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Glia are a heterogeneous collection of cell types in the central nervous system (CNS) that 

continue to surprise in their diversity and functional capability. As intermediaries between 

vasculature and energy-intensive neurons, and as a result of their presence at the synapse, 

glia have established a reputation as primary support cells for neurons, providing energy 

substrates and eliminating excess neurotransmitters. As research tools allow us a more 

nuanced picture of the CNS, we are beginning to appreciate the specialization, yet broad 

function of glial cells. Without question, improvements in our understanding of the 

capabilities of CNS glia will lead to fundamental shifts in neuroscience, not least of which 

will be to provide another front in the identification of targets for CNS disease intervention.

One such CNS disorder that stands to benefit from glial research is glaucoma. Glaucoma, an 

age-related neurodegenerative disorder, is the second leading cause of irreversible blindness 

(Quigley and Broman, 2006). Glaucoma is thought to blind through retinal ganglion cell 

(RGC) degeneration secondary to axon insult at the optic nerve head (Quigley et al., 1981; 

Howell et al., 2007); glia are critical players for both.

We have evidence to suggest that astrocytes express GM1 gangliosides during retinal 

ganglion cell degeneration in the context of glaucoma. Retinal ganglion cells (RGCs), the 

projection neurons in the retina, express GM1, as determined by their efficient and specific 

uptake of cholera toxin-subunit B (CTB). In the DBA/2J mouse model of glaucoma, 

astrocytes begin to express GM1 and bind CTB at the same time RGCs show signs of 

degeneration, including accumulation of phosphorylated neurofilament, (Buckingham et al., 

2008; Soto et al., 2008) loss of action potential generation (Baltan et al., 2010) and 

diminished dendritic arborization (Jakobs et al., 2005). Dysfunctional RGCs, identified by 

their accumulation of phosphorylated neurofilament (Soto et al., 2008), and lack of 

retrograde Fluorogold label, also lose CTB binding, suggesting they stop expressing GM1. 

Prior to degenerative changes in retina, astrocytes do not express GM1, which we 

determined by their inability to bind CTB (Figure 1). Astrocytic CTB-binding is not age-

related, as evidenced by CTB labeling of RGCs and their axons alone in aged DBA/2-

Gpnmb+ retina (Figure 1). We are investigating whether gangliosides are upregulated 

specifically in astrocytes as a result of local neural degeneration because such an occurrence 

could have profound implications for the survival and function of RGCs.

Gangliosides are made in the endoplasmic reticulum and further modified in the Golgi by 

sequential addition of carbohydrate moieties (Yu et al., 2011). Ganglioside expression 

changes significantly in the course of development, primarily due to the developmental 
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changes in ganglioside synthases (Yu et al., 2004). Adult mammals express greater numbers 

of gangliosides overall, and those expressed are more complex.

Gangliosides are found in glycolipid-enriched microdomains, or rafts, which can include 

GPI-linked proteins such as Thy1, glycosphingolipids, caveolin, IgE receptors and other 

membrane components (Pike, 2009). GM1, when bound to cholera toxin, forms large 

clusters that redistribute to electron dense areas of the cell membrane that are specialized for 

signal propagation and clathrin-mediated endocytosis (Wilson et al., 2004). These data 

suggest increased GM1 expression in astrocytes has implications for cell signaling as well as 

membrane dynamics.

Lipid raft-bound gangliosides are connected to a wide variety of cellular functions including 

immune function modulation (Ohmi et al., 2009), growth factor receptor regulation, and 

maintaining and repairing the CNS (Ohmi et al., 2011). Nerve growth factor (NGF) and 

brain derived neurotrophic factor (BDNF) have been considered as targets for treating 

glaucoma. In retina, NGF has been shown to change its expression in glaucomic conditions, 

and to play a neuroprotective role in mice with induced glaucoma (Lambiase et al., 2009; 

Wang et al., 2014). BDNF haploinsufficiency accelerates degenerative changes in aging 

mice, such as older DBA/2J (Gupta et al., 2014). BDNF is a neuroprotective agent in 

glaucomic mice (Domenici et al., 2014), and after optic nerve crush (Di Polo et al., 1998). 

The ganglioside GM1 has specific interactions with BDNF and NGF that makes it of special 

interest. GM1 plays a role in antidepressant-like effects in some mouse models of 

depression, and this change involves the BDNF cascade (Jiang et al., 2016). This identifies a 

link between BDNF and GM1. We observe a shift in GM1 in the retina as it undergoes 

glaucomatous degeneration, making it possible that BDNF activity is interrupted as well. 

The NGF receptor, TrkA, has been shown to associate closely with GM1; NGF binding 

affinity increases when TrkA and GM1 are linked (Fukuda et al., 2015). The interactions 

between GM1 and BDNF, or GM1 and NGF suggest that gangliosides are important to our 

understanding of glaucoma. The loss or interruption of the regulatory actions of GM1 may 

be a factor in the clinical trial shortcomings for NGF based drugs (Wang et al., 2014). Our 

characterization work on GM1 in the glaucomic retina will help us further understand this 

molecule in pathology so we can investigate the interactions among GM1, growth factors 

and glaucomic degeneration.

The association among GM1 and growth factors has already led to investigations in other 

neurodegenerative disorders. Huntington’s disease, Parkinson’s disease, and Alzheimer’s 

disease have provided insights into the pathogenesis of glaucoma, and all have abnormalities 

associated with the GM1 ganglioside. In Huntington’s disease (HD), fibroblasts taken from 

patients with HD have lower levels of GM1 than those from healthy individuals (Maglione et 

al., 2010). When GM1 is given to HD cells in vitro, there is an increase in AKT 

phosphorylation (Maglione et al., 2010), a result of insulin-like growth factor-1 activation 

that prevents neuronal death in HD (Humbert et al., 2002). In vivo, GM1 treatment can 

rescue motor function in a murine model of HD (Di Pardo et al., 2012). In Parkinson’s 

disease (PD), a deficiency of GM1 has been shown to correlate with the disease (Wu et al., 

2012), the basis of which led to a clinical trial using GM1 as a treatment for PD that has 

shown some positive results (Schneider et al., 2010). The mechanism of the improvement in 

Pappenhagen and Inman Page 2

J Neurosci Res. Author manuscript; available in PMC 2019 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



PD patients from GM1 treatment may involve the association of GM1 with BDNF and NGF, 

because the substantia nigra has shown decreases in BDNF and NGF in PD (Mogi et al., 

1999). Alzheimer’s disease (AD) highlights another possible way that dysregulated GM1 

expression might lead to neurodegeneration. In AD, toxic amyloid-β (Aβ) protein 

fibrillation is catalyzed by binding to GM1 when Aβ is released from damaged neurons 

(Okada et al., 2007). This has led to investigations into how the association takes place 

(Fernández-Pérez et al., 2017), and how, once associated, Aβ affects GM1 mobility, 

potentially making it easier for future binding of more toxic Aβ fibers (Calamai et al., 2016). 

This is all of particular interest for glaucoma as Aβ has been shown recently to play a role in 

glaucoma as well as AD (Goldblum et al., 2007; Guo et al., 2007). The roles that GM1 

association plays with other neurodegenerative diseases, and its contribution to disease 

mechanisms there suggests that it could play an important role in glaucomic pathology.

The involvement of GM1 ganglioside in several neurodegenerative diseases indicates many 

mechanisms to impact cell survival in diseased states. Our observations about the changing 

distribution of GM1 in glaucoma provide another way to investigate glaucoma, and another 

tool to potentially treat the disease. The beneficial effects of growth factor signaling on cell 

survival in other neurodegenerative disorders and the ability of GM1 to affect protein 

aggregation suggest possible mechanisms for GM1 in modulating glaucomic degeneration.
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Figure 1. 
Changes in GM1 ganglioside in the DBA2/J and DBA/2-Gpnmb+ retina as determined by 

cholera toxin-B (CTB) binding. Panels show CTB (green, AlexaFluor-488) labeling in the 

retina, with β-Tubulin III (red, AlexaFluor-594) and GFAP (blue, AlexaFluor-647) to label 

retinal ganglion cells (RGCs) and astrocytes, respectively. A. A 13 month-old DBA/2J retina 

with CTB-positive astrocytes (arrowheads). Arrow points to a β-Tubulin III-positive retinal 

ganglion cell. B. A 3 month-old DBA/2J retina showing RGC axon fascicles (bundles of 

green) and no CTB-positive astrocytes. Arrows point to CTB-positive RGCs. C. A 3 month-

old DBA/2-Gpnmb+ retina, also with CTB-positive RGC axon fascicles and GFAP-positive 

astrocytes. D. A 13 month-old DBA/2-Gpnmb+ retina that appears similar to the 3-month-

old retina. Arrows point to CTB-positive RGCs. The GFAP-positive astrocytes do not have 

CTB labeling. The astrocytic CTB labeling occurs only in glaucomatous (panel A), 

degenerating retina. Scale bar = 20 Jm
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