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The dendritic arbors of the post-receptoral neurons in the retina, the horizontal cells and bipolar
cells, spread their processes during development in a manner that establishes a uniformity in their
coverage across the retinal surface, yet the degree of dendritic overlap varies conspicuously (Reese
and Keeley, 2015). Their developmental plasticity has been most extensively studied in the mouse
retina, where each type of cone bipolar cell (CBC) establishes a dendritic coverage of 1 (being
the average number of dendritic fields overlying each location across the retina), extending their
dendritic arbors to the margins of their immediate neighbors, thereby tiling the retina (Wissle
et al.,, 2009). Individual cone pedicles are consequently connected to just one of each type of CBC,
although those at the borders of two like-type dendritic fields may connect to both. Rod bipolar
cells (RBCs) establish a dendritic coverage factor of ~2-3, with each rod spherule contacting on
average two RBCs (Tsukamoto and Omi, 2013), and with each RBC receiving input from ~90% of
the rods within its field (Johnson et al., 2017). The dendritic arbors of horizontal cells (HCs), by
contrast, overlap far more extensively, reaching a dendritic coverage factor of about ~6-7 (Reese
etal., 2005). Their dendritic arbors contact all pedicles within a field, although colonization of those
pedicles declines as a function of distance from the HC soma, where other more closely positioned
HCs colonize a greater share of each pedicle’s territory.

The uniformity in this coverage, regardless of cell type, is thought to arise from these cells
being constrained in their dendritic growth by the presence of their homotypic neighbors, and
while the experimental evidence for this is limited to just a few cell types, it likely holds for all of
them: when cell density is experimentally increased or decreased, so dendritic field extent shows a
corresponding decline or expansion, respectively (Poché et al., 2008; Lee et al., 2011; Reese et al.,
2011; Johnson et al., 2017). While this might seem like a sensible way to organize every type of
retinal mosaic, not all retinal cell types behave so, but to date, those exceptions are cell types with
processes in the inner plexiform layer (Reese and Keeley, 2015). How such homotypic interactions
rein in further territorial expansion is still unclear, but may involve contact-mediated repulsion at
the dendrites (the CBCs; Lee et al., 2011), or by dendritic contact with neighboring somata (the
HCs; Reese et al., 2005), or perhaps through a competition for the colonization of presynaptic
partners (the RBCs).

What remains unaddressed, in the outer plexiform layer, is the behavior of the axon terminal
arbor of the HC. In the mouse retina, there is only a single type of HC (Peichl and Gonzalez-Soriano,
1994), where the dendritic arbor subserves cone photoreceptor circuitry while the axon terminal
arbor is dedicated to rod circuitry. The axon terminal arbor emerges from a long process that
extends away from the soma, serving a large and often irregular field of rod photoreceptors, where
as many as 10 arbors overlie one another. Unlike the dendritic arbor, however, the axon terminal
arbor contacts only a minority of the rod spherules within its field, but detailed quantitative studies
in the mouse retina have yet to be conducted. In cat and primate retina, more than a single axon
terminal ending is found in each spherule (Migdale et al., 2003), but the number of axon terminals
contributing them remains to be determined. In the rabbit retina, each rod spherule accommodates
only a single axon terminal ending, and each terminal arbor contacts about a tenth of the local
rod spherule population, apportioning them selectively amongst the collection of 10 overlapping
arbors (Pan and Massey, 2007). Whether the area of the arbor is constrained by the local density
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of homotypic arbors, and how that arbor chooses amongst the
collection of spherules within its catchment area for establishing
synaptic contacts, is unknown.

The axons of HCs have a long history of behaving in
unexpected ways. Notably, they are prone to sprouting well after
they have established their laminar organization and synaptic
connectivity during development, exhibiting a reactivity to
multiple forms of insult by extending processes into the inner or
outer nuclear layers and sub-retinal space (Peichl and Bolz, 1984;
Fisher et al., 2005; Specht et al., 2007; Nagar et al., 2009). This
capacity for reentering an active growth-mode in maturity may
not prove unique to the HCs; indeed, RBCs exhibit a capacity for
sprouting after they have established their laminar organization
that is normally held in check by the HCs themselves (Keeley
etal., 2013). But a new study demonstrates the molecular control
of the size and connectivity of the axon terminal arbor, including
its capacity for plasticity in the mature retina.

Soto et al. (2013) previously demonstrated that the synaptic
cell adhesion molecule Netrin-G ligand 2 (NGL2) plays a role
in establishing these features of the axon terminal arbor. Only
HCs express NGL2 in the outer retina, yet they target the protein
exclusively to the terminal endings of the arbor, at the sites
where these form contacts with rod spherules. The photoreceptor
population expresses Netrin-G2, being the likely synaptic partner
associated with NGL2 at the tips of the arbor. In NgI2 knockout
mice, Soto et al. (2013) observe three striking features: first, the
HCs sprout processes into the outer nuclear layer; second, they
expand the area of their axon terminal arbor by 61% (without
any effect upon the dendritic arbor); and third, the number of
terminal endings per unit area of the arbor field declines by
58%. Because HC densities are not altered in these retinas, the
axon terminal arbors are not expanding due to any reduction
in homotypic neighbors, and so the coverage factor of these
arbors must increase, from ~10 in the wild-type retina to ~16
in the Ngl2 knockout retina (Soto et al., 2013). These results are
intriguing because they show that, rather than modulate areal size
in relation to the presence of homotypic neighbors in order to
maintain a constant coverage, the size of the arbor is controlled by
its relationship with the population of rod spherules. That arbor
size might be influenced by afferent density was previously shown
in a study comparing the size of the arbor in rod-full vs. cone-full
mutant retinas (Raven et al., 2007). The study by Soto et al. (2013)
convincingly demonstrates a molecular basis for an interaction
with the photoreceptors.

Since then, Soto and coworkers have extended this research
to show that these effects are identical when they eliminate Ngi2
in single HCs using an AAV-mediated CRISPR-Cas9 strategy (to
express a short guide RNA targeting Ng/2 in mice ubiquitously
expressing Cas9). Furthermore, they show that these effects are
not limited to the developmental window when HCs are first
establishing the laminar and areal distributions of their axon
terminal arbors, but can be achieved, to a comparable magnitude,
even when the AAV-mediated knockout is administered as late as
5 months of age (Soto et al., 2018). Finally, they go on to show, by
way of AAV-mediated overexpression of Ngi2 in HCs in the Ngl2
knockout mouse, that they can recover their wild-type features,
by reducing arbor area and increasing terminal ending density,
both to apparently normal values. These results resolve one issue

from the former study, that the effects produced by manipulating
NGL2 are indeed cell-autonomous. More critically, they show
that NGL2 would appear to mediate a tonic constraint upon the
size of the axon terminal arbor throughout life. Deprived of this
influence, the arbor re-enters an expansionist growth mode, as if
it is seeking prospective synaptic partners when the contacts that
it already has are now destabilized.

These results consequently raise interesting questions about
the relationship between synapse formation at the rod spherule
and the size of the axon terminal arbor during development. The
authors show that Ngl2 expression in HCs is discrete at postnatal
day 10, yet protein is not conspicuous in the outer plexiform layer
until sometime later, around P15-20. As axon terminal arbors
have commenced formation well before this stage (Raven et al.,
2007), the onset of NGL2 in the population of overlapping arbors
may trigger the colonization of spherules and/or the stabilization
of synaptic contacts therein, in turn triggering a cessation of
further territorial expansion. But how overlapping arbors might
relate to these processes of spherule colonization and arbor areal
growth remains to be unraveled.

Soto et al. (2018) report the frequent colocalization of terminal
endings at individual spherules from two different overlapping
arbors. Yet these authors had formerly reported that the number
of terminals per arbor averages around 400 (Soto et al., 2013).
Given that the number of HCs in the C57BL/6] retina is ~18,500
(Whitney et al., 2011), this yields an estimate of the total number
of terminal endings made by the entire population of HCs
to be about 7,400,000, close to the estimated size of the total
rod photoreceptor population in this same strain, being about
7,624,000 (Keeley et al., 2014). While a clear resolution of this
issue may require EM reconstructions of multiple spherules, the
above calculations suggest that rod spherules in the mouse, like
those in the rabbit, are connected to only a single axon terminal
arbor. Such a conclusion becomes particularly interesting in
light of Soto et al.’s (2018) results overexpressing Ngl2 in single
axon terminal arbors in the wild-type retina. There, they report
an increase in the density of terminal endings, suggesting that
overexpressing arbors, amidst a sea of normally expressing
arbors, may actually displace terminal endings from those wild-
type arbors.

NGL2 may therefore play a role in promoting the successful
colonization of rod spherules, and coupled with a spherule-
intrinsic constraint of accommodating only a single terminal
ending, overlapping arbors would normally apportion the
population of spherules stochastically. While terminal ending
density and arbor size are clearly inversely related, the axon
terminal arbor is not specified to make a particular number of
terminal endings, as the total number per arbor is also reduced,
dropping from about 400 per arbor to 300 in the Ngi2 knockout
retina. Coincident with that decline, so the authors report an
increase in the proportion of spherules lacking any axon terminal
endings in electron micrographs from the Ngi2 knockout retina
(Soto et al., 2013).

What seems clear is that lacking the normal onset of NGL2
function during development, these arbors are compromised
in stabilizing spherule contacts, and consequently continue to
expand their areal extents until they reach an upper limit,
perhaps reflecting an intrinsic constraint on their maximal size.
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So while having NGL2 is important, both for making a normal-
sized arbor and for connecting with a normal number of rod
spherules, its absence doesn’t yield a completely out-of-control
arbor nor produce a total loss of invaginating endings from the
population of spherules. Consistent with those results, the dark-
adapted b-wave of the ERG remains intact, if slightly reduced
in magnitude in the Ngl2 knockout mouse (Soto et al., 2013).
But why the areal size of the axon terminal arbor and the
density of terminal endings should both revert to those seen in
wildtype retina when Ngl2 function is restored to individual cells
in the knockout retina, given the absence of NGL2 in most of
the overlapping axon terminal arbors (Soto et al., 2018), is not
readily explained by any interpretation that credits homotypic
interactions with sculpting final connectivity. Further studies
should clarify whether imbalancing NGL2 in terminal arbors,
rather than completely eliminating it, proves most illuminating
for our understanding of its role during normal development and
in maturity.

REFERENCES

Fisher, S. K., Lewis, G. P., Linberg, K. A, and Verardo, M. R. (2005).
Cellular remodeling in mammalian retina: results from studies of
experimental retinal detachment. Prog. Retin. Eye Res. 24, 395-431.
doi: 10.1016/j.preteyeres.2004.10.004

Johnson, R. E., Tien, N. W., Shen, N. Pearson, J. T. Soto, F., and
Kerschensteiner, D. (2017). Homeostatic plasticity shapes the visual system’s
first synapse. Nat. Commun. 8:1220. doi: 10.1038/s41467-017-01332-7

Keeley, P. W, Luna, G., Fariss, R. N., Skyles, K. A., Madsen, N. R,, Raven, M. A,,
et al. (2013). Development and plasticity of outer retinal circuitry following
genetic removal of horizontal cells. J. Neurosci. Methods 33, 17847-17862.
doi: 10.1523/JNEUROSCI.1373-13.2013

Keeley, P. W., Whitney, I. E., Madsen, N. R, St John, A. J., Borhanian, S., Leong,
S. A, et al. (2014). Independent genomic control of neuronal number across
retinal cell types. Dev. Cell 30, 103-109. doi: 10.1016/j.devcel.2014.05.003

Lee, S. C, Cowgill, E. J, Al-Nabulsi, A., Quinn, E. J, Evans, S. M,
and Reese, B. E. (2011). Homotypic regulation of neuronal morphology
and connectivity in the mouse retina. J. Neurosci. 31, 14126-14133.
doi: 10.1523/JNEUROSCI.2844-11.2011

Migdale, K., Herr, S., Klug, K., Ahmad, K., Linberg, K., Sterling, P., et al. (2003).
Two ribbon synaptic units in rod photoreceptors of macaque, human, and cat.
J. Comp. Neurol. 455, 100-112. doi: 10.1002/cne.10501

Nagar, S., Krishnamoorthy, V., Cherukuri, P., Jain, V., and Dhingra, N. K.
(2009). Early remodeling in an inducible animal model of retinal degeneration.
Neuroscience 160, 517-529. doi: 10.1016/j.neuroscience.2009.02.056

Pan, F., and Massey, S. C. (2007). Rod and cone input to horizontal cells in the
rabbit retina. J. Compar. Neurol. 500, 815-831. doi: 10.1002/cne.21127

Peichl, L., and Bolz, J. (1984). Kainic acid induces sprouting of retinal neurons.
Science 223, 503-504. doi: 10.1126/science.6691162

Peichl, L., and Gonzélez-Soriano, J. (1994). Morphological types of horizontal
cell in rodent retinae: a comparison of rat, mouse, gerbil, and guinea pig. Vis.
Neurosci. 11, 501-517. doi: 10.1017/5095252380000242X

Poché, R. A, Raven, M. A, Kwan, K. M., Furuta, Y., Behringer, R. R., and
Reese, B. E. (2008). Somal positioning and dendritic growth of horizontal cells
are regulated by interactions with homotypic neighbors. Eur. J. Neurosci. 27,
1607-1614. doi: 10.1111/j.1460-9568.2008.06132.x

Raven, M. A., Oh, E. C. T., Swaroop, A., and Reese, B. E. (2007). Afferent control
of horizontal cell morphology revealed by genetic re-specification of rods and
cones. J. Neurosci. 27, 3540-3547. doi: 10.1523/JNEUROSCI.0372-07.2007

Reese, B. E., and Keeley, P. W. (2015). Design principles and developmental
mechanisms  underlying mosaics. Biol. Rev. 90, 854-876.
doi: 10.1111/brv.12139

retinal

The authors acknowledge the possibility that NGL2 may be
playing independent roles in these two processes (perhaps even
three if one also considers the sprouting phenotype observed in
both studies, but left relatively unaddressed). Whether homotypic
neighbors play any direct role in constraining one another’s
colonization of spherules remains to be tested directly. Resolving
that issue may shed light on the relationship between arbor size
and innervation density, and potentially clarify the role of NGL2
in this relationship.
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