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A B S T R A C T   

Connectomics has demonstrated that synaptic networks and their topologies are precise and directly correlate 
with physiology and behavior. The next extension of connectomics is pathoconnectomics: to map neural network 
synaptology and circuit topologies corrupted by neurological disease in order to identify robust targets for 
therapeutics. In this report, we characterize a pathoconnectome of early retinal degeneration. This patho
connectome was generated using serial section transmission electron microscopy to achieve an ultrastructural 
connectome with 2.18nm/px resolution for accurate identification of all chemical and gap junctional synapses. 
We observe aberrant connectivity in the rod-network pathway and novel synaptic connections deriving from 
neurite sprouting. These observations reveal principles of neuron responses to the loss of network components 
and can be extended to other neurodegenerative diseases.   

1. Introduction 

1.1. Connectomics 

The precise organization of neurons and their connections in brain, 
retina, and spinal cord defines network topologies underlying healthy 
nervous system processing (Marc et al., 2013). This has been demon
strated in numerous neural networks from spinal circuits (Catela et al., 
2015), to C. Elegans (White et al., 1986), to the cerebral cortex (Lee et al., 
2016), where distinct classes of neurons participate in synaptic networks 
to create precise network topologies. The study of all of the synaptic 
connections (ideally both chemical and electric) between all cells in a 
given neural network is termed connectomics. In 2011, we published the 
first retinal connectome, Retinal Connectome 1 (RC1): an ultrastructural 
connectome of rabbit retina generated to elucidate the neural networks 
in retina contributing to visual processing (Anderson et al., 2011a). 
Many papers have detailed the specificity of retinal network motifs 
(Diamond, 2017; Thoreson and Dacey, 2019; Thoreson and Witkovsky, 

1999; Tsukamoto and Omi, 2015, 2014, 2013), including those deriving 
from RC1 (Anderson et al., 2011a; Lauritzen et al., 2013; Lauritzen et al., 
2019; Marc et al., 2014; Marc et al., 2018; Sigulinsky et al., 2020), but 
there are many more motifs yet to discover, particularly those involving 
inhibitory networks and glial interactions (Pfeiffer et al., 2019). 

1.2. Why the retina 

The retina is an ideal candidate for connectomics approaches. It is 
compact and highly ordered, with a series of neuronal cell soma layers 
and plexiform or interconnecting layers containing repeating network 
motifs (Masland, 2012). Understanding how retinal neural circuits are 
organized, may in fact reveal general principles that neural circuits use 
in other nervous system tissues. Annotation and analysis of retinal 
connectomes is delivering a more complete understanding of the orga
nization of neural network topology in retina than we have from any 
other region of the mammalian CNS. 

The retina is unique in its accessibility, as gross histology, functional, 
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and behavioral assays can be conducted non-invasively, down to cellular 
resolution in living animals using optical coherence tomography (OCT) 
(Lujan et al., 2015) and electroretinogram (ERG) (Creel, 2019) to track 
the progression of disease. This accessibility is important for under
standing the basic network topologies of healthy retinas in addition to 
dynamic processes such as development (Johnson et al., 2017; Tien 
et al., 2017), and how topologies are altered through aging (Samuel 
et al., 2011), and disease. 

1.3. Neural networks in degeneration 

Disruption of neural network organization leads to deficits or failures 
in network function (Chew et al., 2017; Day et al., 2006; delEtoile and 
Adeli, 2017). In a simple, static network, this is intuitive: Neuron A is 
presynaptic to neuron B, neuron B is presynaptic to neuron C, the loss of 
neuron A or B will lead to a lack of input to neuron C (Bargmann et al., 
1993). These simple neural network graphs rapidly gain complexity 
with the addition of more neurons and associated synapses. Therefore, 
understanding neural networks and how changes in them contribute to 
the failure of appropriate network processing in neurological disease or 
retinal degeneration is critical for understanding the progression of 
these diseases (Agosta et al., 2010; Day et al., 2006; delEtoile and Adeli, 
2017; Guo et al., 2015; Lacor et al., 2007). Furthermore, creating tar
geted therapeutic interventions to stop, reverse, modify, or interact with 
degenerate neural networks will depend upon understanding precisely 
which targets are involved in networks that are altered in disease. 

1.4. Retinal degenerative disease: retinitis pigmentosa and age-related 
macular degeneration 

Progressive neurodegenerative disease seen in retinal degenerative 
diseases like retinitis pigmentosa (RP) (Jones et al., 2016a) or 
age-related Mmcular degeneration (AMD) (Jones et al., 2016b) have 
many causes, but the final remodeling pathways converge on photore
ceptor cell death, retinal remodeling, and often blindness. RP is a retinal 
disease with hallmarks of photoreceptor degeneration and subsequent 
neural retinal deafferentation, affecting approximately 1 in 4000 in
dividuals (Hamel, 2006). Although over 100 genes are associated with 
this disease, the sequence of degeneration and clinical findings in rod 
dominated RP are: rod photoreceptors degenerate causing neural retinal 
deafferentation, loss of night and peripheral vision, followed secondarily 
by the degeneration of cone photoreceptors and total or near total vision 
loss (Hartong et al., 2006). In the retina, these negative plastic changes 
and cell death revise the circuit topology through a process called retinal 
remodeling (Jones and Marc, 2005; Marc et al., 2003) that has been 
observed in not only human RP, but also all models examined to date of 
RP, as well as human AMD. This retinal degeneration can progress to 
complete neurodegeneration, similar to that seen in other neurodegen
erative diseases Pfeiffer et al., 2020b. 

This report examines the earliest ultrastructural changes in circuitry 
of the retina of a model of RP, resulting in rewiring, which is the specific 
process of changes in network topology that occur through neurite 
outgrowth (Fariss et al., 2000; Lewis et al., 1998; Strettoi and Pignatelli, 
2000), formation of new synapses (Peng et al., 2000), and loss of existing 
connections (Linberg et al., 2006). 

1.5. Pathoconnectomics 

Recent work has demonstrated that retina behaves similarly to CNS 
with respect to late stage disease with many of the same features 
observed in retina as in other neuropathies of the brain (Pfeiffer et al., 
2020b). This, combined with the features that made the retina ideal for 
the initial mapping of neuronal networks, makes it the best candidate for 
mapping neuronal network disruptions that occur as a result of neuro
logical disease. We are evaluating these disruptions by creating a series 
of connectomes of pathological tissue at advancing stages of 

degeneration: Pathoconnectomes. This is the first publication to our 
knowledge, noting the creation of pathoconnectomics approaches, or 
pathological connectomes of disease tissues to demonstrate how wiring 
is altered in models of neurodegeneration. It is our hypothesis that 
network changes associated with retinal degenerative disease, found in 
retinal pathoconectomics will expose underlying principles of negative 
plasticity that are generalizable across the CNS. 

Our goal is to detail all of the network topologies in retina disrupted 
by photoreceptor degeneration. The purpose of this is two-fold: 1) To 
create network diagrams for better targeting of therapeutic in
terventions for vision loss. 2) To uncover the basic principles of neural 
network responses to altered or missing input. In this report, we intro
duce the structure, features, and initial findings from Retinal Patho
connectome 1 (RPC1). RPC1 is an open-access, serial-section 
transmission electron microscopy (ssTEM) pathoconnectome volume, 
generated from a rabbit model of autosomal-dominant cone-sparing RP. 

2. Material and methods 

2.1. Model system 

The retina used to generate RPC1 is from a heterozygous transgenic 
(Tg) P347L rabbit, which was originally generated in the Kondo Labo
ratory (Kondo et al., 2009). The Tg P347L rabbit has been extensively 
characterized and follows a pattern of progression similar to that of 
human cone-sparing RP (Jones et al., 2011; Ueno et al., 2019). The 
rabbit was 10 months old at the time of enucleation and extensive 
photoreceptor degeneration had begun, though the central retina still 
had numerous rods intact. The retina used in the control connectome 
RC1, was from a 13-month-old Dutch belted rabbit. The characteristics 
of RC1 volume have been described previously (Anderson et al., 2011a). 
All animal experiments were conducted according to the ARVO State
ment for the use of animals in Opthalimic and Vision Research, with the 
approval of the Institutional Animal Care and Use Committee (IACUC) of 
the University of Utah. 

2.2. Tissue preparation 

Tissues are fixed in a mixed aldehyde solution (1% formaldehyde, 
2.5% glutaraldehyde), dehydrated in graded alcohols, then embedded in 
epoxy resins. Tissues are then serially sectioned at 70 nm and prepared 
for TEM capture or CMP analysis by placing the section on a formvar 
grid or 12-well slide, respectively. 

2.3. Image acquisition 

Transmission electron microscopy (TEM) provides the high resolu
tion required for connectomics approaches to visualize the network 
components, including chemical synapses and gap junctions, along with 
the quantitative aspects of computational molecular phenotyping (CMP) 
to molecularly label cell identity (Anderson et al., 2011a). These ap
proaches have been previously used to create a healthy rabbit con
nectome RC1: a 250 μm in diameter volume of retina spanning from the 
apical inner nuclear layer (INL) to the basal ganglion cell layer (GCL), 
which serves as a ground truth for normal retinal circuit topology. RPC1 
was constructed in identical fashion. In electron microscopy, adequate 
resolution is required to definitively identify all network components 
(2.18nm/px is the lowest resolution in which gap junctions can be 
positively identified) and the identification of pre- and post-synaptic 
structures is crucial to the accurate identification of networks. There
fore, our routine TEM acquisitions are acquired at 2.18 nm/pixel, and 
sections can be re-imaged at 0.27 nm/pixel, with a goniometric tilt as 
necessary to confirm certain circuit identities like gap junctions (Kolb 
and Famiglietti, 1974; Marc et al., 2018; Sigulinsky et al., 2020). 
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2.4. Volume assembly and annotation 

Serial TEM images were acquired on a JEOL JEM-1400 electron 
microscope with a 16-Mpixel Gatan camera, while CMP images were 
acquired using a Leica light-microscope affixed with 8-bit CCD camera. 
RPC1 was assembled using the custom Nornir tools developed for vol
ume assembly. Nornir combines individual images acquired from 
transmission electron microscopy or from a light-microscope, and reg
isters individual image tiles into assembled mosaics before using auto
mated registration to align adjacent sections throughout the volume, 
with minimal manual correction (Anderson et al., 2009; Marc et al., 
2012). Following volume assembly, navigation and annotation of the 
dataset is performed in the Viking software environment (Anderson 
et al., 2011b). Annotation of every chemical or electrical synapse type is 
made to avoid false positives of connectivity and minimize missed 
structures. For further description of synapse identification metrics used 
in this study, see Supplementary Figs. S1–S3. 

2.5. Computational molecular phenotyping (CMP) 

Along with ultrastructural data, molecular tagging of cellular iden
tity is fundamental to understanding contributors to neuronal networks. 
CMP allows for cell classification through quantitatively evaluating the 
combinations of small molecules, which are stoichiometrically trapped 
during fixation (Marc and Cameron, 2002; Marc et al., 1995; Ottersen, 
1989), and detected with glutaraldehyde-tolerant IgGs. The concentra
tions of the probed amino acids and proteins are used in the identifi
cation of cells beyond their morphology and synaptology (Table 1). For 
more in depth information on CMP technologies and usage see (Marc 
and Jones, 2002Marc et al., 1995; Pfeiffer et al., 2020a). Small molecule 
IgGs to GABA, L-glutamate, L-glutamine, glycine, and taurine, in addi
tion to IgGs targeting glial fibrillary acidic protein (GFAP) were used in 
the classification of cells in the RPC1 volume. 

2.6. Viking software 

Viking annotations encode information about the size, structure, and 
location of all annotated structures within connectomes and patho
connectomes, facilitating database-base queries of parameters including 
statistics of encoded structures (Anderson et al., 2011b; Marc et al., 
2012). These databases are publicly accessible at www.connectomes. 
utah.edu and http://websvc1.connectomes.utah.edu/RPC1/OData. 

2.7. Figure assembly 

Figures were assembled using screenshots from the RPC1 volume in 
Viking (http://connectomes.utah.edu/, RRID:SCR_005986), 3D render
ings of cells were generated in VikingView (https://doi.org/10. 
5281/zenodo.3267451, https://zenodo.org/record/3267451#.XS 
UW1OhKguU), and whole volume renderings were generated in 
Blender (http://www.blender.org/; RRID: SCR_008606). Final figure 
assembly was done in Photoshop 6.0. 

3. Results 

3.1. Retinal pathoconnectome 1 (RPC1) 

RPC1 is composed of 946 serial TEM sections with 14 intercalated 
IgG probes generated against small molecules important in metabolism 
(Fig. 1). In this volume, 1 out of 30 sections cut were placed on slides for 
Computational Molecular Phenotyping (CMP) probing, while the other 
sections were placed on formvar grids for ssTEM imaging. The RPC1 
volume is narrower in diameter (70 μm) than our control RC1 volume 
(250 μm), allowing for more rapid capture and assembly, while still 
large enough to capture repeated rod-network motifs (Lauritzen et al., 
2019). RPC1 is the first pathoconnectome volume in a series of 3, each 
with increasingly severe photoreceptor degeneration (with eventual 
neurodegeneration in later timepoints) to chronicle landmarks in 
rewiring as the disease progresses (For more complete description of 
disease progression in the Tg P347L retina, please see Pfeiffer et al., 
2020b or Jones et al., 2011). RPC1 derives from a 10-month-old Tg 
P347L rabbit retina, model of RP (see methods). In the selected region of 
retina (peri-visual streak), photoreceptor degeneration had initiated and 
the outer nuclear layer (ONL) was reduced in thickness by approxi
mately 50% (Fig. 1A). Though rod photoreceptors were the most heavily 
degenerated neuronal class, many rods remain morphologically intact. 
The remaining rod photoreceptors, along with the inner retinal cell 
population, allowed for connectomics-based evaluation of early-stage 
RP rewiring, corresponding to a clinical point where human patients 
would still have vision, though would likely be suffering from scotopic 
deficits as well as adaptation deficits. In total, 321 neuronal and glial 
somas have been identified within the volume and assigned to broad 
classes in RPC1. The breakdown of cells is as follows: 113 photorecep
tors, 5 horizontal cells, 81 amacrine cells, 79 bipolar cells, 4 ganglion 
cells, at least 36 Mϋller glia, and 4 microglia. Examination of these cell 
classes has revealed altered network topologies associated with rewiring 
in early photoreceptor degeneration, prior to complete rod degeneration 
or inner retinal neuronal loss. 

3.2. Rod-network pathologies 

Rod photoreceptors are the first cells in this heterogeneous neuronal 
network to degenerate. Therefore, the first network we sought to char
acterize in RPC1 was the rod-mediated network. The literature of retinal 
networks is vast, so only a simplified description of the rod-network is 
provided below along with a graphical description (Fig. 2). For more 
comprehensive descriptions of additional retinal networks see: (Dia
mond, 2017; Lauritzen et al., 2019; Marc et al., 2014; Marc et al., 2018; 
Thoreson and Dacey, 2019). 

Rod photoreceptors (rods) are specialized neurons responsible for 
detection of photons in low-light (scotopic) conditions. Following 
photon capture, rods initiate an enzymatic cascade ultimately leading to 
a hyperpolarization. This hyperpolarization causes a decrease in gluta
mate release into the synaptic cleft, signaling to postsynaptic rod bipolar 
cell (RodBCs) dendrites, via the first synapse in vision located in the 
outer plexiform layer (OPL). Axons of RodBCs branch and synapse in the 
deepest layer of the inner plexiform layer (IPL), close to, but not con
necting with ganglion cells in the ganglion cell layer (GCL). RodBCs are 
presynaptic to at least 2 classes of amacrine cells: GABAergic amacrine 
cells (γACs) and Aii glycinergic amacrine cells (Aii GACs). Aii GACs are 
chemically presynaptic to OFF cone bipolar cells (OFF CBC) using the 
neurotransmitter glycine, causing inhibition. However, in the ON-layer, 
Aii GACs make gap junctions with ON cone bipolar cells (ON CBCs), 
sharing their polarization state through these gap junctions with the ON 
CBCs. ON CBCs in turn synapse with ganglion cells that ultimately 
project out of the retina, and into the brain via the optic nerve, thereby 
passing the rod signal out of the retina. In healthy retina, RodBCs are 
never presynaptic to ganglion cells and therefore “piggyback” on the ON 
CBC pathway using the Aii GAC as described above. This rod pathway is 

Table 1 
Immunocytochemistry reagents.  

Reagent RRID Source Dilution 

anti-L-glutamate IgG AB_2532055 Signature Immunologics 1:50 
anti-glycine IgG AB_2532057 Signature Immunologics 1:50 
anti-L-glutamine IgG AB_2532059 Signature Immunologics 1:50 
anti-taurine IgG AB_2532060 Signature Immunologics 1:50 
anti-GABA IgG AB_2532061 Signature Immunologics 1:50 
anti-GFAP AB_10013382 Dako 1:200  
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highly conserved and observed in all mammalian retinas. 

3.2.1. RodBC outer plexiform layer pathology 
RPC1 contains 17 RodBCs, 8 of which have axonal and dendritic 

arbors contained entirely within the volume. RodBCs are traditionally 
thought to be exclusively postsynaptic to rod photoreceptors in the 
healthy retina. In contrast, recent studies have proposed that RodBCs 
may be post-synaptic to cones in addition to rods in healthy retina. In 
evaluating these studies, we find the resolution and lack of clear post- 
synaptic densities to the cone pedicles make it difficult to determine 
whether the RodBCs are truly synapsing with the cone pedicle or merely 
traversing in close proximity (Behrens et al., 2016; Pang et al., 2018). 
Because our RC1 volume does not include an OPL, we could not directly 
assess whether these contacts exist using our identification metrics, 
though the serial TEM reconstruction of RodBCs in a healthy mouse by 
Tsukamoto and Omi failed to identify any cone inputs to these cells 
(Tsukamoto and Omi, 2013). In photoreceptor degeneration retinal 

diseases however, it is widely accepted that RodBCs retract their 
rod-contacting dendrites as rods die and extend new neurites towards 
cone pedicles making peripheral contacts (Peng et al., 2000). In evalu
ating the OPL of RPC1, we found this process initiates prior to complete 
rod degeneration. 7 RodBCs maintained contact with existing rods, 
while many simultaneously demonstrated aberrant contacts with cones 
or indeterminate photoreceptors (Fig. 3A). We observed 12 RodBCs 
post-synaptic to cone photoreceptors, with 4 of those cone-contacting 
RodBCs maintaining at least 1 post-synaptic density to a rod axon ter
minal (spherule) (Table 2). Though most cone-contacts are with tradi
tional cone axon terminals (pedicles) (Fig. 3B), we found one instance of 
a sprout off the primary pedicle with a secondary terminal presynaptic 
to RodBC 822 (Fig. 3B+E). We found an additional 12 RodBCs with 
densities opposing non-traditional structures containing ribbons 
(Fig. 3F). In these cases, we found 1 RodBC opposing axonal ribbons and 
no terminal, and 11 opposing ribbon terminals inconsistent with 
morphology typically associated with rod spherules or cone pedicles and 

Fig. 1. Overview of RPC1. (A) Vertical section through tissue directly adjacent to the tissue processed for the RPC1 volume. (B) 3D composite volume of RPC1. 
Pseudocolored sections illustrate the locations of CMP sections for small molecules indicated in 1C. (C) Overlaid CMP sections from RPC1 on their adjacent TEM 
sections. Letters indicate probes used: Glutamate (E), Taurine (τ), Glycine (G), GABA (γ), Glutamine (Q), and glial fibrillary acidic protein (GFAP). 
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could not be conclusively morphologically classified as a rod or cone 
terminal. Because 9 of the RodBC dendritic arbors evaluated are not 
entirely contained within the volume, the number of cone contacts made 
by RodBCs in RPC1 may be greater than the currently tabulated 70.5% 
(12/17). These results confirm previous light microscopy work indi
cating RodBCs extend neurites to cone pedicles as the rod photorecep
tors degenerate, and expands upon this by determining RodBCs extend 
neurites towards cone pedicles prior to becoming fully deafferented 
from rod spherules. For complete list of RodBC photoreceptor contacts 
see Table 2. 

3.2.2. RodBC inner plexiform layer pathology 
We then compared the inner retinal network of RPC1 with the pre

viously described IPL network topologies of RC1 to determine the po
tential network impacts of changes in RodBC inputs. RodBCs are 
typically only associated with chemical synapses within the IPL. Spe
cifically, RodBCs in the healthy retina are found presynaptic via gluta
matergic ribbon synapses to Aii GACs and yACs. We found the total 
ribbon synapses made by complete RodBCs of RPC1 (n = 8) were similar 
to representative RodBCs (n = 5) from RC1. RPC1 ribbons: 34.125 ±
4.29 (mean ± standard deviation) and RC1 ribbons: 34.4 ± 2.5 (p = 0.8, 
unpaired Student’s-t-test). Although the numbers of ribbon synapses 
were not altered, some ribbon synapses of bipolar cells, including 
RodBCs, were morphologically altered. Rather than the typical “bar” 
shaped ribbons (Fig. 4A), a subset of ribbons (n = 16) had a spherical 
morphology (Fig. 4B + C) commonly associated with immature or dis
assembling ribbon synapses (Adly et al., 1999; Spiwoks-Becker et al., 
2004; Strettoi et al., 2002). In addition to their presynaptic signaling, 
RodBCs are also heavily postsynaptic to inhibitory synapses from yACs 
(Lauritzen et al., 2019). The prevalence of postsynaptic densities was 
also similar between RPC1: 69.625 ± 14.050 and RC1 62.8 ± 13.498 (p 
= 0.406, unpaired Student’s-t-test). These results suggest that chemical 
synapse numbers are not substantially changed at this early stage of 
photoreceptor degeneration. For complete list of RodBC synapses see 
Table 2. 

Chemical synapses between RodBCs, Aii GACs, and yACs appear to 
be largely intact in the early degenerate retina and occur in similar 
frequency to that observed in healthy retina. However, we observed the 
emergence of gap junctions involving RodBCs of RPC1. In the adult 
healthy mammalian retina, RodBCs do not make gap junctions. This is 
confirmed in our RC1 volume, where none of the 104 RodBC axonal 
arbors are found to contain a single gap junction (Sigulinsky et al., 

2020). In contrast, all 17 RodBCs found within RPC1 formed at least 1 
gap junction. In total, we have identified 50 candidate gap junctions, 18 
of which were confirmed using high magnification (0.43nm/pixel) and 
goniometric tilt (Fig. 5), which revealed the confirmatory pentalaminar 
structure associated with gap junctions. At least one gap junction per 
RodBC was confirmed using high magnification with the exception of 
RodBC 26167, which is largely off volume and recapture was not 
possible of its only identified candidate gap junction. Next, we identified 
gap functionally coupled partners of these RodBCs. No gap junctions 
were found between paired RodBCs in RPC1, despite substantial overlap 
of arbors in some areas (Fig. 5C). Of the 50 gap junctions, 48 (96%) were 
positively identified with Aii GACs. In all cases of gap junctions with Aii 
GACs in RPC1, the individual RodBC was also heavily presynaptic to the 
same Aii GAC via glutamatergic ribbon synapses, often within the same 
varicosity as the gap junction. Of the gap junctions not made with a 
confirmed Aii GAC, 1 was with an unidentified partner, which could not 
be conclusively identified due to being near the volume edge. The other 
non-Aii GAC partner was an ON CBC. These data demonstrate that 
RodBCs, early in the retinal degenerative process, alter their inner retina 
synaptology through the formation of gap junctions, especially with Aii 
GACs, though chemical synaptology remains intact. There also appears 
to be preferred class-specific partnering via gap junctions that may 
reveal the presence of cell-cell markers or targets for therapeutic inter
vention. What implications this has for network performance or stability 
is currently unclear, but is an area of future modeling work. 

3.3. GABAergic amacrine cell neurite sprouting 

There are 31 identified and annotated GABAergic amacrine cell 
(γAC) somas contained within the RPC1 volume. In the healthy retina, 
γACs (with the exception of some starburst amacrine cells) have a soma 
that is predominately positioned within the INL just apical to the IPL, 
with processes extending solely into the IPL. Within the IPL yACs make 
conventional inhibitory chemical synapses with multiple partners, and 
some classes are also known to make extensive gap junctions with other 
yACs and certain classes of ganglion cells (Marc et al., 2018). All 107 
γACs contained within RC1 are consistent with this description. 

Conversely in disease, prior work has demonstrated that processes of 
γACs can be found extending apically towards the OPL during photo
receptor degeneration (Jones et al., 2011). However, it was unclear 
whether these GABAergic processes were neurites that extended off of 
the normal processes below the soma before extending apically, or 
whether they arose from the soma itself. In RPC1, 4 of the 31 γACs were 
found to extend processes from the apical side of their somas into the 
OPL (γAC cell #s: 769, 993, 997, and 2627) (Fig. 6). Not only is this 
confirmatory at ultrastructure of the previously described novel 
GABAergic processes in the OPL, but demonstrates that the extension of 
these processes arises from the soma, and manifests prior to complete 
loss of rods. We then analyzed the synaptic connections made by these 
aberrant apical processes and found chemical synapses in the OPL made 
by these γAC neurites. However, the number of synapses and their pre- 
and post-synaptic partners was variable. γAC 769 extended into the OPL, 
but made no identifiable synapses. Conversely, γAC 993 was the most 
complex of these apical extending processes. γAC 933 made 6 synaptic 
contacts in the OPL: 2 postsynaptic densities to conventional synapses 
originating from horizontal cells and 4 synapses in which γAC 993 was 
presynaptic to multiple classes of ON bipolar cells, creating a novel 
2-hop inhibitory network between horizontal cells and ON bipolar cells. 
γAC 997 was postsynaptic to a single horizontal cell, and γAC 2627 was 
presynaptic to a horizontal cell and an OFF bipolar cell. These connec
tivities are novel in 2 distinct ways: 1) γACs in RPC1 make typologically 
correct contacts with bipolar cells, even when encountered in the wrong 
lamina. 2) γACs make aberrant synapses with horizontal cells that they 
never come in physical proximity with in the healthy retina, potentially 
affecting center-surround inhibition created by the horizontal cells. This 
demonstrates the ability of deviant processes that infiltrate an aberrant 

Fig. 2. Simple diagram of rod bipolar cell network. Solid arrows indicate 
glutamatergic synapses. Open arrows indicate inhibitory synapses (GABA or 
glycine). Solid circles indicate ionotropic glutamate receptors, while mGluR6 is 
indicated by the double open circles. Gap junctions are indicated by zig- 
zag lines. 
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layer to make synapses with numerous typologically correct and incor
rect partners, clearly altering the neural networks downstream of cells 
actively undergoing degeneration. 

4. Discussion 

Rewiring of neural networks through plasticity mechanisms is a 
prominent consequence of injury or disease in the central nervous sys
tem. Multiple studies have explored the mechanisms of neurite 
outgrowth (Lin et al., 2012), localized the sites of projections (Fisher 
et al., 2005; Peng et al., 2000), and identified a subset of synaptic 
partners (Fisher et al., 2005; Morimoto et al., 2004; Schmid et al., 2016). 
Unfortunately, exploring this using antibody probes relies on 

pre-existing expectations of proteins that may be involved. In addition, 
even when the correct protein is predicted, many synaptic structures 
underlying networks are too small to resolve in light microscopy or 
lower resolution electron microscopy approaches. Ultrastructural path
oconnectomes captured at 2nm/pixel allows for exploration and char
acterization of these novel networks formed by native neurons and 
aberrant neurites to establish precise wiring topologies, as well as 
identify potential rulesets that neural tissues undergoing degeneration 
may adopt. These networks also identify targets for potential therapeutic 
intervention. 

In RPC1, this region of retina still contains both cones and a sub
stantial population of rod photoreceptors. Therefore, this region would 
likely still exhibit both photopic and scotopic light responses, but might 

Fig. 3. RodBC dendritic contacts. (A) 2D projection image of RodBC dendrites and their synapse locations with rod (red), cone (blue), and indeterminate (yellow) 
photoreceptors. Ribbon locations are represented by bright green squares. (B) 3D morphology renderings of RodBC (teal) 822’s synapses with rod (red), cone (dark 
blue), and indeterminate (yellow) photoreceptors. Location of ribbon synapses are indicated by white spheres. Cell bodies are indicated hollow arrows and neurites 
are indicated with solid arrows. Note: Rotation is altered between photoreceptor type to allow for best view of synapse locations. (C) Representative rod photoreceptor 
synapse of RodBC 822 postsynaptic to rod 23098. (D) Representative cone photoreceptor synapse between a cone photoreceptor 34259 and RodBC 1223. (E) 
Representative photoreceptor synapse between 23084 cone neurite ribbon and RodBC 822 (F) Representative photoreceptor synapses between an indeterminate 
photoreceptor 31097and RodBC 822. Black arrowheads indicate ribbon densities, while white arrowheads indicate associated post-synaptic densities. Pseudocolored 
Images Scale bars 500 nm. Higher Magnification Scale Bars 250 nm. 
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have difficulty adapting between the two environments given corrup
tion of the rod network through the introduction of gap junctions. These 
findings support clinical observations in patients undergoing early 
stages of progressive retinal degenerative diseases (Kalloniatis and 
Fletcher, 2004). Our observations of changes in the rod pathway and 
γAC connectivities are important contributing components to under
standing the progression of retinal degenerative disease, and are 
fundamentally important to implementing therapeutic interventions. It 
is crucial to note that these network revisions are occurring prior to 
substantial inner retina neuronal cell loss, and certainly prior to the 
network completely failing. 

RodBCs retract processes away from rod photoreceptor terminals 
(while maintaining contact with others) and instead contact cone ped
icles in addition to apparent neurites off of cone pedicles. This possibility 
was suggested from earlier studies, but the precise connectivity required 
connectomic analysis. Beier and colleagues demonstrated in 2017, that 
following laser ablation of rod photoreceptors, RodBCs would extend 
new processes to rods still intact at the edge of the ablation zone (Beier 
et al., 2017). These results demonstrate deafferented RodBCs do search 
for new photoreceptor inputs, though in this study it was concluded that 
there is a preferential selection for rod photoreceptor terminals when 
they are available. Our findings indicate that while rods are likely still 
the preferred input for RodBCs, they will begin making aberrant syn
apses with cone terminals prior to the complete loss of available rods, 
including with neurite sprouts off of existing cone terminals. Prior 
studies by Fei et al. and Lin et al. 2009, demonstrated cone neurite 
sprouting in late retinal degeneration following substantial cone 
degeneration (Fei, 2002) and the initiation od cone remodeling in rd1 
mice by pnd 8, with cone sprouts visible by pdn 25 (Lin et al., 2009). 
However, we find this process initiates early in photoreceptor degen
eration, prior to the complete loss of rod photoreceptors and onset of 
cone degeneration. Also, in 2017 work from the Kerschensteiner group 

demonstrated high plasticity in RodBCs where following partial ablation 
of RodBCs, the surrounding RodBCs will expand their dendritic and 
axonal territories to fill the gap (Johnson et al., 2017). We find no clear 
morphological changes in the axons of the RodBCs of RPC1, however, 
we also do not observe a clear decrease in RodBC packing density. It is 
possible this phenomenon will emerge in future pathoconnectomes of 
more advanced retinal degeneration as inner retinal cell death initiates. 
Finally, the plasticity of the RodBCs and their ability to restore some 
afferent input during photoreceptor degeneration is likely also related to 
the age of the animal. The Kerschensteiner group recently published a 
study describing the plasticity of cone bipolar cells in restoring afferent 
input at different ages (Shen et al., 2020). This study found that most 
ON-cone bipolar cells most lose plasticity required to completely restore 
proper inputs as the animal ages. While they did not explicitly investi
gate RodBCs, it is likely that age of the animal plays a role in the RodBC 
plasticity and ability to restore the same levels of afferent input should 
rod degeneration be halted or therapeutically restored. Our results 
extend our knowledge of RodBC inputs during early retinal degeneration 
and indicate that early in retinal degeneration there is mixing of the rod 
and cone inputs through the RodBCs. 

Although the numbers of ribbons and gross morphology of the 
RodBC axons were similar between RodBCs of RPC1 and RC1, the 
spherical ribbon synapses were unique to RPC1, and their altered 
morphology origins could be complex. With respect to retinal degener
ation, Strettoi et al. described ribbons with similar morphology in the 
RodBCs of postnatal day 30 (pnd30) rd1 mice (Strettoi et al., 2002). At 
this time point, photoreceptors are largely degenerated and RodBCs 
never fully develop due to the rapid onset and progression of photore
ceptor degeneration in this model. Based on this and morphological 
similarities between ribbons in pnd30 rd1 mice, and developing ribbons, 
Strettoi and colleagues proposed that the spherical ribbons were due to 
lack of complete RodBC development in this model. In the P347L 

Table 2 
RodBC synaptic contacts.  

ID Label Ribbons Gap Junctions Rod Input Cone Input Indeterminate Input IPL Inhibitory PSDs Fully contained in volume 

822 RodBC 38 4 2 2 5 93 y 
933 RodBC 35 2 3 2 3 62 y 
1001 RodBC 31 3 0 3 2 70 y 
1069 RodBC 32 7 0 2 1 61 y 
1223 RodBC 21 2 0 2 0 32 n 
1232 RodBC 35 3 0 4 3 62 y 
1242 RodBC 25 1 0 1 1 70 n 
1243 RodBC 27 6 0 2 2 56 y 
1258 RodBC 27 2 0 0 2 56 n 
1537 RodBC 34 3 1 1 4 89 y 
22748 RodBC 20 3 2 0 1 38 n 
25001 RodBC 41 4 1 2 0 63 y 
26167 RodBC 16 1 1 0 0 53 n 
30692 RodBC 15 1 0 0 1 28 n 
30804 RodBC 32 4 2 0 2 57 n 
31982 RodBC 17 1 0 1 2 22 n 
41743 RodBC 26 5 0 1 0 61 n  

Fig. 4. Spherical Ribbons in RodBCs of RPC1. (A) Example normal ribbon made by RodBCs. (B) 2 example spherical ribbons. (C) The hollow conformation of 
spherical synapses. Scale bars: 100 nm. 
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transgenic model, lack of complete development is not a confounding 
feature, the Tg P347L rabbit retina fully develops and does not initiate 
degeneration until approximately 3 months of age (Jones et al., 2011; 
Kondo et al., 2009). Further suggesting photoreceptor degeneration as 
an initiating cause of abnormal ribbon morphology, a recent publication 
by Strettoi and colleagues demonstrates the appearance of spherical 
(they term globular) ribbons following photoreceptor degeneration in a 
photoinducible (I307N) retinal degeneration mouse model (Stefanov 
et al., 2020). Spherical ribbons, however are not isolated to the devel
oping or degenerating retina. Vollrath and colleagues demonstrated the 
presence of spherical synaptic bodies in photoreceptor terminals 
appearing coordinated with time of day and illumination of the photo
receptors and are associated with the shortening and lengthening of 
photoreceptor terminal ribbons. A greater number of spherical bodies 
near ribbon synapse sites appear in the middle of the subjective day, and 
are largely abolished during subjective night, and in continuous dark
ness (Adly et al., 1999; Spiwoks-Becker et al., 2004). In addition, 

Schmitz, confirmed the findings of Vollrath and colleagues while adding 
the hypothesis that decreasing levels of intracellular calcium may be 
contributing to the disassembly of photoreceptor ribbon synapses during 
high illuminance (Schmitz, 2014). Combined, these studies suggest a 
number of mechanisms that may be contributing to observations of 
spherical ribbons in degenerate retina. We have previously hypothesized 
that features of photoreceptor degeneration, leading to less bipolar cell 
input, combined with features of remodeling such as the decrease of 
mGluR6 expression (Jones et al., 2011; Marc et al., 2007; Strettoi and 
Pignatelli, 2000) may be leading to changes in calcium levels of inner 
retinal neurons along with altered gene expression (Jones et al., 2012; 
Marc, 2010; Marc et al., 2007). Extending this hypothesis, we propose 
that the observed spherical ribbons may be a result of decreased intra
cellular calcium in the bipolar cells, occurring by a similar mechanism to 
that observed in photoreceptors. 

Central to connectomics analyses, specificity in synaptic partners is 
critical to the function of a neural network. Many complex feedforward 

Fig. 5. RodBC gap junctions with Aii GACs 
(A) 3D rendering of all 16 RodBCs from 
RPC1. (B) RodBC axonal arbor fields in 
RPC1. (C) Convex Hulls of all RodBCs in 
RPC1 (D–E) Gap junctions between RodBCs 
and Aii GACs. Left panel is 3D rendering with 
inset higher magnification image of specific 
gap junction annotations. White boxed image 
corresponds to white box in adjacent left 
panel. * indicate ribbons and # indicates gap 
junctions arising in same varicosity. 100 nm 
scale images are 25 k recaptures of gap 
junction structures.   
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and feedback loops have emerged as underlying properties long 
observed in physiological studies. For example, psychophysical studies 
of vision prompted many hypotheses of crossover inhibition between 
networks (Buck, 2014, 2004; Stabell and Stabell, 2002), which were 
later specifically defined using connectomics (Lauritzen et al., 2019). 

The present pathoconnectome reveals the early onset of network-level 
changes involved in the breakdown of primary visual pathways within 
the retina (Fig. 7). The emergence of gap junctional coupling between 
RodBCs and Aii GACs contributes to the deterioration of the rod-network 
prior to the complete degeneration of the rod photoreceptors and likely 

Fig. 6. Ascending process of GABAergic amacrine cells. (A) CMP overlay of GABA section 565 on its neighboring TEM section. Intensity of red color indicates higher 
levels of GABA contained within the cell. (B) 3D rendering of the 4 γACs with ascending processes in RPC1. (C) Synapse between γAC 2627 and OFF-BC 1231 in the 
OPL. White box indicates region of synapse shown on the right in increasing magnification. Black arrowhead indicates the presynaptic vesicle cloud. (D) Synapse 
between γAC 993 and RodBC 1242 in the OPL. White box indicates region of synapse shown on the right in increasing magnification. Black arrowhead indicates the 
presynaptic vesicle cloud. (E) Synapse between γAC 997 and HzC 38,325 in the OPL. White box indicates region of synapse shown on the right in increasing 
magnification. Black arrowhead indicates the presynaptic vesicle cloud. Scale bars: 250 nm (Viking annotated) 100 nm (smaller inset). (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.) 
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compromises the spatial and temporal resolution found in the intact 
network. Direct questions that these results pose are: How do RodBCs 
which in healthy mammalian retina do not form gap junctions, form 
them during retinal degeneration, and what are the connexins involved? 
These questions require more experiments to completely answer, how
ever some predictions can be made. John O’Brien’s group demonstrated 
the presence of sparse, small, gap junctions utilizing connexin 35 
(mammalian Cx36 homolog) in the in PKCa-positive Mb1 bipolar cells 
(RodBCs) of bass retina (O’Brien et al., 2004). Recent results have also 
demonstrated an increase in Cx36 expression in the IPL of degenerating 
adult mouse retina (Stefanov et al., 2020).Though gap junctions have 
not been observed in RodBCs of the mammalian retina, this demon
strates the evolutionary possibility of their expression under the right 
conditions. Such conditions may include the widespread phenotypic 
switching (Jones et al., 2011, Marc et al., 2007) and gene expression 
changes (Hackam et al., 2004) that are observed in retinal degeneration. 
Future in-depth immunohistochemistry and genetic studies will be 
necessary to pinpoint the connexins involved and the mechanisms by 
which they are expressed. 

Furthermore, though the vertical pathway of rod photoreceptors to 
RodBCs is unsurprisingly altered, we find the extent of changes in the 
horizontal pathway especially interesting. Apical neurites from γACs, 
not only extend and traverse the OPL, but also make anatomically 
confirmed synapses with bipolar cells in addition to horizontal cells. 
Both horizontal and amacrine cells are integral to creating the center- 
surround opponency essential for complex vision. One possibility is 
that these are actually interplexiform amacrine cells that have been 
described across species since the 1970’s (Dowling and Ehinger, 1975, 
Oyster and Takahashi, 1977). However, the exact classification of these 
neurons has been a difficult problem in retinal circuitry literature. Some 
publications have described these as being either glycinergic or 

dopaminergic in the goldfish (Kalloniatis and Marc, 1990), though we 
only find these processes extending from GABAergic cells. Other studies 
find interplexiform amacrine cells may be GABAergic in mouse (Dedek 
et al., 2009), but find much larger associated arbors in the ON-layer of 
the IPL than what we observe here. In the rabbit, interplexiform ama
crine cells have been observed at a much lower density than what we 
find in RPC1 as well as having a different morphology (Oyster and 
Takahashi, 1977). Therefore, we believe the most probable source of 
these ascending processes is due to sprouting initiated by the remodeling 
rather than finding an interplexiform amacrine cell subtype not 
observed in RC1, though we cannot rule out the possibility. The novel 
electrical synapses formed by the emergence of gap junctions between 
RodBCs and Aii GACs, creates a new feedback loop with RodBCs rather 
than the unidirectional RodBC to Aii GAC pathway observed in healthy 
retina. In addition, the sprouting of horizontal and amacrine cells in 
various models of photoreceptor degeneration has been well docu
mented (Fisher et al., 1995; Jones et al., 2003; Strettoi and Pignatelli, 
2000), in this report we find this is occurring substantially before rod 
photoreceptors are completely degenerated. The new synaptic contacts 
involving ascending processes from γACs, provides a new, likely 
corruptive node in OPL lateral inhibition networks. At a minimum, this 
creates a new corrupted network that could likely diminish the center 
surround opponency critical for precise visual function. This will likely 
manifest clinically with diminished visual performance prior to the 
widespread neuronal loss characteristic of late-stage retinal degenera
tion (Jones et al., 2003; Pfeiffer et al., 2020b). It is also possible, 
depending on neuron and neurite physiology, that these processes now 
provide a novel feedback loop between the IPL and OPL. These results 
identify the neurons involved in early neurite outgrowth and defines 
which cells are postsynaptic partners to these aberrant processes, lead
ing to further questions about cell to cell recognition in plasticity and 

Fig. 7. Altered network found in RPC1. (A-B) Phase 
0 (Healthy) bipolar cell network (A) Schematic 
network diagram highlighting connectivity evalu
ated in RPC1. Solid arrows indicate glutamatergic 
synapses. Open arrows indicate inhibitory synapses 
(GABA or glycine). Solid circles indicate ionotropic 
glutamate receptors, while mGluR6 is indicated by 
the double open circles. Gap junctions are indicated 
by zig-zag lines. Red lines indicate aberrant con
nectivities observed in the RPC1 volume. (B) Illus
tration of RodBC network in healthy retina. # 
highlights gap junction between Aii GAC and ON 
cone bipolar cell. (C-D) Phase 1 corrupted network. 
C) Schematic diagram of remodeled network found 
in RPC1. Notation is the same as used in A with the 
addition of red arrows highlighting the corrupted 
network components observed in RPC1. (D) Illus
tration of cell connectivity changes observed in 
RPC1. Magenta ellipsoid highlights addition of 
contacts between HzCs and the apical neurite off of 
γAcs. Red # indicates the novel gap junction formed 
between Aii GACs and RodBCs. Red * indicates the 
indeterminate photoreceptor inputs to RodBC den
drites. Red ** indicates the inputs to Rod BC den
drites from cone neurite sprouts.   
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how it can might be controlled experimentally and therapeutically. In 
the future, computational modeling of these altered networks is neces
sary to provide greater insight into the effects of these network changes 
on visual processing. 

5. Pathoconnectomes provide a map for therapeutics 

In conclusion, this study introduces the first ultrastructural patho
connectome and demonstrates the applicability of pathoconnectomics 
for understanding rewiring in progressive retinal degenerative disease. 
Retinal remodeling exhibits the same components as CNS negative 
plasticity in disease, as well as similar proteomic findings observed in 
neurodegenerative diseases like Alzheimer’s, Parkinson’s and others 
(Pfeiffer et al., 2020b). Therefore, beyond its direct applicability to 
retinal disease, we believe information provided by pathoconnectomics 
is likely to demonstrate fundamental rules in how neural networks are 
altered, that are applicable to disorders of the CNS as synaptic partners 
degenerate. These mechanisms of network changes, including those yet 
to be seen in pathoconnectomes of more advanced degeneration, will 
inform us about the progression, what ultimately causes networks to fail, 
and describe future targets for therapeutic intervention based on key 
principles of network plasticity. 
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