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Synaptic communication requires alignment of transmitter release sites with transmitter receptors. In this
issue of Neuron, Wang et al. (2017) show that a2d4 subunits link calcium channels to a trans-synaptic com-
plex with glutamate receptors at the visual system’s first synapse.
If at night you worry about the state of

this planet and look through a telescope

for alternative destinations, you need the

optical elements of your telescope and

eye to be aligned. Then, as a few pho-

tons hit your retina, rod photoreceptors

(rods for short) initiate signals that

need to propagate across many synap-

ses before you can identify the celestial

light source. Like the propagation of

photons through your telescope and

eye, the propagation of signals across

synapses requires alignment, between

presynaptic sites of transmitter release

and postsynaptic transmitter receptors.

The molecular mechanisms that align

synapses are mostly unknown. In this

issue of Neuron, Wang et al. (2017)

show that the auxiliary calcium channel

subunit a2d4 plays a critical role in align-

ing synapses between rods and rod bi-

polar cells (RBCs).

The synapses between rods and RBCs

are spatially and molecularly complex

(Figure 1). Rod axons end in a single

spherule with a basal invagination in the

outer plexiform layer. At the roof of each

invagination, glutamate-filled vesicles

are tethered to an electron-dense ribbon,
and voltage-gated calcium channels are

enriched in an active zone of the plasma

membrane to which the ribbon is

anchored. Calcium influx at the active

zone triggers vesicle fusion and the

release of glutamate into the syn-

aptic cleft. RBC dendrites enter spherule

invaginations, and metabotropic gluta-

mate receptors (mGluR6) cluster at

dendritic tips opposite presynaptic active

zones. Signals from mGluR6 are relayed

via second messengers to a cation

non-selective channel (Trpm1), which

depolarizes RBCs in response to light. In

addition to RBC dendrites, horizontal cell

axons penetrate spherules and provide

inhibitory feedback to rods. Whereas

many of the proteins involved in pre-

and postsynaptic signaling in rods and

RBCs, respectively, have been identified

(Hoon et al., 2014), the mechanisms that

align pre- and postsynaptic machineries

remain obscure. This disparity is common

to our knowledge of synapses across the

nervous system.

A couple of years ago, Cao et al. (2015)

conducted a proteomic screen for bind-

ing partners of mGluR6. The top hit in

this screen was the leucine-rich repeat
protein ELFN1. Cao et al. (2015) found

that ELFN1 was expressed selectively

by rods and reached across the synapse

to interact with mGluR6 on RBCs. When

ELFN1 was deleted (ELFN1 KO mice),

synapses between rods and RBCs

failed to form or were not maintained.

Moreover, RBC dendrites, but not hori-

zontal cell axons, were absent from rod

spherule invaginations in ELFN1 KO

mice (Cao et al., 2015). Although this

study identified a trans-synaptic complex

through which rods and RBCs interact,

how presynaptic transmitter release sites

are aligned with this complex and thus

with postsynaptic receptors remained

unclear.

The pore-forming Cav1.4 subunit of

voltage-gated calcium channels is re-

quired for the structural and functional

integrity of the presynaptic release ma-

chinery in rods. Mutations in Cav1.4

cause congenital stationary night blind-

ness in people (Strom et al., 1998), and

Cav1.4 KO mice exhibit deficits in

signal transmission from rods to RBCs

and in the assembly and/or maintenance

of presynaptic ribbons (Mansergh

et al., 2005). Cao et al. (2015) found
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Figure 1. Schematic of the Synapse between Rods and Rod Bipolar Cells
(A) Rod spherule (R, gray) with a basal invagination containing a rod bipolar cell dendrite (RBC, red) and a
horizontal cell axon (HC, green).
(B) Apposition of presynaptic (gray) and postsynaptic (red) specialization of rods and RBCs, respectively,
illustrating the trans-synaptic molecular complex that aligns calcium channels at the ribbon release site
with postsynaptic receptors.
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that expression levels of ELFN1 were

reduced in Cav1.4 KO mice and that

its localization to presynaptic release

sites was disrupted. Similarly, mGluR6

expression was reduced and receptors

failed to cluster at RBC dendrite tips.

Together, these observations revealed

a functional link between the presyn-

aptic organizer Cav1.4 and trans-synap-

tic ELFN1-mGluR6 complexes, but the

molecular identity of this link was

unknown.

Proteins of the a2d family of auxiliary

calcium channel subunits are split post-

translationally into a large glycosylated

extracellular a2 domain and a small

membrane-associated d domain, which

are reconnected via disulfide bridges

(Dolphin, 2012). a2d subunits associate

with pore-forming subunits of voltage-

gated calcium channels in the endo-

plasmic reticulum, promote their traf-

ficking to the plasma membrane, and

regulate biophysical channel properties

(Dolphin, 2012). As part of calcium chan-

nel complexes, a2d subunits localize to

extracellular face of presynaptic active

zones, where they can interact with

extracellular matrix proteins and post-

synaptic binding partners to regulate

synapse formation and plasticity (Dol-

phin, 2012). The importance of a2d

proteins is highlighted by their associa-

tion with neurodevelopmental and neu-

rological disorders. Patients with muta-

tions in a2d4 exhibit cone dystrophies

and electrophysiological abnormalities
1242 Neuron 93, March 22, 2017
indicative of disrupted rod-RBC signaling

(Wycisk et al., 2006).

In this issue of Neuron, Wang et al.

(2017) show that a2d4 localizes to active

zones of rods and cones. Using an

impressive array of knockout mice, the in-

vestigators find that the synaptic localiza-

tion of a2d4 depends on the presence of

Cav1.4, but is unaffected by removal of

ELFN1, the active zone protein CAST,

and components of the postsynaptic

specialization, including mGluR6. Wang

et al. (2017) next generate a2d4 KO

mice. In these mice, expression levels of

Cav1.4, ELFN1, the ribbon protein

CTBP2, and mGluR6 and other postsyn-

aptic proteins are reduced. Patch-clamp

recordings from rods and cones show

that in addition to regulating the abun-

dance of Cav1.4, a2d4 shifts the voltage-

dependent activation of calcium currents.

Together, these observations suggest

that a2d4 interacts with Cav1.4 in rods

and cones to regulate the amplitude and

threshold of calcium influx and reveal

that Ca1.4-a2d4 channel complexes sta-

bilize many proteins of the pre- and

postsynapse.

Rod signals propagate across the

retina through three alternative path-

ways that function at different light

levels (Bloomfield and Dacheux, 2001).

Near the threshold of vision (e.g., during

stargazing), all rod signals are conveyed

by RBCs (i.e., primary pathway). At

slightly higher light levels, rod signals

can flow indirectly through gap junctions
with cones to cone bipolar cells (i.e.,

secondary pathway), or reach a subset

of cone bipolar cells directly through

basal contacts of their dendrites with

rod spherules (i.e., tertiary pathway). In

a behavioral assay, in which mice try to

locate an escape platform in a water

maze under different illumination condi-

tions, Wang et al. (2017) find that

the performance of a2d4 KO mice is

indistinguishable from wild-type litter-

mates at all except the lowest light

levels, which exclusively activate the

primary rod pathway. Moreover, patch-

clamp recordings reveal residual rod-

driven light responses in cone bipolar

cells, but not RBCs, of a2d4 KO mice.

Therefore, although a2d4 interacts

with Cav1.4 in rods and cones, it is

required selectively for synaptic trans-

mission from rods to RBCs and for

vision mediated by the primary rod

pathway.

Wang et al. (2017) explore the struc-

tural basis of this pathway-specific loss

of function in a2d4 KO mice. Using light

and electron microscopy, they observe

a series of anatomical deficits: (1) fewer

rod axons correctly target the outer plex-

iform layer, (2) fewer rod axons terminate

in spherules, (3) fewer rod terminals

contain synaptic ribbons, (4) fewer RBC

dendrites enter rod terminals, and (5)

mGluR6 receptors fail to cluster on

RBC dendrites. By contrast, the ultra-

structure and molecular composition of

synapses between cones and cone bipo-

lar cells is largely unchanged in a2d4 KO

mice. It is possible that cones express

additional a2d proteins that compensate

for the loss of a2d4. Alternatively, the

mechanisms of cone synaptogenesis

may differ from those of rods, as sug-

gested by the absence of ELFN1 from

cones (Cao et al., 2015). In rods, how-

ever, a2d4 is required, and Wang et al.

(2017) show that it interacts via separate

domains with Cav1.4 and ELFN1. Thus,

a2d4 appears to be the missing link

between Cav1.4 channels, which orga-

nize presynaptic ribbon release sites,

and trans-synaptic ELFN1-mGluR6 com-

plexes, which recruit the postsynaptic

machinery.

Specific connections between neurons

are established and maintained by the

combined actions of many proteins with

distinct if overlapping functions. In the
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inner retina, for example, repulsive guid-

ance cues regulate neurite lamination,

adhesive cues maintain contact between

appropriate synaptic partners, and pro-

teins involved in transmitter release

promote synaptic differentiation (Hoon

et al., 2014). Given such division of

labor, one might have expected deletion

of a2d4, which severs the link between

pre- and postsynaptic organizers, to

have limited consequences (e.g., mis-

aligned synapses). Instead, Wang et al.

(2017) show that loss of a2d4 affects

the expression, localization, and align-

ment of many synaptic proteins; the

adhesion of synaptic partners; and

neurite lamination. As a result, all syn-

aptic communication between rods and

RBCs is lost and a2d4 KO mice cannot

see in low light.

As with all exciting advances, the study

ofWang et al. (2017) raises numerous new

questions for future studies. Establishing

the onset of deficits in a2d4 KO mice

could reveal whether a2d4 is required

for the development or maintenance of

normal lamination patterns, invaginated

contacts, and synapses between rods

and RBCs. The order in which deficits

appear could distinguish primary and sec-
ondary effects of a2d4 (e.g., do rod axons

retract after synapses are lost, or do they

fail to reach appropriate laminar targets,

preventing synapse formation?). For

rods, an open question is to what extent

Cav1.4-a2d4 channel complexes orga-

nize presynaptic ribbons by mediating

Ca2+ influx or by engaging in protein-

protein interactions and serving as a

structural scaffold and/or anchor. This

could be addressed by replacing wild-

type Cav1.4 with a non-conducting

mutant.

a2d subunits have now been shown

to participate in complexes that align

presynaptic calcium channels with post-

synaptic transmitter receptors at two

synapses: between inner hair cells and

spiral ganglion neuron in the auditory

system (Fell et al., 2016) and between

rods and RBCs in the visual system

(Wang et al., 2017). Both of these are rib-

bon synapses of non-spiking presynaptic

neurons, which support gradual changes

in transmitter release. It is tempting

to speculate that these synapses

require particularly precise alignment of

release sites and receptors to transmit

continuously varying (i.e., analog) signals

accurately.
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In this issue of Neuron, Gantz andBean (2017) show that the endocannabinoid 2-arachidonoyl glycerol (2-AG)
can directly alter the properties of native ion-channel Kv4.3 and accelerate the pacemaker activity of rodent
dopamine neurons. These findings are one of the first demonstrations of postsynaptic, cell-autonomous
actions of endocannabinoids in the mammalian brain.
The endocannabinoid 2-AG, which is the

focus of the study, and anandamide are

the two main endogenous ligands of the

cannabinoid receptors CB1 and CB2

(Pacher et al., 2006). Endocannabinoids
have pleiotropic functions within and

outside the brain. They are involved in

regulation of pain, sleep, eating, stress,

immune response, inflammation, and liver

function. Until now, CB1 receptors were
thought to mediate most of the effects of

endocannabinoids in the brains of verte-

brates, though CB2 receptor expression

in astrocytes, microglia, and other neu-

rons has also been reported. Over a
h 22, 2017 Published by Elsevier Inc. 1243
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