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Abstract: A putative mechanism of neurodegeneration in multiple sclerosis (MS) is trans-synaptic degeneration (TSD), whereby
injury to a neuron leads to degeneration of synaptically connected neurons. The visual system is commonly involved in MS and
provides an ideal model to study TSD given its well-defined structure. TSD may occur in an anterograde direction (optic neuropathy
causing degeneration in the posterior visual pathway including the optic radiations and occipital gray matter) and/or retrograde
direction (posterior visual pathway lesions causing retinal degeneration). In the current review, we discuss evidence supporting the
presence of anterograde and retrograde TSD in the visual system in MS.
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Introduction

Multiple sclerosis (MS) is a chronic inflammatory demyelinating disease of the central nervous system (CNS).!
Neurodegeneration occurs throughout the course of the disease and is a key component of disease progression and
permanent neurologic disability. A putative mechanism of neurodegeneration is trans-synaptic degeneration (TSD) —
degeneration of neurons that synapse with the initially injured neurons. The visual pathway is an ideal model to study
TSD due to its well-defined structure. The anterior visual pathway consists of ganglion cell neurons, whose cell bodies
are located in the retina and form the ganglion cell layer, while their axons form the optic nerves, optic chiasm and optic
tracts and synapse at the lateral geniculate nuclei (LGN) of the thalami. The posterior visual pathway consists of third-
order neurons located in the LGN, the axons of which project to form the optic radiations and terminate in the primary
visual cortices within the occipital lobes. TSD can occur both in an antero-grade direction (lesions in the anterior visual
pathway causing degeneration of third-order neurons projecting from the LGN to the primary visual cortex) and in
a retrograde direction (lesions in the posterior visual pathway causing degeneration of retinal ganglion cells (RGCs), or
a lesion affecting second-order neurons resulting in degeneration of the first-order neurons — the bipolar cells of the
retinal inner nuclear layer)® (Figure 1). It is also conceivable that multi-chain TSD may occur, where lesions of the third
order neurons in the posterior visual pathway may result in retrograde TSD of both second order and first-order neurons
sequentially. Experimental evidence from animal models supports the presence of bidirectional neuroaxonal degeneration
and TSD after optic nerve or intraretinal axotomy.>"*

In recent years, quantitative retinal and brain imaging techniques have been increasingly employed to interrogate
neurodegenerative processes such as TSD in-vivo in people with MS (PwMS). Optical coherence tomography (OCT)
allows quantification of individual retinal layer thicknesses and has allowed the characterization of structural changes that
occur in the anterior visual pathway in MS.® The posterior visual pathway can be studied with advanced MRI technology,
including volumetric analysis of various brain substructures and diffusion tensor imaging which is sensitive to the

microscopic motion of water molecules in brain tissue and can reveal disruptions to axonal and myelin microstructure.’
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Figure | Patterns of trans-synaptic degeneration in the afferent visual pathway in multiple sclerosis. The visual pathway is a functionally eloquent sensory pathway made up
of 3 neurons, travelling from the retina to the primary visual cortex of the occipital lobe. The axons of the 2" order neurons (travelling from the retinal ganglion cell layer
through the optic nerve and optic tracts to the thalami) are highly organized, with the axons from the nasal half of the retina crossing over to the contralateral cerebral
hemisphere within the optic chiasm, while the axons from the temporal half of the retina remain uncrossed and continue their path within the ipsilateral cerebral
hemisphere. The crossed and uncrossed nature of the pathway means that each thalamus and visual cortex receives inputs from the right and left eye in a homonymous
pattern. In optic neuritis, injury to the axons of the 2" order neurons (prior to the optic chiasm) can result in anterograde degeneration of affected axons, a process which
may then proceed trans-synaptically, resulting in anterograde trans-synaptic degeneration of the 3" order neurons travelling from both thalami to both primary visual
cortices. Neuroaxonal degeneration after optic neuritis may also proceed in the retrograde direction, resulting in loss of cell bodies in the ipsilateral retinal ganglion cell layer
(GCL), and potentially trans-synaptically to the I°* order neurons contained in the ipsilateral retinal inner nuclear layer (INL). On the other hand, if a demyelinating lesion
causes axonal injury to the 3™ order neurons (eg within the optic radiations), anterograde neuroaxonal degeneration may result in atrophy of the ipsilateral visual cortex,
while retrograde degeneration may proceed to the ipsilateral thalamus, and potentially trans-synaptically to the highly organized crossed and uncrossed 2" order neurons,
resulting in retrograde trans-synaptic degeneration with a homonymous pattern of atrophy of the retinal ganglion cell layer (and possibly even trans-synaptically again to the
I order neurons within the retinal inner nuclear layer). Reproduced from Murphy OC, Calabresi PA, Saidha S. lllustrations of the Afferent Visual Pathway and Concepts
Surrounding Trans-Synaptic Neuroaxonal Degeneration in the Visual Pathway in Multiple Sclerosis.®

Optic Neuritis in MS

Optic neuritis (ON) is common in MS, representing the initial manifestation of the disease in approximately 20% of
PwMS, and occurring in roughly 50% of PwWMS at some point during their disease course. Moreover, optic neuropathy is
virtually ubiquitous in MS, with more than 90% of PwMS having evidence of demyelinating lesions in their optic nerves
at post-mortem.® During acute ON, there is damage to the axons of RGCs primarily related to demyelination and/or
inflammatory transection resulting in retrograde degeneration of the axons, and subsequently the cell bodies of the
neurons from which these axons originate (ie, RGCs). These processes result in thinning of the retinal nerve fiber layer
(RNFL — containing the axons of the RGCs which coalesce to make up the optic nerve) and ganglion cell layer
(containing the cell bodies of the RGCs). With OCT, the ganglion cell layer is typically measured as a composite with
the inner plexiform layer (GCIPL), since these layers are not easily distinguished in OCT images. These dynamic
changes typically occur during the first three to six months after ON, with the majority of degeneration occurring rapidly
post-ON.” RNFL and GCIPL thinning, albeit less severe, has also been observed in eyes that have not experienced
clinical episodes of ON, and is more commonly referred to as chronic optic neuropathy.®

Anterograde Trans-Synaptic Degeneration in the Visual Pathway in MS

Several studies in MS have attempted to examine whether there is TSD of the third-order neurons of the posterior visual
pathway following ON (Table 1). Gabilondo et al evaluated a cohort of 100 PwMS with OCT and MRI and found that
PwMS with a prior history of severe ON had lower visual cortex volume compared to those without ON, independently
of lesion volume within the optic radiations.'® Balk et al found lower thickness of the visual cortex in 39 PwMS with

154 https: Eye and Brain 2023:15

Dove


https://www.dovepress.com
https://www.dovepress.com

Dove Filippatou et al

Table | Summary of Evidence in Support of Anterograde and Retrograde Trans-Synaptic Degeneration in the Visual System in MS

Evidence for Anterograde Trans-Synaptic Degeneration Evidence for Retrograde Trans-Synaptic Degeneration

PwMS with a prior history of ON have lower visual cortex volume Hemi-macular pattern of GCIPL thinning can be seen in PwMS with
compared to PwMS without ON'®"" a unilateral optic radiation lesion??

PwMS with acute ON have accelerated atrophy of the occipital gray In PWMS, increased lesion volume in the optic radiations is associated

matter, calcarine gray matter and thalamic volumes compared to PwMS | with lower pRNFL and GCIPL thickness, including in PWMS with no
without ON during follow-up|2 prior history of ON'0:1525:26

PwMS with a prior history of ON have evidence of tissue damage in the | PwMS with new lesions in the optic radiations have accelerated

posterior visual pathway following ON on diffusion-weighted MRI temporal RNFL atrophy compared to PwMS with new lesions outside
(decreased fractional anisotropy and increased radial, axial and mean the optic radiations?’
13,15,16,19,20

diffusivity in the optic radiations)

PwMS with acute ON have accelerated atrophy of the INL, possibly
supporting the occurrence of retrograde trans-synaptic degeneration

within the retina affecting the bipolar cells in the INL'?

Abbreviations: PWMS, people with multiple sclerosis; ON, optic neuritis; GCIPL, ganglion cell + inner plexiform layer; pRNFL, peripapillary retinal nerve fiber layer; INL,
inner nuclear layer.

prior ON compared to 107 PwMS with no history of ON, while the thickness of the whole brain cortex did not differ
between the groups.'' While these findings were suggestive of possible anterograde TSD in PwMS with ON, the
direction and temporal evolution of the findings could not be determined in the absence of longitudinal data.

Our group examined a longitudinal prospective cohort of 49 PwWMS or high risk clinically isolated syndrome (CIS)
who were recruited within 40 days of acute ON onset and were followed longitudinally with OCT and MRL'? Over the
study period, this cohort had accelerated atrophy of the occipital gray matter, calcarine gray matter and thalami compared
to a comparator cohort of PwMS without an episode of ON in the prior 3 years or during follow-up. There were no
significant differences in whole brain, white matter, cortical gray-matter, non-occipital cortical or subcortical gray matter
or T2 lesion accumulation between the cohorts.

Additional studies have utilized advanced MRI techniques, including diffusion-weighted MRI measures to detect
microstructural damage in the posterior visual pathway following ON. A cross-sectional study by Pawlitzki et al showed
decreased optic radiations fractional anisotropy (FA) and increased radial diffusivity (RD), axial diffusivity (AD) and
mean diffusivity (MD) in 17 PwMS with history of ON compared to 11 PwMS without a history of ON.'* Decreased FA
and increased diffusivity are suggestive of an increase in the ability of water molecules to diffuse, which can be seen in
demyelination or axonal loss.'* Balk et al examined 38 PwMS with bilateral ON and found decreased FA and increased
MD compared to PwMS without a history of ON and healthy controls (HC)." Thicknesses of the retinal layers (GCIPL
and peripapillary RNFL [pRNFL]) were positively associated with primary visual cortex thickness (V1) and optic
radiations FA and negatively associated with optic radiations MD in PwMS, however most of these associations were not
statistically significant. Rocca et al examined 102 PwMS and found that optic radiations diffusivity abnormalities were
more severe in PWMS with prior ON history compared to PWMS without prior ON history, and mainly located in the
anterior and middle portions of the optic radiations.'® Additional studies in isolated ON by Kolbe et al found abnormal
FA and diffusivity in the optic radiations.'”'®

Diffusion-weighted MRI measures have also been studied longitudinally in MS. Tur et al studied a cohort of 28
PwMS after ON and 8 HC longitudinally with serial MRI scans.'® Over one year following ON, the FA in the optic
radiations decreased and the RD increased in PwMS, whereas no significant longitudinal changes occurred in HC. These
results were similar when adjusting for lesion load in the optic radiations. Additionally, affected optic nerves with lower
cross-sectional areas (ie, thinner optic nerves) at three months after ON were associated with lower FA and higher RD at
one year in the optic radiations. This study suggests the presence of microstructural damage in the optic radiations after
ON, independent of optic radiation lesion load and most pronounced in PWMS with optic nerve atrophy on orbital scan
MRIs, further supporting the notion of anterograde TSD after ON. You et al studied people with glaucoma and PwMS
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with a history of ON and no optic radiation lesions.?’ Both cohorts had anisotropic increase of water diffusion detected in
the optic radiations, characterized by changes in RD that extended more posteriorly than AD. It is thought that RD is
more reflective of myelin integrity, whereas AD is more reflective of axonal integrity, therefore this finding suggested
that myelin pathology might start earlier in the process of anterograde TSD.'* The PWMS were followed for three years
longitudinally and were found to have an increase in RD (mainly observed in the anterior segments of the optic
radiations) that correlated with GCIPL retinal thinning. The authors then used an animal model of optic nerve injury
(unilateral optic nerve axonotomy) to characterize changes in the posterior visual pathway and observed early glial
activation and demyelination in the posterior visual projections that occurred prior to axonal loss.?’

Retrograde Trans-Synaptic Degeneration in the Visual Pathway in MS
Post-chiasmal pathology in the visual pathway has the potential to affect the second-order neurons of the optic nerve and
retina through retrograde TSD. Given the retinotopic organization of the visual system, the pattern of atrophy that would
be expected at the optic disc is temporal thinning in the ipsilateral eye and a bow-tie pattern of atrophy in the
contralateral eye, whereas the macula would be expected to show a homonymous hemi-macular pattern of atrophy
(temporal hemi-atrophy in the ipsilateral eye and nasal hemi-atrophy in the contralateral eye).”' These findings can be
caused by a lesion in the optic radiations and are reflected in the pattern of peripapillary RNFL and GCIPL loss,
respectively, as measured by OCT (Figure 2).

Al-Louzi et al reported a case series of six PwMS with posterior visual pathway lesions (four with lesions in the
occipital white matter and two with lesions in the thalamus) who were found to have homonymous, hemi-macular pattern
of GCIPL thinning on OCT, three of which also had corresponding homonymous hemi-macular microcystic macular
pathology (MMP) of the inner nuclear layer (INL) in the same distribution as the hemi-macular GCIPL thinning.** An
index has been proposed to quantify hemi-macular retinal thickness; the proposed index represents a ratio comparing
ganglion cell thickness in nasal and temporal hemi-macular sectors across both eyes.”*

Balk et al examined 103 PwMS with no prior history of ON and found that increased lesion volume in the optic
radiations was associated with lower pRNFL and GCIPL thicknesses, while higher GCIPL thickness and, to a lesser
extent, higher pRNFL thickness, were associated with higher optic radiations FA and lower MD."* Reich et al studied 36
PwMS and found moderate correlations of pRNFL thickness with FA and RD (but not AD or MD) along the optic
radiations.?* Sinnecker et al studied 30 PwMS with OCT and 7 T MRI and found an inverse correlation between optic
radiations lesion volume and RNFL thickness, including in PwMS without previous ON.?* Gabilondo et al evaluated
a cohort of 100 PwMS and found that lower RNFL thickness was associated with lower visual cortex volume, higher
lesion volume within the optic radiations and lower N-acetyl aspartate in visual cortex, a potential surrogate marker of
axonal damage measured with magnetic resonance spectroscopy, independent of ON history.'® The analysis was repeated
with data obtained after one year of follow-up and similar associations were observed, however the study was not
powered to allow a reliable longitudinal analysis. Since these studies had a cross-sectional design, the direction of these
findings could not be corroborated.

Klistorner et al studied 53 PwMS and 50 HC cross-sectionally and found that temporal RNFL thickness was reduced
in MS eyes with no prior history of ON and there was a correlation between thinning of the temporal RNFL and optic
radiations lesion volume, as well as optic radiations diffusion tensor imaging indices (FA demonstrated a positive
correlation with temporal RNFL thickness, while all diffusivity measures were inversely associated with temporal
RNFL).?® Klistorner et al subsequently performed a 3-year longitudinal study, during which 55 PwMS were followed
with annual MRI and OCT.?’ The authors found that PwWMS with new lesions involving the optic radiations had greater
temporal RNFL thinning compared to PwMS with new lesions outside the optic radiations. This study supports the
notion that retrograde TSD caused by optic radiations lesions might play a role in progressive retinal nerve fiber layer
loss.

There is also interest in how the deeper layers of the retina are affected in MS and whether retrograde TSD occurs
within the retina after ON, with degeneration of the retinal ganglion cell potentially followed by trans-synaptic changes
in the bipolar cells which are located in the inner nuclear layer (INL). Balk et al examined 144 MS ON eyes and 279 MS
non-ON eyes and found sparing of the INL and outer retinal layers in ON eyes, despite significant thinning of the inner
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Figure 2 MRI and OCT findings in three patients (A, B, C) with multiple sclerosis and homonymous, hemi-macular ganglion cell + inner plexiform layer (GCIPL) atrophy in
conjunction with posterior visual pathway lesions, a pattern which is thought to be indicative of retrograde trans-synaptic degeneration. In each case (A, B, C), the FLAIR
MRI sequence demonstrates a unilateral lesion in the occipital white matter (blue circles), while the macular OCT shows a homonymous, hemi-macular GCIPL thinning with
temporal hemi-atrophy in the ipsilateral eye and nasal hemi-atrophy in the contralateral eye. This is demonstrated by the “blue range” hemi-macular color in the thickness
map of each OCT scan. In the quantified sectors which provide average GCIPL thickness in each of these sectors, the red sectors correspond to sectors with significant
GCIPL thinning (below | percentile of healthy individuals of similar age). This is also depicted in the deviation maps, in which thinned areas are delineated in yellow (1¥-5®
percentile of healthy individuals of similar age) or red (<I°* percentile of healthy individuals of similar age).

Abbreviations: OD, right eye; OS, left eye; T, temporal; N, nasal.
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retinal layers (RNFL and GCIPL)."" This led to the hypothesis that the INL may act as a physiological barrier against
retrograde TSD after ON within the retina. However, in the previously mentioned study by our group, during which 49
PwMS or high-risk CIS who were recruited within 40 days of acute ON onset and were followed longitudinally, ON eyes
showed reductions in all retinal layer thicknesses over the first year post-ON.'? Reductions in pRNFL, GCIPL, and INL
thicknesses over the first year post-ON were significantly greater in ON eyes than in their fellow eyes, possibly
supporting the occurrence of retrograde TSD extending to the bipolar cells in the INL. Notably, changes seen in the
INL after ON in this study were of a much smaller magnitude (and therefore more difficult to detect) than changes in the
GCIPL/pRNFL, which may explain the discrepancy between these results and prior reports in the literature. Furthermore,
the transient swelling of the INL that is known to occur in both the affected and unaffected eye after ON means that the
measurement and interpretation of longitudinal changes and inter-eye differences in this layer must be carefully
considered in the context of ON.**

Importantly, both anterograde and retrograde TSD are proposed to occur through synapses in the LGN, however there
are technical difficulties in studying the LGN due to its small size that renders accurate volumetric measurements
challenging. Papadopoulou et al proposed an atlas-based automated LGN segmentation method and studied a cohort of
34 PwMS.?’ LGN volume was associated with GCIPL thickness (temporal in the ipsilateral and nasal in the contralateral
eye) in PwMS with a history of ON. LGN volume was also associated with optic radiations lesion volume independently
of GCIPL, suggesting a bidirectional effect of both anterior and posterior visual pathway damage on LGN volume.

Significance of Trans-Synaptic Degeneration in MS

There is accumulating evidence to suggest the presence of both anterograde and retrograde TSD in the visual system in
MS after inflammatory activity (Table 1). This process may have broader implications in MS pathophysiology, as it may
indicate more aggressive disease with greater tissue damage. It is conceivable that TSD may be a key driver of
progressive neurodegeneration, CNS atrophy and disability accumulation in MS. Studies utilizing OCT and MRI have
allowed in-vivo investigation and quantification of TSD in people with MS. An imaging modality that quantifies TSD
may serve as outcome measures in clinical trials, particularly for putative therapeutic agents that may target remyelina-
tion, neuroprotection or neurorestoration within the visual system. For example, future work can evaluate whether novel
therapeutics can halt damage to the posterior visual pathway after ON.

Future studies are needed to enhance our understanding of the pathophysiology of TSD, which could inform more
broadly mechanisms of neurodegeneration in MS. The majority of existing studies have a cross-sectional design, hence
the direction and temporal evolution of the findings cannot be determined. It is currently unclear how quickly TSD
occurs, if at all, after an inflammatory demyelinating event and how much of the global burden of neurodegeneration in
MS can be attributed to TSD. While the severity of injury conferred by a focal lesion to the posterior visual pathways
could be the driver of TSD, there are substantial data supporting variable synaptic pathology in MS brain tissues.’>' The
mechanisms by which Clq and C3 opsonize synapses, which are then stripped by microglia may vary within individuals
due to genetic variation within reactive glia.**>*> With regard to MS therapeutics, a crucial outstanding question is
whether current MS disease-modifying treatments can affect TSD and whether future neuroprotective therapies could
prevent TSD and impact disease progression in MS. An additional limitation is the challenge of quantifying TSD on an
individual patient level within the visual system, given the difficulty and lack of standardization in employing
quantitative imaging in everyday clinical practice.

Conclusion

TSD is of interest, as it may be a key mechanism underlying neurodegeneration, progressive disability and brain atrophy
in MS.* Based on accumulated evidence from quantitative imaging studies in recent years, there is compelling support
for the occurrence of both anterograde and retrograde TSD within the visual system in PwMS. Additional research is
needed to determine whether the extent of TSD is a marker of more aggressive disease with greater tissue destruction and
poorer tissue repair. Better understanding of these mechanisms may enhance our understanding of pathobiologic
mechanisms of neurodegeneration in MS and facilitate the development and/or study of neuroprotective therapies.
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