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Analyzing neural degeneration of the 
retina with connectomics

Electron microscopy (EM) provides a unique 
ability to visualize structural detail with 
a resolution orders of magnitude better 
than other imaging techniques. Applied 
conventionally, its limitation is that each 
acquired image represents a small area 
with a section thickness significantly less 
than 100 nm. Recently, techniques have 
been developed that allow thousands of 
relatively large serial-sections to be collected 
and efficiently imaged at full EM resolution, 
with the images then being stitched back 
together to produce a 3D volume.  Within 
such a volume, every subcellular structure 
or cellular connection can be identified 
and mapped, i.e. connectomics. These 
methods offer the opportunity of revealing 
a comprehensive view of large volumes of 
neural tissue. With the increasing use of 
automated technologies, it is now possible 
to use large-scale serial-section electron 
microscopy to generate reconstructions of 
various brain regions with a resolution of 4 
nm or better (Kasthuri et al., 2015; Baena et 
al., 2019). At this resolution, excitatory and 
inhibitory chemical synapses can be seen; 
the existence of electrical synapses (gap 
junctions), the presence of neuromodulatory 
peptides and biogenic amines, and the 
identification of local microcircuits can all 
be observed (Swanson and Lichtman, 2016).  
Furthermore, relationships with various 
types of glial cells are readily seen, and cells 
associated with vascular elements and non-
neuronal/glial cell types can be distinguished.  
Further, the fine structure of organelles, 
including mitochondria,  endoplasmic 
reticulum, lysosomes, and autophagosomes, 
along with cytoskeletal elements are within 
the resolution of these techniques. Thus, 
a continuum of scale, from sub-organelle 
structure, through the cellular level, up 
to a wide field tissue perspective can be 
viewed and analyzed simultaneously.  Such 
techniques have been used to map nerve 
regeneration in 3D (Leckenby et al., 2019), 
to investigate developmental rewiring in the 
cerebellum (Wilson et al., 2019); to explore 
the network connectivity in visual thalamus 
(Morgan and Lichtman, 2020), and to define 
the neuronal connectivity and relationships 
with glial cells in the human fovea (Dacey et 
al., 2017; Packer et al., 2017).

In a recent study, we demonstrated the utility 
of a targeted high-throughput connectomics 
approach in a retinal disease (Zucker et 
al., 2020). For learning about pathological 
mechanisms, where many samples need to 
be analyzed, it is not practical to image and 
reconstruct the entire volume - the more 
‘traditional’ connectomics approach. Rather, 

with a block of tissue covering a retinal area 
up to about 3.5 mm x 6 mm, with a thickness 
on the order of one third of a millimeter, 
we can slice the volume into approximately 
10,000–15,000, 30 nm thick sections which 
are then collected onto plastic tape with an 
automated tape-collecting ultramicrotome 
(Baena et al., 2019). Lower resolution 
overview images of every 100th section are 
then acquired.  This intermediate step is 
used for guiding the imaging of regions of 
interest for further high-resolution imaging 
using either a single-beam or a 61-beam 
scanning electron microscope. These 
techniques effectively allow us to navigate 
through the full tissue volume in the X, Y, and 
Z dimensions to examine at high-resolution, 
local details of connectivity or pathology.  

Macular Telangiectasia type 2 (MacTel), is 
a rare form of slowly progressive macular 
degeneration associated with a loss in the 
retina of Müller glial cells and the amino 
acid serine, which is synthesized by the 
Müller cells (Gantner et al., 2019). The 
clinically significant manifestation of the 
disease is confined mainly to a central retinal 
region called the MacTel zone, which is 
approximately 3 mm (horizontal) by 2.5 mm 
(vertical), and includes the macula and fovea.  
Discrete lesions in the MacTel zone cause 
dramatic losses of visual sensitivity and 
scotomas (blind spots) in the affected areas.  
We have used our connectomics techniques 
optimized for disease analysis to study 
the retinas from two woman (mother and 
daughter) suffering from MacTel. With this 
approach, we have been able to investigate 
the disease process from the subcellular/
organelle level, up to the cellular and tissue 
levels. 

At the subcellular level, we demonstrated 
that mitochondrial structure is altered in all 
retinal cell types within, and well beyond 
the region where functional pathology 
manifests; more severe mitochondrial 
damage is found within the region where 
vision is also severely affected. The first 
changes in mitochondrial structure appear as 
accumulations of dense material among the 
cristae. Loss of cristae typically follow, leaving 
the mitochondria swollen and empty. Well 
beyond the MacTel zone, the mitochondria 
in the output neurons of the retina, the 
ganglion cells, show profound structural 
changes (Figure 1A).

Photoreceptors are amongst the most 
metabolical ly active cells known. The 
maintenance and function of their light 
absorbing and transducing outer segments 
i s  t h u s  h i g h l y  d e p e n d e n t  u p o n  t h e 
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functional integrity of their mitochondria 
rich ellipsoids found just below the outer 
segments. This integrity is compromised in 
the photoreceptor ellipsoids. In the macula 
region of MacTel retinas we also find that 
the normally highly-ordered stacks of 
membranous outer segment discs appear 
to be in a disordered disassembled state 
(Figure 1B). Note the swollen and empty 
mitochondria in the ellipsoid below the 
dashed line.

At the cellular and tissue levels, we have 
identified a circumscribed transition zone 
between a region affected profoundly by 
neurodegenerative changes juxtaposed 
by a surrounding region with more subtle 
subcellular (mitochondrial) changes, but 
with maintained near normal functional 
circuitry.  The MacTel transition zone appears 
to represent a region where the disease 
process is progressing, and where there 
is an active cellular response to neuronal 
and glial degeneration (Figure 1C). In the 
macula region of the human retina, the 
axons (Henle fibers) and synaptic terminals 
of photoreceptors are normally ensheathed 
by processes from Müller glial cells, isolating 
each one from its surrounding neighbors.  
Within the MacTel zone, this ensheathment 
is lost; but is maintained outside the MacTel 
zone only a few tens of microns away 
(Zucker et al., 2020). Along the border of 
this transition zone, numerous microglial 
cells infiltrate islands of cellular debris and 
ectopic photoreceptor cell bodies (normally 
only found within the outer nuclear layer 
that overlies the Henle fiber layer).  

The methods and approach we outline 
here have allowed us to provide insight 
into the subcellular locus and progression 
of a neurodegenerative disease of the 
retina. Other recent studies are showing 
that an underlying cause of MacTel involves 
the synthesis and metabolic pathways 
involving the amino acid serine. Since 
Müller cells synthesize retinal serine, we 
propose that a deficiency of serine, required 
for mitochondrial maintenance, causes 
mitochondrial changes that underlie MacTel 
development.  This  knowledge is  now 
leading to the development of therapeutic 
strategies that need evaluation at the tissue, 
cellular, and subcellular level. Using both 
donor tissue and cell based strategies (e.g. 
human retina organoids grown from donor-
derived induced pluripotent stem cells), 
high-throughput targeted connectomics 
can reveal the extent to which interventions 
may restore  or  prevent  pathologica l 
development. Ultrastructural analysis 
through connectomics provides a powerful 
tool to investigate the normal functional 
architecture of the brain, the changes that 
occur following disease or injury, and how 
restorative efforts in model and patient 
systems may roll back damaged circuitry in a 
functionally meaningful way.
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Figure 1 ｜ Structural and mitochondrial changes in MacTel retinal neurons. 
(A) Within the proximal axon of a retinal ganglion cell located about 2 mm beyond the MacTel zone, nearly 
all mitochondria show a matrix nearly devoid of normal appearing cristae (arrows). Remaining cristae are 
largely condensed and electron-dense. The axon, containing significant smooth endoplasmic reticulum 
(star), is surrounded by the darker cytoplasm from Müller glial cells (open arrows). (B) Cone outer segment 
(above dashed line) – photoreceptor discs are normally highly ordered stacks of membrane that extend 
out to the plasma membrane of the cell and fill the outer segment like chips in a can. Many cones in the 
MacTel zone show highly disordered disc membranes with extensive vesicularization and fragmentation.  
Along with discs connected by membranous loops, little association with the outer plasma membrane is 
seen (open arrows). The apical portion of a mitochondria-rich ellipsoid of a cone inner segment (below 
dashed line) reveals many enlarged mitochondria with isolated electron-dense cristae. (C) A region of 
interest along the MacTel pathology transition zone. In a normal retina, the axons of photoreceptors, 
called Henle fibers (H) would be separated from each other by processes from Müller glial cells. This 
ensheathment is lost within the MacTel zone, but is maintained just beyond the transition zone (see Figure 
6 in Zucker et al., 2020). A cluster of rod cell bodies (R) is seen surrounding an island of neurodegenerative 
material (star; including membranous accumulations, autophagosomes, lysosomes, and lipofuscin 
granules), along with infiltrating processes from a microglial cell (µGlia). Cell bodies, including those of 
photoreceptors, are not typically observed in this layer of the retina. 
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