N-methyl-D-aspartate (NMDA) receptors. All
amacrine cell gap junctions are directly co-localized with nonsynaptic NMDA re-
ceptors that sense glutamate spillover from nearby On bipolar cells. Activation of
the NMDA receptors by bipolar cell activity triggers CaM Kinase II phosphoryla-
tion of Cx36, opening the channels. Thus, the absence of nearby On bipolar cell
activity during prolonged dark adaptation allows the system to relax to a state in
which Cx36 is poorly phosphorylated and coupling is low. This molecular pathway
accounts for all components of the inverted U-shaped adaptation curve of the All
amacrine cell. As noted earlier, horizontal cells also show a similar inverted U-
shaped adaptation curve with regard to electrical coupling. While horizontal cells
use connexins other than Cx36 [108—111], the similarity in physiological regulation
suggests that there may be related signaling mechanisms controlling coupling of AIl
amacrine and horizontal cells.

A final insight from the work of Kothmann et al. came from images of phos-
phorylated Cx36 gap junctions. Kothmann et al. [106] observed that in control
conditions, gap junctions separated by less than a micron on the same AIl ama-
crine cell dendrite can exist in vastly different phosphorylation states (Fig. 9.3).
These states could be driven to more uniform highly phosphorylated states by D1
receptor antagonists or more uniform poorly phosphorylated states by D1 receptor
agonists. This observation reveals that the functional state of each gap junction is
independently controlled. This results from an exquisitely local balance of activity-
dependent phosphorylating and dopamine-dependent dephosphorylating signaling
mechanisms at each gap junction.

Photoreceptors

Arguably, the most important neurons in the retina are the photoreceptors. Vision
starts with these cells and all of the properties of the visual scene that can be en-
coded in ganglion cells are derived from photoreceptor outputs. Among vertebrates,
it is a universal finding that photoreceptors are coupled to each other by electrical
synapses. The numerous functions of photoreceptor electrical coupling all depend
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Fig. 9.3 Phosphorylation
state of Cx36 gap junctions
is regulated independently
at each gap junction. The
image shows a pseudocolor
rendition of phospho-Ser293
labeling intensity on Cx36
gap junctions (red outlines)
in the AIl amacrine cell
network (labeled with anti-
calretinin antibody—gray).
Some highly phosphorylated
gap junctions (orange to
red colors) are very close to
weakly phosphorylated ones
(blue to black; arrowheads)
in this isolated retina from
control, light-adapted condi-
tions. Treatments with D1
receptor agonists or antago-
nists significantly reduce the
variability of phosphoryla-
tion state between the gap
junctions. Scale bar is 5 pum.
(W.W. Kothmann and J.
O’Brien, unpublished image
from data included in Koth-
mann et al. 2009 [106])

quantitatively on the extent of coupling. Thus, plasticity is to be expected. However,
physiological observations of plasticity in photoreceptor coupling have been less
forthcoming than for other networks of neurons.

Yang and Wu [112] first demonstrated plasticity of photoreceptor coupling, find-
ing that rod—cone coupling in salamander retina increased with background illumi-
nation. This observation was based on measurements of the increment thresholds
of cones and rods to 500-nm (stimulating primarily rods) and 700-nm (stimulating
primarily cones) lights as a 500-nm background light was increased. The shallow-
er increment threshold function of rods to 700-nm stimuli than to 500-nm stimuli
showed that the cone contribution steadily increased with increasing adapting back-
ground. This change in coupling was instantaneous, and is not related to modulation
of the electrical synapses themselves, but rather to reduction of shunting conduc-
tances in the rod membrane as background increased.

Clear evidence that amphibian photoreceptor coupling was modulated directly
was given by Krizaj et al. [48] in studies of the effects of dopamine on photoreceptor
physiology and coupling. Krizaj et al. found that cone input into rods, as measured
by the ability of rods to follow high-frequency sinusoidal stimuli, was substantially
enhanced by D2 receptor agonist quinpirole and was eliminated by D2 receptor an-
tagonist spiperone. Tracer-coupling measurements supported this conclusion. This
effect did not extend to rods, the coupling of which remained essentially unaffected
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by either quinpirole or spiperone. These results suggest that rod—cone coupling
should increase with light adaptation.

In stark contrast to the results in amphibian photoreceptors, teleost and mam-
malian photoreceptor networks show the opposite pattern of regulation with dopa-
mine. Wang and Mangel [113] found that responses of luminosity-type cone-driven
horizontal cells in goldfish retina following prolonged dark adaptation during the
night resembled those of rod-driven horizontal cells. The horizontal cells had a slow
light response waveform and intensity—response functions and spectral sensitivity
consistent with rod input. These features were not evident following dark adaptation
in the daytime, and were quickly converted to cone-type responses by sensitizing
flashes of photopic light. The appearance of rod signals in the cone-driven horizon-
tal cells was regulated by a circadian clock, and was present only in the subjective
night. One plausible explanation for this finding is that rod—cone gap junctions were
open during the subjective night and shut down during the subjective day, altering
the rod input into cones.

Ribelayga et al. [114] subsequently showed that the regulation of rod input into
cone-driven horizontal cells was driven by dopamine through a receptor with D2-like
pharmacology. Since photoreceptors have D2-like receptors while horizontal cells do
not, this again strongly implicated a change in rod—cone coupling as the origin of this
change in rod input. Using direct measurements of photoreceptor coupling, Ribelayga
et al. [115] showed that indeed there were large changes in photoreceptor coupling
driven by a circadian rhythm and dopamine D2-like receptors. Filling individual
cones in goldfish retina with biocytin by iontophoresis, very few cells were labeled
during subjective day, but very large patches of photoreceptors were labeled during
subjective night (Fig. 9.4). Bright-light adaptation, but not dim-light adaptation dur-
ing the subjective night reduced coupling to the daytime level, as did activation of
D2-like dopamine receptors with quinpirole. Conversely, D2 receptor inhibition with
spiperone during the subjective day enhanced coupling to the nighttime level. Both
rod and cone photoreceptors were included in the coupled network.

The changes in coupling had prominent effects on cone function. Recording
from cones in intact retina, they found that the cone light response threshold was
nearly three orders of magnitude lower in retina during subjective night or during
subjective day in the presence of spiperone (Fig. 9.5). Adaptation to bright light
during the subjective night likewise elevated the response threshold by a similar
amount, although dim-light adaptation did not do so. However, adaptation to sco-
topic background light during the subjective day was not sufficient to reduce the
cone response threshold, demonstrating the potent circadian control of coupling.
Finally, the receptive field size of dark-adapted cones during the subjective night
was predictably larger than during the subjective day (Fig. 9.5). The potent circa-
dian control of photoreceptor coupling was also found not to be limited to fish, but
was observed in mouse photoreceptors as well [115].

The mechanisms controlling photoreceptor coupling have been studied exten-
sively in recent years. Cone photoreceptors, and apparently rods as well, use Cx36
for their gap junctions, as do AIl amacrine cells [116—118]. Using the same phos-
pho-Cx35-specific antibodies used by Kothmann et al. [105-107], Li et al. [119]
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Fig. 9.4 Rod—cone tracer coupling varies with time of day. a—h lontophoresis of biocytin into
individual cones labeled very few cells (indicated by arrows in al, d1, el, g1, and h1) near the
injected cone during the subjective day (a), during the subjective night in the presence of the D,-
like receptor agonist quinpirole (1 uM, d), and following dim-light adaptation for>60 min in the
day (e) and bright-light adaptation for>60 min in the day (g) and night (h). In contrast, the tracer
diffused into many rods and cones during the subjective night (b), during the subjective day in the
presence of the D,-like receptor antagonist spiperone (10 uM, c¢), and following dim-light adapta-
tion for>60 min in the night (f). In each of the panels a-h, confocal images of a whole-mount
retina at the level of the rod inner segments are shown on the left, and perpendicular views of the
3D reconstruction of the photoreceptor cells from the same retina are shown on the right. Some
cones (arrows) and rods (arrowheads) are indicated. Scale bars are 50 um. (Reproduced with per-
mission from Ribelayga et al. 2008 [115])
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Fig. 9.5 The retinal circadian clock regulates cone receptive field size and rod input into cones.
a Average normalized intensity—response curves of cones (one per retina) recorded under dark-
adapted conditions during the day (n=7) and subjective day (n=9; open circles), night (n=17),
and subjective night (n=3; filled circles), in the subjective day in the presence of spiperone (open
diamonds, n=>5), and in the subjective night in the presence of quinpirole (filled diamonds, n=9).
b Intensity-response curves of cones recorded under dim light-adapted conditions during the
day (open squares, n==6) and night (filled squares, n==6), and under bright light-adapted condi-
tions in the day (n=9) and subjective day (n=2; open triangles) and night (n=6) and subjec-
tive night (n=4; filled triangles). ¢ Average day/night and circadian rhythms of the cone light
response threshold (i.e., intensity required to elicit a 0.5 mV response) under dark-adapted condi-
tions. The average cone light response threshold (log intensity) was significantly higher during the
day (»p<0.001) and subjective day (»<0.001) than during the night and subjective night (Tukey
post hoc analysis). Data points represent averages of 4—15 measurements. d Average normalized
response amplitudes of dark-adapted cones plotted against stimulus radius for a stimulus of inten-
sity —5 log lo. These data indicate that the receptive field size of cones is larger at night than in the
day. Measurements were performed during the day (open circles, n=6) and night (filled circles,
n=6). (Reproduced with permission from Ribelayga et al. 2008 [115])
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found that phosphorylation of Cx35 in zebrafish photoreceptors changed in concert
with changes in coupling between daytime, light-adapted conditions and nighttime
dark-adapted conditions. Photoreceptor gap junctions were very poorly phosphory-
lated during the daytime, when coupling is low, and showed significantly enhanced
phosphorylation at night. Tracer coupling was enhanced 20-fold over daytime lev-
els, as measured by the diffusion coefficient for Neurobiotin tracer through the net-
work, and included both cone and rod photoreceptors. Li et al. [119] found further
that photoreceptor coupling and Cx35 phosphorylation depended directly on PKA
activity, unlike the situation in AIl amacrine cells in which PKA activity activated a
phosphatase to suppress Cx36 phosphorylation and coupling [106].

Li et al. have further examined the upstream regulation of the PKA activity that
controls photoreceptor coupling using a mouse model system [118]. It has long been
known that the “D2-like” dopamine receptor present in mouse photoreceptors is the
D4 receptor [120, 121]. Li et al. found that activation of the Gi-coupled D4 receptor
by dopamine in the daytime suppressed Cx36 phosphorylation, as expected from
the results of Ribelayga et al. [115]. A novel finding of this study was that the Gs-
coupled adenosine A2a receptor opposed the D4 receptor effects, promoting Cx36
phosphorylation and coupling (Fig. 9.6). Extracellular adenosine is a neuromodula-
tor that is produced in the retina at highest levels in the nighttime and in darkness
[122], a pattern opposite that of dopamine [89]. Adenosine is known to modulate
both rod and cone calcium currents [ 123—125], and several adenosine receptor types
have been found in the retina [126—128]. The co-regulation of photoreceptor cou-
pling by opposing actions of A2a receptors responding to a nighttime signal and D4
receptors responding to a daytime signal ensures tight regulatory control through
the day—night cycle.

While the concept of tight regulatory control of photoreceptor coupling by op-
posing actions of a Gs-coupled adenosine receptor and a Gi-coupled dopamine
receptor is very tidy and logical, the actual signaling pathway has turned out to
be more complicated than originally envisioned. In recent work on zebrafish pho-
toreceptor coupling, Li et al. [129] have found that the Gi-coupled adenosine Al
receptor is also involved (Fig. 9.6). Li et al. [129] found that addition of exogenous
adenosine or adenosine receptor agonists in the daytime not only activated A2a
receptors, enhancing Cx36 phosphorylation, but also activated A1 receptors having
a dampening effect. Furthermore, the A1 receptors were tonically active in the day-
time, light-adapted preparation, adding to the suppression of Cx36 phosphorylation
driven by the dopamine D4 receptor. While extracellular adenosine is present at
highest levels at night in dark-adapted retina, it is also present at a lower level dur-
ing the day and in the light-adapted state [122]. The affinity of A1 receptors for ad-
enosine is twofold to threefold higher than that of A2a receptors [130]. The results
of Li et al. [129] suggest that the low level of extracellular adenosine present in the
daytime actually reinforces the inhibitory effect of dopamine D4 receptors to keep
photoreceptor coupling to a minimum in the daytime. Their results also suggest
that the activity of the A2a receptor, when extracellular adenosine is high enough
in dark-adapted conditions at night, is substantially more potent than that of the A1l
receptor and drives enhancement of electrical coupling.
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Fig. 9.6 Schematic representation of signaling mechanisms that control photoreceptor coupling.
Intracellular signaling pathways control the phosphorylation of Cx36, with prominent involvement
of protein kinase A to phosphorylate the connexin and an unidentified phosphatase to dephos-
phorylate it. Protein kinase A activity is controlled by cAMP, which in turn is controlled by adeny-
lyl cyclase activity. Extracellular cues trigger G-protein cascades that regulate cyclase activity.
Dopamine is released from the dopaminergic amacrine cell at highest levels during the circadian
daytime and in response to light, but at a low level at night in darkness. It acts on D4 receptors
coupled through Gi to inhibit adenylyl cyclase. Extracellular adenosine is produced primarily by
enzymatic degradation of extracellular adenosine triphosphate (ATP) but its rate of re-uptake into
cells is regulated by the accumulation of intracellular adenosine synthesized from AMP. Extracel-
lular adenosine levels are highest at night and are reduced in daytime and with light adaptation.
Adenosine apparently acts through both A1 and A2a receptors with opposing actions on adenylyl
cyclase. The high nighttime levels of adenosine potently activate A2a receptors, which stimulate
adenylyl cyclase through Gs signaling, leading to Cx36 phosphorylation and enhanced coupling.
The low daytime levels of adenosine do not stimulate A2a receptors, but do activate the higher
aftinity A1 receptors, which signal through Gi and reinforce the D4 receptor inhibition of adenylyl
cyclase. It is not known whether or not all components of this signaling mechanism are uniformly
distributed among rods and the various types of cones

The G-protein-coupled receptors that impose regulatory control on photorecep-
tor electrical coupling are themselves subject to transcriptional control through
the day—night cycle. The D4 receptor undergoes cyclic changes in transcript lev-
el through the day—night and circadian cycle [118, 131]. Similar cyclic changes
in transcript level occur for adenylyl cyclase 1 (AC1), the predominant adenylyl
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cyclase active in photoreceptors [118, 131, 132]. Jackson et al. [131] found that
knockout of the D4 receptor gene disrupted the rhythmicity and suppressed expres-
sion of ACI. In a similar fashion, Li et al. [118] found that knockout of the A2a
receptor gene disrupted the rhythmicity and suppressed expression of both AC1
and D4 receptor. Thus, it appears that signaling from the extracellular environment
through G-protein-coupled receptors controls not only the plasticity of the electrical
synapses but also the expression level and timing of the major components of the
signaling cascade.

Finally, it is prudent to note that regulation of photoreceptor coupling is likely
not uniform among photoreceptors. The report that Xenopus rod—rod coupling was
not affected by dopamine receptor agonists and antagonists [48] emphasizes this
point. In situ hybridization of receptor mRNA in mouse retina revealed that dopa-
mine D4 receptor transcripts were widely distributed throughout the outer nuclear
layer, while adenosine A2a receptor transcripts were apparently more strongly ex-
pressed in cones. It has also been observed that tracer-coupled networks of photo-
receptors in nighttime and dark-adapted conditions contain a large proportion of
cones [115, 118, 119], determined in mouse to be about twice that expected given
their abundance in the retina [118]. These observations suggest that regulatory con-
trol of coupling could be stronger in cones and potentially different from that in
rods. It has also made clear that cones are a central element of coupled photorecep-
tor networks at night in scotopic conditions, reinforcing the idea that cones are an
important component of the rod pathway.

Other Retinal Neurons

In contrast to the few well-studied retinal neurons discussed above, electrical syn-
aptic plasticity in the remaining 90% of retinal neuron types has received very
little attention. Mills has made particular progress in this arena by making use of
compartmental diffusion models [94, 133] to quantitatively assess tracer diffusion
through heterogeneous coupled networks. In rabbit Off o ganglion cells that are
homologously coupled to each other and heterologously coupled to two types of
amacrine cells, Mills and colleagues [85] found that regulation differed between the
gap junction types. The homologous gap junctions in the Off o ganglion cells were
relatively uncoupled by activation of dopamine D2 receptors, but were unaffected
by manipulation of D1 receptors. In contrast, the homologous gap junctions in the
most strongly coupled type of amacrine cell (“AC1”") were uncoupled by activation
of D1 receptors and PKA. The ganglion cell to amacrine cell gap junctions showed
more complex regulation, being sensitive to both D1 and D2 receptor activities.
Studies by Hu et al. [134] have added more complexity to the understanding
of the Off a ganglion cell system. They find that, compared to retina subjected
to prolonged dark adaptation, adaptation to mesopic or photopic background light
dramatically increased the tracer-visualized field of coupled Off a ganglion cells
and associated amacrine cells. This light-induced increase in coupling enhanced
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the correlation of light-evoked spiking activity by nearest neighbor Off a ganglion
cells. In agreement with Mills et al. [85], Hu et al. [134] found that inhibition of
D2 receptors in the dark-adapted retina enhanced coupling. However, a D2 receptor
agonist did not prevent the light-induced increase in coupling, which was instead
blocked by a D1 antagonist. This finding suggested that the daytime level of dopa-
mine secretion in the dark-adapted retina was sufficient to activate D2 receptors and
reduce coupling among the Off a ganglion cells, but that light-evoked dopamine
release recruited lower affinity D1 receptors to reverse that effect. It is difficult to
reconcile these results with those of Mills et al. [85], who did not find any effect of
D1 receptor agonist or antagonist on Off o ganglion cell gap junctions themselves,
although they regulated the best coupled amacrine cell.

A significant difference between the two cell types is that Off a ganglion cell
gap junctions behave like photoreceptor gap junctions, with adenylyl cyclase and
PKA activity directly phosphorylating and opening the gap junctions, while AC1
amacrine cells behave like AIl amacrine cells with adenylyl cyclase and PKA activ-
ity recruiting a phosphatase that dephosphorylates and closes the gap junctions. The
study of Hu et al. [134] suggests that D1 receptors may also contribute to opening
Off a ganglion cell gap junctions by activating PKA in the ganglion cells. The dif-
ferences between the two study designs make it difficult to resolve this question and
further research will be required to do so.

Some bipolar cell types are coupled by electrical synapses. In a number of spe-
cies, several different types of both On and Off cone bipolar cells are connected by
gap junctions [116, 135—137]. Rod bipolar cells have also been found to be coupled
in a number of species via their dendrites [138—140] or axon terminals [29, 117].
These gap junctions are made of Cx36 [117, 140] and so are expected to display
plasticity. Arai et al. [140] have found that coupling in goldfish Mb1 (rod-dominat-
ed) bipolar cells can be modulated by light adaptation. Light adaptation enhanced
the coupling conductance and enabled Ca" action potentials evoked in a stimulated
cell to trigger Ca®* action potentials in neighboring bipolar cells. This resulted in
delayed and prolonged signaling of focal stimuli to postsynaptic ganglion cells. The
molecular mechanisms of this plasticity have not been explored, but are likely to
involve signaling pathways similar to those discussed in previous sections.

Further Complexity in Regulation of Electrical Coupling

While nearly all reports of G-protein-coupled receptor mediated plasticity of elec-
trical synapses in the retina concern dopamine or adenosine receptors, there is a
high probability that other receptor types can also regulate coupling. A wide range
of G-protein-coupled receptors are expressed in the retina and modulate synaptic
processes. Two signaling mechanisms are particularly important to consider.
Cannabinoids, which act as retrograde signaling molecules in the central nervous
system [141], may play a role in regulating electrical synaptic plasticity. Canna-
binoids signal through G-protein-coupled receptors, with cannabinoid receptor 1
(CBI) being widely expressed in the nervous system. So far, there are no reports
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of cannabinoid regulation of electrical coupling in the retina. However, the endog-
enous cannabinoid anadamide has been found to potently uncouple astrocyte gap
junctions in a Gi/o-dependent manner [142], and CB1 activation enhances Mauth-
ner cell electrical synaptic coupling by enhancing release of dopamine from nearby
dopaminergic neurons [143]. CBI1 is widely expressed in the retina of many species
[144], and its activation by high concentration of agonists suppresses I, in bipolar
cells. Fan and Yazulla have observed that CB1 receptors in goldfish cones show
an agonist concentration-dependent biphasic modulation of I, I, and I, [145].
This biphasic effect was due to switching of G-protein coupling by CB1 recep-
tors dependent on agonist concentration. The CB1 receptors signaled through Gs at
low agonist concentration (<1 uM WIN 55212-2) but through Gi/o at high agonist
concentration (>1 uM WIN). The Gs signaling enhanced I, I, and I, while Gi/o
signaling at higher concentration suppressed them. D2 agonists opposed the effect
of low WIN [146]. Since dopamine and adenosine receptors that regulate photore-
ceptor I, also regulate coupling, it is possible that CB1 receptors are able to do so
as well.

Histamine receptors are also widespread in the retina [147, 148], and respond to
histamine that is released predominantly from retinopetal fibers projecting to the
retina from the posterior hypothalamus [149]. Like cannabinoid receptors, these
have not yet been found to modulate retinal electrical synapses. However, hista-
mine H1 and H2 receptors have been found to modulate coupling among various
populations of neurons in the supraoptic nucleus [150, 151]. H2 receptors signaled
through adenylyl cyclase, but H1 receptors instead activated NO synthase, signaling
through nitric oxide, guanylyl cyclase, and protein kinase G. This signaling path-
way could provide a mechanism to activate the NO signaling that has been observed
to uncouple horizontal cell and AIl amacrine to cone On bipolar cell gap junctions.

The signaling mechanisms of G-protein-coupled receptors may be complicated
by the potential for direct physical interactions between them. Adenosine A2a and
dopamine D2 receptors have been found to dimerize in a variety of expression sys-
tems and neurons [152—154]. This results in allosteric modulation of receptor func-
tion. For example, activation of A2a receptor reduces the affinity of D2 receptor for
dopamine and other agonists, while not affecting binding of antagonists [155-157].
Receptor—receptor heterooligomerization may also result in emergent properties
not shown by either receptor. For example, dopamine D1-D2 heterooligomers have
been shown to couple through Gg/11 leading to intracellular Ca®>" mobilization
[158]. Mechanisms such as these could be relevant to any retinal electrical synapses
subject to regulation by more than one type of G-protein-coupled receptor, such as
photoreceptor and Off a ganglion cell electrical synapses.

Concluding Remarks

As research progresses, it has become clear that nearly all electrical synapses that
are studied in detail show plasticity. This plasticity modifies neuronal connectivity,
fine-tuning circuits and even imposing wholesale changes in circuitry. Cx36, the
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constituent protein of the majority of electrical synapses in the retina and throughout
the central nervous system, has intrinsic plasticity dependent on its phosphorylation
and dephosphorylation. The well-understood forms of electrical synaptic plasticity
depend on signaling mechanisms that alter this phosphorylation state, many driven
by G-protein-coupled receptors. Relatively little is known about the molecular basis
of plasticity in electrical synapses that do not use Cx36, but what is known suggests
that the core mechanism and signaling pathways that control it are similar to those
that modulate Cx36.

G-protein-coupled receptor signaling is the primary mechanism through which
the plastic potential of electrical synapses is linked to the tissue environment. The
biggest challenge faced by the retina is to maintain a functional state that can ef-
fectively code information across an environmental light intensity range of more
than 10 orders of magnitude. The important role played by dopamine and dopamine
receptors in driving light-adaptive changes in retinal physiology is well known, and
changes in electrical synaptic coupling are a key part of its action. It is likely that
further studies will show adenosine to have a similarly pervasive role. It is appealing
to consider retinal light adaptation to be built around a daytime and light-adaptive
signal (dopamine) and a nighttime and dark-adaptive signal (adenosine) that coordi-
nately tune retinal circuits in a global manner. Dependence on two opposing signals
ensures that changes in properties can be controlled with precision. It is likely that
local synaptic processes and retrograde signaling from higher centers in the brain
can contribute further to this plasticity to maintain optimal circuits for vision.
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Chapter 10

The Functional Properties of the G Protein-Coupled
Receptor Melanopsin in Intrinsically Photosensitive
Retinal Ganglion Cells

Novel Photoreceptors Controlling Diverse
Visual Functions

Alan C. Rupp and Samer Hattar

Abstract Only slightly over a decade ago, the rods and cones in the outer retina
were thought to be the exclusive photoreceptors in mammals. Since then, the dis-
covery of an additional photopigment melanopsin (a G protein-coupled receptor,
GPCR) expressed in a small subset of intrinsically photosensitive retinal ganglion
cells (ipRGCs) has expanded upon the conventional view of light detection and
information flow in the retina. In this chapter, we will highlight our current under-
standing of the structure and function of melanopsin, the cell biology and physiol-
ogy of ipRGCs, how ipRGCs are integrated into the retinal circuitry, and the role of
ipRGCs in visual behaviors.

Introduction and Discovery

For decades, rods and cones were believed to be the only photoreceptors in the mamma-
lian retina. However, the realization that mice and humans lacking rods and cones were
still capable of aligning their circadian rhythms to a light/dark cycle led to the search for a
new photoreceptor [ 1—4]. Light sensitivity has been known for nearly a half-century to be
initiated by GPCR opsins that complex with a light-absorbing chromophore to form phot-
opigments. Cloning of messenger RNA (mRNAs) from photosensitive melanophores of
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Xenopus laevis identified a novel opsin that was thus named melanopsin [5]. Subse-
quently, melanopsin was identified in the mammalian genome (termed opsin 4, or Opn4)
and melanopsin expression was observed in a small subset of cells in the retinal ganglion
cell layer of rodents and primates, including humans [6]. These melanopsin-expressing
retinal ganglion cells were shown to be intrinsically photosensitive, capable of depolar-
izing in response to light in the absence of rod/cone signaling [7], and were termed in-
trinsically photosensitive retinal ganglion cells (ipRGCs). Their axonal projections were
traced to the suprachiasmatic nucleus (SCN) and intergeniculate leaflet (IGL) [8], crucial
mammalian circadian centers, indicating they were the likely photoreceptors mediating
photoentrainment in the absence of rods and cones. In addition, ipRGCs were also found
to have projections to the olivary prectectal nucleus (OPN) and superior colliculus (SC),
midbrain relay stations for the pupillary light reflex and reflexive eye movements, and
the lateral geniculate nucleus (LGN), the main image-processing nucleus of the thalamus
(Fig. 10.1).

The initial discovery of ipRGCs was made using antibodies against melanopsin
and genetic reporters driven by the melanopsin promoter. The development of more
sensitive labeling methods (including Cre-based reporters and bacterial artificial chro-
mosome transgenic mice) revealed a diversity of melanopsin-expressing RGCs [9, 10].
To date, there are five identified subtypes of ipRGCs, with distinct morphologies, light
responses, and central projections: termed M1-M5 (Fig. 10.1) [10-12]. In addition,
genetic characterization of ipRGCs uncovered even more diversity within the known
M1-MS5 subtypes: the M1 subtype can be further divided into two distinct groups by
expression of the transcription factor Brn3b (i.e., Brn3b-positive and Brn3b-negative
M1 ipRGCs) [13]. This diversification observed in different ipRGC subtypes likely
indicates a unique contribution to distinct visual behaviors by each subtype.

This hypothesis was confirmed by the finding that the M1 subtype of ipRGCs
are specifically involved in circadian photoentrainment and the pupillary light reflex
[14-19], sleep induction and activity suppression in response to light (negative mask-
ing) [20-23], and even the negative effects of aberrant light on mood and learning [24].
In addition, the Brn3b-positive M1 ipRGCs are specifically required for the pupillary
light reflex, while the Brn3b-negative M1 ipRGCs are sufficient for circadian photoen-
trainment [ 13]. However, the full details of these experiments are outside the scope of
this chapter and have been covered extensively elsewhere (see reviews: [12, 25-27]).
Instead, we will focus on the function of melanopsin, the photosensitive GPCR in
ipRGCs, and the general cell biology and connectivity of ipRGCs in the retina.

Melanopsin Evolution, Protein Structure,
and Chromophore

Evolution and Expression of the Melanopsin Genes

Melanopsin is a seven-pass transmembrane protein classified by sequence analysis
as a GPCR of the rhodopsin-like family. Within this family, melanopsin’s closest
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Fig. 10.1 Diversity and central projections of ipRGCs. a ipRGCs are located in the ganglion
cell layer (blue) and comprise at least five distinct subtypes: M1-MS5. Subtypes can be classified
morphologically by soma size, dendritic morphology (including total dendrite length and den-
dritic field area), and stratification depth. Above: vertical sections of the retina in cartoon form.
Below: Whole-mount tracings of the entire dendritic tree of actual mouse ipRGC subtypes to scale
[10, 91]. b Cartoon depicting prominent central targets of ipRGCs, including brain areas mediat-
ing circadian functions (SCN and /GL), simple reflexive behaviors (OPN and SC), and image-
forming centers (LGN). Areas receiving predominantly M1 innervation are colored blue, while
areas receiving predominantly non-M1 innervation are in red. SCN suprachiasmatic nucleus, /GL
intergeniculate leaflet, OPN olivary pretectal nucleus, SC superior colliculous, LGN lateral genicu-
late nucleus. (Model is based on [42]; please see this paper for more details on central projections)

evolutionary relatives are the invertebrate rhodopsins, and melanopsin is only dis-
tantly related to the conventional visual rod and cone opsins (Fig. 10.2) [26]. The
melanopsin family itself is quite diverse. Melanopsins exist in two large families:
OPN4m (for mammalian) and OPN4x (for Xenopus laevis, the organism in which
melanopsin was first identified) [28]. Nonmammalian vertebrates retain members
of both families and tend to have multiple different melanopsin genes encoded in
the genome. In addition, nonmammalian vertebrates express melanopsin in a vari-
ety of cell types aside from RGCs, including nonneuronal cells such as muscle and
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Fig. 10.2 Evolution and structure of melanopsin gene and protein. a Evolutionary tree of opsin
genes in animals. Melanopsin families cluster with the invertebrate opsins and are distantly related
to the rod and cone opsins. (Tree is adapted from [116].) Note: the branch lengths are of arbi-
trary distance; the tree only shows qualitative relationships. b Chromosomal synteny between
mouse chromosome 10 and human chromosome 14, the chromosomes that contain melanopsin.
The expanded view shows the gene structure of mouse melanopsin displaying exons as black
bars. Both chromosome and gene structure are based on NCBI Gene Database gene ID 30044 and
94233. ¢ Crystal structure of a C-terminal truncation of rhodopsin from the Japanese flying squid
(Todarodes pacificus). Melanopsin structure is assumed to be highly similar, but no structure of
melanopsin has been reported to date. Extracellular surface (N-terminus) is oriented downwards
and intracellular surface (C-terminus) is oriented upwards. (Structure is reprinted from the RCSB
Protein Data Bank (ID: 2Z73) as originally published from [117])

skin [28-30]. This broad genetic diversification and expression pattern of melanop-
sins in nonmammalian vertebrates indicates a role for melanopsin in a variety of
light-response processes throughout the body [31]. However, though this diversity
of melanopsins in nonmammalian vertebrates is interesting, the focus of this chapter
will be exclusively on melanopsin in mammals.

Mammals appear to have lost the OPN4x group through chromosomal rear-
rangement and only have a single melanopsin gene encoded in the genome [28].
Melanopsin (Opn4) exists in the mammalian genome as 10 exons spanning about
10 kilobases of genomic space, present on chromosome 14 in mice and chromo-
some 10 in humans (Fig. 10.2). Although mammals have only one melanopsin gene,
at least two splice isoforms of the melanopsin protein generated diversity through
alternative splicing of exon 9. This alternative splicing leads to proteins with differ-
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ent C termini (referred to as Opn4S for short form, the predominant form in the ret-
ina, and Opn4L for long form) [32]. The specific role of melanopsin isoforms is not
clear. However, they appear to be present in distinct subtypes of ipRGCs and may
have distinct light-response properties [32, 33]. In addition to sequence variability,
melanopsin mRNA expression is thythmically regulated throughout the day by light
in both mammals and nonmammalian vertebrates [30, 34, 35]. In mammals, this
leads to a peak in melanopsin levels at the beginning of the night and a trough dur-
ing the day [34, 35]. However, ipRGC light responses differ very little from night to
day [36], making the function of rhythmic expression of melanopsin unclear.

How melanopsin is cyclically regulated is completely unknown. One possible
source of cyclic regulation, similar to the classical circadian clock genes [37], is
at the level of gene transcription. However, virtually nothing is known about the
transcription factors driving melanopsin expression. The melanopsin promoters in
zebrafish have binding sites for transcriptions factors associated with rod/cone de-
velopment [29]. To date, the mammalian melanopsin promoter is yet to be analyzed
for transcription factor binding sites and no transcription factor mutants are known
that lack melanopsin mRNA expression.

The transcription cascade that turns conventional retinal ganglion cells into photo-
receptors has important evolutionary implications for the visual system. Melanopsin
is among the earliest photopigments expressed in the mammalian retina, as early as
embryonic day 10 in mice, long before the rod and cone opsins [38, 39]. This early
expression is likely due, in part, to the fact that melanopsin is expressed in the reti-
nal ganglion cells, which are the earliest born cells in the retina during development
[40, 41]. Additionally, ipRGCs are the simplest form of photoreceptor, projecting di-
rectly to the central brain regions mediating behavior [42]. This, along with the broad
identification and conservation of melanopsin in animals, makes it possible that mela-
nopsin-expressing cells are the evolutionarily oldest photoreceptors in vertebrates and
that the rest of the retina has been integrated into the existing ipRGC system.

Melanopsin Structural Characteristics

Melanopsin’s unique placement in the evolution of the visual system and its dis-
tant relationship with the rod and cone opsins raise interesting questions about its
structural and biophysical properties. However, very little is known about the key
structural characteristics of melanopsin. One reason for this lack of knowledge is
the difficulty in working with melanopsin in traditional biochemical assays. For
one, melanopsin is a membrane protein present at a relatively low level in relatively
few cells, precluding the ability to get large amounts of protein from the retina. Ad-
ditionally, melanopsin in heterologous expression systems does not always behave
like melanopsin in the retina. Until these technical hurdles are overcome, detailed
knowledge of the melanopsin protein is largely limited to comparative and evolu-
tionary analyses.

Based on its evolutionary grouping with the invertebrate opsins and the relatively
well-characterized structure of squid rhodopsin, structural studies have used squid
rhodopsin as a comparison (Fig. 10.2) [43]. Opsins share a variety of canonical
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features, all of which are present in melanopsin: seven transmembrane domains, a
DRY motif, a conserved lysine residue capable of covalently attaching to a vitamin
A-based chromophore, forming a Schiff base (K337 in mouse) [44], and counter-
ions to balance the charge of the Schiff base (tyrosine Y 145 and/or glutamate E213)
[6]. Melanopsin is also likely glycosylated as it has to be processed in the endo-
plasmic reticulum (ER) and contains a predicted palmitoylation site for membrane
association of the C-terminus [45].

Melanopsin is a unique opsin in the mammalian retina and as a result, its pho-
totransduction has a wide variety of features that are distinct from rod and cone
phototransduction (see “Phototransduction in ipRGCs”). A more detailed knowl-
edge of the structural and biophysical characteristics of melanopsin is crucial for
understanding these specializations.

Melanopsin Chromophore Regeneration and Bistability

The photosensitive molecule in opsins is not the protein per se, but rather the co-
valently bound vitamin A-based chromophore. Drosophila rhodopsin is activated
when light causes the chromophore 3-hydroxy-11-cis retinal to change to the all-
trans form. This same process occurs in mammalian rod and cone opsins, although
they use 11-cis retinal. Isomerization of the chromophore results in a conformation-
al change in the opsin that promotes its guanine nucleotide exchange factor (GEF)
activity, thereby activating downstream G proteins. Melanopsin also uses a vitamin
A-based chromophore [46]. Specifically, melanopsin in the dark is bound to 11-cis
retinal and the chromophore is converted to all-frans retinal after light activation,
similar to rod and cone opsins [47].

The chromophore in isolation is broadly sensitive to light, but the protein
sequence of an opsin constrains the wavelengths capable of activating the phot-
opigment [48]. Opsins have a stereotypical absorption spectrum, differing only in
the peak wavelength of activation. Melanopsin has peak activation near 480 nm,
determined both electrophysiologically and behaviorally [47, 49, 50]. While mam-
malian rhodopsin and cone opsins enter an unstable state and dissociate from the
chromophore after light activation and conversion to all-trans, Drosophila thodop-
sin remains bound to the chromophore after its conversion to the all-frans state, a
feature referred to as bistability. Absorption of long-wavelength light converts the
all-trans form back to the 11-cis form while still bound to the opsin, thereby making
it competent to be activated again.

Bistability is a general phenomenon of this clade of opsins, including cephalo-
chordate melanopsin [51], raising the possibility that mammalian melanopsin is
also bistable. In support of bistability, melanopsin is highly resistant to light or
chemical bleaching [52], indicating it holds on to retinal tightly, even after intense
light stimulation that would bleach rod and cone opsins. Whether melanopsin can
re-isomerize all-trans back to 11-cis retinal is unclear. In support, in heterologous
expression systems, melanopsin can utilize exogenous all-frans retinal, but only
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Fig. 10.3 Visual cycle of melanopsin. Melanopsin in the dark is bound to 11-cis retinal, which
is isomerized to all-frans retinal upon light absorption. Regeneration of all-trans retinal to 11-cis
requires a multistep enzymatic process, including the visual cycle enzymes RPE65 and LRAT,
which are present in the RPE. Melanopsin may also utilize an intrinsic photoisomerase capabil-
ity by the absorption of long-wavelength light. Whether the Miiller glia provide chromophore to
melanopsin (as they do to cones) is unknown

after preexposure to long-wavelength light [53]. A prediction of a bistable phot-
opigment is that the melanopsin population would exist in equilibrium between
the 11-cis-bound form and the all-trans-bound form during broad-spectrum light
stimulation as melanopsin is being concurrently activated and chromophore re-
isomerized. However, after light stimulation, virtually all chromophore bound to
melanopsin appears to be all-trans [47]. This indicates that either the rate of chro-
mophore re-isomerization by melanopsin is significantly slower than activation or
bistability is not sufficient for full regeneration of chromophore. There is currently
conflict over the extent of chromophore conversion in ipRGCs. Light responses in
SCN neurons downstream of ipRGCs, as well as non-image-forming behaviors, are
potentiated with preexposure to long wavelength light, consistent with enhanced
conversion of all-frans retinal back to 11-cis [54]. However, electrophysiological
responses of ipRGCs in vitro are not potentiated with long-wavelength light [55].
Collectively, these results indicate that while melanopsin may be bistable and capa-
ble of conversion of all-trans to 11-cis retinal, there likely exists another mechanism
for the regeneration of chromophore in ipRGCs (see Fig. 10.3).

What could this other mechanism be? Mammalian rods and cones rely on a dif-
ferent cell type to generate new 11-cis retinal and return it to the photoreceptors. The
retinal pigment epithelium (RPE), which lines the back of the retina and is closely
interleaved with the rod and cone outer segments, is their predominant source of
regenerated chromophore. In addition, Miiller glia provide a second route for cones
to receive chromophore through a distinct chemical cycle [56, 57].

Current debate exists over whether ipRGCs utilize a second cell type for regen-
eration of chromophore. ipRGCs are located in the inner retina and are physically
distant from the RPE, presumably giving them little access to the classical rod/cone
regeneration pathway. Interestingly, ipRGC light responses at least partially require
the visual cycle enzymes that are present in the RPE (RPE65 and lecithin-retinol
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acyltransferase (LRAT)) [58, 59]. How these enzymes regulate the chromophore
availability for melanopsin is not clear, especially because acute blockade of the
RPE cycle does not affect melanopsin responses [59]. However, ipRGCs are still
functional, although less sensitive, in the absence of these enzymes. One possible
reason that they are still functional is due to the fact that ipRGCs appear physically
close to Miiller glia [60]). However, the role the Miiller glia play in chromophore
regeneration for ipRGCs is yet to be tested.

Another possibility is the use of a nonconventional chromophore. In the absence
of RPEG65, rods can utilize available 9-cis retinal for light detection [61]. Mela-
nopsin in heterologous systems is also able to utilize 9-cis retinal [53]. Therefore,
it remains possible that the residual melanopsin function in the absence of RPE65
and LRAT occurs from the availability of 9-cis retinal and is not a consequence of
melanopsin’s photoisomerase properties. In summary, the source of chromophore
regeneration in ipRGCs is still a matter of debate. Melanopsin appears to utilize a
variety of sources—including bistability and the RPE cycle—to generate new chro-
mophore, although the relative importance of each is still unclear. More information
on the intermediate structures of photoactivated melanopsin will help clarify this
issue.

Phototransduction in ipRGCs

Physiological Properties of Melanopsin Phototransduction
in ipRGCs

Non-image-forming light detection requires continuous information about the am-
bient light intensity of the environment, whereas image formation is best suited for
rapid initiation and shutoff of the response for each absorbed photon. Melanopsin
is predominantly involved in non-image-forming behaviors. Therefore, the elec-
trophysiological properties of melanopsin phototransduction have evolved to suit
these behaviors.

Rods and cones feature an incredible density of opsins and signaling components
packed into specialized structures in their outer segments. ipRGCs look like con-
ventional retinal ganglion cells with a soma, axon, and dendrites and have no such
specializations [6—8]. Instead, the melanopsin protein is found throughout the soma
and dendrites, with some present in the proximal axon [8]. In addition, melanopsin
is expressed at a relatively low level, with 4-log units lower density of photopig-
ment on the membrane compared to rods and cones [62]. These factors result in a
low probability of photon catch by melanopsin.

In consequence, the sensitivity of ipRGCs is much lower than that of rods, the
most sensitive photoreceptors in the retina, and even lower than cones. Responses of
ipRGCs to millisecond flashes of light are about 6 log units less sensitive than rods
and 4 less sensitive than cones [62]. However, ipRGCs have a variety of features
to enhance their sensitivity in the natural environment. For instance, ipRGCs have
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a resting membrane potential very close to their threshold for action potentials
[11, 62]. This allows a weak signal to have a higher likelihood of being relayed
to the brain. In addition, the absorption of a single photon is capable of modulat-
ing membrane conductance, indicating efficient amplification of the signal [62]. To
further enhance the likelihood of firing following rare photon absorptions, ipRGCs
have a long integration time (> 8 s; 20 times longer than rods and > 100 times longer
than cones), making further depolarization possible in the event of more photon
absorptions [62]. These features effectively enhance the sensitivity of ipRGCs un-
der the prolonged light exposure that is found in the environment. In agreement,
using stimuli that last for hours, ipRGC sensitivity approaches that of cones [63].

During continuous light stimuli, ipRGCs are capable of sustained firing for many
minutes or hours [63]. This appears to be a unique property of ipRGCs compared to
conventional RGCs. While both conventional RGCs and ipRGCs display a transient
large depolarization in response to light, conventional RGCs rapidly adapt and the
membrane voltage returns to baseline. ipRGCs also adapt rapidly after depolariza-
tion; however, during continuous light the light-activated current decreases to an
intermediate level that allows continual spiking [11].

ipRGCs continue spiking for seconds to minutes after the stimulus ends in a
dose-dependent fashion [7]. In fact, the steady state firing of ipRGCs very closely
reports the ambient light intensity [7, 64]. These are ideal features for a nonimage-
forming photoreceptor because it allows ipRGCs to report the average luminance
of the environment continuously, even if the animal seeks cover or a cloud passes
overhead.

This faithful reporting of the environmental luminance—even over many min-
utes and hours—implies that ipRGCs do not adapt to background light intensity or
to light history in the way that rods and cones do. However, the melanopsin pho-
totransduction pathway apparently does have an intrinsic adaptation mechanism
similar to rods and cones [65]. The role light adaptation plays in ipRGCs is unclear,
as it would appear to be unsuited to reporting environmental luminance. Little is
known about the mechanism of adaptation, although it appears to involve both cal-
cium-dependent and -independent components [66]. Even the response properties
of light adaptation in ipRGCs can be fitted by the same equations as those used to
describe rod and cone light adaptation [66], indicating they may use similar mo-
lecular mechanisms.

Phototransduction Cascade

Melanopsin is phylogenetically clustered in a group of opsins referred to as “rhab-
domeric” due to their original discovery in microvillar rhabdoms of invertebrates
(see Fig. 10.2). However, it is now clear that so-called rhabdomeric opsins are found
in a variety of photoreceptive systems that do not have microvilli. One potentially
more unifying aspect of this family of opsins is the use of a G4 or Gi/G, signaling
pathway. Indeed, Drosophila thodopsin, a rhabdomeric opsin, in particular couples
to a Gq [67], which triggers a phospholipase Cp (PLCP) signaling cascade [68].
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PLCp catalyzes the cleavage of phosphatidylinositol-4,5-bisphosphate (PIP,) into
diacyl glycerol (DAG), inositol 1,4,5-trisphosphate (IP;), and a proton. In a vari-
ety of organisms, IP; is capable of activating the IP5 receptor on the smooth ER,
releasing calcium stores and changing membrane voltage. However, Drosophila
photoreceptor microvilli have no organelles, making this pathway impossible. A
currently unclear mechanism links PLCP activity to the opening of transient recep-
tor potential (TRP and TRP-like or TRPL) channels and results in cation influx and
depolarization, although it may be driven by PIP, depletion and local acidification
[69] or mechanical gating [70].

Melanopsin is the only known phototransduction component that is absolutely
required for intrinsic light responses in ipRGCs. Electrophysiological recordings
from ipRGCs lacking melanopsin show no light-activated current or membrane
voltage change [71, 72]. In addition, mice lacking rods, cones, and melanopsin have
no known behavioral responses to light [73, 74]. This indicates that melanopsin is
required for phototransduction in ipRGCs. Importantly, melanopsin itself is a phot-
opigment and not just a regulator of phototransduction, as heterologous expression
of melanopsin in non-light-sensitive cell types renders these cells photosensitive
[49, 53, 75]. Collectively, these results indicate that melanopsin is a photosensitive
molecule and the only photosensitive molecule in ipRGCs capable of activating
phototransduction.

To determine the signaling components downstream of melanopsin in ipRGCs,
Drosophila phototransduction has been used as a template. Profiling studies have
identified numerous Gy, PLCPB, and TRP channel genes expressed in ipRGCs; al-
though this is in addition to numerous other G proteins and components of other sig-
nal transduction cascades, including the IP; receptor [76-78]. To avoid the technical
issues of scarcity of melanopsin mentioned previously, many groups have turned
to expression of melanopsin in heterologous systems. However, in heterologous
expression systems, melanopsin is capable of activating a variety of signaling path-
ways, including Gg, Gi/G,, or G, [44, 49, 50, 75]. Additionally, it can drive PLCB
and activate TRPC3 [49, 75] or cause release of intracellular calcium stores [53].
Therefore, to understand melanopsin function in its natural context, the phototrans-
duction cascade must be investigated in situ.

Though phylogenetically and structurally identified as a GPCR, melanopsin and
ipRGCs have also been shown experimentally to require G protein signaling for
light responsiveness [53]. The G proteins downstream of melanopsin in ipRGCs
are unclear, though they are widely believed to be of the G, family. The melanopsin
light response in heterologous systems or dissociated ipRGCs can be blocked with
Gg-specific inhibitors, but not with Gi/G, or Gy inhibitors [49, 53, 75, 77]; however,
this could not be replicated in intact retina [77]. Which specific G, genes melanop-
sin may utilize in vivo are not yet known; in mammals, the G, family consists of
four distinct genes: Gq, Gi1, G4, and Gis. ipRGC mRNA sequencing experiments
have found expression of either a subset [78] or all of the G4-genes [77]. However,
specific knockout or knockdown approaches have not yet been performed to identi-
fy a single G4 or combination of G4 genes crucial for melanopsin phototransduction.
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G, signaling directly activates PLC, which makes PLC a good candidate for
melanopsin phototransduction. All known PLCJ genes (Plcb1—4) have been found
in ipRGCs, with Plcb4 being the most frequent [77]. In agreement, Plch4~'~ mice
have dramatically reduced light-activated current in ipRGCs [79], indicating that
PLCp4 is likely the predominant effector molecule in melanopsin phototransduction.

How PLCp leads to the opening of a cation channel in ipRGCs is currently un-
known. PLCP results in the production of IP;, DAG, and a proton through the deple-
tion of PIP, and generation of polyunsaturated fatty acids [80]. Application of IP; to
ipRGCs does not result in membrane depolarization [77]. In addition, depletion of
intracellular calcium stores does not block the light-mediated calcium response in
ipRGCs [76, 77]. Collectively, these results rule out a role for IP; and the IP; recep-
tor in phototransduction. The potential role of DAG is more complicated. DAG is
membrane-associated and ipRGC phototransduction persists in isolated patches of
membrane [77], implying DAG may be sufficient to activate the channel. However,
DAG analogues do not induce a current [77]. These results leave open the question
of the second messengers between PLCP and the cation channel in ipRGCs, as they
are still open for Drosophila photoreceptors [80].

TRP channels are downstream of PLCP and required for invertebrate photo-
transduction. The mammalian genome encodes more than 30 TRP channel subunits,
which can be divided into at least seven families based on sequence similarity. The
mammalian family that is most similar to the Drosophila TRP and TRPL is the
“canonical” family, termed TRPC. In support for TRPC in ipRGCs, TRPC antago-
nists block the light response of ipRGCs [76, 81, 82]. There are seven Trpc genes
in the mouse and human genomes. Evidence exists for the expression of TRPC3,
6, and 7 in rodent ipRGCs [76, 81, 82], suggesting multiple TRPCs could mediate
the melanopsin current. In agreement, no individual TRPC mutant is capable of
abolishing the light response of ipRGCs [79, 83], though the current is reduced in
Trpc6~~ mice [83]. However, Trpc6~~; Trpc7 - double mutants display dramati-
cally reduced light-activated current (< 1 % of wild-type) [79]. Meanwhile, Trpcl
Trpcd™; Trpe5~ triple mutant ipRGCs are completely normal [79]. These results
indicate that the predominant light-responsive cation channel in ipRGCs is either
redundant homomeric Trpc6 and Trpc7 channels or a heteromeric Trpc6/7 channel
(Figs. 10.4 and 10.5). Ultimately, following depolarization by the TRPC channels,
calcium influx occurs via L-type voltage-gated calcium channels [76, 84].

Interestingly, to date, all phototransduction mutant mice (excluding melanop-
sin knockout) have retained a small light-activated current in ipRGCs, indicating
that there is likely at least one additional phototransduction pathway downstream
of melanopsin. Its identity is currently unknown, although expression profiles and
phylogenetic analyses indicate it may be a Gi/G, pathway [26]. In addition, mela-
nopsin in heterologous systems has been shown to promiscuously activate a variety
of G proteins [44, 49, 75], indicating that while G4 may be the predominant photo-
transduction pathway downstream of melanopsin, ipRGCs retain redundant mecha-
nisms for light responsiveness in its absence. To date, no behavioral tests have been
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Fig. 10.4 Phototransduction in ipRGCs. Comparison of phototransduction in mammalian rods,
Drosophila thabdomeres, and mammalian ipRGCs. Mammalian rods use a G; pathway and a
cyclic nucleotide-gated channel to hyperpolarize in response to light. Both Drosophila thodopsin
and mammalian melanopsin use a G4 pathway and a transient receptor potential (7RP) channel
to depolarize in response to light. While both mammalian rods and Drosophila thabdomeres are
known to utilize a calcium exchanger to reset the resting calcium concentration in the cytoplasm
following phototransduction, no such channel has yet been investigated in ipRGCs

reported on G, pathway phototransduction mutant animals. Intriguingly, mice lack-
ing the atypical protein kinase PKCC, not known to be involved in the G4 pathway,
display behavioral deficits similar to melanopsin knockout mice [85].

Importantly, phototransduction studies have focused almost exclusively on the
M1 subtype. The pathway then is presumed to be similar in the non-M1 cells. How-
ever, non-M1 ipRGCs project to image-forming regions of the brain and are more
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Fig. 10.5 Synaptic input to ipRGCs. a ipRGCs receive synaptic input from rod and cone bipolar
cells, thereby allowing them to relay rod and cone light information to the brain. M1 and M2 cells
receive ON bipolar cell input, although M1 cells receive nonconventional rod bipolar cell input on
the soma and en passant synapses in the OFF sublamina. M1 ipRGCs are also tightly associated
with the dopaminergic amacrine cells (purple). b Dopamine has multiple roles on ipRGCs. Acti-
vation of the D receptor leads to a reduction in the melanopsin photocurrent through a presumed
phosphorylation by PKA. Activation of the D; receptor leads to a slow enhancement of melanopsin
transcription and presumably more melanopsin on the membrane and enhanced sensitivity

similar to conventional RGCs than to the M1 cells [10]. Interestingly, different
ipRGC subtypes have different intrinsic light responses, differing dramatically in
amplitude and kinetics [10, 11, 86]. While these differences could be attributable
to variability in melanopsin levels, this may also indicate that different subtypes
of ipRGCs utilize distinct phototransduction cascades. In addition, expression of
melanopsin in conventional RGCs renders them photosensitive [87]. Collectively,
these results suggest that melanopsin is likely to be either nonselective and hence
couples to any available G protein or that melanopsin uses a generic signaling path-
way that is present in a wide variety of cell types.

Regulation and Modulation of Phototransduction

All sensory systems use a variety of modulatory and regulatory proteins to ensure
appropriate sensitivity and dynamics. ipRGCs are likely subject to modulation and
regulation as well, although there is very little known about regulation of mela-
nopsin and the phototransduction pathway. ipRGCs show similar light adaptation
to rods and cones in response to light [65, 66] and therefore likely have similar
molecular regulation.

To regulate the kinetics of phototransduction and prevent sustained G protein
activation after photon absorption, rod and cone opsins are rapidly phosphorylated
after light activation by a G protein-coupled receptor kinase (GRK) [88]. Phos-
phorylation acts to recruit arrestin to the phosphorylated opsin to prevent further G
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protein activation [89]. Melanopsin is also phosphorylated in vivo following light
stimulation [90]. ipRGCs express both GRK2 and GRK3 and melanopsin physi-
cally interacts with GRK2 in vitro [90], indicating a potential similar mechanism
to rods and cones. However, a role for arrestin has yet to be observed in ipRGCs.
In addition, melanopsin phototransduction is remarkably sustained compared to
rods and cones and persists for several seconds to minutes and long after the light
stimulus ends [7]. Therefore, the role of phosphorylation in melanopsin phototrans-
duction remains unclear, although it raises interesting questions about the role of
sensory adaptation in an irradiance detector.

Synaptic Input to ipRGCs

Though ipRGCs are intrinsically photosensitive, they are also retinal ganglion cells.
As such, ipRGCs are integrated into the retinal circuitry and therefore can also relay
indirect light information from rods and cones. ipRGCs consist of at least five dis-
tinct subtypes based on morphology and dendritic stratification, electrophysiologi-
cal properties, and central projections: termed M1-M5 [9-11] (Fig. 10.1). Due to
these differences, it is likely that each of these subtypes receives distinct input from
the retinal circuitry.

Classically, retinal ganglion cells can be classified into two broad categories
based on how they respond to light: ON cells depolarize in response to increases
in light intensity, OFF cells depolarize in response to decreases in light intensity.
(Note: ON—OFF cells also exist that depolarize to both.) The inner plexiform layer
(IPL) contains the synaptic connections of cells in the inner nuclear layer and gan-
glion cell layer. Retinal ganglion cells can be presumed to be ON or OFF cells by
their dendritic stratification in the IPL. ON cells have dendrites closest to RGC cell
bodies in the ON sublamina, whereas OFF cells have dendrites nearest the inner
nuclear layer in the OFF sublamina.

ipRGCs do not follow the stratification rules of the retina. All subtypes of
ipRGCs, regardless of dendritic stratification patterns, show light-activated currents
and increases in spiking in response to increases in light intensity, and are therefore
ON retinal ganglion cells [9-11, 64, 86, 91]. While M2, M4, and M5 cells have
dendrites exclusively in the ON sublamina, even the ipRGCs with dendrites in the
OFF sublamina (M1 and M3) receive virtually no OFF input [91, 92]. This perhaps
makes sense: Melanopsin effectively makes ipRGCs “ON” cells, always depolar-
izing in response to light increases and therefore they may want to avoid OFF input.
However, the purpose of ipRGC dendrites in the OFF layer is unclear, but may be
to enhance interactions with the dopaminergic cells in the retina (see “Modulation
by dopamine™).

The synaptic input to ipRGCs is dramatically different from the melanopsin-
based light response. While melanopsin phototransduction is relatively insensi-
tive, ipRGCs are among the most sensitive RGCs in the retina [93]. In addition,
while melanopsin phototransduction is sluggish and persists after the stimulus, the
synaptic input very accurately reflects the light stimulus. There is a rapid and strong
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initial glutamate-driven depolarization [92], sustained firing during stimuli that can
last minutes, and a rapid shutoff after the stimulus ends [11, 63]. This sustained syn-
aptic input is also different from conventional RGCs, which largely respond with
transient depolarization before relaxing to baseline. Interestingly, sustained synap-
tic input appears to be a general feature of ipRGCs as it is observed in all subtypes.

However, there is also substantial difference in the synaptic inputs to different
ipRGC subtypes. The M1 and M2 subtypes of ipRGCs have been subject to the
most study. M1 cells receive weak rod/cone input, though they have the largest
intrinsic melanopsin response of any subtype [11]. This may be due to the fact that
their input from the ON pathway comes from rare en passant synapses with bipolar
cells in the OFF sublamina [94-96]. In addition, M1 cells appear to receive input
from ON bipolar cells on their soma and proximal dendrites [97]. Intriguingly, rod
bipolar cells appear to make synaptic contact with M1 cell soma [98], despite the
conventional belief that rod bipolar cells never contact ganglion cells [99]. How-
ever, ipRGCs also likely receive input from the conventional rod pathway utilizing
the AIl amacrine cell [93]. Collectively, this sparse and unconventional input to M1
cells likely is the reason for their relatively insensitive synaptic responses. M2 cells,
in turn, receive stronger rod/cone input and have conventional ON synapses [96],
despite their relatively weak melanopsin response [11].

In addition to conventional ON pathway input from bipolar cells, ipRGCs also
have light-mediated gamma aminobutyric acid (GABA) and glycine inputs [92].
This indicates they get substantial amacrine cell input. In fact, a viral synaptic cir-
cuit tracing study found numerous amacrine cells synaptically coupled to ipRGCs
[60]. However, the role of amacrine cell input to ipRGC:s is still largely unexplored.

The differential effect of the rod/cone input and melanopsin phototransduction
on different ipRGC subtypes is intriguing. It is in agreement with the prediction
that each subtype would be specialized for relaying specific retinal information.
However, very little is known about the synaptic input and retinal pathways that
impinge on the M3-M5 subtypes. These subtypes have the lowest level of mela-
nopsin expression and presumably most rely on rod/cone input [10]. Interestingly,
the M4 cells appear to be the same population as a previously studied RGC subtype:
the ON alpha cell [86]. These cells have interesting electrophysiological properties,
including nonlinear spatial summation, and are conventional retinal ganglion cells
that likely contribute to image formation [86]. The role of melanopsin in these more
conventional RGCs and how it affects pattern vision remain open questions that are
crucial for understanding the role of melanopsin in vision.

Modulation by Dopamine

While synaptic input to ipRGCs has been predominantly studied in its role of relay-
ing rod and cone light information, ipRGCs are also subject to more subtle modula-
tion by the retinal circuitry. Dopamine is an important regulator of the mammalian
retina and is released exclusively from a subpopulation of amacrine cells called
dopaminergic amacrine cells (DACs). Dopamine release has a strong effect on the
sensitivity and electrical coupling of rods and cones [100], resulting in changes
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in retinal function throughout the day. Interestingly, ipRGCs are tightly associated
with the DACs in the retina, the dendrites of ipRGCs and DACs intermingling in
the IPL. This association is so strong that perturbation of the DAC dendritic strati-
fication results in concordant perturbation of the ipRGC dendrites [101]. This close
apposition also appears to be functional. Indeed, the DAC dendrites have functional
release sites very close to melanopsin dendrites [102] and the two cell types appear
to be synaptically coupled [60]. ipRGCs appear to express almost every identified
dopamine receptor: D, D,, D4, and D5 [103, 104], making it likely that ipRGCs are
strongly influenced by the DACs and dopamine in general.

The D;-like dopamine receptors (D; and Ds) activate G,, which activates ad-
enylyl cyclase to produce cAMP, whereas the D,-like dopamine receptors (D2, Ds,
and D,) have the opposite effect, activating Gi/G, to inhibit adenylyl cyclase. Be-
cause ipRGCs express a broad array of dopamine receptors, this makes it difficult to
predict the role of dopamine on ipRGCs. Acute dopamine administration activates
D, receptors on ipRGCs, resulting in melanopsin phosphorylation by PKA and
an attenuated light-activated current [81, 104, 105]. This indicates a tight balance
between the rods and cones, which are capable of driving dopamine release, and
ipRGCs: Greater rod/cone activation leads to more dopamine release and weaker
melanopsin phototransduction.

However, dopamine is a neuromodulator capable of large-scale remodeling of
retinal function across the day in addition to its acute role as a neurotransmitter
[100]. These results also do not address the role of the other dopamine receptors
in ipRGC physiology. Throughout the day, dopamine levels are high during the
day and low at night. Conversely, melanopsin mRNA levels are low during the day
and peak at the beginning of the night. This appears to be through DAC activa-
tion by rods and cones and dopamine D, receptor activation on ipRGCs [34, 103].
This allows another avenue through which the classical photoreceptors can regulate
ipRGC sensitivity and function. However, activation of the D, and D, receptor fam-
ilies has opposite effects on ipRGCs (reduced photocurrent and enhanced melanop-
sin expression, respectively). This balance may account for the minimal differences
in ipRGC sensitivity throughout the day. It is still unclear why melanopsin is subject
to such dramatic regulation by dopamine.

In addition to dopamine receptors, ipRGCs express serotonin and metabotrobic
GABA receptors [78]; however, their role in modulation of ipRGCs is currently
unknown. Interestingly, DACs co-release GABA [106], implying ipRGCs could be
regulated by the DACs in multiple ways. Presumably, many more candidate neu-
romodulators exist that are important for ipRGC function and regulation. We cur-
rently know very little and are only beginning to scratch the surface of how ipRGC
sensitivity is set and how ipRGCs are integrated into the retinal circuitry.

Centrifugal Signaling from ipRGCs

Dopamine is known to modulate both rods and cones and circadian rhythms with-
in the retina. As photoreceptors are involved in circadian rhythms, it is maybe
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unsurprising that ipRGCs are also susceptible to dopamine regulation. However,
possibly the most surprising discovery about ipRGCs to date is their ability to recip-
rocally affect the DACs, despite the fact that DACs are upstream of ipRGCs in the
normal retina wiring diagram [107]. Light responses in a subpopulation of DACs
can be driven by ipRGCs [107, 108], although the functional implications of this
connection are not clear. However, melanopsin has been found to be important for
the circadian regulation of rods and cones [109], suggesting a physiological role for
ipRGC-DAC connections. This indicates that in addition to rod and cone regulation
of ipRGCs through dopamine, ipRGCs utilize dopamine to regulate rod and cone
visual processing. This also implies that ipRGCs can regulate their own sensitiv-
ity through a dopamine feedback loop. This tight network likely has profound ef-
fects on the retina throughout the day and night; however, a full appreciation of the
effects are yet unknown.

Given the position of ipRGCs in the retinal ganglion cell layer, how they physi-
cally affect the DACs is of great interest. Recently, M1 ipRGCs were found to
contain axon collaterals that branch from the main axon and cover broad regions of
the retina [110]. The axon collaterals terminate within the IPL [110], lending pos-
sibility to the idea that they might allow ipRGCs to regulate the DACs. Collectively,
these results indicate that M1 ipRGCs play a central role in the regulation of visual
processing, despite not being “image-forming” RGCs themselves.

Intriguingly, ipRGC axon collaterals terminate in a variety of depths within the
IPL, not just the sublamina containing the DACs, suggesting they may have broader
functions. It has been previously appreciated that the presence of melanopsin and
ipRGCs during early embryonic development [38, 39] allows them to regulate ear-
ly light-response behaviors such as neonatal light avoidance [111]. However, the
proper development and organization of the retina itself is regulated by light during
development [112], leaving melanopsin and ipRGCs in a unique position to regulate
development of the retina. Unexpectedly, ipRGCs modulate waves of spontaneous
activity of retinal ganglion cells during development, which are important for es-
tablishing proper RGC targeting in the brain [113]. Even more remarkably, light de-
tection by melanopsin in utero is required for the proper development of the retinal
vasculature [ 114]. The mechanism of how melanopsin influences retinal waves and
vascular development is currently unknown, although axon collaterals that branch
within the eye are likely candidates. To decipher the broad roles for melanopsin and
ipRGCs in development, it is crucial to identify the synaptic partners of the ipRGC
axon collaterals.

Connecting the dots from ipRGCs to diverse targets within the eye and brain is
crucial for understanding how these basic photoreceptors can regulate broad visual
functions. The realization that ipRGCs are of central importance for the establish-
ment of the basic setup of the retina (vascular and retinal ganglion cell targeting)
lends credence to the idea that ipRGCs are evolutionarily old. ipRGCs are the first
photoreceptors present in the embryo and project to “basal” regions of the brain to
regulate simple functions like circadian photoentrainment and the pupillary light
reflex. Melanopsin itself is an evolutionarily old photopigment, present in a wide
array of animals, even those that have degenerate eyes (e.g., naked mole rat) [115].
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Therefore, ipRGCs and melanopsin provide an interesting model for understanding
the evolution of the visual system.

Conclusion

The relatively recent identification of melanopsin in a few hundred cells in the
retinal ganglion cell layer resolved a fairly esoteric mystery in vision science: how
animals recognize light to regulate non-image-forming functions like circadian
photoentrainment and the pupillary light reflex in the absence of rods and cones.
This was thought to be the end of the melanopsin story, as it appeared relegated to
subconscious light detection and is relatively rare in the retina. However, recent
work has identified vast and important functions for melanopsin far beyond non-
image-forming light detection, including roles in visual perception and the proper
development and maintenance of the retina. As we continue to delve deeper into the
role of melanopsin in the visual system, we are likely to find even more crucial as-
pects of melanopsin and ipRGCs in processes long believed to be beyond the scope
of these simple and rare photoreceptors.
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