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ABSTRACT 

Glycogen distribution in adult and geriatric mice brains 

Rana Alrabeh 

 

Astrocytes, the most abundant glial cell type in the brain, undergo a number of roles in 

brain physiology; among them, the energetic support of neurons is the best 

characterized. Contained within astrocytes is the brain’s obligate energy store, glycogen. 

Through glycogenolysis, glycogen, a storage form of glucose, is converted to pyruvate 

that is further reduced to lactate and transferred to neurons as an energy source via 

MCTs. Glycogen is a multi-branched polysaccharide synthesized from the glucose 

uptaken in astrocytes. It has been shown that glycogen accumulates with age and 

contributes to the physiological ageing process in the brain. In this study, we compared 

glycogen distribution between young adults and geriatric mice to understand the energy 

consumption of synaptic terminals during ageing using computational tools. We 

segmented and densely reconstructed neuropil and glycogen granules within six (three 

4 month old old and three 24 month old) volumes of Layer 1 somatosensory cortex mice 

brains from FIB-SEM stacks, using a combination of semi-automated and manual tools, 

ilastik and TrakEM2. Finally, the 3D visualization software, Blender, was used to analyze 

the dataset using the DBSCAN and KDTree Nearest neighbor algorithms to study the 

distribution of glycogen granules compared to synapses, using a plugin that was 

developed for this purpose. The Nearest Neighbors and clustering results of 6 datasets 

show that glycogen clusters around excitatory synapses more than inhibitory synapses 
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and that, in general, glycogen is found around axonal boutons more than dendritic 

spines. There was no significant accumulation of glycogen with ageing within our 

admittedly small dataset.  However, there was a homogenization of glycogen 

distribution with age and that is consistent with published literature. We conclude that 

glycogen distribution in the brain is not a random process but follows a function 

distribution. 
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Chapter 1: Introduction 

1.1 Astrocytes 

1.1.1 Astrocytic History 

In 1858, Rudolf Virchow gave a lecture at Berlin University where he introduced for the 

first time to the scientific community a non-neuronal cell type, which he named 

‘neuroglia’ [Figure 1.1]. These cells, in his description, were considered ‘nerve cement’ 

(Kettenmann, Verkhratsky 2008), referring to their proposed function. In 1893, Von 

Lenhossek proposed the term ‘astrocytes’, from the Greek ‘astron’ (literally meaning 

“star”), referring to their star-shaped structure (Kettenmann, Ransom 1995). Since then, 

much research has been done to characterize what these star shaped cells are and to 

define their structure and functions in the nervous system. Astrocytes are cells with 

complex structures, characterized by an array of processes situated between elements 

of neurons and vascular walls.  These cells are as numerous as neurons in the human 

brain (Azevedo et al. 2009). In the process of evolution from mammals to primates, both 

density and morphological complexity of astroglia increased. This investment of limited 

brain resources into increasing complexity suggests an important role for these cells in 

the primate brain.  In the frontal cortex, specifically, the glia to neuron ratio has 

increased from 0.3 in rodents to 1.65 in humans (Sherwood et al. 2006). Clearly, there is 

an important reason why these cells are very numerous in the brain and why they 

increased their numbers with evolution. What is the function of those cells? This was a 

question raised by Santiago Ramon y Cajal in his opus ‘Texture of the Nervous System of 
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Man and the Vertebrates’ (Cajal 2002). This question remains open to this day, although 

research revealed a variety of ways that astrocytes function in the nervous system. 

 

  
Figure 1.1. Morphological diversity of human glial cells. Neuroglial cells from the human 

cortex. (a) Vertical slice of one of the gyros of the frontal lobe obtained from 42-year-old 

women. (b–e) Vertical slice of the parietal region obtained from a 70-year-old man. In all 

parts, the upper surface of the cortex is oriented towards the top of the image. 

Superficial glial cells send their processes towards the surface of the slice where they 

spread; glial cells located in the deeper layers are represented by many different types. 

In parts (a) and (b) blood vessels with tightly attached glial cells are shown. In (e) a small 

stained ganglion cell is shown; all other cells are glial elements. All images are obtained 

http://topics.sciencedirect.com/topics/page/Glial_cells
http://topics.sciencedirect.com/topics/page/Frontal_lobe
http://topics.sciencedirect.com/topics/page/Ganglion_cell
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from Golgi-stained preparations. Taken from  (Kettenmann, Verkhratsky 2008). 

 

1.1.2 Astrocytic Functions 

The view of astrocytes as simple ‘nerve-cement’ has changed dramatically with the 

dizzying array of astrocytic functions discovered. Astrocytes influence the environment 

around them (Bundgaard, Abbott 2008) and have an effect on the ions concentration, 

water movements, and uptake of several neurotransmitters. Astrocytes are also an 

important source for ROS (reactive-oxygen-species) scavengers, therefore addressing 

metabolic damage (Kettenmann, Verkhratsky 2008). They also have roles in clearing 

neuronal waste (Nedergaard, Ransom, Goldman 2003). Moreover, astrocytes manage 

the synthesis and stabilization of synapses, and influence synaptic plasticity and strength 

thereby modulating synapses [Figure 1.2]. Astrocytic perisynaptic elements contain a 

spectrum of neurotransmitter receptors (Verkhratsky, Steinhäuser 2000; Kettenmann, 

Backus, Schachner 1984). Astrocytes also release neuroactive agents (Nedergaard, 

Ransom, Goldman 2003).  Astrocytes have their own signaling systems as well, and can 

transmit messages by Ca+2 waves and release Ca+2 spontaneously (Volterra, Meldolesi 

2005; Cornell-Bell, Finkbeiner, Cooper, Smith 1990; Verkhratsky 2006). Astrocytes also 

have a role in ion regulation, potassium buffering, and recycling of neurotransmitters in 

physiological conditions (Giaume 2007).   
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Figure 1.2. Astrocytes as regulators of synaptic activity, synaptogenesis and 

neurogenesis. Taken from (Nedergaard, Ransom, Goldman 2003) 

 

1.1.3 Astrocytes in Pathology 

Astrocytes also play an important role in pathological conditions. In Alzheimer’s disease, 

the aberrant expression of β-secretase, the amyloid-β secreting enzyme, and the 

consequent deficiency in amyloid-β degradation (Hartlage-Rübsamen et al. 2002), 

results in astrocytes to sustain amyloid-β accumulation and plaque formation (Volterra, 

Meldolesi 2005) thereby contributing to the disease’s pathogenesis. Astrocytes are 

promoting pathogenesis in another disease as well: Cancer. Gliomas are aggressive 

cancerous tumors of astrocytes and other glial cells (Sontheimer 2003). Glioma cells 

show impaired growth and invasiveness while inducing the death of surrounding cells 

through their modified glutamate signaling. Glutamate is released from glioma cells and 

plays an important role in tumor growth and neuronal dysfunction (Volterra, Meldolesi 

2005). Astrocytes also have an important role in amyotrophic lateral sclerosis (ALS), a 

http://topics.sciencedirect.com/topics/page/Astrocyte
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neurodegenerative disease resulting in neuronal death in the brain and spinal cord. In 

ALS, astrocytes and microglia, which envelop motor neurons, have certain phenotypic 

changes that make them less supportive and prone to neurodegeneration and thus aid 

the onset and progression of the disease (Haidet-Phillips et al. 2011).  

 

Also during pathological conditions, a state of so-called neuroinflammation occurs, 

resulting in astrocytes becoming reactive; we can cite several cases where these cells 

respond to such condition in a protective fashion towards neurons (Ilieva, Polymenidou, 

Cleveland 2009; Yamanaka et al. 2008; Boillée, Velde, Cleveland 2006; Boillee et al. 

2006). Astrocytes protect neurons by digesting and degrading amyloid-β, the protein 

whose accumulation generates the plaques hallmark of Alzheimer's disease (Wyss-Coray 

et al. 2003). Another example is during ischemic stroke, when neurons fail because of an 

impaired supply of glucose and oxygen.  A plethora of evidence supports a 

neuroprotective role for astrocytes in the case of ischemic stroke (Trendelenburg and 

Dirnagl 2005).  

 

1.1.4 Astrocytes in Neuronal Metabolism 

One important role of astrocytes is its metabolic coupling with neurons. Astrocytes 

manipulate the blood flow and provide neurons with energy (Mulligan, Macvicar 2004; 

Zonta et al. 2002; Magistretti 2006). Astrocytes transport glucose, the required energy 

substrate of the brain, and supply metabolic substrates. (Nedergaard, Ransom, Goldman 

2003). More specifically, neurons and astrocytes seem to have a metabolic 
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complementarity in producing energy from glucose using two different pathways, these 

pathways are oxidative for neurons and glycolysis for astrocytes. These differentiated 

metabolic pathways lead to the possibility of transfer metabolites from astrocytes to 

neurons to be incorporated into their metabolic cycle (for a full review please refer to: 

Magistretti and Allaman 2015).  Certain morphological features of astrocytes also points 

to a role in providing neurons with metabolic substrates: the endfoot of the astrocyte is 

found abutting against capillary walls and other endfoots ensheathing synapses.  

Furthermore, astrocytes are given the ability by proteins expressed at important points 

to sense neuronal activity through receptors and reuptake sites (Danbolt, 2001; 

Iadecola and Nedergaard, 2007 ;  Kacem et al., 1998). Pierre Magistretti and co-

authors suggested a mechanism for the transfer of lactate from astrocytes to neurons 

through MCTs (from MCT1 and MCT4 in astrocytes to MCT2 in neurons) (Magistretti and 

Allaman 2015). This model succinctly explains the wealth of data showing a role for 

astrocyte derived energy sources in neuronal activity.  

 

1.2 Glycogen 

1.2.1 Glycogen: The storage form of glucose 

One part of the astrocyte-neuron metabolic complementarity is glycogen, the storage 

form of glucose. Glycogen is a metabolic substrate that plays an important role in the 

glucose cycle (Allaman 2009). It is known for a long time to be present in other areas in 

the body, like the liver and muscles. It was in 1968 that glycogen was found in the brain 
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(Nelson et al. 1968). Its density in the brain, however, is much lower than in the muscle 

or liver, by a ratio of 1:10:100 respectively. Glycogen appears as granules with a 

spherical shape of about 20-40 nm in diameter, called beta particles, that can contain up 

to 60,000 glucose units. Aggregates of beta particles form the alpha particles, whose 

diameter ranges from 60 to 200 nanometers (Allaman 2009). In the adult brain, 

glycogen is almost exclusively localized to astrocytes. Certain large neurons in the brain 

stem, the choroid plexus and ependymal epithelia were also shown to contain glycogen 

granules. In the developing brain, however, glycogen is shown to be present in high 

amounts in neurons. Neuronal glycogen levels decrease with age, until they are virtually 

non-present in adult neurons (Allaman 2009). 

 

1.2.2 Glycogen Metabolism 

In general, glycogen is synthesized when glucose is in excess (by a process called 

glycogenesis) and is degraded by the process of glycogenolysis, to meet energy needs. 

Glycogen metabolism in the brain is similar to glycogen metabolism in the muscle and 

liver, where most studies were directed. Of note, glycogen can be metabolized via the 

glycolytic pathway to pyruvate and lactate, which produces two ATP molecules (Allaman 

2009). 

 

1.2.3 Glycogen in neuronal-astrocytic metabolic coupling 

Several studies suggest that glycogen in astrocytes is used to provide neurons with 

energy substrates (Swanson and Choi 1993; Wender et al. 2000; Brown et al. 2003). 
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Glycogen is too large to be transferred between cells; therefore it must be metabolized 

to lactate before energy substrate transfer can occur (Brown et al. 2003; Dringen et al. 

1993; Wender et al. 2000). Several pathways have been described to trigger 

glycogenolysis and eventually lead to the activation of the ANLS (Astrocyte-Neuron 

Lactate Shuttle). 

The shuttling of lactate from astrocytes to neurons has been shown to be downstream 

of astrocytic uptake of glutamate (Magistretti et al. 1999) and this process has been 

linked with glycogenolysis (Shulman et al. 2001). Some substrates, like 

neurotransmitters, trigger glycogenolysis, revealing connections between neuronal 

activity and glycogen metabolism. Neurotransmitters like the vasoactive intestinal 

peptide (VIP) promote glycogenolysis through the adenylate-cyclase signaling cascade. 

Noradrenaline (NA) also promotes glycogenolysis in astrocytes though beta-

adrenoceptors (Magistretti et al. 1981). Certain neuromodulators also promote 

glycogenolysis in astrocytes, like the purinergic agonists adenosine and ATP through the 

action of purigenic P2Y receptors (Sorg et al. 1995 and Sorg and Magistretti 1991). 

Glycogenolysis is also promoted by activity-dependent increases in extracellular 

potassium ions (K+) (Hof et al. 1988). 

Furthermore, sensory stimulation promotes glycogenolysis which links physiological 

neuronal activity with glycogen. Tactile stimulations of rats resulted in the decrease of 

glycogen in certain areas in the brain like the somatosensory cortex, the trigeminal 

sensory nucleus and the trigeminal motor nucleus (Swanson et al. 1992). Continual 
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handling of the rats resulted in sensory activation that led to decreases in the amounts 

of brain glycogen in the dorsal cerebral cortex compared to control (Cruz and Dienel 

2002). These studies conclude that sudden increases in neuronal energy demands could 

be met with the metabolism of glycogen. Further demonstrating the role of glycogen in 

sustaining neuronal function is the study that supports a role for glycogen in memory 

formation, here modeled as brief high intensity stimuli to the hippocampus, which result 

in depleted stores of glycogen (O'Dowd et al. 1994). More recently, it was shown that 

learning leads to a glycogenolysis-dependent lactate increase in the hippocampus, and 

that inhibition of glycogenolysis results in amnesia and LTP blockage (Suzuki et al. 2011). 

Together, these studies show a correlation between glycogenolysis and neuronal 

activity. Since neuronal activity requires glycogen, its accumulation can be used as an 

indicator to neuronal energy needs.  

 

1.2.4 Glycogen metabolism pathology 

Specific neuronal machinery ensures that glycogen does not accumulate in neurites, a 

process that might lead to neuronal apoptosis (Vilchez et al. 2007). It was shown that 

while neurons contain the enzymatic machinery needed to synthesize glycogen, like the 

glycogen synthase (GS), which, on inhibition, stimulates glycogenolysis and protein 

targeting to glycogen (PTG), which activates GS, they is suppressed (Vilchez 2007). 

Neuronal accumulation of glycogen is cytotoxic, as will be discussed in coming sections. 

Neurons inhibit the glycogen enzymatic machinery through two redundant pathways: 

the first is through keeping GS in a phosphorylated, meaning inactive, state. The second 
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is through degrading PTG and glycogen synthase in a proteasome-dependent manner 

(Vilchez et al. 2007). Several known pathological conditions result in the accumulation of 

glycogen in neurons, most notably Lafora’s disease. Lafora’s is an autosomal recessive 

genetic disorder characterized by the formation of structures referred to as ‘Lafora’s 

bodies’, or abnormal glycogen, inside the cytoplasm of cells in virtually all organs of the 

patient. This accumulation leads to neuronal death, locomotion defects and shorter 

lifespan. Glycogen accumulation in neurons is, therefore, a neurodegenerative process 

(Duran et al. 2012).  

Another pathological condition caused by an abnormal glycogen metabolism is a 

collection of diseases, called Glycogen storage diseases, which are the result of a 

malfunctioning in glycogen synthesis and breakdown enzymes. Glycogen storage 

diseases have a genetic origin, and are caused by mutations in the genes encoding those 

enzymes. Hallmarks of this condition are hypoglycemia, a manifestation of liver 

glycogen storage diseases, and weakness and muscle cramps caused by muscle glycogen 

storage diseases (Wolfsdorf and Weinstein 2003). 

Aside from these pathological conditions, glycogen, or polysaccharide, accumulation 

could occur with normal ageing process. Corpora Amylacea are polysaccharide-based 

aggregates in neurons of aged human brains whose significance is unknown (Duran and 

Guinovart 2015). 

 

1.2.5 Detecting glycogen in the brain 

Glycogen can be detected in the brain using cytochemical, quantitative techniques 
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and/or imaging techniques. Staining for glycogen most commonly utilizes the interaction 

between glycogen and osmium tetroxide which is a contrasting stain for glycogen. 

Another staining method is the periodic acid-Schiff’s base (PAS), which is a general 

polysaccharide stain. Several techniques exist to further differentiate glycogen from 

other polysaccharides. In electron microscopy imaging, in combination with staining, it is 

easy to detect glycogen granules as they appear as dark, electron dense particles. 

(Koizumi 1974; Cataldo and Broadwell 1986; Peters et al. 1991; Wender et al. 2000). 

Other techniques include microwave irradiation that denatures glycogen metabolism 

enzymes, preserving glycogen content (Sagar et al. 1987; Oe et al. 2016). Freezing the 

animal by immersing it in liquid nitrogen (Passonneau and Lauderdale 1974) or Freon-12 

(King et al. 1967; Nelson et al. 1968; Folbergrova et al. 1969) stops glycogen metabolism 

as well. The most used technique for measuring glycogen is using debranching enzymes 

that break down glycogen to glucose then use a standard biochemical assay for glucose 

(Passonneau et al. 1967). These techniques give general glycogen content but do not 

localize glycogen to cellular or subcellular levels. Cali et al. introduce a workflow for 

visualizing glycogen using electron microscopy images that detail the location of 

glycogen in relation to subcellular structures of interest (2016).  

 

1.3 Hypothesis 

In this thesis, we use electron microscopy images of the somatosensory of adult and 

geriatric mice to study the subcellular distribution of glycogen granules in relation to 
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neuronal subcellular structures of note like boutons and spines.  

Owing the metabolic coupling between astrocytes and neurons and the role of glycogen 

derived energy substrates in neuronal activity, glycogen is an important molecule to 

study. Furthermore, the synapse was shown to be the energy powerhouse of the 

neurons (Magistretti and Allaman 2015) and that synaptic signaling is the major 

consumer of energy in the brain (Attwell and Laughlin 2001). Therefore, the proximity of 

energy sources to neurons is important to note. We work under the assumption that the 

closest energy source to a synapse is the one that will be utilized by it. Once taking 

glycogen as a proxy for an energy source, its distribution can show interesting hints 

about neuronal energy consumption and its relation to astrocyte derived energy 

sources.  Further in detail, localization of glycogen in relation to subcellular neuronal 

elements can give important points about the relative energy needs of neuronal 

elements and can show the differences between them. 
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Chapter 2: Methods 

2.1 Perfusion and sample preparation 

Six C57BL6 mice (N=3 were young, 4 months old, N=3 were geriatric, 24 months old) 

were fixed by transcardiac perfusion using 2.5% glutaraldehyde and 2% 

paraformaldehyde in 100 mM phosphate buffer, with a pH of 7.4. Their brains were cut 

at a thickness of 60 microns. Sections of interest, like the barrel cortex, were selected 

for further processing. The sections were rinsed in cacodylate buffer (0.1 M, pH 7.4) and 

postfixed for 40 min with 1.5% potassium ferrocyanide and 1% osmium tetroxide, for 40 

min in 1% osmium tetroxide alone, each in 0.1 M cacodylate, and finally for 40 min in 

1% aqueous uranyl acetate. Sections were then dehydrated in a graded alcohol series 

and infiltrated with Durcupan resin overnight. Finally, the section was embedded flat 

between glass slides in fresh resin and polymerized for 24 h at 65°C. The resin-

embedded tissue was then glued to a flat 1-mm-thick slab of blank resin for trimming in 

the ultramicrotome.  

 

2.2 Imaging and image processing 

A Focused Ion Beam Scanning Electron Microscope (FIBSEM) has been used to image 

sections containing barrel cortex, at the level of layer I. We followed a method adapted 

from (Mostany et al. 2013), and (Maco et al. 2013). 
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The block containing the ROIs was mounted onto an aluminum stub using conductive 

carbon paste and coated with a 10 nm layer of gold (Cressington vacuum evaporation 

system). Tissue blocks were imaged inside a NVision 40 FIBSEM microscope (Zeiss NTS, 

Oberkochen, Germany) as described previously (Knott, Rosset, Cantoni 2011). For the 

final serial imaging, we used an acceleration voltage of 2 kV with a current of between 

340 and 400 pA and dwell time of 10 μs/pixel. Final image stacks were aligned using the 

MultiStackReg addon (Thevenaz, Ruttimann, Unser 1998) available for Fiji image 

processing software (http://fiji.sc/wiki/index.php/Fiji). Each one of the imaged volumes 

from the six mice was between 660 and 1520 microns cubed (four month old mice; 

849.7224 μm3, 1520.7 μm3, 705.6 μm3 24 month old mice; 1416.69 μm3, 915.84 μm3, 

662.592 μm3). The pixel size is 6x6x15 nm/ voxel (xyz). 

http://fiji.sc/wiki/index.php/Fiji
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Figure 2.1: Identification of synapses and glycogen granules. Examples of synapses (A,D; red 

arrows), glycogen granules (D, yellow arrows), axons (A), boutons (B), dendrites (D), spines (s), 

and astrocytic processes (Ast) on EM micraographs. E: The lumen of the blood vessel is 

surrounded by one endothelial cell interfacing with a pericytic process. Excitatory asymmetric 

synapses (B) or inhibitory symmetric synapses (C) can be discriminated by the thickness of the 

synaptic density, as well as the shape and size of synaptic vesicles. Scale bar = 500 nm in A,D,E; 

300 nm in B,C. Taken from (Cali et al 2015) 

2.3 Semi-Automated Segmentation 
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Ilastik was used to segment the astrocytes in the FIBSEM stack of images. Carving works 

when the user provides some foreground/background seeds that ilastik will follow, or 

carve, in the entirety of the dataset. Ilastik uses a seeded watershed algorithm to do the 

segmentation. The user marks an object to input into the algorithm using green for the 

inside of the object and red for the outside of the object. From this initial marking a 

segmentation is calculated that can be adjusted interactively. The purpose of the carving 

module is to extract objects from images that are separable by their boundaries. When 

the user is done segmenting, they click on the ‘Run Preprocessing’ button to calculate a 

sparse supervoxel graph of the image and boundary map. After the objects are marked 

with object seeds and background seeds, the user can hit ‘Segment’ to get the seeded 

watershed segmentation (Sommer, Straehle, Kothe, Hamprecht 2011) The methods 

outlined by (Cali et al 2015) were used to distinguish between different cellular and 

subcellular elements like synapses, glycogen granules and astrocytes [Figure 2.1][Figure 

2.2]. 
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Figure 2.2: Ilastik Interface upon completion of segmentation. 

 

2.4 Manual Segmentation 

Fiji is an open-source software, a distribution of the popular ImageJ, that is focused on 

biological image analysis (Schindelin et al. 2012). Fiji was used to group the stack images 

(ranging from 267 to 467 images) into one file that can be loaded into ilastik. The Fiji 

plugin TrakEM2 was used to mark the glycogen granules in the stack. (Cardona 2006). 

TrackEM2 was used for segmenting glycogen granules from astrocytes using the ball 

shape built into TrakEM2 [Figure 2.3].  
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Figure 2.3: TrakEM2 interface. One synapse (red) and glycogen granules (yellow spheres, 

arrowhead) have been segmented in one plane. Scale bar = 500 nm. 

 

2.5 3D Analysis 

All the tools that we used to analyze the 3D models obtained from TrakEM2 and ilastik 

were combined and analyzed within Blender, an open source 3D creation suite 

(www.blender.org). The blender python plugin neuromorph was used to import the 

segmented astrocyte into the blender workspace and the blender plugin glycogen 

http://www.blender.org/
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analysis was used to run the analysis on the segmented astrocyte and glycogen 

granules. 

 

2.5.1 Neuromorph 

After using ilastik and TrakEM2 to reconstruct astrocytes and glycogen granules, 

Neuromorph was used to import the segmented work into blender. Neuromorph is a 

collection of software tools where a user can view their segmentation results and the 

original image stack and manipulate these objects in 3D and make measurements.  

Neuromorph integrates into the blender interface (Jorstad et al. 2014) The NeuroMorph 

toolset aims to enable the user to analyze 3D models that result from the segmentation 

of EM image stacks.  

The tool is divided into three parts. A tool that measures the selected region of the 

model and calculates its volume and surface area and distances. Another tool to access 

the image stacks were the segmentation was derived from originally. Finally, a tool that 

imports .obj models that can be obtained from segmentation software. The toolset also 

provides an import function for opening .obj format mesh models generated from 

segmentation software (Jorstad et al. 2014). 

Neuromorph was used to import .obj files of the segmentation of astrocytes (from 

ilastik) and glycogen granules (from TrakEM2). It specifies the import volume (which was 

~5 microns for the 6 stacks) that allows for the juxtaposing of the original image stack 

and the segmented stack [Figure 2.4]. The volume, surface area and distances tools 

were used to obtain data about the distribution of glycogen. 
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Figure 2.4: Neuromorph’s import tool used to import the segmented astrocyte and 

glycogen 

 

2.5.2 Glycogen Analysis Plugin 

The blender environment allows for addons, scripts that are incorporated into the 

graphical interface, which is what the Cali et al. did. They coded a blender plugin that 

calculates the centroids of objects of interest (i.e. glycogen granules, clusters or spines 

and boutons) and calculates their distances, and identifies the nearest neighbor (spines 

or boutons) to the glycogen granules or clusters. The addon then exports the results in a 

tab-delimited text file that names each measured object and the distances to its nearest 
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neighbor. The Glycogen Analysis add-on is available for free on at 

https://github.com/daniJb/glyco-analysis. To calculate the distances, it uses two 

algorithms. First, the K-dimensional tree  (KD Tree) algorithm, a tree based algorithm 

that indexes a k-dimensional array of points that can be queried for the nearest 

neighbor of any point (Bentley 1975) was used for the nearest neighbors’ calculation. 

Second, the Density-based spatial clustering of applications with noise (DBSCAN) 

algorithm (Ester, Kriegel, Sander, Xu 1996) was used for cluster analysis. It is an 

automated method that determines clusters from a set of points. This algorithm is 

suitable for noisy dataset because it has no predispositions about the number of shape 

of clusters, but instead uses minimum distances between the minimum number of 

member to determine the clusters. The two parameters (minimum distance between 

members and minimum number of members) are optimized using the silhouette 

coefficient (Rousseeuw 1987), which gives a metric on the fraction of points included in 

all clusters. For a number of points, the add-on finds the maximum silhouette coefficient 

within a range of distances. Finally, the add-on encloses the clusters calculated in 

ellipsoids with a similar color as the glycogen granules (Calì et al. 2015). 

 

2.6 Statistics 

For statistical analysis of the data set, Microsoft Office product Excel was used. The data 

files were imported to Excel and analyzed further using tools like the avg() function, 

stddev() function and the graph making tools. Welch’s t test was used to confirm 

https://github.com/daniJb/glyco-analysis
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difference between glycogen accumulation in adult and aged mice. 
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Chapter 3: Results 

3.1 Total number of glycogen granules 

In the adult mice (Mouse 1,3, and 6), after running the Glycogen Analysis Plugin on the 

segmented glycogen granules and astrocyte, we get a total number of glycogen granules 

of 2821, 3738, 11642 for Mice 1,3 and 6 respectively. In geriatric mice (Mouse 2,4 and 5) 

there was 6414, 7758, 4287 total number of glycogen granules respectively. Mouse 6 

from adult mice and mouse 5 seem to be data outliers. If taken out, there is a visible 

difference in the total number of granules between the two data sets. Table 1 shows the 

subsequent breakdown of each granule depending on the closest neuronal structure to 

it. The synapse was chosen as the area of localization for glycogen and was subdivided 

into boutons, or pre-synaptic terminals, and dendrite, or post-synaptic terminals. The 

boutons were also divided into excitatory, inhibitory or unknown based on their 

conformation using the method outlined by (Cali et al. 2015). 

 

Age Mouse Total Bouton Excitatory Inhibitory Unknown Dendrite 

Young 

Adult 

1 2821 1871 1170 335 366 950 

3 3738 2308 1279 285 744 1430 

6 11642 7768 6122 1258 388 3874 

Geriatric 2 6414 4302 2754 604 944 2112 
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4 7758  3358 1428 211 1719 4400 

5 4287 1182 915 81 186 3105 

Table 3.1: Total number of glycogen granules per mouse and per each constituent type 

of pre and postsynaptic process.  

 

3.2 Total number of glycogen clusters 

The Glycogen analysis plugin also groups the glycogen granules into clusters. Naturally, 

we observe from EM images that the glycogen clusters into groups. The functional 

importance of this clustering is not well understood. However, we hypothesize that this 

clustering is related to neuronal energy consumption, where the areas of intensive 

energy consumption, leads to more clustering of glycogen because glycogen is a 

molecule shown to meet minute-to-minute energy needs of neurons (see introduction). 

In adult mice, the total number of clusters was 197, 290, 291 respectively. In geriatric 

mice, the total number of clusters was 290 for all three mice. Table 2 shows the 

subsequent breakdown of each cluster depending on which synaptic element was 

closest to it. There seems to be a homogenization of clusters as mice age.  

 

Age Mouse Total Bouton Excitatory Inhibitory Unknown Dendrite 

Young 1 197 135 82 21 32 62 
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Adult 3 290 187 110 21 56 103 

6 291 170 129 25 16 121 

Geriatric 2 290 178 114 34 30 112 

4 290 123 64 8 51 167 

5 290 63 44 5 14 227 

Table 3.2: Total number of clusters per each mouse and per each constituent type of 

pre and postsynaptic process.  
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Figure 3.1: Percent distribution of glycogen clusters in adult mice (Mouse 1, 3 and 6) and 

average glycogen clusters per neuronal element (Excitatory synapses, inhibitory 

synapses, unknown synapses and dendrites).  

 

 

Figure 3.2: Percent distribution of glycogen clusters in geriatric mice (Mouse 2, 4 and 5) 

and average glycogen clusters per neuronal element (Excitatory synapses, inhibitory 

synapses, unknown synapses and dendrites).  

 

3.3 Percentage Glycogen Granules per neuronal process 
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Upon applying some further analysis on the dataset, using excel tool, more information 

about the dataset was revealed. Around 34-41% of glycogen was found around 

excitatory synapses, 6-12% around inhibitory synapses and 1-20% around unknown 

synapses. 34-52% were around dendrites in adult mice (Mouse 1,3 and 6) [Figure 3.1]. In 

geriatric mice, 21-42% of glycogen was found around excitatory synapses, 2-9% of 

glycogen was found around inhibitory synapses and 4-22% was around unknown 

synapses [Figure 3.2]. When the glycogen was analyzed based on the clustering 

algorithm results, 34-41% of clusters in adult mice were found around excitatory 

synapses, 6-12% around inhibitory synapses and 1-20% around unknown synapses 

[Figure 3.1]. In geriatric mice, 15-42% of clusters were around excitatory synapses, 2-

13% were around inhibitory synapses and 5-17% were around unknown synapses. 34-

78% of clusters were around dendrites [Figure 3.2]. The two methods, using individual 

granules and using clusters, show comparable results. 

 

3.4 Average number of glycogen granules around neuronal elements 

 

Upon taking the average number of glycogen granules around each neuronal element, 

the following was revealed. In adult mice, the average number of glycogen granules 

found around axons was 13.9, 12.3 and 45.9 for mouse 1,3 and 6 respectively [Table 3.3] 

[Figure 3.1]. In geriatric mice, the average number of glycogen granules around axons 

was 24.2, 27.3 and 18.8 for mouse 1, 3 and 6 respectively [Table 3.3] [Figure 3.2]. Again, 

it shows that mouse 5 and 6 are outliers and that there is a significantly less glycogen 
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granules, on average, around neuronal elements in adult versus geriatric mice. 

 

 

Age Mouse Avg. Axons Avg. 

Excitatory 

Avg. 

Inhibitory 

Avg. 

Unknown 

Avg. 

Dendrites 

Young 

Adult 

1 13.9 14.3 16.0 11.4 15.3 

3 12.3 11.6 13.6 13.3 13.9 

6 45.9 47.5 50.3 24.3 32.0 

Geriatric 2 24.2 24.2 17.8 42.8 20.4 

4 27.3 22.3 26.4 33.7 34.8 

5 18.8 20.8 16.2 13.3 13.7 

Table 3.3: Average number of glycogen granules per each type of pre and postsynaptic 

process 

 

3.5 Total volume of astrocytic process 

 

The volume of the astrocytic process was calculated using the neuromorph  plugin. The 

astrocytic volume can be an important measure to allow for the calculation of glycogen 

density and on its own as a measure for health during ageing. In adult mice, the volume 
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was from 10.7, 10.8 and 14.3 μm3 for mouse 1,3 and 6 respectively [Figure 3.3]. In 

geriatric mice, the volume was 10.6, 12.3 and 6.5 μm3 for mice 2, 4 and 5 respectively 

[Figure 3.3]. Again, mouse 5 and 6 are outliers. Without the outliers, there is a clear 

difference in the volume between adult and geriatric mice. [Table 3.4] shows the data in 

a table format. 

 

Age Mouse Volume in μm3 

Young Adult 1 10.7 

3 10.8 

6 14.3 

Geriatric 2 10.6 

4 12.3 

5 6.5 

Table 3.4: Total volume in μm3 of astrocytic process per mouse. 

 

3.6 Average glycogen granules per unit astrocytic volume 

 

Upon taking the sum of the number of glycogen granules and dividing by the segmented 

astrocyte’s volume, the following results were obtained. In adult mice, the glycogen 
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granules density was 263.6, 346.1 and 814.1 glycogen granules per μm3 

 of astrocytic process [Table 3.5][Figure 3.3]. In geriatric mice, the density was 605.1, 

630.7 and 659.5 glycogen granules per μm3of astrocytic process [Table 3.5][ [Figure 3.3]. 

The average density for adult mice was 474.6  and the average density for geriatric mice 

was 631.8 [Figure 3.5]. The two-tailed P value equals 0.9796. By conventional criteria, 

this difference is considered to be not statistically significant.  

Age Mouse Density 

Young Adult 1 263.6 

3 346.1 

6 814.1 

Geriatric 2 605.1 

4 630.7 

5 659.5 

Table 3.5: Glycogen granule density per unit volume of astrocytic process for each 

mouse. 
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Figure 3.3: Data about glycogen distribution in adult and geriatric mice. a. Visualization 

of astrocytic process in mouse 5. b. Astrocytic volume in μm3 for each mouse. c. Density 

of granules per μm3 for each mouse. d. Average density for adult and aged (geriatric) 

mice. 

 

3.7 Excitatory vs. Inhibitory  

For the following dataset, the number of synapses in each dataset was taken, both 

excitatory and inhibitory. The ratio of the two was taken as well as the ratio of the 

percentage distribution shown in [Figure 3.1] and [Figure 3.2]. Finally the percentage 

difference between the two ratios was calculated to get a sense of the difference in 
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glycogen accumulation between excitatory vs. inhibitory synapses. 

 

Age Mouse 

Number 

Number of synapses 

Excitatory/Inhibitory 

Ratio of 

synapses 

Ratio of 

percentage 

distribution 

Percentage 

Difference 

Young 

Adult 

1 93/23 4.04 3.97 1.8% 

3 103/22 4.68 4.18 12% 

6 129/25 5.16 4.82 7.1% 

Table 3.6: The percentage difference in glycogen granules between excitatory and 

inhibitory synapses.  
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Chapter 4: Discussion 

4.1 Total number of glycogen granules and Total number of glycogen clusters 

The analysis of distribution of glycogen, manually segmented using TrakEM2, showed a 

mixed array of results. Total number of glycogen ranged from 2821 to 11642 glycogen 

granules in 5x5x5 microns neuropil volumes for adult mice, and from 4287 to 7758 for 

same volumes from old mice. Heterogeneous results on a much larger scale were found 

in another study, looking at the distribution of glycogen using light microscopy, where 

‘puntca rich’ and ‘puncta poor’ astrocytes were found (Oe et al. 2016). The mechanism 

behind this patchy distribution of glycogen is not well understood; but because of the 

diversity in the order of magnitude, the clustering of our granules might better reflect 

their observations. Indeed, the distribution became then more homogenous with ageing 

when we analyzed the results of clustering. Young mice ranged from 197 to 291, while 

aged mice showed that each cube had 290 clusters. This seems in line with the study of 

Oe et al., where they observed a less patchy distribution of glycogen in aged animals. 

The reasons behind this homogeneity with age are not well understood and requires 

more studies to elucidate the mechanisms behind it. 

 

4.2 Percentage Glycogen Granules per neuronal process  

Next, to understand the functional importance and speculate on the energetic impact of 

glycogen granules, we studied their distribution around synapses. Synaptic signaling is 

the major consumer of energy in the brain (Attwell and Laughlin 2001), and synapses 
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are crucial for learning and memory (Tang et al. 1999). We found around 34-41% 

percent of glycogen granules to be located near excitatory synapses and 6-12% around 

inhibitory synapses in young mice; glycogen clusters showed similar distribution.  The 

percentage difference between excitatory and inhibitory synapses is around 7% on 

average for young mice.  Excitatory synapses activity increases glucose utilization, 

however, gamma-Aminobutyric acid (GABA)ergic inhibitory synapses do not show 

similar metabolic coupling (Chatton et al. 2003). This suggests that GABAergic synapses 

do not require a high amount of energy, which is in line with our data. Another study 

showed that inhibition did not evoke measurable changes in blood-oxygenation-level-

dependent signaling, again indicating that inhibition requires less energy than excitation 

(Waldvogel et al. 2000). One reason behind this is the lower density of inhibitory 

synapses compared to excitatory synapses (estimated to be about one tenth in the 

cortex) (Braitenberg 1998; Abelas 1991). Another reason could be that the 

electrochemical gradient that Na+ moves down at excitatory synapses is much steeper 

than the electrochemical gradient that Cl- moves down postsynaptically, indicating less 

energy need to reverse pump the ions back (Attwell and Iadecola, 2002). Generally, 

inhibition is associated with fewer action potentials, as well (Waldvogel et al. 2000). One 

study concluded that excitatory neurons use 73% percent, or less than 3 times the 

energy of inhibitory neurons, which use 27% of the energy (Howarth et al. 2010). Our 

results show that excitatory synapses use between 2.2 and 8.7 times the energy of 

inhibitory synapses; these results were consistent in geriatric mice, indicating a stability 

in expression related to function despite ageing. 
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4.3 Pre and postsynaptic clustering 

Our analysis of the pre- versus post- synaptic distribution showed that granules were 

clustered around boutons (presynaptic process, enlargement at the end of the axon) 

while only a minority was clustered around spines (postsynaptic process, dendrite 

extrusions) in 4 out of 6 mice. In their theoretical model of signaling energy allocations, 

Attwell and Laughlin propose a bottom up approach of the energy consumption of 

excitatory neurons and they conclude that postsynaptic signaling accounts for the 

largest energy consumption. In their calculations they use the weighted average of 

several areas in the brain, including the hippocampus. If the hippocampus data are 

selected, there is a major reduction in postsynaptic maintenance of ion fluxes and a 

great increase in maintaining action potentials (which is mostly a presynaptic process) 

(Attwell and Laughlin 2001) possibly showing that presynaptic processes account for the 

largest energy consumption. Newer models like the one by Howarth et al. estimate a 

lower percentage spent on action potentials and reiterate that the majority of energy is 

consumed by postsynaptic processes (2010). Another older model of the visual cortex 

studies the distribution of mitochondria in neurons of the visual cortex. This model also 

shows a majority of energy consumption to be by postsynaptic processes (Wong-Riley 

1989). It is possible that in the somatosensory cortex, like the hippocampus, the energy 

needs are reversed compared to other areas of the brain. Another possibility is that the 

presynaptic clustering of glycogen we see in our data set is used for signaling rather 

than energy production. It was shown by Yang et al. (2014) that lactate can be used for 
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signaling purposes in neurons and the monocarboxylate transporter (MCT), which is 

used to transfer energy substances, is possibly localized only to the post and not 

presynaptic terminal (Pierre et al. 2002). More studies should be done on the 

localization of MCT to further assess this possibility. 

 

4.4 Ageing 

Our results for the density of the glycogen granules per astrocytic volume and the 

distribution of glycogen per each neuronal process for young versus geriatric mice 

indicate no difference between young and geriatric mice in terms of glycogen 

accumulation. In literature, there are many types of inclusions that accumulate in the 

brain, like polyglucosan bodies, Lafora bodies, Lafora like bodies and Corpora Amylacea. 

Polyglucosan bodies are abnormal poorly branched glycogen. Lafora bodies and Lafora 

like bodies are insoluble polyglucosans bodies that accumulate in high numbers in 

neurons. Finally, Corpora Amylacea are polysaccharide-based aggregates in neurons of 

aged human brains. (Duran and Guinovart 2015). Research suggests that in some 

animals, including humans, there is an accumulation with age of these abnormal 

polysaccrides (Sinadinos et al. 2014), (Gertz et al. 1985), (Borras et al. 1999), (Cavanagh 

1999). Oe et al. (2016), on the other hand, directly measured glycogen content in young 

and geriatric mice and did not find a statistically significant accumulation of glycogen or 

polyglucosan bodies. A possible explanation for these results might be that glycogen, or 

other polyglucosans, accumulate in response to stress or as a precursor to disease like 

Lafora’s. Indeed, there is an accumulation of stress related protein on glucosan bodies in 

https://paperpile.com/c/YtiSuc/Loge
https://paperpile.com/c/YtiSuc/Ks9Q
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aged mice (Sinadinos 2014). In addition, accumulations were found in only some but not 

all animals, indicating a process of accumulation that is not universal but maybe due to 

individually experienced stressors and disease. It is, however, important to note that the 

sample numbers for this thesis is small and the possibility remains that a larger dataset 

might show a different outcome. 

 

4.5 Average number of glycogen granules around neuronal elements and Average 

glycogen granules per unit astrocytic volume 

The average density is 493.3 glycogen granules per unit volume for young mice and 

526.3 glycogen granules per unit volume for geriatric mice, which is a slight increase.  
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Chapter 5: Conclusion 

In conclusion, we used a combination of computational methods and software to 

extract data about the distribution of glycogen granules in the central nervous system of 

mice. In the somatosensory cortex, we have shown and corroborated earlier findings of 

a heterogeneous distribution of glycogen across different astrocytic cells. Furthermore, 

we have shown that, in the somatosensory cortex, glycogen granules cluster more at the 

presynaptic terminal, suggesting it to be the larger energy consumer as opposed to the 

post-synaptic terminal. Evidence of mitochondria in the presynaptic terminal furthers 

this suggestion. Earlier theoretical calculations, however, posit that the postsynaptic 

terminal to be the bigger energy consumer among the two but this conclusion is 

incomplete due to lack of evidence of MCT transporters in the presynaptic terminals. 

Further studies should be directed towards answering the question of ‘why’ this 

seemingly reverse clustering is seen in the somatosensory. Our results also suggest that 

excitatory synapses attract more energy sources than inhibitory synapses. This was 

shown to be true for excitatory and inhibitory neurons but our results were able to 

confirm this down to the synaptic level. For the topic of polysaccharide accumulation 

and ageing, there were many papers published that argue the accumulation of at least 

one type of polysaccharides in relation to ageing. Our results contrast the accumulation 

of normal glycogen in astrocytes in relation to ageing. However, there is more to be said 

about abnormal glycogen accumulation in other CNS cells, most notably neurons. In the 
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future, studies should be directed towards understanding the patchy appearance of 

glycogen in astrocytes and the difference between normal and abnormal glycogen 

accumulations in CNS cells. 
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