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Abstract: The Aii glycinergic amacrine cell (Aii) plays a central role in bridging rod pathways with 
cone pathways, enabling an increased dynamic range of vision from scotopic to photopic ranges. 
The Aii integrates scotopic signals via chemical synapses from rod bipolar cells (RodBCs) onto 
the arboreal processes of Aii ACs, injecting signals into ON-cone bipolar cells (CBbs) via gap 
junctions with Aiis on the arboreal processes and the waist of the Aii ACs. The CBbs then carry 
this information to ON and OFF ganglion cell classes. In addition, the Aii is involved in the 
surround inhibition of OFF cone bipolar cells (CBas) through glycinergic chemical synapses from 
Aii ACs onto CBas. We have previously shown changes in RodBC connectivity as a consequence 
of rod photoreceptor degeneration in a pathoconnectome of early retinal degeneration: RPC1. 
Here, we evaluated the impact of rod photoreceptor degeneration on the connectivity of the Aii to 
determine the impacts of photoreceptor degeneration on the downstream network of the neural 
retina and its suitability for integrating therapeutic interventions as rod photoreceptors are lost. 
Previously, we reported that in early retinal degeneration, prior to photoreceptor cell loss, Rod 
BCs make pathological gap junctions with Aiis. Here, we further characterize this altered 
connectivity and additional shifts in both the excitatory drive and gap junctional coupling of Aiis in 
retinal degeneration, along with discussion of the broader impact of altered connectivity networks. 
New findings reported here demonstrate that Aiis make additional gap junctions with CBas 
increasing the number of BC classes that make pathological gap junctional connectivity with Aiis 
in degenerating retina. In this study, we also report that the Aii, a tertiary retinal neuron alters their 
synaptic contacts early in photoreceptor degeneration, indicating that rewiring occurs in more 
distant members of the retinal network earlier in degeneration than was previously predicted. This 
rewiring impacts retinal processing, presumably acuity, and ultimately its ability to support 
therapeutics designed to restore image-forming vision. Finally, these Aii alterations may be the 
cellular network level finding that explains one of the first clinical complaints from human patients 
with retinal degenerative disease, an inability to adapt back and forth from photopic to scotopic 
conditions. 
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Introduction: 
The glycinergic Aii amacrine cell (Aii) is a central node for visual processing in retinal 

networks (Marc et al., 2014). In healthy mammalian retina, the Aii mediates scotopic (low-light) 
vision by relaying signals from rod photoreceptor-connected rod bipolar cells (RodBCs) to 
ganglion cell-connected ON-cone bipolar cells (CBbs) by bridging chemical synapses with gap 
junctions, or electrical synapses (Famiglietti and Kolb, 1975; Marc et al., 2014; Masland, 2012). 
Additionally, the Aii engages in reciprocal synapses with OFF-cone bipolar cells (CBas), 
contributing to scotopic-driven OFF signaling, ON-OFF opponency, and rod-cone crossover 
opponency through the lateral inhibition of CBas (Strettoi et al., 1992). Additionally, studies have 
demonstrated extensive gap junctional coupling between Aiis (Feigenspan et al., 2001; Strettoi et 
al., 1992; Veruki and Hartveit, 2002), and that gap junctional coupling strength varies with 
luminance (Bloomfield et al., 1997; Hampson et al., 1992). 

Aii function in rod-mediated scotopic vision pathways is easily observed. Given the paucity 
of direct synapses between RodBCs and ganglion cells in the healthy mammalian retina, the 
connection to the CBbs via gap junctions with the Aii is the primary mechanism by which light is 
perceived under scotopic conditions. When this pathway is disrupted, significant loss of scotopic 
vision occurs (Deans et al., 2002; Jin et al., 2022).  The function of the Aii in ON-OFF and rod-
cone crossover motifs are more subtle, yet is observable through psychophysical analysis of cone 
flicker threshold during rod adaptation. As rods reach a dark adaptation state, the intensity of light 
required for a subject to perceive a flicker via cone input is increased (Goldberg et al., 1983), 
presumably through inhibition of the cone pathway in the inner retina by the rod pathway. 
Additionally, Aiis participate in surround inhibition over most of the visual dynamic range except 
the most scotopic of conditions (Nath et al., 2023). Disruption of this pathway component has 
been observed in patients with Retinitis Pigmentosa and other rod dystrophies (Arden and Hogg, 
1985). 

Retinitis Pigmentosa (RP) is a retinal degenerative disease caused by numerous genetic 
mutations resulting in the progressive loss of rod photoreceptors (Hartong et al., 2006). Along 
with the loss of rods, the retina enters into a state of plasticity or negative remodeling (Jones et 
al., 2003). There are many components of retinal remodeling, including gliosis, cell death, cell 
migration, rewiring, and more, that taken together result in the global phenomenon of retinal 
remodeling that encompasses all retinal classes of neurons (Jones et al., 2012). Eventually, 
retinal remodeling progresses to late-stage neurodegenerative events where proteinopathies 
begin to assert themselves in much the same way as in CNS neurodegenerative diseases like 
Parkinson’s or Alzheimer’s disease (Pfeiffer et al., 2020c).  Of particular relevance to this study, 
is the process of rewiring, in which neurons begin to make aberrant connections in the diseased 
retina (Fariss et al., 2000; Jones et al., 2011; Jones et al., 2003; Marc and Jones, 2003; Peng et 
al., 2000; Strettoi et al., 2003; Strettoi et al., 2002). During rewiring, it has been observed in 
advanced stages of retinal degeneration that neurons will extend neurite processes into different 
retina layers and make synapses with unknown partners (Jones et al., 2003). These findings are 
confirmed in animal models of retinal degeneration with genetic causes (Fariss et al., 2000; Peng 
et al., 2000; Strettoi et al., 2002), as well as induced non-genetic causes (Marc et al., 2008), and 
have been confirmed in human RP (Jones et al., 2016a) and AMD (Jones et al., 2016b) patients.   

In 2020, our first ultrastructural pathoconnectome, Retinal Pathoconnectome 1: RPC1 
(Pfeiffer et al., 2020a) allowed us to interrogate, at synaptic resolution, the state of rewiring in the 
inner retina early in retinal degeneration. In this case, early retinal degeneration is defined as 
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following the onset of rod photoreceptor degeneration, but prior to broadly observed neurite 
outgrowth, complete rod loss, or observed cone photoreceptor stress. Our original hypothesis 
was that during the early stages of rewiring, there would be a loss of synaptic specificity in the 
RodBCs and that this loss would manifest with high levels of variability. Instead, we found 
alterations in synaptic specificity and network topologies were both predictable and stereotyped. 
These alterations include the emergence of novel networks, including gap junctions between 
RodBCs and Aiis (Pfeiffer et al., 2020a). This is significant because while altered coupling patterns 
could be inferred through RodBC glycine content (Jones et al., 2011; Jones et al., 2016a; Marc 
et al., 2008),  Cx36 phosphorylation state (Ivanova et al., 2015), and the specific involvement of 
Cx36 gap junctions in spontaneous activity (Ivanova et al., 2016) in retinal degeneration; the 
precise gap junction partnerships altered in RD were not fully described nor directly observed. 
Indeed, gap junctions are never found in RodBCs in the healthy mammalian retina, but in early 
retinal degenerative disease, the rules and patterns of gap junctional connectivity are clearly 
altered. In this study, we continue our analysis of the corrupted network of RPC1 to understand 
the early consequences of rod degeneration on the inner retina, focusing on the Aii amacrine cell 
networks.  

Materials and Methods: 
Connectome and Pathoconnectome Volumes: 

The healthy connectome: Retinal Connectome 1 (RC1) first published in 2009 (Anderson 
et al., 2009) and comprehensively described in 2011 (Anderson et al., 2011a) from a 13-month 
Dutch Belted female rabbit, contains 341 TEM sections, 18 CMP capstone (serial sections 
bookending the TEM volume) sections, and 11 intercalated CMP sections containing IgGs to 
*$%$��Ȗ���*O\FLQH��*���7DXULQH��Ĳ���*OXWDPDWH��(���DQG��-amino-4-guanidobutane (AGB), which 
was loaded during the sample preparation. The pathoconnectome: Retinal Pathoconnectome 1 
(RPC1) (Pfeiffer et al., 2020a) was generated from a 10-month transgenic P347L rabbit model of 
autosomal dominant retinitis pigmentosa (Jones et al., 2011; Kondo et al., 2009). RPC1 contains 
����7(0�VHFWLRQV�ZLWK����LQWHUFDODWHG�&03�VHFWLRQV��,J*V�ODEHOHG�LQ�53&��LQFOXGH�*$%$��Ȗ���
*O\FLQH��*���7DXULQH��Ĳ���*OXWDPDWH��(���*OXWDPLQH��4���DQG�*OLDO�)LEULOODU\�$FLGLF�3URWHLQ��*)$3� 
(Table 1). After enucleation, both volumes were prepared by fixing the tissues in mixed aldehydes 
(1% formaldehyde and 2.5% glutaraldehyde). Tissues were then osmicated, dehydrated in graded 
alcohols, and embedded in epon resins. Tissues were then serially sectioned on an 
ultramicrotome set to 70nm and placed on formvar grids for TEM capture or on slides for CMP 
analysis. 

Computational Molecular Phenotyping (CMP) 
Established identities of neurons in the volume are critical to understanding networks. 

Spatial metabolic fingerprints allow us to definitively identify cells in the volume as belonging to 
specific cell classes. Therefore, we include CMP analysis of small molecule and protein epitopes 
into each of our connectome or pathoconnectome volumes. CMP allows cell fingerprinting through 
the quantitative analysis of small molecule combinations, which are stoichiometrically trapped 
during fixation and detected with glutaraldehyde-tolerant IgGs (Marc and Jones, 2002; Marc et 
al., 1990; Marc et al., 1995). The inclusion of small molecules furthers the identification of neuronal 
types by adding the predominant neurotransmitter as a data point to the morphology and 
connectivity of a given neuron. Further background on the theory of CMP can be found in prior 
publications (Marc and Jones, 2002; Marc et al., 1995; Pfeiffer et al., 2020b).  
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Image Capture, Assembly, and Annotation: 
Transmission electron microscopy (TEM) samples were imaged using a JEOL 1400 

transmission electron microscope with a 16-Mpixel Gatan Ultrascan camera. TEM was selected 
because it provides high-resolution imaging (~2.18nm/px) with minimal dwell time. It also affords 
higher resolution recaptures with tilt for validation of individual structures such as gap junctions 
(Sigulinsky et al., 2020). Samples prepared for CMP were imaged using Leica DMR light 
microscopes with an 8-bit CCD camera, and Surveyor software.  

RC1 was assembled using the NCR toolkit (Anderson et al., 2009), and RPC1 was built 
with a modern version of NCR Toolkit called Nornir (https://nornir.github.io/). This software 
assembles complete sections (mosaics) from tiled TEM or light-microscopy images and then 
performs semi-automated registration to align the serial sections with minimal manual correction 
(Anderson et al., 2009; Marc et al., 2012).  

Following volume assembly, navigating the dataset and manual annotation are performed 
using the Viking software environment (Anderson et al., 2011b). Expert annotators manually 
annotate every synapse (chemical or electrical) according to the parameters outlined below in the 
Synapse Identification and Nomenclature section. Each of these annotations is recorded in a 
central database which encodes each structure's location, size, and linked partners (Anderson et 
al., 2009). We endeavor to minimize false positives or missed network connections through the 
complete annotation of all synapses. The annotation of all synapses is an audacious undertaking, 
and as more experts evaluate cells within a volume, missed structures may be found, leading to 
an evolving dataset.  Both RC1 and RPC1 volumes are publicly available at 
https://websvc1.connectomes.utah.edu/RC1/OData/ and 
http://websvc1.connectomes.utah.edu/RPC1/OData.  

Synapse Identification and Nomenclature: 
To detail synaptic connectivity in this study, we will refer to chemical synapses as either 

conventional or ribbon synapses based on their ultrastructural morphology as previously 
described (Pfeiffer et al., 2020a). Conventional synapses are generally inhibitory synapses of 
classical synaptic structure: a pre-synaptic vesicle cloud opposing a post-synaptic density. The 
presence of a pre-synaptic ribbon characterizes ribbon synapses, and the ribbon may oppose 
one or more post-synaptic densities on neighboring neurons. Ribbon synapses of the inner retina 
are always excitatory. Gap junctional electrical synapses are also evaluated in this study and are 
identified through the distinct pentalaminar structure indicative of gap junctions (Pfeiffer et al., 
2020a; Sigulinsky et al., 2020). While many gap junctions were identifiable at our native 
2.18nm/pixel resolution, some were at an oblique orientation and required higher magnification 
recaptures with goniometric tilt.  Recaptures were performed at 25,000x (0.43nm/pixel resolution). 

Morphology Annotation and Rendering: 
 In order to more accurately present the morphology of the neurons presented in this paper, 
we deviated from our classical annotations using circles (Anderson et al., 2011b) and added in 
polygon annotation functionality. Here, we used a mix of circles (in cell bodies and descending 
processes) and polygons to more accurately represent the morphology of the neurons presented 
in this study.  

 To render the more complex morphologies created through the addition of polygons, it 
was necessary to create a new morphology rendering module of Viking: VikingMesh. VikingMesh 
is based on the methods generated by Bajaj and colleagues for volumetric feature extraction and 
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visualization (Bajaj et al., 2003). It improves the Bajaj methods by restricting mesh generation 
across sections to annotations (contours in the Bajaj terminology) known to be physically 
connected as recorded in the Viking database.  Contour relationships were unknown in the 
original Bajaj inputs. Dae files were generated using the VikingMesh renderer, and were 
subsequentially passed through a screened Poisson surface remeshing algorithm 
(https://github.com/RLPfeiffer/VikingMesh_addons) harnessing the pymeshlab python library 
(https://pymeshlab.readthedocs.io/en/latest/). Dae files were then imported into Blender 
(https://www.blender.org/) and projection images to illustrate the 3D morphology and relationships 
were acquired, size metrics from the annotations is also preserved throughout the rendering 
process.   

Data Analysis: 
 $OO� GDWD� HQFRGHG� LQ�9LNLQJ� DQQRWDWLRQV� LV� DXWRPDWLFDOO\� V\QFHG� EDFN� WR�D� FHQWUDO�64/�
database for each volume (Anderson et al., 2009; Anderson et al., 2011b). These databases 
encode not only location, sizing, and spatial relationships, but also synaptic partnerships 
(Anderson et al., 2011b). To evaluate the inputs, outputs, and partnerships between cells and 
V\QDSVHV�ZH�XWLOL]HG�FXVWRP�64/�VWRUHG�SURFHGXUHV�DQG�SDQGDV�WR�SXOO�DQG�VWDWLVWLFDOO\�HYDOXDWH�
the ribbon inputs and gap junction partners of the designated Aii cells in each volume 
(https://github.com/RLPfeiffer/VikingExplore). Graphs of the data were generated in Tableau 
(https://www.tableau.com). 

Figure Generation: 
 Figures were assembled using screenshots from the RC1 
(https://websvc1.connectomes.utah.edu/RC1/OData/) and RPC1 
(https://websvc1.connectomes.utah.edu/RPC1/OData/) volumes in Viking 
(https://connectomes.utah.edu/) and projection images acquired in Blender as described above 
in Morphology Annotation and rendering. Final figure assembly was done in Photoshop 6.0 

 

Results: 
Gross Anatomy of Aii Cells: 

RPC1 contains 11 Aiis. For this study, the 5 Aiis that are predominately contained within 
the volume (cells minimally have processes extending beyond the bounds of the volume) have 
been reconstructed (Cell #s 192, 262, 265, 1685, 2710). RC1 is a robust connectomics dataset 
generated from a healthy rabbit retina and has been extensively annotated, providing 
comprehensive descriptions of Aii connectivity motifs (Marc et al., 2014; Sigulinsky et al., 2020). 
All the Aiis contain moderate glycine levels, similar to that found within Aiis of retinal connectome 
1: RC1 (Marc et al., 2014) (Figure 1),  consistent with prior studies (Marc and Liu, 1985; Pourcho 
and Goebel, 1985).  

In addition to the similar glycine signature of Aiis in RPC1, the gross morphology of the Aii 
is comparable between the two datasets and consistent with the wider literature of Aii morphology. 
Namely, the Aiis in RPC1 retain clearly defined lobular and arboreal dendrites characteristic of 
the Aii cell type (Famiglietti and Kolb, 1975; Kolb and Famiglietti, 1974; Mills and Massey, 1991; 
Vaney, 1985) (Figure 1). The Aii’s soma is located in the inner nuclear layer, directly adjacent to 
and partially pushing into the inner plexiform layer (IPL), wherein its dendrites stratify in both the 
OFF and ON layers. The lobular dendrites of the Aii extend within the OFF layer, with a distinct 
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pattern of narrow branches with interspersed, large, vesicle-rich lobules. The arboreal dendrites 
of the Aii project from the waist of the Aii deep into the ON layer of the IPL, stratifying in the lowest 
plexiform layers neighboring the ganglion cell layer. 

Aii Core Motifs: 
The Aii connectivity has been extensively characterized in the healthy retina (Marc et al., 

2014; Sigulinsky et al., 2020; Strettoi et al., 1992; Tsukamoto and Omi, 2013, 2017). Based on 
this, we chose to evaluate three robustly described primary motifs, conserved across mammals, 
that are characteristic of Aii connectivity (Figure 2). The first motif evaluated was the chemical 
synapses between the Aii lobular dendrites and CBas. As initially described by Famiglietti and 
Kolb in 1975 (Famiglietti and Kolb, 1975), Aii lobules make chemical synapses onto neighboring 
CBas (later found to be using glycine as the primary inhibitory neurotransmitter (Marc and Liu, 
1985; Pourcho and Goebel, 1985)). Aiis also receive ribbon input from neighboring CBas onto 
their lobules  as originally shown by McGuire et al., 1984 (McGuire et al., 1984). Both the inhibitory 
synapses from the Aii and the excitatory synapses from CBas are found within the lobules of Aiis 
in RPC1 (Figure 2B-B’). The second motif we evaluated was the RodBC ribbon synapses onto 
Aiis. As previously established (Kolb and Famiglietti, 1974), RodBCs are heavily presynaptic to 
the Aii in the healthy retina. We find that this pathway is conserved in the degenerate retina as 
evidence by large ribbons made within the ON layer from RodBCs onto Aiis within RPC1 (Figure 
2C). This motif is foundational to the rod pathway because the Aii is the only clear pathway for 
scotopic information to be passed from the RodBCs to the ganglion cells (Figure 2A). The third 
and last motif we evaluated was the gap junctional coupling between Aiis and CBbs (Figure 2D). 
Also initially described by Famiglietti and Kolb (Famiglietti and Kolb, 1975; Kolb and Famiglietti, 
1974), and subsequentially detailed by numerous groups (Demb and Singer, 2012; Lauritzen et 
al., 2019; Marc et al., 2014; Massey and Mills, 1999b; Mills and Massey, 1995; Sigulinsky et al., 
2020; Strettoi et al., 1992), this electrical synapse is the second part of the pathway from RodBCs 
to ganglion cells allowing for immediate transfer of scotopic vision from the rod pathway to the 
ON-cone pathway once the signal is relayed to the Aii. Although all three motifs are intact within 
RPC1, our previous study of the RodBCs revealed clear, ultrastructurally-proven aberrant gap 
junctional coupling between the Aii and RodBCs (Pfeiffer et al., 2020a). This result, combined 
with previous results indicating altered Aii circuitry in retinal degeneration (Euler and Schubert, 
2015; Zeck, 2016) led us to question to what extent the frequency and/or strength of the gap 
junctional and excitatory input motifs are altered in the degenerate retina.  

Motif Frequency: 
 Our first metric for evaluating the impact of retinal degeneration on Aii motifs was to 
analyze the synaptic frequency of ribbon inputs to the Aii and the number of gap junctions made 
by the Aii with its neuronal partners. Each synaptic pairing described is classified by motif and 
summarized below. All percentage frequencies are calculated by their percentage of all synapses 
of that type aggregated by volume and accompanied by the mean and standard deviation of the 
individual cells involved in the motif.  The purpose of presenting both values is to describe the 
impact of rewiring on the inner retina both globally, by evaluating the motif by volume, while the 
per cell mean and standard deviation demonstrates the level of variability. 

Ribbon Inputs 

 The first component of input frequency we evaluated was the ribbon inputs by the various 
classes of bipolar cells (Table 2). Although total ribbon input to Aiis is decreased in in RPC1 (RC1 
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total ribbon inputs per Aii: 116±12.71, RPC1 total ribbon inputs per Aii: 73.2±11.12), proper 
lamination is preserved and all bipolar cell superclasses (CBa, CBb, and RodBC) are found within 
the dataset (Figure 3A-3D).  

RodBC Æ Aii 

Extended analysis of previously identified Aiis in the healthy rabbit connectome (RC1) 
(Marc et al 2014) demonstrates a broad number of input RodBCs per individual Aii (10-15). In 
contrast, the number of RodBCs making ribbons onto Aiis in RPC1 is dramatically decreased to 
6-10 RodBCs per Aii When tabulating numerical ribbon input from RodBCs onto Aiis, we find the 
total number of ribbons from RodBCs varies between 81 to 109 ribbon synapses per Aii cell, 
making up 83.37% (mean ± std: 83.39% ± 4.65, coefficient of variation (CV) = 0.05 )  of total 
ribbon input to Aiis in RC1 (Figure 3E-F). Further amplifying the observed decrease in RodBC 
ribbon input in RPC1, the total number of ribbons from RodBCs onto Aiis is reduced to 33-59 
ribbons per Aii. This decrease, however, is not uniform across Aiis with the percentage of RodBC 
ribbon input onto Aiis in dropping to 67.47%, but coinciding with an increase in coefficient of 
variation (67.38% ± 9.52, CV= 0.13) (Figure 3E-F).  

CBa Æ Aii 

The next most common bipolar cell ribbon input partner to Aiis in the healthy retina are 
the CBa bipolar cells, which are responsible for transmitting OFF network information to the Aii 
(McGuire et al., 1984). In RC1, 6-13 individual CBas are presynaptic to each Aii. These CBas 
make a total of 10-19 ribbons onto each Aii, constituting 14.41% (14.37% ± 3.38, CV= 0.26) of 
the Aiis’ total ribbon input (Figure 3E-F). In RPC1, the input from CBas is more variable with a 
total of 8-29 ribbons coming from 3-11 individual CBas presynaptic to each Aii. Overall, the relative 
input from the CBa superclass onto the Aiis of RPC1 increases to 23.66% (22.99% ± 8, CV=0.33) 
of the total ribbon contribution (Figure 3E-F).  

CBb Æ Aii 

The last contributor of ribbon synapses onto the Aii comes from the CBb superclass. The 
majority of synapses between Aiis and CBbs are via gap junctions (Sigulinsky et al., 2020). 
However, there are a small number of ribbons from CBbs to Aiis found in the healthy retina (Marc 
et al., 2014; Sigulinsky et al., 2020). In RC1, CBb ribbon inputs exist at a low rate of 0-4 ribbons 
per Aii, comprising 1.77% (2.29% ± 1.49, CV=0.65) of total ribbon synapses from up to 3 CBbs 
(Figure 3E-F). In RPC1, Aiis receive ribbons from as many as 7 CBb partner cells with a wide 
range of 1-11 ribbons constituting 7.80% (8.47% ± 7.45, CV=0.87) of all ribbon inputs to each Aii 
(Figure 3E-F).  

Aii Gap Junctions 

 Aberrant gap junctions between RodBCs and Aiis were first ultrastructurally described in 
the RPC1 volume (Pfeiffer et al., 2020a). No gap junctions have ever been directly observed or 
described in the literature between RodBCs and Aiis in the adult mammalian retina, leading us to 
conclude their emergence in the RPC1 volume is secondary to retinal plasticity events and retinal 
remodeling induced by rod degeneration. However, in the previous study, we did not evaluate 
whether the emergence of RodBC gap junctions occurred along with changes in other gap 
junctional motifs made by the Aii. Here, we expand upon previous efforts to evaluate the gap 
junction motifs in the healthy and degenerate retina and explore the relative contributions by each 
gap junction partnership (Figure 4). 
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Aii::Aii 

 The most prevalent gap junction pairing of Aiis in the healthy retina is with other Aiis (Marc 
et al., 2014; Sigulinsky et al., 2020; Strettoi et al., 1992) (Figure 4C). The raw number of Aii 
homocellular gap junctions (gap junctions with cells of the same class) observed in RC1 is 
between 76 and 102 Aii::Aii gap junctions (Figure 4I). The contribution of the Aii::Aii motif to the 
total number of gap junctions is 62.2% (62.62% ± 4.93, CV= 0.07) (Figure 4J). In RPC1, this motif 
is reduced to 54.91% (Figure 4J) of the total gap junctions (Figure 4E), although the cell-to-cell 
variability is increased (55.19% ± 7.28, CV= 0.13). This is further demonstrated by each individual 
Aii making 42-59 homocellular gap junctions (Figure 4I).  

 

Aii::CBb 

 The gap junctional coupling between Aiis and CBbs is critical for the connection of rod 
inputs to the ganglion cells because RodBCs are not presynaptic to ganglion cells (Famiglietti and 
Kolb, 1975; Strettoi et al., 1990) (Figure 2A). In RC1, the Aii::CBb pairing is the other prominent 
gap junction motif of the Aii (Marc et al., 2014; Sigulinsky et al., 2020) (Figure 4D). Although a 
wide raw number of gap junctions of this motif exist per cell (39-73) (Figure 4I), the contribution 
of this motif is 36.77% of the Aii gap junctions in RC1 (Figure 4J) (36.35% ± 4.64, CV=0.13).  In 
the degenerate RPC1 retina, Aii::CBb gap junctions (Figure 4F) constitute a smaller fraction of 
the total gap junction population at 29.46% (Figure 4J) with higher variability (29.21% ± 7.55, 
CV=0.26) and a raw number of 21-41 gap junctions (Figure 4I).  

 

RodBC :: Aii 

 These findings are among the most remarkable in early degenerate retina, providing a 
pathway for visual processing corruption. Although the emergence of gap junctions between Aiis 
and RodBCs are novel to the early stage degenerating retina (Pfeiffer et al., 2020a) (Figure 4G), 
their frequency is remarkably consistent at 8-10 gap junctions per Aii (Figure 4I). With the addition 
of these gap junctions to the degenerate network, RodBCs make up 9.82% of all gap junctions 
made by Aiis in RPC1 (Figure 4J), again with lower variability than many other observed motifs 
(9.89% ± 1.45, CV=0.15). All RodBCs making gap junctions with Aiis also continue making ribbon 
synapses onto the same Aiis (Figure 4G). 

 

Other Aii pairings 

We also find within RPC1 the rare occurrence of Aii::CBa gap junctional coupling, as 
evidence by 2 instances of this pairing (Figure 4H).  In these instances, branches of a single CBa 
(Cell# 135) were found to make small gap junctions with the waist region of a neighboring Aii 
(Cell# 192). These are another motif that has not been observed within the healthy retina, however 
it was exceptionally rare constituting only 0.45% of all gap junctions (Figure 4J), in contrast with 
the aberrant gap junctions observed with RodBCs.  

While the gap junction motif percentages are certainly altered by the addition of the 
RodBC::Aii motif in RPC1 (Figure 4J), part of the changes in relative contributions of the Aii::CBb 
and Aii::Aii motifs is the increase of unknown partners (Figure 4I).  Unknown partners arise due 
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to branch fragments that cannot be followed, generally due to rapidly going off the edge of the 
volume. In RC1, unknown partners contributed 0.83% of all gap junctions with Aiis. In RPC1, this 
number increased to 4.69% (Figure 4J), likely due to the smaller diameter of the RPC1 volume. 
Additionally, there were 3 instances of bipolar cells that could not be identified. These incomplete 
classifications, however, only make up 5.36% of all of the gap junctions made by Aiis in RPC1.    
Aii Synaptic Weighting: 

Extending our understanding of network inputs based on synaptic tabulation from specific 
cell classes, we explored how potential differences in synapse size affect synaptic weighting, or 
the relative strength of contributions, of each motif in the healthy and degenerate retina. To better 
estimate the potential synaptic weight, we directly measured the area of gap junctions and post-
synaptic densities (PSDs) opposing presynaptic ribbons. The concept that gap junction plaque 
size is a contributing measure of strength is previously established (Sigulinsky et al., 2020), 
although it is not possible to evaluate pore conformation, phosphorylation state, nor rectification 
from TEM analysis alone. Cortical brain spine size is strongly correlated with synaptic strength 
(de Vivo et al., 2017), while the size of the readily releasable pool is not (Branco et al., 2010), and 
spine size has been previously used by others as a measure of relative input (Sampathkumar et 
al., 2021). In the retina, spines are not formed at PSD sites necessitating another metric of 
strength. Given the spine volume being proportional to the area of the PSD (Harris and Stevens, 
1989), we chose to measure the area of the PSD opposing ribbon-type synapses as a metric of 
synaptic weight (Equation 1).  

 

ݐ ή෍݈௜

௡

௜ୀଵ

 

Equation 1: Area of PSD from annotated densities. n = number of sections PSD density extends across, l 
= length of density on given section, t = thickness of section (set at 70nm based on section thickness of 
volume).  

 

Ribbon Synapse Strength 

As described above, we evaluated the area of all PSDs on Aiis opposing a ribbon density, 
allowing us to approximate the strength of bipolar cell glutamatergic input from each class (Figure 
5). This was done as an extension of the ribbon count metrics used in the previous section to 
determine whether the observed alterations in ribbon input counts by bipolar cell class to the Aii 
is representative of true alterations in strength of glutamatergic drive.  

RodBC -> Aii 

  Consistent with the raw counts of RodBC ribbon synapses onto Aiis of the healthy retina, 
quantification of PSD area indicates that RodBCs are the greatest contributor to Aiis of all BCs in 
both the healthy and degenerate retina. We find that RodBC-opposed PSDs account for 87.66% 
of all ribbon PSD area in RC1, with the average PSD being 0.03µm2 ± 0.017. This input 
demonstrates the total RodBC input strength is roughly 4% higher than indicated from raw count 
alone.  In RPC1, RodBC-opposed PSDs are substantially larger than in RC1 at 0.04µm2 ± 0.025 
accounting for 80.76% of all ribbon PSD area, a full 13% greater input strength than is indicated 
by ribbon synapse count alone. The PSD sizes in RPC1 potentially compensate for the lower 
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numbers of ribbon inputs, which may help to equalize the relative strength of RodBC input to the 
Aiis.  

CBa -> Aii 

 Following the overwhelming input from RodBCs, the next greatest ribbon input comes 
from the CBa class. In RC1, CBa inputs make up 10.52% of the total ribbon PSD area with an 
average PSD size of 0.02µm2 ± 0.013. In RPC1, CBa-opposed PSDs make up 12.91% of the 
total ribbon PSD area with an average area of 0.018µm ± 0.014. In both cases, the small size of 
the PSDs demonstrates a decrease in network weight from that indicated by ribbon-synapse 
count alone (14.41% in RC1 and 23.66% in RPC1).  

CBb -> Aii 

 Lastly, CBb ribbon inputs onto Aiis are by far the smallest contributor of glutamatergic 
input. In RC1, the CBb-opposed PSDs make up 1.48% of all ribbon PSD area with an average 
size of 0.024µm2 ± 0.018. This is comparable to the 1.77% input calculated from ribbon inputs 
alone. In RPC1, the CBb-opposed PSDs make up 5.84% of the total ribbon PSD area, down from 
7.8% calculated from ribbon input count alone, with an average area of 0.018µm2 ± 0.014. The 
contributions in RPC1, however, are highly variable between individual Aiis. CBb-opposed PSDs 
may make up as little as 0.36% of all ribbon input (seen on Aii Cell # 265), or as much as 16.46% 
(seen on Aii Cell # 262).  

 

Aii Gap Junction Size 

 As described by Sigulinsky et al. 2020 and Marc et al. 2014, Aii gap junctions are 
exceedingly precise, both in coupling partners (as evidence by the lack of gap junction formation 
despite opportunity in specific bipolar cell classes) and in gap junction plaque size (Sigulinsky et 
al., 2020). Gap junction size has been shown to correlate with strength (Flores et al., 2012; 
Szoboszlay et al., 2016), and is tightly associated with retinal gap junction partner motifs 
(Sigulinsky et al., 2020). Here, we build upon the coupling rules established in RC1 (Marc et al., 
2014; Sigulinsky et al., 2020), and report the relative contributions of gap junctions in the Aii 
network of RPC1 by cell superclass partner (Figure 6).  

 

Aii::Aii 
 Consistent with gap junction motif frequency determined by raw count and previously 
published reports (Famiglietti and Kolb, 1975; Marc et al., 2014; Massey and Mills, 1999b; 
Sigulinsky et al., 2020; Strettoi et al., 1992), the strongest coupling motif remains the Aii in-class 
coupling with other Aiis. In RC1, the area of gap junctions between Aiis make up 74.65% of all 
gap junctional area with an average area of 0.12µm2 ± 0.1. In RPC1, this motif is still the strongest 
contributor to the Aii coupling network, but has dropped substantially to 50.03% of all gap junctions 
by area. This is further highlighted by the average area being substantially smaller at 0.05µm2 ± 
0.04.  

 

Aii::CBb 
 As described in the previous section, the Aii::CBb motif is the other primary gap junction 
motif found in the Aii gap junction network.  In RC1, this motif accounts for 24.62% of total gap 
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junctions by area, with an average area of 0.065µm2 ± 0.06. In RPC1, however, the contribution 
of the Aii::CBb motif is dramatically increased to 40.06% of total gap junctional area and an 
average area of 0.073µm2 ± 0.054.  

 

Aii::RodBC 
 The emergence of the RodBC::Aii gap junction motif in RPC1 was the major impetus for 
this analysis. As previously noted, there are no gap junctions of this motif in RC1, nor have any 
ever been found in a healthy adult mammalian retina, and represents and entirely new 
architecture, albeit pathological, but predictable and stereotyped. In RPC1, this motif accounts for 
3.29-7.9% of the gap junctional area made by individual Aiis, with 5.32% contribution to total gap 
junction area. The average Aii::RodBC gap junction in RPC1 is 0.029µm2 ± 0.02.  

 

Other Aii pairings 
Lastly, the emergent gap junctions between a CBa (Cell # 135) and a Aii (Cell # 192) are 

exceedingly small. Although this motif has not been observed in the healthy retina, in RPC1 these 
make up only 0.05% of the total gap junctional area.  

The unknown and incompletely identified gap junctions of RC1 contribute a combined 
0.72% of the total gap junction area in RC1. In RPC1, these incomplete partnerships account for 
4.57% of the total gap junction area of the analyzed cells. The unidentified partners are likely 
higher in RPC1 due to the smaller diameter of the volume.  

 
Discussion: 

In this study, we investigated the impact of retinal degeneration on network topologies of 
Aiis in RPC1, a pathoconnectome of early-stage retinal degeneration in a rabbit model of retinitis 
pigmentosa. Rod photoreceptor cell loss is observable in this volume, but not complete, and there 
is no observable cone photoreceptor cell loss. These results were evaluated and compared with 
results from the healthy rabbit connectome RC1. RC1 has been continuously annotated for the 
last 15 years providing extensive information about the Aii networks in the healthy rabbit 
(Anderson et al., 2011a; Marc et al., 2014; Sigulinsky et al., 2020), in addition to decades of prior 
work in rabbit retina (Casini et al., 1995; Massey and Mills, 1999a; Massey et al., 1992; Strettoi 
et al., 1990; Strettoi et al., 1992; Vaney et al., 1991a; Vaney et al., 1991b). The primary 
components of the Aii network evaluated in this study are the ribbon inputs from the 3 
superclasses of bipolar cells (RodBC, CBa, and CBb) and the gap junctional motifs generated 
from Aiis and their partners, primarily focusing upon the impact of retinal degeneration on Aii 
connectivity. Additionally, we expanded our evaluation of the network changes observed in the 
degenerate retina by including synapse size as a metric of synaptic weight. The graphical 
representation of the results of this study are presented in Figure 7.  

 

Ribbon Input 

Our findings demonstrate that the ribbon inputs from different bipolar cell superclasses to 
Aiis undergo significant changes in RPC1 compared to RC1. The reduction in RodBC inputs 
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based on count alone is partially compensated for through an increase in PSD sizes, indicating a 
marginal difference in input strength. Simultaneously, CBa inputs exhibit a notable increase in 
count, with consistent PSD sizes, while CBb inputs show a numerical increase with decreased 
PSD sizes. The observed variability in CBa and CBb inputs in RPC1 suggests potential rewiring 
processes associated with retinal degeneration.  

Of these changes, there are a few key points we find especially noteworthy. The first of 
which is the increased cell to cell variability in these input measures in RPC1 when compared to 
RC1. We expect that this variability is highlighting ongoing changes in wiring associated with the 
progression of retinal degeneration, and will likely become more striking as we evaluate future 
pathoconnectomes. The second, is the apparent compensatory sizing of the Aii PSDs opposing 
RodBC ribbons. This suggests that some sort of Aii specific factors may be influencing the overall 
input strength of RodBCs in the rod network of RPC1, providing a normalization of the network 
input strengths, perhaps through a homeostatic plasticity mechanism. At its core, homeostatic 
plasticity is the drive of a neural system to return to a set point of function during and following a 
perturbation to the neural system. The potential for homeostatic plasticity in the retina has been 
extensively characterized by multiple investigators (Fitzpatrick and Kerschensteiner, 2023; 
Leinonen et al., 2020; Shen et al., 2020). Ultimately, the potential of the retina to compensate for 
both the loss of rod input along with the potential increase of cone photoreceptor inputs(Pfeiffer 
et al., 2020a; Whitaker et al., 2021) during the continuum of retinal degeneration will be an 
interesting test of the limits of homeostatic plasticity. Further research is required to elucidate the 
underlying mechanisms behind these observed changes in ribbon inputs; however, these results 
are immediately applicable to modeling efforts to understand the impact of network changes on 
retinal processing (Farzad, et al., 2023, Kosta, et al., 2021). 

 

Gap Junctions 

Previously, we reported the increase of gap junction partners of Aiis in degenerate retina 
to include RodBCs (Pfeiffer et al., 2020a). In this study, we more thoroughly characterize the Aii 
network changes in gap junction coupling patterns and describe the emergence of a novel motif, 
Aii gap junctions with the CBa class of bipolar cells. These results suggest an expanded rewiring 
of gap junction synapses in the degenerate retina, occurring prior to complete rod photoreceptor 
degeneration and preceding the more severe neurite outgrowth rewiring events.  

We observed a dramatic decrease in the number of homocellular (Aii::Aii) gap junctions in 
RPC1. Homocellular gap junctions between Aiis are the most common gap junction motif made 
by Aiis, often found at the tips of arboreal dendrites. Although in RPC1, some of the evaluated 
Aiis went off the volume due to the limitations of the small diameter of the volume, this decrease 
in number did not fully account for the decrease in gap junctions. The total number of homocellular 
gap junctions was only marginally different between Aiis that went off volume (1685 & 262) and 
those that did not (2710 & 265). The only major exception to homocellular gap junction number 
was Aii 192. Aii 192 may represent a more advanced stage of rewiring as evidenced by its 
decrease in Aii::Aii gap junctions, its increase in Aii::CBb gap junctions, and the emergence of 
gap junctions with CBa 135. We report this with the acknowledgement that with only a single Aii 
demonstrating these characteristics, it may be an outlier. However, this connectivity pattern and 
the presence of gap junctions with a CBa have not been found in any other Aii indicating it may 
be part of the pathology. Future pathoconnectomics efforts in more advanced stages of 
degeneration will hopefully clarify this phenomenon.  
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Numerically, the emergence of gap junctions with RodBCs appears to have occurred with 
a roughly equivalent drop of both homocellular gap junctions with other Aiis and heterocellular 
gap junctions with CBbs. This data alone would suggest a simple addition of gap junction 
partnerships with RodBCs in RPC1. However, the numerical difference in gap junctions is only a 
part of the story, as illustrated by incorporating the information on gap junction size.  From the 
size data, we now know that there is a decrease in the weight of input originating from Aii::Aii gap 
junctions coinciding with the emergence of the Aii::RodBC coupling and strengthening of the 
Aii::CBb coupling. This coupling shift indicates a potential narrowing of the spatial domains 
occupied by the Aii class and greater weight on the vertical component of visual processing (the 
passage of light detection information through the interneurons of the retina to the ganglion cell 
output neurons). Moreover, gap junctions in the Aii::CBb coupled network underlie oscillatory 
activity in ganglion cells of degenerating retinas that likely degrades vision  (Zeck, 2016). 
Evidence for an increased open probability led to models of these oscillations that rely on changes 
in existing coupling motifs. The aberrant Aii::RodBC coupling motifs described herein provide an 
additional mechanism to be evaluated by future modeling efforts.  

Finally, a glaring remaining question is the origin of the Aii::RodBC gap junctions. Gap 
junction connectivity in the retina is highly cell type- and partner type-specific, requiring 
expression, assembly, targeting and presentation of compatible connexons between coupled 
cells. Formation of intercellular gap junctions by mammalian RodBCs has not been reported in 
healthy retina. So where does the machinery come from to allow the formation of these aberrant 
intercellular gap junctions by rabbit RodBCs during degeneration? Certainly, there is evidence of 
reprogramming in degenerating bipolar cells and these RodBCs may be taking on another bipolar 
cell superclass phenotype (Jones et al., 2011; Marc et al., 2007), but which comes first – aberrant 
connections or gene expression? Of the 20+ mammalian connexin proteins, only five have been 
reported to be expressed by retinal neurons. Two of these (Cx50 and Cx57) are specific to 
horizontal cells (HC), while Cx36, Cx45, and Cx30.2 are expressed in multiple non-HC cell types 
(Reviewed in (Volgyi et al., 2013)). Connexon compatibility is necessary for intercellular channel 
formation and Aii ACs have thus far been shown to express Cx36 and Cx30.2, but not Cx45 
(Deans et al., 2002; Guldenagel et al., 2001; Maxeiner et al., 2005; Meyer et al., 2016; Mills et al., 
2001). Mouse reporter lines for specific connexins demonstrate PKCĮ-labeled RodBCs lack Cx36 
reporter expression (Deans et al., 2002; Feigenspan et al., 2004), Cx45 reporter expression 
(Maxeiner et al., 2005) and Cx30.2 reporter expression (Meyer et al., 2016) in the mouse retina. 
Additionally, transcriptomic analyses support the lack of connexins Cx36 or Cx45 in mouse 
RodBCs (Shekhar et al., 2016). Despite this evidence against gap junction proteins in RodBCs 
across mammalian species,  Mills and colleagues do report diffuse Cx36 cytoplasmic stain in the 
somas and axons of rabbit RodBCs (Mills et al., 2001).  However, this staining lacked the puncta 
characteristic of intercellular gap junctions, consistent with our ultrastructural findings that 
RodBCs do not form gap junctions in healthy rabbit retina (this study, (Marc et al., 2014; Pfeiffer 
et al., 2020a; Sigulinsky et al., 2020)). While ultrastructural (Tsukamoto et al., 2001; Tsukamoto 
and Omi, 2013, 2017) and physiological (Fournel et al., 2021) studies support an absence of gap 
junction formation by RodBCs in other mammalian retinas, a candidate teleost RodBC homologue 
does form gap junctions. The rod-dominant PKCĮ-positive MB1-BCs of teleost retinas exhibit 
functional tracer and electrical coupling with neighboring MB1-BCs under both light- and dark-
adapted conditions (Arai et al., 2010). Furthermore, gap junctions comprised of Cx35 (the teleost 
gene homolog of mammalian Cx36) are proposed to mediate this coupling, although there is 
discrepancy in whether these gap junctions are localized to the telodendria versus the distal 
dendrites of MB1-BCs in different species (Arai et al., 2010; O'Brien et al., 2004). Thus, it appears 
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possible that RodBCs may innately express the necessary machinery for gap junction formation. 
Whether there are conditions under which RodBCs normally utilize this or what triggers it during 
remodeling to form aberrant connections, remains unclear.   

 

Summary: 
 In summary, our analysis demonstrated a shift in the ribbon input patterning and gap 
junctional coupling patterns in a degenerate retina. These shifts in patterning are initially evident 
in count-based analyses conducted using ultrastructural connectomics and pathoconnectomics 
methodologies. The impact of the changes in ribbon input and gap junction synaptologies are 
further clarified through the analysis of synaptic weight using size as the evaluation metric. This 
is significant because it helps to clarify where in remodeling the network begins to fail. As 
previously described, homeostatic plasticity is the mechanism by which an altered neural system 
may return to a homeostatic “set point”. This is perhaps illustrated in the shift in size of PSDs 
opposing RodBC ribbon in Aiis and the emergence of gap junctions as a mechanism to preserve 
scotopic vision despite progressive rod degeneration. However, given a long enough disease 
period, homeostatic plasticity fails and we may be seeing that failure start to occur in Aii 192 of 
the RPC1 pathoconnectome, early in the process of retinal degeneration. Identifying the points of 
system failure in remodeling will provide windows of opportunity for therapeutic intervention, and 
perhaps specific molecular targets for therapeutic intervention. This study provides insight into 
the mechanisms behind homeostatic plasticity and begins to characterize the points in which that 
process has failed. 
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Figures: 

Figure 1: Aii Morphology and Glycine Content. (A) Glycine-labeled section (section 30) 
demonstrated the medium levels of glycine found in RC1 Aiis, including evaluated Aii 410 (circle).  
(B) 3D projection of rendered morphology of Aii 410 from RC1 data with markings illustrating 
retinal layers occupied by the cell. (C) TEM section (section 650) with Aiis evaluated in RPC1 
circled and labeled. (D) Section adjacent (section 649) to the TEM section in C labeled for glycine, 
medium levels of glycine are consistent with Aii classification. (E) Overlay of images in C and D. 
(F) 3D projections of rendering of morphology of the 5 Aiis characterized in this study with layers 
of retina annotated.  
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Figure 2: Canonical Aii Network Motifs are preserved in RPC1. (A) Network diagram of simplified 
Aii connectivity for passage of information of the primary rod pathway. 1: reciprocal synapses 
made with OFF-cone bipolar cells (CBa), 2: ribbon inputs from rod bipolar cells (RodBCs), 3: gap 
junctions with ON-cone bipolar cells (CBb). (B) Representative reciprocal synapse illustrating 
glycinergic conventional synapse from an Aii cell onto a Cba, and (B’) a ribbon synapse from that 
same CBa onto the same Aii a few sections away. (C) Black arrow highlights ribbon synapse from 
a RodBC onto a Aii (D) Gap junction between an Aii and a CBb (represented by brackets). Scale 
bars: 500nm 
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Figure 3: Numerical Counts of Ribbon Inputs onto Aiis. (A) 3D projection images of Aii 265 (green) 
and the bipolar cells that make ribbons onto it. (B) CBas (gold) presynaptic to Aii 265. (C) CBb 
(teal) presynaptic to Aii 265. (D) RodBCs (dark blue) presynaptic to Aii 265. (E) Number of input 
ribbons from each bipolar cell superclass onto each evaluated Aii. (F) Percentage of total ribbon 
input onto the evaluated Aiis organized by volume.  
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Figure 4: Gap Junction Motifs and Frequency. (A) Diagram illustrating cell classes coupled with 
Aiis in the Healthy retina. (B) Diagram illustrating cells coupled with Aiis in the degenerate retina. 
(C-D) Gap junctions of both motifs present in the healthy retina, (C) Aii :: Aii and (D) Aii :: CBb. 
(E-H) Representative gap junctions present in RPC1 (E) Aii:: Aii, (F) Aii :: CBb, (G) Aii :: RodBC, 
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inset image: Higher magnification recapture @ 25k with 20 degree tilt, (H) Aii :: CBa inset image: 
High magnification recapture @ 25k with 4 degree tilt. (I) Raw counts of the gap junction motifs 
per analyzed cell in each volume. (H) Percentage of total number of gap junctions contributed by 
each motif. (scale bars Primary panels: 250nm, inset images 100nm) 

 

 
Figure 5: Ribbon Strength. (A) Annotated section demonstrating use of annotations to determine 
size. Green bar: ribbon, orange bar: annotated PSD, orange circles: references to annotations on 
adjacent sections. (B) Same section as shown in panel A without annotations. PSD is indicated 
by white bracket. (C) Percentage of contribution by each motif per volume as calculated by total 
gap junctional area.  
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Figure 6: Gap Junction Strength. (A) Percentage of gap junction area contributed by each motif 
separated by cell and volume. (B) Percentage of total gap junction area contributed by each motif 
per volume.  
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Figure 7: Circuit Diagram Illustrating Changes to Aii Contributions to Rod Network. Left panel is 
the healthy network. Right panel indicates the state of the altered network in RPC1. Weighting of 
lines indicates strength of input and red indicates connections only present in the degenerate 
retina. 
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Tables: 
Table 1: List of Labels in RPC1 

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 

 

Table 2: Ribbon Input by Cell Type 
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