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I. Norsk Sammendrag 

Signalering i nervsystemet er en oppgave som utelukkende er tillagt nerveceller, 

nevroner, men i de siste 30 årene har denne teorien blitt satt på prøve av en teori om at også 

astrocytt-celler kan kommunisere  på lignende vis som nevroner.  Astrocytter er allerede 

kjente for sine oppryddings- og støttefunksjoner i nervsystemet, og denne funksjonen er viktig 

for overlevelse av både nevroner og synapser.  Ifølge den nye teorien snakkes det nå om «the 

tripartite synapse», etter at det tidlig på 90-tallet ble oppdaget at astrocyttene kan eksiteres av 

transmittersubstansen glutamat som utskilles fra vesikler i nerve-endene.  I dette prosjektet, 

har vi analysert elektron mikroskopiske bilder og laget tre-dimensjonale strukturelle modeller 

fra tre forskjellige områder i rottehjernen for å kvantisere antall av synaptiske-lignende mikro-

vesikler (SLMV-er) og å måle både lengden av nervecelleutløperne, samt overflaten og 

volumet i både nerveceller og astrocytter i nervevevet.  I alle de tre områdene, hadde axonene 

(både terminalene og prosessene) den største lengden, overflaten, volumet og antall 

synaptiske vesikler.  I cortex fant vi  28823 vesikler i axonene og 17 i astrocytene; i 

hippocampus fant vi 26954 vesikler i axonene og 56 i astrocyttene; i striatum fant vi 46962 i 

axonene og 6 i astrocyttene.  Etter en foreløbig statistisk analyse, var tallet på vesikler i 

astrocyttene ikke signifikant i forhold til tallet på vesikler i nervecellene.  Vi har fortsatt ikke 

et endelig svar på om astrocytene kan frigjøre signalstoffer i synapsene, men våre data tyder 

på at dette i tilfelle må skje på en annen måte enn ved exocytose av SLVM-er.   

 

II. English Abstract 

Synaptic communication is generally accepted as being mediated by neurons, however 

there is still the lingering question as to whether astrocytes are more than just a silent third-

party observer.  While extracellular housekeeping has an important function in terms or 

neuronal survivability as well as the more practical aspects of synaptic communication, this 

function is still quite distinct from the neuron’s unique function of releasing neurotransmitters 

through the fusing of Synaptic-Like Micro-Vesicles (SLMVs) with the cell membrane.  If 

astrocytes too partake in this signalling process in a similar way, then we would be able to 

speak of a tripartite synapse.  In this study we analyse electron microscope (EM) image stacks 

from three different regions of the rat brain to quantify the number of SLMVs, and to measure 

the lengths, surface area and volumes of both the neurons (both their axons and dendrites) and 

the astrocytes in our neuropil samples.  In all three stacks, axons had the largest structural 

length in comparison to dendrites and astrocytes, the largest membrane surface area, as well 
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as the largest structural volume in the neuropil.  Axons (both their terminals and the 

processes) contained a significantly larger quantity of SLMVs with a total of 28823 in the 

cortex, 26954 in the hippocampus and 46962 in the striatum.  Astrocytes on the other hand 

were found to have a statistically insignificant number of SLMVs with 17 in the cortex, 56 in 

the hippocampus and only 6 in the striatum.  While this finding does not exclude the 

possibility of astrocytic participation in synaptic communication, it seems to suggest that their 

participation in synaptic signalling with the use of SLMVs may be more limited, given that 

astrocytes have so few of them. 

  

III. Introduction 

Most students studying the biological sciences learn that the nervous system is made 

up of neurons and glial cells, and that they both carry out different and distinct functions in 

this system.  While neurons are taught as being the nervous system’s signallers 

communicating with other parts of the nervous system and the body, astrocytes have been 

generally made out as the glorified housekeeper, even though it has been also recognised that 

much remains to be understood as to their function.  The early 1990s marked a period where 

new discoveries were being made regarding astrocyte physiology, which opened up new 

theories about and then sparked heated debates around astrocytic function in signalling.  And 

so was born the idea of the “tripartite synapse,” the proposition that synaptic communication 

is mediated by both astrocytes and neurons, thereby challenging the tradition of the neuron 

doctrine.   Yet how full proof was this theory?  Over the past 30 years, numerous imaging 

studies in biochemistry, electrophysiology, and immunohistochemistry have been carried out 

enriching our knowledge about astrocytic physiology and anatomy, and yet still nobody seems 

to be in agreement as to whether or not this “tripartite synapse” is in fact still viable.  And 

while this debate continues, it becomes even clearer that synaptic communication may be 

even more complicated than we had first imagined in the first place. 

This project was a collaboration between three different research groups in two 

different countries: both Svend Davanger’s and Niels Christian Danbolt’s groups at the 

University of Oslo in Norway, and Graham Knott’s group at BioEM Facility (EPFL) in 

Lausanne, Switzerland.  Under the assumption that astrocytes are involved in synaptic 

communication with neurons, the goal has been to visualise three different areas of the rat 

brain using electron microscopy (EM): striatum, hippocampus, and cortex.  It has been 

proposed that astrocytes release SLVs containing neurotransmitters as their counterpart 
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neurons do, and studies in immunohistochemistry have demonstrated the existence of proteins 

involved in such a process.  Yet are there SLMVs in astrocytic processes that can also activate 

receptors in post synaptic membranes in the same manner as neurons?  How many of these 

can be found?  The answer to this question can be found quite simply by quantifying the 

SLMVs found in multiple EM images that have been reconstructed into a three-dimensional 

stack.  And while superficially, there may appear to be little new or innovative in such an 

endeavour, few studies have attempted the same on such a large scale.  The largest obstacle in 

such quantitative studies has been the limits of our imaging technology.  Estimates regarding 

vesicle numbers, astrocytic surface area and volume have been made using individual EM 

images, but now it is possible to provide more precise numbers in larger volumes of tissue.  In 

this project serial EM image stacks were produced using a form of scanning electron 

microscope (SEM) and then reconstructed informatically into three-dimensional image stacks.  

These stacks were then analysed with the aid of analytic computer software tools. 

All three EM stacks were examined and analysed in a virtual three-dimensional 

workspace where all of the images were ordered and aligned, where the images could be 

visualised one at a time,  Models were then made of six different types of micro-anatomical 

structures in the stacks: synaptic gaps/terminals, vesicles, dendrites, axons, astrocytes, and a 

final “unknown” category for the elements that were unidentifiable.  Once all of the stacks 

were processed, the data files were sent back to the research group in Switzerland, where they 

were then converted into three-dimensional models, and the quantitative results extracted and 

further assessed.  The number of small vesicles was then assessed for all of the structures in 

the neuropil for all the three regions that were analysed.   

 

IV. Background 

Traditional Synaptic Transmission 

The nervous system primarily consists of two types of cells:  Nerve cells or neurons 

and glial cells.  Although neurons can vary in their shape and function in the nervous system, 

they can be generally recognised by their four characteristic structural elements: soma, axon, 

dendrite and pre-synaptic terminals. The soma is the neuron cell body where both the nucleus 

and the endoplasmic reticulum can be found, and this body pinches off into branching 

dendrites and axons.  Signals or action potentials travel out through the axons to their pre-

synaptic terminals which form communication points with the receiving cells called synapses.  
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At these synapses, the signal is then transduced into release of neurotransmitters which 

activate specific receptors on the postsynaptic terminals.  These receptors are located on the 

spines of dendrites of the postsynaptic neuron, which in turn transduces the neurotransmitter 

signal back into a change in plasma membrane potential.  This basic description of signal 

transmission between neurons is the basis of the neuron doctrine, which places neurons at a 

central role in the nervous system as the signalling units.  The idea of the neuron as the 

message bearer goes back to the 1800s during the time of Cajal who studied animal brains 

using a staining technique.  He observed that all parts of the brain were made up of neurons, 

and held a similar view of the neuron’s role, which at this time was called “cellular 

connectionism” (Kandel, Schwartz, Jessell, Siegelbaum, & Hudspeth, 2013; Thompson, 

1985). 

 Glial cells on the other hand outnumber neurons by up to 10 to 1 (Kandel et al., 2013), 

and have a role that has generally been defined as supportive.   In other words, they help the 

nervous system function as a whole, but have no role in the signalling process.   There are 

many types of glial cells, and they have been grouped as being either macroglia or microglia.  

Microglia are generally speaking immune cells, and macroglia are larger cells which fall into 

three different types of cells: oligodendrocytes, Schwann cells, and astrocytes.  

Oligodendrocytes and Schwann cells are generally involved in the myelinating of axons, 

which serve as an insulator to better propagate the action potentials.  Schwann cells are only 

present in the peripheral nervous system, oligodendrocytes in the CNS.  Astrocytes on the 

other hand are more of a mystery because of the large number of functions they seem to have, 

many of which are still not clearly defined.  They are generally protoplasmic if they are found 

in grey matter, or fibrous if located in white matter.  Their endfeet come into contact with 

capillaries and arterioles in the brain, serving as a filtering element in the blood brain barrier.  

It is generally accepted that they act as a cell-separator and synaptic insulator.  They regulate 

extracellular potassium concentrations, promote neuron signalling, remove neurotransmitters 

from the extracellular fluid in synaptic zones, and release growth factors that further nourish 

surrounding neurons (Kandel et al., 2013).  Yet given these important roles as well as their 

geographic proximity to neurons and the synapses between them, it does not seem so 

preposterous as to imagine that they too could play a more active role in the signalling 

process.  Does the neuron doctrine still hold true, or should it make room to include another 

unacknowledged player?  Discoveries regarding astrocyte reactivity to calcium in the early 

1990s would begin to open up for discussion the possibility that astrocytes may just as well 
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have a signalling capability.  Eventually these newer discoveries would lead to the 

questioning of the neuron doctrine, and the idea of the tripartite synapse would come to be 

(Perea, Navarrete, & Araque, 2009). 

   

Newer discoveries 

In the early 1990s, a series of new observations showed that astrocytes were excitable, 

and this started to question whether they had a purely passive, supportive role in the CNS.  

Different fluorescent imaging studies were carried out during this period showing that when 

excited, astrocytes would produce oscillating calcium concentrations (Perea et al., 2009).   In 

one early study on cultured astrocytes in the hippocampus, it was observed that at low levels 

of glutamate under 1µM astrocytes would start “flickering” in certain regions of the same 

astrocyte, but at higher concentrations of 1 to 10µM the oscillating would spread out into 

neighbouring astrocytes.  At glutamate concentrations of 100µM, astrocytes would produce 

calcium spikes at 100nM or higher, and it was also observed that increasing glutamate 

concentrations would decrease the average oscillation periods.  At 0,1µM of glutamate the 

oscillating period would last 24.7s, and at 100µM the periods would only last around 11.3s.  

There was also the agreement of the possibility that astrocytes possessed a glutamate receptor-

operated ion channels (Cornell-Bell, Finkbeiner, Cooper, & Smith, 1990).  Glutamate at 

different concentrations had an exciting effect on astrocytes, and they were able to elicit 

calcium oscillations in other astrocytes in the vicinity. 

In another fluorescent imaging study, it was shown that mechanical stimulation of 

astrocytes could as well stimulate calcium oscillations.  This mechanical stimulation was 

defined as a membrane deformation, and it was proposed that this increased membrane 

permeability to calcium, as well as the production of IP3 which in turn released calcium from 

intracellular stores.  This IP3 then travels through gap junctions to further stimulate release of 

calcium in neighbouring cells (Charles, Merrill, Dirksen, & Sanderson, 1991).  Astrocytes 

were thereafter excitable cells that could be stimulated both mechanically, and by glutamate, 

meaning that neurons could potentially stimulate astrocytes, and this stimulation could be 

further transmitted to other neighbouring astrocytes.  This observation of neuronal stimulated 

calcium oscillations in astrocytes was also made in later fluorescent studies (Aguado, 

Espinosa-Parrilla, Carmona, & Soriano, 2002).  Even prostaglandins (PGE2) were found to 

induce increases of calcium in both astrocytes and neurons, and it was even proposed that it 

was the astrocytes that mediated the increased calcium concentration in the neurons (Bezzi et 
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al., 1998).  It was becoming clearer that there was the possibility of communication between 

astrocytes, but could this excitation be transmitted to the synapse?  The next element that 

needed to be uncovered was whether or not astrocytes contained the neurotransmitters and the 

necessary anatomical structural elements to release those transmitters. 

It had already been recognised that astrocytes were highly secretive cells, by the time 

it was observed that they were also excitable to glutamate.  There are at least 20 different 

compounds that they either contain, synthesise or release, and these substances may have an 

effect on neurons and serve as “gliotransmitters.”  These substances consist of a wide variety 

of molecules that include excitatory and inhibitory amino acids (e.g. glutamate, GABA, d-

serine), ATP and  related nucleotides and nucleosides, neuropeptides, neurotrophins, 

cytokines, structurally associated chemokines, and growth factors (Martin, 1992; Santello, 

Cali, & Bezzi, 2012). 

Astrocytes do contain neurotransmitters like neurons, but if we want to know whether 

astrocytes can communicate like neurons, it then needs to be questioned whether or not they 

have the cellular machinery like neurons do to release them.  Can astrocytes exocytose 

vesicles like neurons?  Neurons accomplish this first through the creation of a SNARE protein 

complex, which facilitates the fusion of vesicles with the plasma membrane.  These proteins 

are found on the exterior surfaces of vesicles and on the interior wall of the plasma 

membrane.  Vesicle-associated membrane protein 2 (VAMP2, or synaptobrevin 2) are located 

on the vesicle membranes and they bind with two neuronal cytoplasmic plasma membrane 

proteins called syntaxin and SNAP25 (synaptosomal-associated protein 25).  Astrocytes 

contain VAMP3 (or cellubrevin), syntaxin, as well as SNAP25 (or an analogue SNAP23), and 

this suggests the possibility that they too can create SNARE complexes.  Once SNARE is 

formed, Ca2+ sensors are required to regulate the exocytosis.  Synaptotagmin 1, which acts as 

a Ca2+ sensor coupled to the SNARE complex in neurons, was once thought to exist in 

astrocytes as well, but later studies uncovered other proteins synaptotagmin 4, 5 and 11.  

These astrocytic sensor proteins differ in the sequence of their Ca2+ binding domains, 

resulting in a lower affinity than the sensor in neurons.  This in turn appears to support the 

view that release of neurotransmitters from astrocytes may be more of a “kiss-and-run” style, 

rather than full exocytosis (Hamilton & Attwell, 2010).    Hippocampal astrocytes have been 

also demonstrated to contain vesicular glutamate transporters (VGLUT 1/2) in microvesicles, 

which are also a part of the neuronal vesicle machinery.  This protein is responsible for the 

uptake of glutamate into vesicles by glutamatergic neurons (Bezzi et al., 2004). 
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“Kiss-and-run” vesicle release has also been suggested in a study of cultured and 

freshly isolated rat hippocampal astrocytes where glutamate release from astrocytes was 

induced both physiologically as well as mechanically.  Large vesicles 310nm in diameter 

were found in the astrocytes, which were then stimulated chemically with glutamate and 

mechanically by prodding with a pipette.  Mechanical stimulation was found to cause 

permanent vesicle fusion and emptying of the entire vesicle, whereas physiological 

stimulation was found to cause 10% vesicle emptying (Chen, Wang, Zhou, Zheng, & Zhou, 

2005).  While it appears that astrocytes have the capacity to release SLMVs like neurons, it 

seems as though this release is not entirely the same as neurons.  The structural mechanism 

may be similar; however, the quantity of neurotransmitter release appears to be much lower in 

quantity than first expected.   

 

V. Research Question 

The goal of this project is to determine the degree to which astrocytes, especially in 

presynaptic processes, contain Synaptic-Like Micro-Vesicles (SLMV), similar to what 

neurons do.  We also compare this in different regions of the brain.  The first question aims to 

see whether there is a morphological standpoint that astrocytes have the cellular apparatus 

necessary for the vesicular releasing of neurotransmitters near neuronal synapses.  Such an 

apparatus is considered necessary if astrocytes are to have a direct influence on synaptic 

transmission.  The other question aims to determine whether there are regional differences in 

SLMVs in the astrocytes and neurons surrounding the synapse.  The overarching goal of this 

project is to examine and have a better understanding over the transfer of information in the 

brain. 

VI. Materials 

Electron microscopy revolutionised microscopic imaging with its greatly improved 

magnifying and resolution capacity/ability.  Instead of using light photons to visualise 

samples as in light microscopy, electron microscopy uses a focused beam of electrons which 

is also sent through the sample and can be observed by the observer’s own eyes on a 

fluorescent screen, or on digitized images later on.   Scanning electron microscopy, which was 

used to image the samples in this project, works on the same principle, however the beam is 

finer and images are taken by scanning samples multiple times over the surface.  These scans 
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are recorded by an electron detector and transferred into both a fluorescent screen and camera.   

Modern light microscopes can magnify objects roughly 1000x, and have a resolving power of 

up to 200nm (0,0002mm).  Even the first transmission electron microscope, developed by Dr. 

Ernst Ruska at the University of Berlin in 1931, was able to resolve objects at 100nm.  

Modern transmission electron microscopes have a resolving power of 0.1nm and can magnify 

objects over 1,000,000x.  Scanning electron microscopes (SEM) on the other hand have a 

resolving power of 1nm and can magnify samples over 400,000x  ("All you wanted to know 

about Electron Microscopy...but didn't dare to ask!," 2006).  

With both its greater resolution and magnifying power, electron microscopy has been 

the only imaging method available to image synaptic connections and other associated 

structures (eg. synaptic vesicles) in the brain.  The use and advances in scanning electron 

microscopy have now made automated serial scanning possible, where multiple image slices 

can be taken and reconstructed into three dimensional virtual stacks.  Immense quantities of 

tissue can now be imaged in three dimensions with data programmes enabling an even more 

detailed and modern exploration of the brain’s anatomy (Jorstad et al., 2015).  The EM stacks 

analysed in this project were produced using FIBSEM which is a variation of the scanning 

electron microscopy method.  

FIBSEM is a form of electron microscopy which stands for Focused Ion Beam 

Scanning Electron Microscopy.  This is an automated form of electron microscopy which 

reduces human error by reducing the human role in the imaging process.   An ion beam is 

focused on the tissue to “mill” or remove only a few nanometres of tissue at a time before 

images are taken each time with the scanning electron microscope.   This automated process 

of alternating tissue removal and image taking means that entire blocks of tissues at all depths 

can be imaged in a way enabling optimal image alignment.  This alignment is important 

because when the images are opened in a visualising computer software such as Blender, they 

can be then organised into stacks as if reconstructing the original tissue digitally, thereby 

enabling a virtual three-dimensional view of the tissue (Maco, Holtmaat, Jorstad, Fua, & 

Knott, 2014).  This imaging process is the equivalent of having a computerised tomography 

(CT) scan or a magnetic resonance imaging (MRI) scan at the high magnification and 

resolution power of electron microscopy. 

Once the images are made and reconstructed into three-dimensional stacks, the next 

challenge involves analysing the stacks for the research goal in mind.  There are a variety of 

software programmes available that enable a detailed analysis of such image stacks in three-
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dimensions.  In this project, an open source modelling software called Blender ("Blender," 

2017) was used both to visualise and to model the EM stacks.  In addition, an addon to this 

Blender software called NeuroMorph, which was both conceived, developed and tested by 

Knott’s group in Lausanne was used to mark and count the vesicles and delineate the 

microanatomical structures in the EM stacks.   

NeuroMorph is referred to by Knott as a “toolset” that was developed with the 

intention of analysing models that were created from analysing neuronal structures (i.e. 

dendrites, axons, synaptic clefts, vesicles) that were identified and annotated in the EM image 

stacks.  This toolset is composed mainly of three different tools.  One tool enables users to 

access the original image sets or stacks taken from the tissue samples, another tool enables 

importation of models in .obj-formats from segmentation software, and the third tool enables 

a volume and surface area calculation from any region of a model (Jorstad, Blanc, & Knott, 

2018).  NeuroMorph can be installed directly in Blender by selecting the “Install from File” 

button in the “File Menu” under “User Preferences.”  More detailed information regarding 

this installation as well as importation of obj.-formatted files can also be found in this same 

article.  The advantage of using this software is that it enables the user to navigate in the tissue 

not only on the X and Y axis, but in the Z as well.  By scrolling with the mouse scroll button, 

different depths of the tissue could be explored and then delineated for the modelling of 

axons, dendrites, astrocytes and terminals.  Once created, these models would then remain 

within the same three-dimensional space as in the image stack, and the user can then 

manipulate and visualise both at the same time.  This modelling process will be discussed in 

further detail in the Methods section of this paper. 

 

VII. Methods 

The stacks of electron microscope pictures were kindly provided by Graham Knott.  

These stacks were taken from tissue samples that were also prepared and processed in his lab 

in Lausanne.  The following protocols described here are adaptations of earlier protocols that 

were also used by his lab, as well as the  protocols that he formalised in Methods in Cell 

Biology (Maco et al., 2014). 
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Tissure Sample Preparation and Embedding 

Three adult rats of undefined breed, sex and age were initially anesthetised with an 

intraperitoneal injection of sodium pentobarbitone, before being chemically fixated by cardiac 

perfusion with first an isotonic PBS buffer, and then by 2,5% glutaraldehyde and 2% 

paraformaldehyde in phosphate buffer.  The brains were removed two hours after perfusion, 

and then sliced into 60µm thick slices by vibratome (Leica VT 100; Leica Microsystems, 

Wetzlar, Germany.  Sections were removed from the cortex, striatum and hippocampus, 

washed in cacodylate buffer, and then post-fixed for 40min in 1.5 % potassium ferrocyanide 

and 1 % osmium tetroxide, and then again in 1% osmium tetroxide alone, and finally 40min 

in 1 % uranyl acetate in water.  The samples were then dehydrated in alcohol before they were 

then infiltrated with Durcupan resin (Fluka, Buchs, Switzerland).  They were finally 

embedded in the same resin and left to harden between glass slides and fresh resin for 48 hrs 

at 60° C.  All of the procedures mentioned here were carried out in accordance with the Swiss 

Federal Laws on Animal Experimentation, administered by the Véterinaire Cantonale 

Lausanne (Cali et al., 2016; Knott, Marchman, Wall, & Lich, 2008). 

 

FIBSEM imaging 

For the purpose of this project, sections from the cortex, hippocampus, and striatum 

were first dissected out using a razor blade with the aid of stereoscopic microscope.  The 

sections were then mounted onto a resin slab as described above before being trimmed by 

ultramicrotome in preparation for the electron microscope.  The blocks were finally imaged 

inside an NVision 40 FIB-SEM (Carl Zeiss) with an acceleration voltage of 1.5 kV, a current 

of 350 pA, and a dwell time of 10 µs/pixel.  The FIB milling technique was repeatedly used to 

remove nanometres of tissue at a time between image taking.  Serial images were then taken 

and collected at a resolution of 6nm/pixel.  The exposed surface was imaged using 

backscattered electrons (Cali et al., 2016).  The cortex stack was milled 8.8nm between all of 

its 455 images; the hippocampus stack was milled 5.4nm between each of its 749 images; and 

the striatum was milled 5.6nm between each of its 733 images  (Prihodova, 2017). 
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Image Stack dimensions 

The image stacks from the cortex, hippocampus and striatum varied in dimensions, 

consisted of different numbers of EM images, and had a varying distance between each 

image.  The dimensions of the cortex stack were 4.5 µm x 4.5 µm x 4.5 µm, and had a final 

volume of 83.23 µm3.  This stack consisted of 455 images and the distance between each 

image was 8.8nm.  The dimensions of the hippocampus stack were 4.5 µm x 4.5 µm x 4.05 

µm, which made up a total volume of 82.01 µm3.  This stack consisted of 749 images with a 

distance of 5.4nm between each image.  The striatum stack’s dimensions were 4.5 µm x 4.5 

µm x 4.0 µm, and had a total volume of 81µm3 (Prihodova, 2017).      

 

Three-dimensional modelling and analysis using Blender and Neuromorph Add-on 

 The first step in analysing the image stacks involved identifying and classifying the 

different cell types and structures through visual assessment.  This assessment was largely 

based upon EM descriptions from other published criteria (Cali et al., 2016; Lehre & Danbolt, 

1998; Peters, Palay, & Webster, 1976; Ventura & Harris, 1999).  Vesicles were identified 

through their round structure and size measuring roughly 40-50nm, and they were generally 

located in clusters in proximity to active zones.  Active zones, or the synaptic junctions, were 

also made identifiable by their location to the vesicle clusters as well as by their location to 

parts of the membrane that are more intense in darkness.  These darker regions of the 

membrane are the postsynaptic density, which is a result of an accumulation of electron-dense 

material on the cytoplasmic side of the postsynaptic plasma membrane (Peters et al., 1976).  

These active zones were the main structural elements making it possible to identify both the 

axon terminals (presynaptic cell) from the dendritic spines (postsynaptic cell).  Synapses can 

be classified as excitatory or inhibitory according to both the appearance of both the vesicles 

and the synaptic densities.  Excitatory synapses tend to have larger and rounder vesicles, and 

the synaptic density is larger and more asymmetric, as it bulges inwards from the postsynaptic 

membrane.  Inhibitory synapses tend to have slightly smaller and oval-shaped vesicles and the 

synaptic density is more symmetrically located between the pre- and postsynaptic membranes 

(Cali et al., 2016). 

The axons terminals were largely categorised by both their proximity to this synaptic 

density, their darker colour, as well as their possession of clustered vesicles.  The postsynaptic 

density is supposed to be found in dendritic spines, but it was often unclear in the images, the 

entire synaptic junction often appearing dark.  Axons contain microtubules and 
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neurofilaments, which could be seen when scrolling through the EM stacks, however these 

disappear when the axon sprouts into boutons, and when the SLVM-clusters overtake the 

terminal space.  The number of neurofilaments also reduces as axons branch out into smaller 

branches, and only microtubules remain.  The identification of dendritic spines was also 

largely determined by their relationship to both the active zones/synapses as well as the 

clustered vesicles of the axons.   

The presence of axo-axonal and dendro-dendritic synapses complicates the issue of 

categorising axons and dendrites purely from their position to the synapse.  Furthermore, it 

was difficult to classify dendrites alone on the presence of mitochondria, neurofilaments and 

microtubules in the cytoplasm because they are common in both axons and dendrites.  

However, given that axo-dendritic synapses are the more common synaptic form, this justifies 

our visual classification of the different structures.  This visual assessment was done largely 

with the aid of Peters, Palay & Webster (Peters et al., 1976). 

Astrocytes were also classified according to their shape, form and colour.  Their 

processes are long and thin and contain few special structures, and the cytoplasm was pale, 

due to their low electron density (Prihodova, 2017).  Peters, Palay & Webster describe two 

types of astrocytes: fibrous and protoplasmic.  Fibrous astrocytes are mostly located in the 

white matter, and a characterised by their white colour and the presence of numerous 

fibrils/filaments in their cytoplasm.  Their individual processes do not form sheets, as do the 

protoplasmic astrocytes, but rather form elongated cylindrical processes.  Protoplasmic 

astrocytes are found in the gray matter and although they too contain numerous fibrils, they 

do so in lesser quantity in comparison with the fibrous astrocytes.  Their processes are more 

irregular in form and determined by the surrounding neuropil, and often take the form of 

sheets.  Astrocytes can also be recognised by the presence of glycogen granules that can be 

found in their processes, which can have a diameter ranging from 10nm to 60nm (Cali et al., 

2016; Peters et al., 1976; Ventura & Harris, 1999).  Figure 1 demonstrates how the 

aforementioned classification of both axon, dendrite and astrocytes was applied to one of the 

images from the cortex EM stack. 
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Figure 1: Ax (Axon), D (Dendrinte), Ast (Astrocyte).  The identical picture on the right is coloured and labelled to show 
application of the identification criteria.  Image 298 of cortex EM stack. 

 

Drawing meshes of active zones/terminals 

 Because identifying the active zones was so crucial in identifying the other main 

structures and cell types, this was generally the first structure that would be modelled before 

even plotting the SLMVs.  Using the NeuroMorph addon, lines were drawn on the active 

zones on all images of the EM stacks in the z-axis using the tool “Draw Curves and Surfaces 

on Image.”  As shown in Figure 2, successive blue lines would then appear on the screen after 

having drawn on each image, and once the entire active zone in the z-axis was defined, it was 

then possible to transform these lines into a surface membrane using the “Construct Mesh 

Surface from Curves” tool, which could also be accessed with the Ctrl+D shortcut.  This tool 

would construct mesh surfaces between each of the curved lines, resulting in a three-

dimensional membrane (Jorstad et al., 2018).  The resulting membrane would then appear 

purple, see Figure 2, and then afterwards would be defined as the “parent” terminal for the 

SLMVs that would then be marked afterwards.  “Parenting” is a process that must be done in 

Blender to group the SLMVs to one specific membrane, in a way that enables categorising 

and separating of the different groups of vesicles from one another.  This process gives each 

group of SLMVs their own proper identity. 
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Figure 2: The image on the left shows the lines drawn through successive images in the z-axis of the EM stack.  The image on 
the right shows the finished Terminal.  Image 298 of cortex EM stack. 

 

Plotting of Synaptic-Like Micro-Vesicles (SLMVs) 

 After defining the parent terminal, SLMVs would then be plotted in the terminal that 

was a part of that synapse.  They were marked with yellow spheres in the middle, in the 

relative electron lucent area inside the vesicle membrane, in the actual EM image that was 

being visualised in the stack, see Figure 3. The importance of this marking of SLMVs 

visually with spheres is to avoid counting the same vesicles twice.   Users could accomplish 

this by using the “Mark Points on Image” tool, and then by directly clicking on the SLMVs in 

the image.  This tool enables rapid placement of spheres which could easily be deleted if 

incorrectly placed (Jorstad et al., 2018).  Alternatively, one could also place the mouse pointer 

directly over the SLMV in the image and use the shortcut Alt+M to place the sphere, instead 

of clicking with the mouse.  These shortcut techniques allowed for faster and easier switching 

between different user modes in Blender, which was often necessary for alternating between 

either plotting spheres in the stack, zooming in and out of the entire image stack, or scrolling 

up and down in the z-axis so as to obtain a better working view of the entire neuropil.   

The sizes of the spheres could also be adjusted accordingly, and they were generally 

placed in the middle of the vesicle in both the x, y and z-axes.  The correct placement of these 

spheres could be verified simply by scrolling up and down the EM-stack in the z-axis.  
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Although using spheres is an ideal visual 

method of marking SLMVs in the axonal 

boutons, there may also be complications 

with this method.  Although tiny in size, 

these spheres take up a large part of the 

computer or programme working memory 

when in large numbers, and the Blender 

programme begins to function noticeably 

slower, freeze more often, and suddenly 

stop working.  This reduced functionality 

would begin after plotting approximately 5,000 such spheres, and for this reason NeuroMorph 

has the tool “Reduce Spheres to Points.”  When the plotting of an axonal terminal is finished, 

the user can then select all of the yellow spheres that have been parented to a specific 

terminal, and use this tool to convert them to blue points, see Figure 4.  These points take up 

less working memory, and enable users to plot entire EM stacks without reducing Blender and 

NeuroMorph’s ability to function.   

 The results of the vesicle plotting were then extracted directly from the NeuroMorph 

addon, and the data analysed with a two-tailed Mann-Whitney U test for significance 

(Prihodova, 2017). 

 

Figure 4  «Reducing Spheres to Points» saves working memory and enables Blender to function normally, even after plotting 
over 40,000 vesicles.  Modelled from image 298 of cortex EM stack. 

  

Figure 3  Plotting vesicles with spheres.  The lower right 
corner is an enlarged picture of one such sphere.  Image 
298 of cortex EM stack. 
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Drawing/delineating the other structures (axons, dendrites, astrocytes, unknown) 

 Once the vesicles in the entire stack had been plotted, the next task was to delineate 

and model the axons, dendrites and the astrocytes.  This process was done in much the same 

manner as was explained earlier regarding the terminals.  The tool “Draw Curves and 

Surfaces on Image”, as well as its shortcut CTRL+D, were used to draw lines through the 

structure’s widest diameter and at all planes in the z-axis.  Mesh surfaces were not used in the 

modelling process.  Examples of these other structures can be seen in Figure 5. 

 

Figure 5 Modelling of other neuropil structures in the cortex stack using NeuroMorph.  The orange square and red line 
delineate the three dimensions of the EM stack, whose pictures have been removed in these pictures to better represent the 
models in three-dimensions.  Using the “Draw Curves and Surfaces on Image” tool, blue lines were drawn through the 
structure’s widest diameter on the image at all planes in the z-axis.  Image A shows the processes of Axon 38, Image B shows 
the processes of Dendrite 15, and Image C shows the processes of Astrocyte 37. 

 

Percent volume of the different structures was approximated using two different methods.  

The first method involved using volume fractioning to estimate the volumes of axons, 

dendrites, terminals, astrocytes and the remaining unknown structures.  10 EM images were 

analysed from each of the three regions using Adobe Photoshop, which quantified a series of 

points determined from a grid that was defined over different cell regions.  The mean was 

taken from each element and then a percentile value finally established (Prihodova, 2017).   

The second method involved using the data from the annotation made using the 

NeuroMorph toolset, and used this to calculate process lengths of axons and dendrites, and the 

membrane surface area and total structural volumes of axons, dendrites, and astrocytes.  In all 

analyses there was an “unknown” category.   The volume had to be calculated using closed 

meshes, which means that mesh surfaces had to be made from all of the structures that had 

only been delineated with lines during the stack analysis.  Using geometric calculations to 

find the surface area of the mesh surfaces, the final volume could then be calculated of the 

three-dimensional closed meshes (Jorstad et al., 2015).  
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Final image stacks 

  As the process of modelling a multitude of structures was extremely complicated, it 

often became necessary to simplify the process by creating and working from different files.  

Not all vesicles were plotted in the same Blender file to begin with, and all of the other 

structures were completed in separate files.  The last part of this process involved reuniting all 

of the files together into one single file, and this was made possible with the NeuroMorph tool 

enabling the creation of objects.  By using CTRL+J, SLMV-spheres and their parent terminals 

were joined into one object, and a similar process was done with the other structures.  All of 

these different object files were then reunified into one single Blender file with all of the 

annotated structures, see Figure 6.   

 

Figure 6 Finished modelling of the entire cortex EM stack.  Both images represent the entire block of cortex tissue that was 
imaged using FIBSEM.  The left image shows all of the terminals and several delineated axons which have been converted 
into object files.  When terminals are selected, they become orange in colour and all of the vesicles are revealed.  The image 
on the right shows all of the modelled structures in the stack. 

 

VIII. Results 

Axons, dendrites, astrocytes and the remaining unknown structures were analysed in 

all stacks for percent membrane surface area, volume and SLMV quantity.  The lengths of the 

neuronal processes throughout the neuropil were also measured in percent values.  See Figure 

7 for both graphic representations of the following figures, as well as final three-dimensional 

rendering of the three EM stacks. 

In the cortex, axons’ share of total length of the structures was 81.1%, dendrites 14.9% 

and the remaining unknown 4%.  The length of astrocyte structures was not taken into 



20 
 

consideration.  In terms of surface area, astrocytes’ share was 20% of the total, axons 50.5%, 

dendrites 26.7%, and 2.8% remained unknown.  Regarding volume, astrocytes’ share of the 

total was 14.9%, axons 46.4%, dendrites 37.4%, and 1.3% was of unknown origin.  A large 

majority of the vesicles were found in axon terminals: 28823 vesicles in axons, 65 in 

dendrites, 17 in astrocytes and 67 were unknown. 

The hippocampus had similar results.  Axons’ share of the total length was 82.8%, 

12.3% were dendrites, and 4.9% was unknown.  Of the total surface area 22.2% belonged to 

astrocytes, 59.9% to axons, 22.7% to dendrites and 2.2% was unknown.  Of the total volume, 

17% was taken up by astrocytes, 48% by axons, 31.7% by dendrites and 3.3% was unknown.  

Vesicle numbers were also quite similar, with axons containing the majority at 26954.  

Dendrites had 98 vesicles, astrocytes 56 and 33 were unclassified structures. 

The striatum as well had a similar distribution when it came to length, surface area and 

volume.  Axons made up 83.0% of the total length, 13.1% was dendrites, and 3.9% was 

unknown.  Of the surface area, 13.5% was taken up by astrocytes, 59% by axons, 24.6% by 

dendrites, and 2.9% was unknown.  Of the total volume, 8.7% was astrocytes, 55.7% axons, 

34.4% dendrites, and 1.2% was unknown.  Vesicle quantities were quite different on the other 

hand, as there were overall over 1.5 times more vesicles in the striatum compared to the other 

two areas: 46962 vesicles were located in axons, 40 in dendrites, only 6 in astrocytes and 22 

in unknown structures. 

A two-tailed Mann-Whitney U test was carried out on our data comparing the number 

of SLMVs found in astrocytes with the total number found in neurons (i.e. axons and 

dendrites).  The low significance value (p< 0.05) in turn rejected the null hypothesis that there 

was no difference between the two populations of SLMVs, thereby confirming that astrocytes 

did not have a significant number of SLMVs in comparison to those found in neurons.  

SLMVs in dendritic processes alone were also compared to those in astrocytes using the same 

statistical analysis.  For both the cortex and hippocampus, astrocytes still did not have a 

significant number of vesicles; however, astrocytic vesicles in the striatum were found to be 

significant in number (Prihodova, 2017). 

It is also worth mentioning that our first method of volume fractioning obtained 

similar results compared to our second method.   Only the results of the second method are 

represented in Figure 7.  In the cortex 79.5% of the cortex volume was described as being 

comprised of neurons, containing axons, dendrites and terminals.  Over one third of the total 
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volume comprised of dendrites, over one quarter by terminals, 14.7% by axons, 16% was 

made up of astrocytes and 4,5% was unknown.  In the hippocampus 27.91% was composed of 

dendrites, 22.63% by axons, 24.75% by terminals, 19.42% by astrocytes and 5.29% were 

unknown.  In the striatum, dendrites took up 36.25% of volume, axons 17.22%, terminals 

32.5%, astrocytes 9.37% and 4.66% were unknown (Prihodova, 2017). 
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Figure 7.  Summary of results for all three EM stacks kindly sent by Graham Knott.  The summaries include total lengths of 
dendrites and axons, surface area and volume measurements of axons dendrites and astrocytes, and the vesicle counts of all 
analysed structures. 
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IX. Discussion 

In this project, the main objective involves not only the quantifying of structural 

elements, but includes measuring the length, surface area and volume as well.  For this reason, 

it is important to verify that the images being examined are representative of living tissue.  

Fixatives in electron microscopy affect the cells of the tissue being manipulated.  Dehydration 

in alcohol series lead to a steadily increasing shrinkage with a higher alcohol percentage, up 

to 4.5% in absolute alcohol (Kushida, 1962).    The fixative glutaraldehyde, which was 

introduced into EM fixation technique in 1963 (Hopwood, 1967), denatures proteins rapidly 

and for this reason has been even used as a disinfectant.  In a study of the effects of 

glutaraldehyde fixation on liver tissue, it was shown to have a greater inhibition of enzyme 

action as well as a better fixing of glycogen than formaldehyde.   Glutaraldehyde is also a 

source of tissue shrinkage, which was attributed to the possible effects of osmosis, and was 

therefore recommended that the concentration be dropped to between 2-3% (Hopwood, 1967).  

A 15-20% net shrinkage due to preparative procedures for transmission electron microscopy 

was described by Williams, but attributes these findings to the immersion fixation techniques 

done on isolated cells from previous studies (Williams, Grossman, & Edmunds, 1980).  

Cellular shrinkage and mitochondrial swelling were also observed with the use of hypertonic, 

glutaraldehyde fixatives when studying the rabbit retina (Webster & Ames, 1969), which 

appears to suggest that the fixation process can affect the intercellular space.  It has, however, 

also been claimed that while the overall shrinkage of tissue in EM fixation is a factual 

phenomenon, it is not significant enough in magnitude to be taken into consideration (Lehre 

& Danbolt, 1998). 

It still remains a question as to whether the fixatives can affect the representation of 

astrocytic SLMVs.  If astrocytes actually are communicating with other cells in similar ways 

as neurons, then they would presumably contain SLMVs containing neurotransmitters that are 

comparable in nature and structure.  And since the vesicles in both axonal and dendritic 

structures were preserved after the EM fixation, it would appear less likely that astrocytic 

vesicles were destroyed after this process.  If astrocytes truly release vesicles from their 

processes, and that these vesicles were destroyed during the fixative process, then these 

vesicles would have a different form, structure and appearance from SLMVs.  
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Data from lengths 

 The data obtained from all three EM stacks were roughly very similar and showed 

percentwise that axons had greater overall structural lengths in the neuropil than dendrites.  

This finding in itself is not completely surprising, given that axonal processes are generally 

speaking longer structures than dendrites (Ma & Gibson, 2013), and that dendrites tend to 

have a more localised and limited distribution.   This distribution, however, both in terms of 

direction and in distance from the soma, is unique to each neuron and helps to define the 

function of the neuron (Lohmann, 2013).    In the cerebral cortex, while axon processes are 

generally longer than dendrites, they are thinner; which would then justify them both having 

similar volume percentages in the neuropil.  In mathematical terms, cylindric volume is the 

product of both diameter and length, which means that a long structure with a thin diameter 

would have roughly a similar volume to a shorter structure with a wider diameter (Chklovskii, 

2000).  This similarity is also reflected in both our surface area and volume results, which 

show dendrites with higher percentage values when compared to those of length.   

It has been suggested that greater axonal length over dendritic length has the benefit of 

increasing both the potential connectivity, while at the same time reducing the total wiring 

(Brown, Gillette, & Ascoli, 2008).  This structural configuration while being optimal for 

increased connectivity between neurons offers a spatial and energy efficiency as well.  

 

Data from surface area 

 The overall surface area measurements appear to be larger than what is found in other 

studies.  Hippocampus measurements surpass those found in one study which reported that 

astrocytic processes in the stratum radiatum occupied 4 ± 1% of the total area on each section, 

and 7 ± 2% when including the soma (Ventura & Harris, 1999).  It was also reported that 

roughly 10% of all cell membranes in the hippocampus and 27% of those in the cerebellar 

cortex were astrocytic (Lehre & Danbolt, 1998; Ventura & Harris, 1999).  These differences 

could be due to a variety of factors including animal species, region of cortex samples, as well 

as laboratory technique.  Williams estimates of the cat sensorimotor cortex were based on 166 

sections that were 90nm thick.  FIBSEM is a relatively recent advancement in EM imaging, 

which enables the production of even thinner sections in large quantities.  And with the help 

of all of the new software being developed to analyse these images in three dimensions, our 

surface area and volume estimates are becoming more precise.  This increases the necessity 

for more comparable studies using FIBSEM to be carried out on different regions of the brain 
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and in different animal species.  Then would it be possible to speak more confidently about 

dendrite, axon and astrocytic surface area. 

 

Data from volume results 

 Interestingly, Williams’ percent volume estimation of astrocytes in the sensorimotor 

cortex of a cat brain was 15.5%.  This value was obtained through morphometric analysis of a 

cat brain, and the morphometric principle that the number of two-dimensional samples is 

proportional to the number in three-dimensions (Williams et al., 1980).  In this case, our 

results correspond to William’s study, but again it is hard to make any certain conclusions 

when different animal species are being studied.  Are the percent volumes in the cortex of 

both rat and cat so similar, or was this similarity just due to coincidence?  This just reconfirms 

that more comparable volumetric studies of astrocytes and neurons using FIBSEM need to be 

carried out on rat brain samples from different regions.  This would give us more comparable 

results and a more confident stance regarding both the surface area and volumes of astrocytes 

in both the cortex, striatum and hippocampus. 

 It is also worth mentioning that the technique of volume fractioning discussed earlier 

produced similar results to our second one despite using an even smaller quantity of EM 

images.  This could possibly be an alternative method to estimating volume with limited time 

and resources. 

 

Synaptic-Like Micro-Vesicle Data 

 The results of our SLMV-counting and classification show that there is a significant 

difference between neurons (axons and dendrites) and astrocytes.  This does not deny their 

presence in astrocytes, which has also been confirmed in other EM studies (Bezzi et al., 2004; 

Jourdain et al., 2007).  In one study, however, it was reported that 39% of the profiles of 

astrocytic processes facing neuronal structures contained SLMVs with an average density that 

was nine times lower than that observed in adjacent nerve terminals (Jourdain et al., 2007).  In 

another study, clusters of 2-15 vesicles were reported in 67% of astrocytic processes.  It was 

suggested that these low numbers could be attributed to both the lack of a vesicle reserve pool 

as well as the lower electron density of astrocytic vesicles, making it more difficult to identify 

them in electron micrographs (Bergersen et al., 2012).     



26 
 

The larger number of astrocytic vesicles can be attributed to a variety of factors.  It is 

important to recognise that a majority of studies did not have FIBSEM available and were 

analysing a fewer number of EM images in only a two-dimensional plane.  The risk of 

overestimating in this case can become a potential problem as a consequence of both image 

selection, as well as human error that is often introduced when manually counting.  This 

emphasises the view that further three-dimensional quantitative studies need to be carried out 

to different regions of the brain.  It is also important to reiterate Bergensen’s point that lower 

vesicle numbers could also due to their low electron micrographic visibility, due to the 

reduced electron density of the vesicle membranes. 

In fact, other methods for preparation of brain tissue may be more efficient in 

visualising other small vesicles than the conventional presynaptic vesicles.  The existence of 

vesicles in postsynaptic spines has been postulated for many years, though they were not 

demonstrated in actual EM images until 2015 (Hussain & Davanger, 2015), with a 

combination of freeze substitution embedding of weakly fixed brain tissue and postembedding 

immunogold labelling with an SLMV marker (VAMP2).  These postsynaptic vesicles are very 

rarely seen in conventionally prepared EM tissue, with significant concentrations of osmium, 

uranyl and lead.  However, even with freeze substitution and weak aldehyde fixation, small 

vesicles are rarely seen in astrocyte processes (personal communication, Svend Davanger). 

The presence of astrocytic vesicles and neurotransmitters still leaves the question open 

as to whether or not astrocytes can still activate enough post-synaptic receptors through 

vesicular exocytosis of transmitter.  Even though cytoplasmic glutamate levels are lower in 

astrocytes, it appears that this may still be enough to have an effect on postsynaptic 

membranes.  In a theoretical calculation where glutamate levels were assumed to contain one 

sixth of the amount contained in neuronal vesicles, it was demonstrated that this was still 

enough to activate NR2B subunit-containing NMDA receptors via AMPA activation 

(Hamilton & Attwell, 2010).  While astrocytic release of neurotransmitter SLMVs seems less 

likely, their contribution to synaptic signalling still cannot fully be excluded. 

It is also of interest to note the high total SLVM count in the striatal EM-stack.  Given 

that all three stacks had roughly similar total volumes (the cortex stack measuring 83.23 µm3, 

the hippocampus 82.01 µm3, and the striatum 81 µm3) (Prihodova, 2017), it would not be 

unreasonable to expect SLMV-counts to be within similar ranges.  However, the striatum had 

roughly 20,000 more SLVMs than both hippocampus and cortex stacks.  This is more than 

one third the count in each stack.  The reason for this variation could be due quite simply to 
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the increased input that the striatum receives from, for example, the cortex, thalamus and 

midbrain.  The striatum receives a multitude of inputs from neurons releasing glutamate, 

GABA, dopamine, and acetylcholine  (Dudman & Gerfen, 2015), and this input may be both 

tonic and phasic (Zhang, Doyon, Clark, Phillips, & Dani, 2009).  This may explain not only 

the large total numbers of SLMVs, but why also the reserve pools appear to be much larger 

than those in the other two stacks. 
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XI. Appendix 

My principle role in this project was the plotting of SLMVs in the cortex EM image 

stack.  I worked with two other Masters students, who were responsible for the two other EM 

stacks, and who helped me enormously in the modelling of the other neuropil structures.  

Once the plotting and modelling were finished, I became responsible for compiling all of the 

files together into three final files, and then sending them off to Knott’s group.  Final 

adjustments and corrections to these files were done by both myself and Jane Prihodova.  

Prihodova carried out the statistical analysis on the vesicles, as well as the volume fractioning 

that was discussed in the methods section of this paper. 
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