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1.18.1 Abstract

The retina is both a light sensor and a highly complex image-processing device – like supercomputers at the backs of eyes. The
retina is also wonderfully compact with all circuitry (glia, neurons, synapses and gap junctions) required to compute sensory
input, making it a convenient model for understanding the rest of the nervous system. This is also true for disease, with early
evidence indicating retina may be a good model for studying progressive neural degenerative diseases. Modern ultrastructural
approaches to the study of neural connections is a relatively new field has been termed “connectomics”. Connectomics
approaches applied to the retina is termed retinal connectomics. These approaches are relatively new fields that leverage modern
technologies in light and ultrastructural imaging, computational storage, and data management to allow tracking of neuronal
identity and connectivity, delivering a robust edge/node network map of circuit topologies. Understanding circuit topologies is
critical to understanding how retinas process information, and how information processing is corrupted in disease. This chapter
summarizes early history, discusses technical aspects of imaging connectomes, justifies the importance of why connectomics
approaches are important, particularly in retina, discusses what has been learned from early efforts in connectomics, and points
the way to the next steps.

The great enigma in the organization of the brain was the way in which the nervous ramifications ended and in which neurons were mutually connected.
R.S. Cajal, 1917.

1.18.2 Introduction

The study of the eye as a sensory organ goes back almost 1000 years. Yet, for all the retinal anatomy, genetic, molecular and phys-
iology research over that time, we still do not understand the precise network topology that controls the flow of information
through the retina, or any neural system as a sensory or information processing device.
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The availability of optics and various histological treatments starting about 150 years ago has allowed the vision science commu-
nity to study the anatomy and the flow of information through the various components of retina, beginning with Cajal and Tartu-
feri, who recognized not only individual cell types in the retina, but also the direction of information flow through those cell types
through and out of the retina to the optic nerve. This work progressed through electrophysiology studies in photoreceptors in the
1940s (Hartline, 1948; Mac and Hartline, 1948) of how individual neurons process inputs through action potentials and graded
potentials at conventional and ribbon synapses (De Robertis and Franchi, 1956), and through electrical synapses via gap junctions
(Raviola and Gilula, 1973). The molecular biological revolution starting in the 1980s gave us a tremendous toolset to examine
precise mechanisms behind neurotransmission, and the identity of neurons and glia involved in neurotransmission. More recent
technological advancements in imaging, and the increasing affordability of both storage density/space and computational power
have created a renaissance for anatomy enabling new approaches to visualizing neurons in fixed and living states that are refining
our understanding of how neural systems are connected. New approaches for super-resolution microscopy are pushing beyond the
bounds of optical resolution, which is providing a richer world for understanding the morphology, projections and relationships
between neurons and neurons and glia. We can also use super resolution microscopy to increasingly identify points of contact
between neurons by identifying the proteins associated with synaptic structures while preserving the ability to see large areas or
volumes crucial for understanding context and patterning. However, many of the connections between neurons and glia are
sub-optical, and are unavailable for inspection and quantification, even with the latest super-resolution microscopy techniques.
To appreciate, and more importantly, to quantify these connections, we have to rely upon another technology that was invented
in the late 1940s: electron microscopy that uses shorter-wavelength electrons for imaging rather than photons to visualize structures
smaller than the wavelength of light. While electron microscopy is not a new technology, and we have long had the ability to see
structures associated with ribbon and conventional synapses as well as the electrical synapses (gap junctions), until recently working
in electron microscopy was like navigating your world while looking through a toilet paper tube held up to your eye. You were only
able to see a narrow field of view that you would have to raster or scan across a scene to appreciate the context, or capture a larger
view. Beginning relatively recently (the last 10–12 years), we began to have affordable technology to automate electron micro-
scopes, and start capturing and storing the amount of data that would enable us to appreciate the complex topologies of neurons
and glia in three dimensions, and then importantly, track those topologies to make sense of them.

1.18.2.1 Connectomics Defined

An orthodox view of connectomics might be: “A connectome is a complete graph of a neural network. In principle, it is not an
approximation or even a statistical average. It is a comprehensive list of every connection in a defined neural region” (Marc et al.,
2013b). We adopt that perspective for this chapter. However, a more inclusive perspective might be that connectomics is considered
as the study of how neural structures are connected or related to one another.

The general approach to understanding these topics is a field called “connectomics”, but connectomics as a descriptive, means
different things to different people, with the differences mostly falling along questions of volume design, complete vs. incomplete
networks and resolution from the mm scale used in diffusion tensor imaging or fMRI of brain, all the way on down to the nano-
meter scale, critical to determining synaptic and gap junctional connectivities and topologies.

The first paper in the literature examining connectomics as a word, was a theoretical paper written around the proposal of under-
standing a human brain (Sporns et al., 2005). In this paper, the authors addressed the microscopic analysis of single neurons and
synapses, but effectively dismissed the idea of collecting the data because of the technical issues involved, as well as an assumption
that “the vast number, high variability, and fast dynamics of individual neurons and synapses render them inappropriate as basic
elements for an initial draft of the connectome” (Sporns et al., 2005). Fundamentally however, the idea of examining the neural
“wiring” of a system is central to how we understand how neural systems work, and how we design experiments to explore how
neural circuits process information to achieve computation. Because we as a scientific community do not yet have firm ideas for
how neural systems compute in a network sense, there are intense debates about whether partial networks (Briggman et al.,
2011; Helmstaedter et al., 2007) are sufficient in determining network function, or whether we need complete networks
(Marc et al., 2013b). Indeed it could be argued that despite having a network map of the 302 neurons of the Caenorhabditis elegans
(Varshney et al., 2011; White et al., 1986), we still cannot effectively model or understand how that relatively simple network
computes information. However, it could also be argued that despite the C. elegans neuronal topology being understood, our
approach for determining the network topology of that system is incomplete, due to resolution (see discussion on resolution
below). That said, impressive mapping of network connectivity in that model system is well underway (Cook et al., 2019) which
will assist in understanding the topology and the complexity of a complete neural system containing 302 neurons.

Current technology still does not allow for synaptic level mapping of complete mammalian brains, and it might never given the
logistical challenges involved in transforming just a cubic millimeter of tissue into a network diagram at resolutions required to
visualize all the components of a biological neural network. However, until we are able to map complete tissues, we are able to
map subsets that, as technology advances, will be able to reveal answers to fundamental questions of number, variability and
dynamics of complex neuronal systems which begin to be interpretable and quantified. Limitations of hardware and software
are being overcome, allowing us to more effectively map out neurons, and their connections as the field of connectomics is
becoming more accessible to a wider number of laboratories, enabling us to have an early view for how to approach network
modeling in normal network topologies and in development (Garcia-Cabezas and Zikopoulos, 2019), in comparative networks
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(Gerhard et al., 2017), and allowing us to address key biological variables of high neuronal diversity (Marc and Jones, 2002), genetic
variation in neuron number (Williams et al., 1998), and determining new CNS targets (Huberman et al., 2008).

1.18.3 Why Study Retina?

Justification for studying the retina is an easy argument for vision scientists. However, arguments for engaging in connectomics
efforts for the non-vision science community are that the retina is an accessible, compact representation of neural circuitry contain-
ing complex, yet complete circuit topologies. While the vertebrate retina has often been portrayed as a simple network in textbooks,
analysis of relatively simple mammalian retinas demonstrates that there is no simple retina. With multiple channels of information
flow that initiate with up to 7 photopic spectral channels, the retina has built in decision networks that enable fast channel-
switching important in rapid adaptation, along with monoamine adaptation systems virtually identical to central nervous system
reward networks, and upwards of 100 to 120 neuronal classes in modern highly visual vertebrates, the retina may. in fact. be as
complex as any cognitive system. Importantly, the retina is analyzable in a framework that is consistent across preparations exam-
ining molecular and imaging approaches. Therefore, retina is an ideal system to: (1) understand how neural circuits are constructed,
arising from the idea that understanding retinal circuit topologies can lead to general neural circuit principles, applicable in the rest
of the central nervous system. (2) Understand how neural circuits process information. (3) Understand how neural circuits are
formed through development and maintained in adulthood. (4) What goes wrong with neural circuits in degenerative diseases
like retinitis pigmentosa (RP) and age-related macular degeneration (AMD).

Understanding neuronal circuit topologies is difficult, even in accessible systems like retina. Even today more than 150 years
after microscopy revolutionized the study of the retina, there are intense arguments around precisely how certain circuits are assem-
bled, or indeed function. That said, amazing efforts are being made with optogenetic approaches in organisms like c. elegans to
explore specific functional loss with neuronal targeting (Tolstenkov et al., 2018), and retinal connectomes offer an opportunity
to iteratively perform these experiments in representational mammalian systems giving us an understanding of structure and func-
tional outcomes (Dunn and Wong, 2014). Topics as diverse as directional selectivity (Ding et al., 2016; Huang et al., 2019; Marc
et al., 2018), chromatic tuning (Wool et al., 2019), contributions of cell classes to photopic or scotopic switching
(Graydon et al., 2018; Marc et al., 2014b; Strettoi et al., 2018), the fundamental networks of the outer retina (Behrens et al.,
2016; Rogerson et al., 2017), or even the basic classification of cell classes (Lauritzen et al., 2016; Tsukamoto and Omi, 2017)
are hotly debated topics, and will only be resolved by combining the precise wiring data derived from connectomics, with data
from electrophysiology, genetics, molecular biology, and ultimately, modeling. Once we have this framework, we can then begin
to populate it with the rich literature that has come before and is being generated now from the various communities to build
a model that explains the dynamics of neural signaling in retina, and possibly other areas of CNS.

If one looks at cartoon network diagrams of retina with the photoreceptors at top (or bottom from a clinicians perspective), one
might surmise that retinal networks are relatively simple. Photoreceptors connect to bipolar cells and horizontal cells. Then bipolar
cells connect to amacrine cells and ganglion cells, and. you have a retina. However, analyses of retina based on complete, accurate,
high-resolution elucidation of network diagrams (Marc et al., 2015; Marc et al., 2013b) have demonstrated that retinal networks are
neither simple nor stereotyped (Lauritzen et al., 2013a; Lauritzen et al., 2016; Marc et al., 2014b). Because the retina is a sheet of
repeating network motifs, connectomes from it, like brain cortex, can be partial, and we do not have to capture a complete retina.
Another advantage of retina for connectomes is because of the virtue of ultrastructural, monolithic connectomes, we also can map
everything in the volume that has influence upon circuit topologies, including neurons, glia, immune cells, endothelial cells, and
transport epithelia and map out connections between them based on gap, tight or adherens junctions, synapses, novel cell associ-
ations and then extract quantitative adjacency rules (Marc et al., 2013b). Retina contains all these structures and features in a remark-
able compact space.

1.18.3.1 Connectomes Are Nomograms

Despite the Herculean effort that goes into creating connectomes, one of the most common criticisms of connectomics based
approaches is that each connectome is just a single sample. Even so, one can explore central variables of cell diversity, number
and connectivity, and use methods that support parametric analyses of unique samples (Crawford and Garthwaite, 2012). There-
fore, each connectome becomes a nomogram for building and interpreting other smaller datasets, with statistics behind the data.
These methods have been derived from a robust literature in geospatial systems (Amirian et al., 2014), and tools like Viking
(Anderson et al., 2009; Anderson et al., 2011b), and CATMAID (Saalfeld et al., 2009) that use approaches borrowed from geospatial
techniques to discover motifs, populate true big-data databases, and support open-source network graph statistical tools with para-
metric, nonparametric and multivariate statistical classification tools, including graph visualization tools exposing hubs and
networks (Kerzner et al., 2017; Lauritzen et al., 2016). This approach is important because completeness of networks is critical
to understanding how networks perform. To be complete requires complete cell class catalogs (MacNeil et al., 1999, 2004;
Marc and Jones, 2002; Micheva and Smith, 2007; Otsuna and Ito, 2006), patterning maps (Lund et al., 2003; Peters et al., 1997;
Reese, 2008; Vaney et al., 1991), deep ultrastructural tracing (Calkins and Sterling, 1996, 2007; Klug et al., 2003; Kolb and
Famiglietti, 1975) and high-resolution contact imaging (Marc et al., 2013b) to reveal network maps. Retina is particularly amenable
here with all components related to circuit topology contained in a compact representation.
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Connectomes have high statistical power based upon the number of intrinsic objects and annotations that comprise the database
(e.g., in the first retinal connectome, R-RC1 (Rabbit, Retinal Connectome 1), there are �1.5 million unique annotations,
>15,970 nodes and >18690 edges that make up 15,970 cells with 105,671 child structures that comprise synapses, gap junctions,
adherens junctions and more) (Anderson et al., 2011a). These annotations make R-RC1 perhaps the richest anatomical database
ever created for retinal or neural research, allowing the definition of networks with high statistical validity including 104 rod Bipolar
cells, >300 cone bipolar cells, 39 AII amacrine cells, etc . with multiple copies of each network motif (Lauritzen et al., 2013a;
Lauritzen et al., 2016; Marc et al., 2014b) that can be compared against legacy data (Marc et al., 2014b; Strettoi et al., 1990)
and over species and strains.

1.18.3.2 Resolution Is Important to Visualizing Network Relationships

Issues related to understanding connectomics based on arguments of resolution have been involved in understanding connectom-
ics, certainly since 2005, but in actuality, much earlier, going back to René Descartes who argued that the retina was composed of the
endings of the optic nerve fibers. Descartes made this argument based upon the supposition that one could not resolve anything
smaller than the nerve fibers at the time (Wade, 2004), and it turns out that discussions of resolution continue to this day with
intense debates as to what constitutes enough resolution to determine connectivity. Light microscopy, super-resolution light micros-
copy and 2-photon approaches (Kim et al., 2015), and expansionmicroscopy (Freifeld et al., 2017) in particular are filling in gaps of
our understanding in normal circuit topologies, as well as altered topologies and plasticities resulting from disease and damage
(McGinn et al., 2019). But to get at complete circuit topologies, we need the higher resolution offered by electron microscopy.
And within the world of electron microscopy, there are a number of approaches that are more or less appropriate depending
upon the question being asked.

The two competing automated approaches at the ultrastructural scale (Table 1) in retina at least for creating large volumes, are
the older standard, automated, serial section wide-field transmission electron microscopy (ATEM) which accelerates electrons
through a sample and captures an image based upon those electrons hitting a phosphor screen coupled to a digital camera (or direct
imaging camera), and a technologically newer approach, serial block face scanning electron microscopy (SBFSEM) that captures
image data through electron backscatter to build up a reflected image. For very small volumes around individual synaptic structures
(no possibility of complete circuits), there are also ion beammilling approaches (FIB) that replace the diamond knife which we will
not discuss in this chapter, other than to mention it here (Edwards et al., 2009).

ATEM approaches allow the collection of serial 50–100 nm thick sections spanning a volume, scanning each section separately
for reconstruction (Rieder, 1981). This is a technically demanding approach, as the opportunities for failure during the volume
construction are numerous. Sections can be missed or lost when cutting on the microtome, placing sections on grids, staining,
handling, and actual capture. With too many technical losses of data, volumes may be rendered useless, or at the very least, incom-
plete and the cutting and assembly process will have to be started again. Of course volumetric reconstruction of ultrastructural data
by ATEM goes back a number of years. In the early days of ATEM approaches in retina, images were captured on film, printed in on
photographic paper, arranged into mosaics, traced with clear transparency overlays, and manually registered to enable the under-
standing of 3-dimensional relationships of neural circuits (Hinds and Hinds, 1978; Kolb, 1970; Kolb and Dekorver, 1991; Stevens
et al., 1980; White et al., 1986). The problem with these early, albeit heroic approaches was the limited volume size which did not
encompass enough size to reconstruct entire circuits with the resolution required to visualize the connections between the neurons.
Modern approaches and technologies have allowed some automation in the construction of ultrastructural volumes with a number

Table 1 ATEM vs SBFSEM

ATEM SBFSEM

Connectome resolution 2nm/px x-y routine resolution, visualizes all synapses and
gap junctions.

10–30 nm/px x-y routine resolution, synapses by
inference only. No gap junctions possible.

Re-imaging resolution 0.125 nm/px full goniometric validation. Not possible, tissue is lost.
Tomographic resolution 0.125 nm/px near molecular resolutions. Not possible, tissue is lost.
Molecular markers Small molecules, key proteins, immunoEM. Not possible.
Connectome imaging Automated, very fast, asynchronous. Automated, 10x slower acquisition speed, synchronous

acquisition only.
Annotation Human, viking 3D, Tulip-compliant. Annotation labor is

expensive.
Human, 2D, no native graph analysis. Viking 3D possible.
Annotation labor is expensive.

Sectioning Human, flexible, asynchronous. 70–90 nm thick sections. Automatic, synchronous only. 20–30 nm thick sections.
Cost ATEM hardware is common and inexpensive. Labor

intensive and expensive from a labor perspective.
SBFSEM hardware can be expensive ($3 Mþ). Lower
costs of data acquisition, though data annotation/
management costs are the same.

Statistics Richer feature space in ATEM allows quantitative
annotation of all organelles and contacts between
identified cell types.

Lower resolution/texture space reduces quantitative
statistics to cell morphologies and large features.
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of tools to facilitate automated sectioning (Lee et al., 2018), robotically operate ATEM acquisition (Anderson et al., 2011a; Kleinfeld
et al., 2011), and new computational tools for storing, rendering and annotating large scale ultrastructural data (Anderson et al.,
2009; Anderson et al., 2011b; Saalfeld et al., 2009) have allowed for faster digital acquisition, and morphological construction
of datasets with unprecedented size and speed (Anderson et al., 2011a; Anderson et al., 2009; Saalfeld et al., 2009). The distinct
advantages of ATEM based approaches are ones of instrument cost, resolution, capture speed, asynchronous capture of grids,
embedding of molecular data within volumes, and speed of capture (Table 1).

SEM based approaches are much newer, come in a couple of flavors, and can be far more convenient when assembling volumes,
especially when a microtome is built into the imaging chamber. Serial block face scanning electron microscopy (SBFSEM) is accom-
plished by imaging the block face of a sample inside the imaging chamber, then iteratively cutting a section followed by imaging to
move through a tissue volume, allowing the creation of a digital three dimensional reconstruction. These approaches require far less
labor to assemble the volumes than traditional transmission electronmicroscopy (TEM) or ATEM based approaches (Tasdizen et al.,
2010), require less in the way of image magnification astigmatism correction, and image registration, and have been used to char-
acterize retinal circuitry (Helmstaedter et al., 2013; Kim et al., 2014). While both ATEM and SBFSEM approaches are capable of high
resolutions in the x-dimension, SBFSEM approaches have a higher resolution in the z-dimension in terms of absolute section thick-
ness. However, it is important to remember that TEM based approaches are a projection technology, so it may be argued that TEM
based volumes, if appropriately rendered, could be higher resolution in the z-axis than SBFSEM volumes. In standard practice
however, from an image slice to slice registration perspective, SBFSEM volumes are more isotropic than TEM based volumes and
require less image manipulation and correction than do TEM based volumes.

Both ATEM based and SBFSEM approaches have their applications which can inform relationships within retina. Beautiful
morphology and a number of functionally relevant conclusions have been made from SBSEM studies. In terms of resolution
some research groups argue that 10–20 nm/pixel is sufficient to determine network topology, and Herculean efforts to engage in
large scale connectomes have been made in drosophila (HHMI Janelia) at that resolution (Zheng et al., 2018) as well as in retina
(Helmstaedter et al., 2013) along with new peta-scale imaging efforts of mouse cortex at the Allen Brain Institute at 4 nm/pixel (Yin
et al., 2019). There are also promising new deep learning based approaches to image processing that improve resolution and may
facilitate interpretation of synpatology in SBFSEM datasets (Fang et al., 2019). For now however, those applications are unproven
compared with ground truth data for identifying synapses in volumes, and we will argue in this chapter that a complete under-
standing of the network demands higher resolution. Most of the discussion in this chapter will assume the resolution required
will be that which can resolve synaptic vesicles, pre-synaptic, and post-synaptic structures, defining the synapse as a functional
unit to define circuit topologies (Marc et al., 2013b). Additionally, since gap junctions are fundamentally important to neural
circuits, and even for appropriately classifying cell subtypes (Tsukamoto and Omi, 2017), the nominal resolution required to
resolve all of these structures, including gap junctions is 2 nm/pixel (Anderson et al., 2009; Harris et al., 2006; Kuwajima et al.,
2013). This chapter, while acknowledging data from the SEM literature, will concentrate its discussion on the TEM side of retinal
connectomics with the goal of understanding how retinas process information through the study of neurons, glia, and the connec-
tions and relationships between them.

We have compared ATEM and SBFSEM performances before (Anderson et al., 2009), and those comparisons are summarized
here in Table 1. In addition, it is worth noting that ATEM based approaches also permit asynchronous capture of multiple parts
of connectome volumes or even multiple connectomes with single or multiple electron microscopes. Because of this, capture is
inherently a potentially parallel process. ATEM approaches are also compliant with many molecular markers and allows gonio-
metric re-imaging at ultra-high-resolution (Marc et al., 2015). Kristin Harris’ group (one of the world’s leading CNS ultrastructure
labs) has made similar arguments in favor of ATEM to distinguish synapses appropriately as well as gap junctions (Kuwajima et al.,
2013), though for small volume datasets, to characterize portions of circuits, they are moving to 3-D SBFSEM based approaches with
computed tomograms. That said, SBFSEM is a promising technology for understanding the retina, including the RPE (Pollreisz et al.,
2018) and choroid. However, while much more convenient, SBFSEM has a number of shortcomings for precise circuit topology
reconstruction when compared with TEM or ATEM approaches, including limited resolution/speed of acquisition tradeoffs
(Fig. 1), and traditionally has operated with a lack of molecular markers (Helmstaedter et al., 2013) compared to an ATEM based
approach (Anderson et al., 2011a; Lauritzen et al., 2013a; Marc et al., 2014b; Marc et al., 2013b). Aside from the primary limitation
of resolution, the biggest limitation to the implementation of SEM for large scale connectomics derives from the very physics of SEM
signal integration. Tradeoffs are typically made to speed acquisition in SBFSEM approaches. Importantly, SEM based approaches
can potentially rival TEM in terms of resolution, but dwell time/pixel increases logarithmically with resolution, and at some point,
heating of the block face issues limit higher dwell times that can cause the block face to melt, even with harder eponates (personal
experience). Additionally, visualizing some structures like small synapses and gap junctions benefit from the projection afforded
from TEM vs. the surface rendering of SEM approaches.

1.18.3.3 Molecular Markers

The ability to embed molecular markers within connectome data through antibody probes (Anderson et al., 2009; Lauritzen et al.,
2016) or other means is critical to identifying cell class membership. A set of antibodies generated against small molecules associ-
ated with amino acid metabolism provides complete cell coverage and extensive segmentation in retina by targeting GABA, glycine,
glutamine, glutamate, taurine, etc.with an approach called computational molecular phenotyping (CMP) (Marc and Jones, 2002;
Marc et al., 2012; Marc et al., 1995). CMP also uses glutaraldehyde/osmium-tolerant IgGs targeting small molecule species like
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amino acids as well as proteins: glutamine synthetase, glial fibrillary acidic protein (GFAP), cellular retinaldehyde–binding protein
(CRALBP), tyrosine hydroxylase, opsins and tomato lectin. Ultrastructural datasets can then be computationally fused with light
microscopy approaches (Anderson et al., 2011a; Anderson et al., 2009; Jones et al., 2003; Marc et al., 2005; Marc et al., 2003;
Marc and Liu, 2000) or with newer correlated light microscopy and EM (CLEM) approaches (de Boer et al., 2015). Connectome
R-RC1 used 6–9 antibodies to small molecule signals within the volume end and antibodies interleaved every 30 sections (Marc
et al., 2012) which gave a “fingerprint” of cell identity that can be propagated through the volume to uniquely identify cell types,
critical for determining network identity. There are also recent efforts that have demonstrated the use of viral vectors to target indi-
vidual neurons (Joesch et al., 2016), or membrane-targeted genetic probes to reveal specific cell classes and connections (Kim et al.,
2019), which are compatible with ultrastructural imaging and might be extensible to other kinds of labels associated with unique
cell identifiers to complement connectomics approaches.

1.18.3.4 Annotation

Regardless of the technical approach or the resolution required to investigate the desired problem, ultrastructural connectomics is
technically challenging with many difficulties associated with processing and analyzing the data. The largest pain point is annota-
tion. Annotation is key to any connectomics initiatives, regardless of the modality of capture, and is the most time-consuming and
labor intensive component. Annotations can document structures related to a number of different motivations. Annotations can be
made for morphology, locations within volumes that are important for cell-cell relationships, and for elucidating networks. Each
modality of capture has strengths and weaknesses, but all depend upon successful and accurate “labeling” of structures relevant to
cells and connections. A number of approaches have been made to facilitate annotations based on segmentation approaches
(Berning et al., 2015), flood filling and hierarchical networks (Januszewski et al., 2018; Seyedhosseini et al., 2013) and creation

Figure 1 Two fields from the IPL of non-human primate imaged with ATEM at a working resolution of 2 nm/pixel in panel A, and a multi-beam
SBFSEM capturing at routine resolution of 16 nm/pixel in panel B in order to ensure a tolerable capture time of large datasets. Synapses cannot be
easily observed at 16–20 nm/pixel, and gap junctions are unresolvable. Scale bar ¼ 500 nm.
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of new metrics for segmentation (Plaza and Funke, 2018) in 2D and 3D (Funke et al., 2012) are being developed. While manually
created annotations are how all of the initial work in R-RC1was accomplished, those annotations were not morphologically
complete out of expediency needs. On the other hand, beautiful morphology from SBFSEM is being derived from the crowdsourced
annotation retinal connectome, EyeWire project (Kim et al., 2014) that is providing valuable contributions to open-source projects
designed to assemble neuronal morphologies like the BigNeuron project (Peng et al., 2015).

Generally annotation requires a dedicated software platform to create and track annotations. This is especially true for large-
scale, monolithic connectomes, where specialized software is generally required to browse complex, multi-terabyte data, create
annotations in those data, and then track relationships with those data (Anderson et al., 2011b; Fiala, 2005; Harris et al., 2015;
Saalfeld et al., 2009). Though heroic, beautiful and remarkably substantial contributions to understanding of neural circuitry are
being made without these software packages in individual, smaller ssTEM reconstruction approaches, rather than monolithic
connectome approaches (Tsukamoto and Omi, 2014, 2015a; 2015b, 2016, 2017). However, the advantages for large-scale recon-
struction with monolithic volumes or smaller volumes of software to manage the annotations can be powerful. Each annotation in
a connectome can index locations, structures, links, andmetadata. 107 annotations in connectomes are not uncommon, which pres-
ents new problems for data exploration, particularly as network relationships begin to emerge that challenge existing tools to graph
and display network complexity. To deal with this, we and others have built specialized tools to display and query connectome
related data including rendering, data export, viewing and displaying connectivity data, and more allowing large-scale exploration,
network analysis, and discovery (Auber et al., 2012; Costa et al., 2016; Jonas and Kording, 2015; Kerzner et al., 2017).

Regardless of the acquisition modality, annotations of connectome datasets and their networks involves imaging, image anal-
ysis, database queries, network graph analysis and data export for modeling to render the network edge/node graphs, and it is
a massive undertaking. The first complete retinal connectome for instance, R-RC1 (Anderson et al., 2011a) contains > 1.5 million
annotations (Lauritzen et al., 2013a; Marc et al., 2015; Marc et al., 2014b) and constitutes a rich-club scale dataset (Harriger et al.,
2012; van den Heuvel and Sporns, 2011). There are a number of approaches to the problem of the huge cost of annotation
including crowdsourcing (Kim et al., 2014) popularized in the aforementioned EyeWire project, which has delivered remarkable
morphology, but is suboptimal for high-resolution network tracing. This conclusion is supported by crowdsourcing stress-testing
challenges (Arganda-Carreras et al., 2015) with error rates too high for accurate reconstructions. Additionally, our laboratory
attempted an early crowd sourcing approach, and in our hands, novices tend to get morphology right in many cases, but make
too many errors with network based annotations, and the costs associated with correction took more time than crowdsourcing
saves. Additionally, one needs to understand the data and having subject matter experts ask questions, interact with and validate
annotations to derive interpretations of the data is critical to deriving meaning from network graphs. Becoming intimately familiar
with the primary data has distinct advantages over casual annotation.

1.18.3.5 The Scientific Premise for Retinal Connectomes and Why Complete Networks Are Essential

In order to understand how the retina is “wired”, and by extension other neural systems for which the retina is an excellent model,
we need to understand the (1) Components. (2) The precise connections between components and (3) The topology in the math-
ematical sense, of those connections.

Strictly speaking a connectome interpreted as a wiring diagram of neuronal connections could be reduced to a “simple” edge/
node graph (Fig. 2), eliminating all structural information. However, there is value in the anatomy and many different questions
may be asked of both light microscopic resolution and ultrastructural resolution data that allow the exploration of morphologies,
relationships among neurons, glia, topology of organelles, the relationships between proteins and even relationships with neurons,
glia and vasculature. To reiterate, understanding the network or the circuit topology dictates that complete networks are essential.

1.18.3.6 Clinical Significance

Aside from the fundamental knowledge of how retinal networks are constructed, and the unpredictable benefits that may derive
from that knowledge in the computational space, connectomics is key to understanding neural remodeling in retinal degenerations. There-
fore, retinal connectomes may help us to understand how retinal systems are altered in diseases and the subsequent remodeling in
retinitis pigmentosa (RP) (Aleman et al., 2007; Fariss et al., 2000; Jones et al., 2012, 2011; Jones and Marc, 2005; Jones et al., 2006;
Jones et al., 2016a,b; Jones et al., 2003; Marc et al., 2003; Milam et al., 1998; Specht et al., 2007; Strettoi and Pignatelli, 2000; Strettoi
et al., 2003, 2002; Varela et al., 2003) and age-related macular degeneration (AMD) (Jones et al., 2016a,b; Marc et al., 2008; Sullivan
et al., 2007). Complete network/cell-association maps are key to understanding retinal function (Marc et al., 2012) and describing
the pathologies that emerge in human RP (Jones et al., 2011; Jones et al., 2016a) and AMD (Jones et al., 2016a,b; Marc et al., 2008).
Incomplete network models remain major barriers to analyzing vision (Marc et al., 2013b), and understanding remodeling in
retinal disease (Jones et al., 2011; Jones et al., 2016a,b), the testing of prosthetics that could improve performance of existing pros-
thetic devices (Loizos et al., 2014), as well as validating therapeutic schemas, or developing computational models (Loizos et al.,
2016; Loizos et al., 2014; Werginz et al., 2015).

Fragmentary models of any network are of limited value (Marc et al., 2012), and we now know that retina harbors tremendously
complex networks (Figs. 2 and 3). Additionally, because retinal networks exhibit high precision in retinal connections (Lauritzen
et al., 2016) it is essential to discover which networks are resistant and which are vulnerable to remodeling and neurodegeneration
in human RP and AMD. Capturing data at high enough resolution to visualize all cell-cell contacts, including synapses and gap junctions
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(2 nm/pixel) is crucial to understanding complete network topologies and how network topologies change in disease. Again, complete network/
cell-association maps are key to understanding retinal function (Marc et al., 2012) and especially so for pathologies that emerge in
RP (Jones et al., 2011; 2016a) and AMD (Jones et al., 2016a,b; Marc et al., 2008). We know for instance that gap junctions are
compromised in RP and models of RP (Ivanova et al., 2015a,b), so capturing data with enough resolution to detect the circuit
topology changes in those gap junctions will be critical to understanding how the disease progresses.

All degenerations, inherited or acquired, induce plasticity and remodeling. Therapeutic barriers in late RP and AMD including
progressive neuronal degeneration (Jacobson et al., 2015), rewiring, panretinal ectopic synaptogenesis, glial hypertrophy and meta-
bolic malfunction (Pfeiffer et al., 2016), outer retinal seal formation, microglial activation/migration, vascular remodeling, and
survivor neuronal migration and emigration (Jones et al., 2012, 2011; Jones and Marc, 2005; Jones et al., 2003; Jones et al.,
2005; Marc et al., 2003). These events compromise late-stage rescue and defy simple explanations (Jones et al., 2011; Marc
et al., 2014a; 2007). Therefore, knowing correct wiring topologies of the retina is essential to vetting treatments for vision loss
in late stage RP, AMD, glaucoma, trauma, etc.

1.18.3.7 What Retinal Connectomics Has Revealed

There was a concern among some, early on that connectomics would simply tell us what we already know. On the contrary, rather
than simply validating old models, retinal connectomics has significantly extended our network libraries with far more complete
networks than have been generated in any other neural system. We have quantitative networks created by extracting cell specific

Figure 2 A 2-synaptic hop network connectivity graph from an AII glycinergic amacrine cell (cell 514) from retinal connectome RC1. This figure
represents the network complexity that derives from a simple query with cell 514 (purple) at its center, asking what the network topology looks like
with 2 hops through either synapses or gap junctions. Nodes represent individual cells including AI amacrine cells, non-classified amacrine cells,
ganglion cells, rod and cone bipolar cells, and dopaminergic amacrine cells, while lines represent edges (synapses or gap junctions) between cells.
Synapse types are represented as colors, where Ribbon synapses are green, conventional inhibitory synapses are red, and gap junctions are rendered
in yellow.
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Figure 3 (A) The classic AII amacrine cell network, pre-connectomics: Rod inputs to Rod BCs drive AII cells via iGluRs. Cone input to OFF BCs
drives AII cells via iGluRs. The entire AII network is extensively coupled to ON cone BCs via gap junctions and glycinergic output from the AII
network targets OFF BC and OFF GC. (B) The revised AII cell network: There are 4 classes of excitatory glutamate inputs, three coupling partners,
dopamine modulation, three wide-field GABAergic inputs, peptide modulation, narrow-field glycinergic input, with outputs to OFF BCs, OFF inhibitory
neurons and two classes of OFF GCs. Dashed lines demonstrate cone / rod suppressive crossover. TH1 A � C is a dual glutamate/dopamine wide-
field axonal cell. Icon key at bottom denotes connection types. The OFF band captures the AII neck and lobules, which do not overlap with
neighboring AII cells. The ON band captures the waist and the heavily coupled arboreal network, which overlaps other AII cells with a coverage factor
of 4. Colored dots denote postsynaptic sites for each modality. OFF BC, OFF bipolar cells; ON BC, ON bipolar cells; iGluR, ionotropic glutamate
receptor; OFF GC, OFF ganglion cell.
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quantitative synaptic numbers and weights (Lauritzen et al., 2016; Marc et al., 2014b; Marc et al., 2013b; Marc et al., 2018; Tsuka-
moto and Omi, 2015b, 2016, 2017) which is going to be critical in modeling. A number of publications concerning retinal con-
nectomics have been published that reveal not only the technical approaches to taking large-scale ultrastructural reconstructions
(Anderson et al., 2011a; Anderson et al., 2009; Anderson et al., 2011b; Helmstaedter, 2013; Helmstaedter et al., 2011; Helmstaedter
et al., 2013; Kleinfeld et al., 2011; Marc et al., 2012) but have also revealed new classes of bipolar cells in mammalian retina
(Helmstaedter et al., 2013), and demonstrated that one can determine type based upon connectivity (Anderson et al., 2011a;
Helmstaedter et al., 2013; Tsukamoto and Omi, 2017), as well as revealed new mechanistic insights into directional selectivity
in species specific networks (Ding et al., 2016). Indeed, it should also be mentioned that the non-vertebrate community has
been providing valuable insights into fundamental circuits involved motion detection and visual navigation (Randel et al.,
2014) (see below discussion on comparative anatomy).

Connectomics approaches in retina have revised every major retinal network explored so far (Lauritzen et al., 2013a; Lauritzen
et al., 2013b; Lauritzen et al., 2012; Lauritzen et al., 2016; Marc et al., 2015; Marc et al., 2014b; Marc et al., 2012; Marc et al.,
2013a,b), including refactoring the lamination rules of the IPL (Lauritzen et al., 2013a; Lauritzen et al., 2012); remapping of the
classic AII amacrine cell network (Marc et al., 2014); discovered 12 novel rod-cone crossover networks (Marc et al., 2013b);
described extensive motifs supporting nested feedback where retinal topological feedback loops are arranged within larger elements.
An example would be simple feedback loops wherein an amacrine cell targeted itself, providing better temporal performance. Topo-
logical feedforward synaptic chains are also common (Marc et al., 2013c); and new previously unknown coupling arrays among
cone bipolar cells (Lauritzen et al., 2013b) have been discovered along with heterocellular ganglion cell/amacrine cell coupling
networks (Marc et al., 2014b). Retinal connectomes have also explored the color tuning of S-OFF midget ganglion cells in primate
retina (Wool et al., 2019); revealed a possible S-cone circuit for edge detection (Patterson et al., 2019), and while the first demon-
stration of motion sensing neurons was over 60 years ago (Hassenstein and Reichardt, 1956), recent work demonstrates a mecha-
nism for retinal motion sensitivity to tune slowmotion velocities over retina using inputs that are light responsive at different speeds
(Matsumoto et al., 2019).

1.18.3.8 Complexity

Fundamentally, we can break down recent network discoveries into a number of new ideas bound together by the realization that
retina is a far more complex computing device than previously appreciated. Even the outer plexiform layer of retina, a connection
network long assumed to be relatively straightforward is more complex than previously appreciated (Behrens et al., 2016; Rogerson
et al., 2017). And networks in inner retina are far more complex than previously understood with an AII network, rich with ON-OFF
cone crossover connectivities adapted for rod networks by mammals (Marc et al., 2014b) (Fig. 3). We’ve known that AII amacrine cells
provide rod input to ganglion cells since 1979 (Kolb, 1979). However, new work has demonstrated that the AII amacrine cell
network is the most complex network topology yet described in any vertebrate neuron (Marc et al., 2014b) where it is suggested
that signals are amplified with local adaptation (Tsukamoto and Omi, 2013). Each AII amacrine cell contacts nominally 28 separate
cell classes including all classes of bipolar cells (Marc et al., 2014b) and transmits scotopic information in mouse from AII amacrine
cells to a single type of OFF cone bipolar cell (Graydon et al., 2018), giving new insight into the topologies possible that compute
retinal signals involved in the shifts back and forth from scotopic to photopic vision.

1.18.3.9 Crossover

We’ve known through pharmacology and electrophysiology that there is glycinergic mediated cross-talk between ON andOFF chan-
nels at all levels in retina (Chavez and Diamond, 2008; Liang and Freed, 2010; Roska et al., 2006; Werblin, 2010). However, the
mechanism of cross suppression between cone pathways and rod pathways has been a long-standing mystery. We now know that
ON cone pathways monosynaptically inhibit rod bipolar cells while OFF cone pathways disynaptically inhibit rod bipolar cells,
thus making both ON and OFF cone activity induce hyperpolarization in rod bipolar cells (Lauritzen et al., 2013a; Lauritzen
et al., 2016). Specifically, we know that all cone bipolar cell classes act through amacrine cells to inhibit rod bipolar cells; and
that all cone bipolar cell classes are themselves inhibited by amacrine cell motifs that are driven by rod bipolar cells. Furthermore,
all ON cone bipolar cells inhibit rod bipolar cells through wide-field GABAergic amacrine cells and narrow field glycinergic ON
amacrine cells (Lauritzen et al., 2016). This is the first, complete validated winner-take-all topology established in a vertebrate
neural system, and is likely fundamental to how neural systems work to make decisions (Lauritzen et al., 2016). Winner-take-all
motifs are a computational approach in neural network modeling by which neurons compete with other neurons for activation.
For instance, in one scenario, a single neuron with the highest activation can carry the signal where all other neurons in a layer
are inhibited through network topologies of lateral inhibition of parallel excitatory neuronal pathways (Blake, 1989; Bogacz,
2007; Kurt et al., 2008). We also now know that in rabbit at least, OFF cone bipolar cell pathways monosynaptically inhibit AI ama-
crine cells on their proximal dendrites (Marc et al., 2018) leading to some discrepancy in the literature over AI amacrine cells as
a collection of electronically isolated processes. Given this discrepancy, perhaps the confusion lies in species differences in mouse
vs. rabbit or perhaps even primate? This demonstrates the profound need for comparative study of specific neural circuit topology
across species. See the discussion of comparative anatomy below.
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1.18.3.10 Heterocellular Coupling

We now know that extensive heterocellular coupling between ganglion cells and GABAergic amacrine cells creates a path whereby
a single ganglion cell can inhibit a cloud of ganglion cells of different classes around it (Marc et al., 2018). This is likely another
fundamental ruleset in the nervous system where strong stimuli dominate attention, leading to other winner-take-all topologies.

We also know that heterocellular coupling unmasks major portions of the transient ON directionally selective (DS) network,
which in rabbits is a non-starburst amacrine cell pathway that operates with a separate population of cone bipolar cells. Directional
selectivity in retina is a phenomenon where DS ganglion cells respond robustly to movement in a preferred direction, but no, or
minimal activity in an opposite direction (Fried et al., 2002). For example, in rabbit retina, even though their dendrites overlap
and touch, the directionally selective (DS) transient ON (tON) GC in rabbit rejects all starburst amacrine cell synapses and selec-
tively samples (>90%) from CBb4 and CBb4w bipolar cells, while starburst amacrine cells and ON-OFF DS cells preferentially
sample (>90%) from CBb5 and CBb6 bipolar cells and completely avoid CBb4 and CBb4w cells. This is particularly important
given the disparity of DS models in rabbit with directionally selective models proposed in mouse (Briggman et al., 2011; Kim
et al., 2014), and prior physiologic analysis (Barlow and Levick, 1965), which might again be due to species differences (Ding
et al., 2016), as the inputs to starburst amacrine cells in mouse apparently differ from those in rabbit. More comparative connec-
tomics work clearly needs to be done to flesh out these network topologies.

1.18.3.11 Coupling in Bipolar Cell Networks

The existence of coupling between bipolar cells challenges earlier models of mouse bipolar cell populations (Helmstaedter et al.,
2013). However, gap junctions between ON cone bipolar cells has been demonstrated to form class-specific homocellular coupling
meshes (Fig. 4). In-class and cross-class motifs have implications in signal-to-noize control and smoothing transitions across

Figure 4 New coupling topologies for the mammalian retina. Complete 3D renderings of all CBb3, CBb3n, CBb4, CBb4w, CBb5, CBb6 ON cone and
rod BCs in R-RC1. (A) Horizontal and (B) vertical views of somas, axons and axon terminals. (C) Spatial maps. The light colored cell in every pattern
is CBb5 593 for reference. Each class has a unique coupling pattern (solid arrows). CBb3 cells cross-class couple with CBb3n cells, avoiding their
own class and AII ACs. CBb3n couple with all nearby CBb classes, including themselves and AII ACs. CBb4 cells cross-class couple with CBb3n and
CBb4w cells, avoiding their own class and AII ACs. CBb4w cells couple in-class, with CBb4 cells and AII ACs. CBb5 cells couple in-class and with AII
ACs, but avoid cross-class coupling. CBb6 cells prefer coupling with AII ACs and are presynaptic (dashed arrows) to AII ACs. Rod BCs make no gap
junctions and are presynaptic to AII ACs.
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operating ranges, respectively. Spatial correlation of in-class coupling suggests developmental roles in defining axon arbor bound-
aries. Incorporating such coupling topologies and weights into future network models will provide more powerful predictions of
network function and development. For instance, one can build quantitative cell structures based upon morphology, and explore
coupled bipolar cell networks to assess the magnitude and network roles of coupling signals. This approach resulted in the discovery
of 10 tiered in-class and cross-class coupling arrays for ON and OFF cone bipolar cells in rabbit (Lauritzen et al., 2013b), and will be
important to define in mouse retina as well which exhibits more extensive cone bipolar cell coupling than rabbit (unpublished
observations). This raises a critical question for the primate retina: does coupling occur within and/or across diffuse cone bipolar
cells and midget bipolar cells, and with what selectivity? If cross-coupling occurs, this will change models of color-coding in
primates/humans and provide new substrate for testing electrophysiological data against.

Another important aspect of connectomes is the ability to factor in weights associated with both synaptic and gap junctional
connectivities. Linear distance in connectomes We know that different circuit topologies possess different synaptic weightings
(Demb and Singer, 2015; Dunn and Wong, 2014; Masland, 2012), including in specific retinal circuits (Cohen and Sterling,
1990; McGuire et al., 1984; Tsukamoto and Omi, 2017; Veruki and Hartveit, 2002), and this information building upon earlier
ultrastructural work quantifying inputs from one retinal neuronal class to another (Cohen and Sterling, 1992; Freed and Sterling,
1988; Kolb and Nelson, 1993; Nelson et al., 1993) suggests that a comprehensive map of both chemical and electrical synapse sizes
that relate to potential current could be a substantial benefit to understanding how current flows in retina, and would be critical to
modeling efforts.

1.18.3.12 Future Directions

Many fundamental questions in retina are outstanding. One of the most obvious, and potentially the easiest to answer using con-
nectomics approaches, is the circuitry involved in blue perception. Several bipolar cell networks capture blue cone signals (Calkins
et al., 1998; Dacey, 2000; Famiglietti, 2008; Field et al., 2009; Klug et al., 2003; Kouyama and Marshak, 1992; Lee, 2008; Liu and
Chiao, 2007) and yet the primary path for blue perception remains uncertain. There have been evolving views of the origin of oppo-
nent signals in blue ON pathways. The horizontal cell surround dominates at low spatiotemporal frequencies (Davenport et al.,
2008; Field et al., 2009) but bistratified GCs clearly receive both OFF-L and ON-S drive (Crook et al., 2010). What are the roles
for the many amacrine cells converging on blue ON and OFF channels? Do the differential blue loadings of human H1 vs H2 hori-
zontal cells (Dacey et al., 1996; Kolb et al., 1994; Perlman et al., 2004) impact yellow OFF pathways? Is red-green connectivity selec-
tive? Neither anatomic (Calkins and Sterling, 1996; Kolb and Dekorver, 1991; Kolb and Marshak, 2003) physiologic (Gauthier
et al., 2009; Reid and Shapley, 1992, 2002; Sun et al., 2006) nor modeling studies (Lebedev and Marshak, 2007) yet give a decisive
answer and are areas ripe for connectomic approaches that could form the basis of circuit topology ground truth to test physiolog-
ical and molecular data against.

1.18.3.13 Non-neural Aspects

There is no empty space in retina. Ultrastructural connectomes can contain far more data than just neuronal membranes and the
structures associated with synaptic and gap junctional connectivities, if the tissue is appropriately prepared. The “texture” or high
frequency visual information embedded within ultrastructural images might provide unique information as to identification of cell
class or cell state (Wachtler et al., 1987). This is certainly true in the case of Müller glia in retinal degenerative disease (Pfeiffer et al.,
2019), and has also been a key descriptor for identification of different cell classes since the earliest days of ultrastructural explo-
ration of retina (Boycott and Kolb, 1973; Kolb and Famiglietti, 1975).

1.18.3.14 New Organelles

The ultrastructure of synapses and other connections like gap junctions have been known since the 1960s. Yet new structures, organ-
elles and relationships have yet to be discovered. New contact architectures between neurons, relationships between neurons and
glia and new Müller cell organelles like end foot organized smooth endoplasmic reticulum (OSER) (Molnar et al., 2016) is there
waiting for discovery. OSER for example is associated with specialized Caþþ signaling mechanisms at Müller cell end feet and has
been found in every retinal connectome we have examined. A key concept frommodern proteomics is that every interactome, or set
of interactions between and among molecules and proteins of the cell (Wang et al., 2018), has an architecture and trafficking rules.
New contact forms must reflect molecular relationships we have yet to link with structure in neurons. This is where connectomics is
transformative, linking imaging, data display and data quantitation. The presence of these novel structures in both R-RC1 (Anderson
et al., 2011a; Lauritzen et al., 2013a; Marc et al., 2013b) and in mouse retina M-RC2 suggest that these are not exotica, and may
mediate cannabinoid signaling (Marc et al., 2013b). The OSER organelle in Müller cell end feet in rabbit R-RC1, mouse M-RC2
and non-human primates appears linked to transient receptor potential (TRP) and calcium release-activated calcium channel
(ORAI) function and may be part of the pathologic chain in glaucoma (Molnar et al., 2016). We expect that there will also be impli-
cations for other retinal diseases as well (see below).
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1.18.3.15 Neurogliovascular Relationships

Exploration of the ultrastructure of neurogliovascular relationships in a relatively new and exciting arena of study (Coggan et al.,
2018). New quantitative neuroglialvascular (NGV) associations involving Müller cells, astrocytes, microglia, pericytes, and neurons
have been discovered (Brown et al., 2016), and are waiting to be explored. Microvascular relationships within the retinal vasculature
and of the choriocapillaris is terra incognita and connectomics is the right approach for discovery which will be critical to human
retinal disease. We have built a complete NGV connectome in mouse connectome M-RC2 (Fig. 5) and are currently annotating
all contacts and topology including all cell partners (astrocytes, microglia, Müller cells, pericytes, and even neurons). The associa-
tions among astrocytes, Müller cells, pericytes, and endothelia involve adherens junctions, transcytosis sites, basement membrane

Figure 5 The mouse NGV connectome. (A) The 3D NGV connectome spanning the full retina, with beds in the OPL, ACL and GCL. Image width
0.29 mm. (B) Direct neuronal contact (arrowhead) at the endothelial cell basement membrane, as revealed by tomato lectin staining (blue
pseudocolor) by ON AC 2107 that also forms a synapse on GC 2203. Müller cells 4739 and 4740 form a 100 nm gap, allowing neuronal insertion.
Scale bar 500 nm.
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ECM topologies, cell-specific organelles and gap junctions (Marc et al., 2013a; Molnár et al., 2016). It is important to note that high
resolutions will be required to reveal these relationships, and TEM based technologies are likely the best way forward here. Recon-
structing the three beds of mouse and human vascular connectomes would provide a statistical framework for addressing vascular
remodeling in retinal degenerations and vasculopathies, in addition to comparing surface to volume relationships, proximities,
distances, etc..

Annotation of the NGV connectome for instance in M-RC2 is only just beginning, but it contains a complete NGV connectome
enabling comprehensive 3D-mapping of all vessel-related elements (Fig. 5). The M-RC2 NGV connectome contains 171 endothelial
cells and 33 pericytes (a 5:1 ratio), closely matching CNS (Brown et al., 2016; Dalkara and Alarcon-Martinez, 2015). Many NGV cell
classifications/quantifications in brain and retina are based on limited data (Dalkara and Alarcon-Martinez, 2015) and could be
resolved by NGV connectomes. New evidence suggests that microglia actively sense glutamate signaling (Anderson et al., 2011a;
Liu et al., 2009); that surveillant microglia normally move without activation (Wu and Zhuo, 2008) and mediate neural homeo-
stasis and plasticity (Ayoub and Salm, 2003; Huberman et al., 2008; Stevens et al., 2007; Wake et al., 2009; Wong et al., 2009).

1.18.3.16 Pathoconnectomes

Pathoconnectomes are simply connectome volumes created from diseased or pathological tissues. Retinal structure, neuronal
morphologies and network topologies have been demonstrated to be altered in retinal degenerative disease (Aleman et al.,
2007; Cuenca et al., 2005; Jones et al., 2003; Marc and Jones, 2003; Strettoi and Pignatelli, 2000; Strettoi et al., 2003; Strettoi
et al., 2002). Plasticity unmasked by retinal degenerations (Denlinger et al., 2020; Jones et al., 2003; Marc et al., 2007; Marc
et al., 2003) and postnatal development (Provis, 2001; Puller et al., 2014) indicates that both activity-dependent and independent
remodeling and rewiring will impact performance of prosthetics and optogenetics interventions (Marc et al., 2014a). Additionally,
we know that RP and AMD are heterocellular disorders with deranged topologies (Jones et al., 2016a,b), consistent with evidence
that cone bioenergetics are altered in RP, rendering them hypofunctional (Punzo and Cepko, 2007; Punzo et al., 2009), along with
alterations in function (Ivanova et al., 2015a,b; Stasheff, 2008, 2018). So, what are the topologies of circuit alterations in retinal
degenerative diseases? AI and AII amacrine cells have substantial remodeling potential (Jones et al., 2012; Jones et al., 2011; Jones
and Marc, 2005; Jones et al., 2016a,b; Jones et al., 2003; Jones et al., 2005), and their high densities will strongly influence rescue
outcomes. We know that neural remodeling and neurodegeneration can be extensive in RP. For optogenetics and/or photoswitch
targeting (Marc et al., 2014a), the identities and networks of surviving neurons matter. Furthermore, we also know that bipolar cells
reprogram their glutamate channel expression (Marc et al., 2007) in combination with neuritogenesis (Lin et al., 2012a). These find-
ings bring up a number of questions in retinal circuitry that pathoconnectomics is uniquely positioned to answer where we can
move from outer retina (photoreceptors and RPE) down to the inner retina (from horizontal and bipolar cells down to ganglion
cells) to ask questions about how retinal networks are altered in retinal degeneration. The trick is: we have to have a ground truth validation
of normal tissues with which to compare circuit topologies to, which is why normative databases of connectomes are so critically
important.

There are some fundamental questions such as: What is the status of nested feedback networks in retinal degenerative disease? Do we
lose precision in network tuning? Stabilities of networks depend on the presence of nested feedback and feedforward systems where
retinal synapses form concatenated inhibitions (Marc et al., 2013b; Marc and Liu, 2000). Simple feedback inhibition is a motif
where a cohort of amacrine cells is both presynaptic and postsynaptic to a population of bipolar cells. Our data suggest that
pure simple feedback does not exist in cone channels: all feedback is nested. This poses a significant challenge for therapeutics
as GABAergic remodeling in RP and AMD can be extensive. In nested feedback, amacrine cells inhibit each other similar to trans-
conductance amplifiers (Xie et al., 1999) for tuning temporal features of networks. Connectomics strongly supports this hypothesis
by revealing an abundance of nested motifs. Over 300 cone pathway amacrine cells have been traced in R-RC1 and all are nested,
suggesting that simple feedback without nesting does not exist in any cone-driven network. Nested inhibition is likely a basic motif
for controlling the signaling dynamics of every photopic pathway.

There is also substantial evidence that gap junction coupling changes in RP (Ivanova et al., 2015b) and likely leads to altered
physiology (Ivanova et al., 2015b). We also know that bipolar cell glutamate channel expression is altered during retinal degener-
ation (Jones et al., 2011; Jones et al., 2016a,b; Lin et al., 2012b; Marc et al., 2014a; Marc et al., 2007) which invokes a number of
central questions relevant to retinal rescues. What do these glutamate channel expression alterations and circuit topology revisions mean for
retinal vision rescues? What implications are there for color processing in retinal degenerations? What new circuit topologies will emerge in
remodeling? Are those circuit topologies compatible with visual processing?

RP is not the only disease that results in rewiring. AMD too alters the wiring of the retina as it is effectively a deafferentation of the
neural retina caused by the death of photoreceptors (Curcio et al., 1996) along with neurodegeneration and gliosis (Dolz-Marco
et al., 2017; Schaal et al., 2015). Therefore, it was expected that retinal remodeling would be present, especially as negative plasticity
and neural remodeling occurs regardless of retinal insult (Jones et al., 2012; Jones et al., 2006; Marc et al., 2007; Marc et al., 2008).
So, it was not a surprise to see rewiring in human AMD (Jones et al., 2016a,b; Sullivan et al., 2007), demonstrating that no retinal
disease fails to trigger remodeling and reprogramming (Fisher and Lewis, 2003; Jones et al., 2012; Jones et al., 2011; Jones andMarc,
2005; Jones et al., 2006; Jones et al., 2016a,b; Jones et al., 2003; Marc and Jones, 2003; Marc et al., 2003; Marc et al., 2008; Strettoi
et al., 2003; Sullivan et al., 2003). But while AMD is perhaps the best characterized disease from a clinical perspective, understanding
the disease progression and retinal neural plasticity in context of precise wiring topologies in AMD is unknown. More importantly,
we find evidence of remodeling in AMD retinas prior to the onset of photoreceptor loss (Jones et al., 2016a,b), while GABAergic and
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glycinergic amacrine cells demonstrate remodeling events, particularly underneath moderate to large drusen formations, showing
that pathological remodeling occurs, even while photoreceptors are present (Jones et al., 2016a,b). Suggesting that therapeutics
must be engaged early in disease, not after substantial vision loss develops. Are alterations in wiring topologies consistent and stereotyped
across retinal degenerative diseases?

Asmentioned earlier, connectomes and pathoconnectomes should not be considered to be a study of simply neuronal topology.
Other non-neural cell classes and their relationships are tracked right along with neurons. Rabbit, mouse and non-human primate
choriocapillaris/RPE complexes show remarkable metabolic stability and similarity. But human choriocapillaris/RPE metabolic
signatures are variable even when retinal signatures are normal, suggesting they are modified by environmental risk factors (Sobrin
and Seddon, 2014), arguing that NGV comparisons across human control and disease states are critical. In RPE, we’ve identified
small molecule metabolite concentrations of taurine, glutamate, and glutathione demonstrating wide variability across immediate
RPE cell neighbors. Though this variability across neighboring RPE cells (tiling) is not uncommon in aged human samples, and
could be indicative of normal aging, it may be an early manifestation of AMD or an explicit risk phenotype for AMD as it is asso-
ciated with other pathologies associated with AMD (Jones et al., 2016a,b). This metabolic tiling suggests gap junctions between RPE
cells are becoming uncoupled or at least losing C � 43 expression, and is a prime target for connectomic reconstruction (Pollreisz
et al., 2018) in health and disease. We also know Müller cells are one of the first cell classes in the retina to reveal metabolic alter-
ations in retinal disease (Fisher and Lewis, 2003; Jones et al., 2012; Jones and Marc, 2005; Jones et al., 2006; Jones et al., 2016a,b;
Jones et al., 2016a,b; Jones et al., 2003; Strettoi et al., 2003; Sullivan et al., 2003) and AMD retinas are no different. Small molecule
metabolic alterations in glutamine and glutathione variability can be observed in Müller cells from retinas with dry-AMD, demon-
strating increases in concentration of more than double normal levels. Changes in morphology of Müller cells in AMD are also
consistent with other retinal diseases like RP (Jones et al., 2016a,b; Pfeiffer et al., 2016). What ultrastructural features in the Müller
cell populations are present, and how are they altered in pathoconnectomes? Additionally, given the clear engagement of microglia in
retinal degenerations (Gupta et al., 2003), it becomes critical to know how many kinds of microglia (Chen et al., 2010; Provis et al.,
1996; Santambrogio et al., 2001) are in retina and whether all synapses or just subsets of synapses are monitored by microglia.We knowmicro-
glia are involved in AMD pathogenesis of outer retina (Ma et al., 2012), what about NGV involvement of disease progression in the inner
retina of AMD? Can we track those changes along with neuronal alterations observed in pathoconnectome representations of AMD retina?

Moving to inner retina, one can ask what happens to central retinal network hubs in retinal degenerations? The classic AII amacrine cell
is more than a rod pathway cell. It is the retina’s largest network hub.What happens to AII amacrine cells and their networks in remodeling
and neurodegeneration? The AII amacrine cell is a cone-driven cell, not just a rod amacrine cell (Marc et al., 2014b). Long considered
a simple cell, the AII amacrine cell possesses the most complex repertoire of any known neuron, contacting > 28 different cell
classes, including every class of bipolar cell except for CBb3 cells (Marc et al., 2014b). Beyond its basic role in distributing rod signals
to cone pathways, the AII amacrine cell also mediates narrow-field feedback/feedforward inhibition for the photopic OFF channel,
photopic ON-OFF crossover signaling, and serves as a nexus for inhibitory cone networks negotiating fast switching between cone
and rod vision and receives input from CBb6 bipolar cells. This reanalysis in human control and diseased human is critical for the
potential optogenetic targeting of AII cells in treatment of RP and AMD (Jones et al., 2016a,b; Marc et al., 2014a).

Questions about circuit topology are also fundamentally important to the output cells of the retina, the ganglion cells. In
defining ganglion cell receptive field structures, we as a vision research community have focused on architectures for ON and
OFF output channels in ganglion cells. How precisely are these neuronal pathways altered in retinal degenerations like RP and AMD?
We know for instance, that ON-OFF weighting in bipolar cell populations is altered early in RP (Jones et al., 2011; Jones et al.,
2016a; Marc et al., 2007), what implications does that have for networks in ON OFF ganglion cell receptive fields? Alteration of these recep-
tive fields will have substantial impact on the design and implementation of vision rescue via bionic or biological approaches. There
is also building evidence that ganglion cells alter their dendritic circuitries in glaucoma and models of glaucoma (Cuenca et al.,
2010; Jones et al., 1995) and work has shown that ganglion cells lose synaptic input on dendrites in models of glaucoma (Stevens
et al., 2007). What is the overall impact of synapse loss on ganglion cell topologies in retinal degenerative disease from RP and AMD to
glaucoma?

Even simple disease-driven cellular rearrangements of network topologies can lead to literally 1033 possible pathologic states
based on network theory. This means we absolutely need to understand what the network topologies are in retinal disease, and
whether aberrancies observed are stereotyped through mechanisms, or whether they are more chaotic in nature.

1.18.4 Comparative Circuitry/Evolution

Nothing in biology makes sense except in the light of evolution.
Theodosius Dobzhansky.

The retina gives us a remarkable opportunity to build upon not only the work in comparative anatomy in retina that has come
before, but also gives us a unique opportunity to explore how neural networks have evolved across and throughout evolution. The
evolution of the retina is a readout of how neural computation evolved. The simplest computation can be done with eyespots as
found in invertebrates that calculate change in luminance over time (Koyanagi et al., 2005), but for additional features, including
contrast, color, movement, direction, and image formation, there needs to be a more sophisticated circuitry that depends upon the
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evolution of components including bipolar cells, horizontal cells, amacrine cells and ganglion cells. With connectomics approaches,
we now have the opportunity to ask fundamental questions such as: Where do neural circuits come from evolutionarily? How do neural
circuits uniquely process information relating to universal percepts like luminance, contrast, speed, and direction? How do neural circuits opti-
mize for environment?We know that vision has evolved multiple times and it is likely that there are examples of divergent, convergent
and parallel evolution in neural circuitry, just like there is in the fossil and genetic records.

Connectomics approaches in comparative anatomy can take advantage of a rich availability of in-depth physiological analyses
(Carroll and Jacobs, 2008; Marc et al., 2008; Roska et al., 1998), correlative psychophysics (Awatramani and Slaughter, 2000), and
compatibility with validation makers (Marc and Jones, 2002), and even GFP transduction (Calkins and Sterling, 1996), available
across species. Additionally, connectomics approaches combined with genetics are a powerful toolset to explore patterning, and
even behavior (Sanes and Zipursky, 2010; Wernet et al., 2014) with differing network topologies being responsible for vastly
different behaviors within species (Bumbarger et al., 2013) and across species that might reveal mechanisms of retinal regeneration
observed in zebrafish (McGinn et al., 2019) and in ground squirrel (Merriman et al., 2016; Reme and Young, 1977).

The Evolution of Networks: A key problem facing analysis of the evolution of vertebrate sensing and behavior is that profiling
sensory genes does not reveal how that information is used in coding and perception. Those are always neural circuitry/network
questions, and the key queries involve (1) how signal flows are partitioned and weighted across cell classes, (2) how feedback/feed-
forward and nested feedback/feedforward tunes channels of information flow in retina, (3) how signal channels control each other
via fast crossover systems (e.g. decision networks), (4) how channels are modulated via global/semi-global adapters like learning,
memory, circadian or reward networks and (5) how data are reified by integration networks, and other central output schemas. All
retinal networks are built from assemblages of distinctive high gain and low gain synapses of different morphologies, small and
large homo- and heterocellular coupling rules, in-channel and cross-channel feedback, feedforward and nested feedback/feedfor-
ward motifs, all aggregated around specific spectral weighting and spatial patterning super-architectures, glial sheathing and adhe-
rens contact rules. Thus, the ultrastructural comparison of critical species in vertebrate evolution can reveal the boundaries over
which special neuronal connectivities emerge.

The retina is a rich, yet accessible landscape across the animal kingdom that contains unique vascular patterns (Provis, 2001),
high density neuron packing, midget bipolar cell and ganglion cell cohorts (Volgyi et al., 2005), differential cone and rod patterning
(Kim et al., 2008), among many other properties that can be quantified and lend themselves to examination and analysis from
a connectomics perspective. For example, the evolution of tandem red and green visual pigment genes (Badea et al., 2009) sets
non-human primate and human vision and comparative anatomy apart from rodent vision. The threshold for human legal blind-
ness (1 logMAR) is 6x better than mouse vision, and human foveal vision is 10x better than rabbit vision (Barlow and Levick, 1965).
How did retinal network motifs accommodate evolution of foveal resolution with its associated high-density neuron packing, trichromacy and still
link scotopic channels via crossover? What is the circuit topology of color coding? Foveal amacrine cells appear to provide only broad spec-
tral tuning in the primate retina (Haverkamp and Wassle, 2000; Marc et al., 2008; Reese, 2008; Volland et al., 2015), so their key
roles may be luminance feedback/feedforward and rod-cone crossover (Protti et al., 2005) in human as in rabbit (Lauritzen et al.,
2013a; Marc et al., 2014b; Marc et al., 2013b; Wassle et al., 2009). Is spectral tuning of amacrine cell networks different in fovea and in
parafoveal spaces?

Additional amacrine cell network questions: Are rabbit, and human AI and AII amacrine cell networks the same across species? Where
do AI and AII amacrine cells come from evolutionarily? Current evidence suggests that many accepted views of AII amacrine cell networks
are wrong (Anderson et al., 2011a; Field et al., 2009; Kolb et al., 2002; Marc et al., 2011; Marc and Liu, 1985; Protti et al., 2005). For
example, we now know that rabbit AI and AII amacrine cells are both directly driven by CBb6 ON cone wide-field bipolar cells via
ribbon synapses (Marc et al., 2014b), in contrast to all other published models. Additionally, the AII amacrine cells in non-primate
mammals and peripheral primate and human retina are heavily coupled to ON cone bipolar cells, leading to a distinctive glycine
signal in ON cone bipolar cells. While Kolb argues that the AII amacrine cells are excluded from fovea, glycine coupled ON cone
bipolar cells exist in the very center of the foveola (Kalloniatis et al., 1996) and Strettoi provides evidence that the AII amacrine cell is
present in fovea (Strettoi et al., 2018). This implies that there is a coupling motif in fovea that may bridge with rod systems in par-
afovea. On a broader scale, AII amacrine cell synaptic fanout and its control by inhibitory circuitry both matches (Beaudoin et al.,
2008; Field et al., 2009) and conflicts (Bloomfield and Dacheux, 2001; Bloomfield et al., 1997; Xin and Bloomfield, 1999) with
physiological interpretations, and some of that confusion may be due to species differences across mammalian retina. Our prelim-
inary analysis of the AII amacrine cells for example (Fig. 6), reveals substantial differences between mouse and rabbit. Morpholog-
ically of course, mouse AII amacrine cells are noticeably elongated to span the thicker inner plexiform layer and have a prominent
neck region. Lobular appendages of AII amacrine cells in both species extend thin stalks from the soma, neck and proximal arboreal
dendrites in the OFF sublamina, predominantly forming reciprocal synapses with OFF cone bipolar cells. In rabbits, multiple arbo-
real dendrites emerge from the base of the neck, branch and travel obliquely through the ON sublamina, and form gap junctions
with ON cone bipolar cells, neighbor AII amacrine cells, and itself. They extend laterally at the base of the inner plexiform layer,
collecting ribbon input from rod bipolar cells. In contrast, mouse arboreal dendrites stem from a single primary dendrite that
branches as it travels vertically through the IPL without self-branch interaction, terminating at variable depths that align with
the more broadly ramified axon terminals of rod bipolar cells. Conventional synapse to gap junction ratios reveal greater output
in the OFF vs ON layer in mouse compared to rabbit. Notably, mouse AII amacrine cells form gap junctions with the descending
axons of ON cone bipolar cells as they pass its soma, in contrast to rabbit, where gap junctions do not form at contacts proximal to
ON cone bipolar cell axon terminals (Wirthlin et al., 2019).
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What is the comparative anatomy/circuitry of crossover networks? We know now that there is no pure ON-OFF layering in rabbit or
mouse retinas, and that network crossover appears to be broadly found across retina with no pure rod and cone channels (Lauritzen
et al., 2013a; Lauritzen et al., 2012; Marc et al., 2013a,b). Is this inner plexiform crossover found in both rabbit and mouse retinas generally
applicable across mammals? It is reasonable to assume this is true for other mammalians, including primates. In both rabbit and
mouse, axonal ribbon outputs arise from all classes of ON cone bipolar cells as they traverse the OFF layer. Some bistratified
ON ganglion cells enter the OFF layer to capture axonal ON cone bipolar cell ribbons and OFF layer inhibition, completely bypass-
ing OFF cone bipolar cells. OFF cone bipolar cell processes penetrate deeply into the ON layer. Thus, stratification cannot predict the
function, and the polarities of ganglion cell responses cannot be guessed from their stratifications. Horizontal cells cannot provide
complete crossover, and rod bipolar cell to cone bipolar cell crossover motifs are complete and extensive. But the basis of psycho-
physical cross-suppression between rod and cone channels in humans has long remained an enigma. In rabbit retina, there are
twelve unique crossover inhibition motifs whereby all cone bipolar cells inhibit all rod bipolar cells and all cone bipolar cells
are themselves inhibited by rod bipolar cells (Fig. 2).Do these motifs exist in non-human primates and in humans? How might these motifs
bridge parafovea and the rod-free fovea where psychophysical rod effects can be measured (Thomas and Buck, 2006)? In addition to the
obvious questions on comparative anatomy, this has implications for retinal prosthetic designs especially if motivating models
(Werginz et al., 2015) misplace channels and ignore coupling, and for how optogenetics, photoswitches or cellular therapies are
implemented. If crossover networks become corrupted, cone channels should lose sensitivity due to decreased signal-to-noize ratios
with substantial implications for RP and AMD therapies.

1.18.4.1 Future Technologies and Technological Advancements

Technology does not stand still. The convenience of SBFSEM approaches is a new technological development that has facilitated
construction of low to mid-resolution connectomes. There is no getting around the physics of capture, and while TEM approaches
are the gold standard of ground truth, as the computational photography space has demonstrated, artificial intelligence and
machine learning approaches have remarkable promise in enhancing images or revealing topology relationships in lower resolution
datasets (Fang et al., 2019). Software based approaches to dataset construction (Anderson et al., 2011b; Saalfeld et al., 2009) can
clearly benefit dramatically from new artificial intelligence and machine learning approaches, as well as implementing currently
robust graphics processing unit implementations of data analysis and segmentation (Januszewski et al., 2018) along with frustrat-
ingly obvious, but as of yet unimplemented new methods for segmentation based upon the texture inherent in ultrastructural data-
sets. Segmentation of morphology and cellular identity however, is only part of the problem with connectome and
pathoconnectome datasets. The problem of identifying the actual connections between neurons with the various kinds of synapses
(conventional, ribbon, gap junction) combined with other types of spatial relationships like adherens junctions is currently a very
difficult process requiring expert human annotators. Here too, there are efforts underway to explore automated synaptic detection
(Dorkenwald et al., 2017) which, if successful could dramatically accelerate the timeline for building and annotating connectome
volumes. Regardless of the technology that comes forward, it is important to note that we will still for the foreseeable future have to

Figure 6 Comparative Anatomy of rabbit AII amacrine cells on the left, vs. Mouse AII amacrine cells on the right. The blue/green demonstrates the
pure morphology of the cells, while the gray demonstrates conventional pre-synaptic contacts in red, post synaptic densities in blue and gap
junctions in yellow. Rabbit AII amacrine cells are more compact, while mouse AII amacrine cells are elongated to span the thicker inner plexiform
layer. Analysis reveals differing ratios of conventional synapses to gap junctions, with greater output in the OFF vs ON layer in mouse compared to
rabbit, and a more distinctly compartmentalized morphology in mouse AIIs with distinct neck and waist regions.
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become intimately familiar with the data and understand what it means, and how to interpret connectomics as a framework that we
will then implement into models informed by all the other work that has come before, currently and in the future to help define
performance limits and parameters in models that will help to inform and explain how neural circuits engage in computation. This
work will rely heavily upon electrophysiology (Johnston and Lagnado, 2015), but molecular biology, genetics, psychophysics,
developmental biology, and metabolism will have to play large roles in understanding how neural systems “compute”.

It is also worth noting that we are early in the days of connectomics, with large efforts being made to define the technological
capabilities and capacities of our tools to build and derive understanding from connectomes. While efforts are being made to go
bigger, to obtain monolithic volumes of representative cell classes and types of circuits, the future will likely be smaller, more tar-
geted volumes centered around specific questions or diseases. But we will need the larger canonical volumes as a frame of reference
to understand what is “normative”. Every new field goes through this process and we are currently about a decade into concerted
efforts to build and understand connectomics as a field. Like the genetic or molecular biological revolutions, it will take some time
to reach a point where incorporation of these approaches into the common framework and practice of visual neuroscience, occurs.
More importantly, we are entering a transformative period where the technologies behind connectomics are starting to become
democratized, allowing more laboratories to build their own connectomes and ask questions that drive their work. And like the
molecular biological revolution, this democratization of tools and resources will be essential to moving not only the field forward,
but also our understanding of the science that emerges from it.

1.18.5 Conclusion

Retinal connectomics is a nascent and tremendously powerful field of study that promises to reveal the ground truth of how infor-
mation is processed in retinas and by extension, in neural systems in general. However, it is important to note that while promising,
retinal connectomics is not the ultimate answer to how retinas process information. Rather, retinal connectomics creates frame-
works of relationships and connectivity that the entire literature in retinal molecular biology, genetics, electrophysiology, behavior,
psychophysics, and comparative anatomy can be hung upon to further our understanding of how retinas process visual primitives
that are then sent onto higher centers for further processing. This knowledge will reveal not only how retinas process information,
but also reveal how neural systems in general process information, and potentially help resolve debates that go back to the begin-
nings of artificial intelligence andmachine learning on how neural systems “compute” information. For vision research, retinal con-
nectomics is also providing a frame of reference with which to compare normal neural circuit topology and visual processing in
retina with the changes in neural circuit topologies that occur in retinal degenerative disease as retinal remodeling progresses.
This knowledge will be critical in designing therapeutic interventions to blinding diseases.
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