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1. INTRODUCTION 

1.1. Functional connectivity in neuronal networks  

To accomplish a given task, complex systems tend to have a central organizing unit that 

processes information and sends appropriate commands to its acting parts. Human body can be 

classified as a complex system. The central unit which integrates relevant information and 

resultantly orchestrates human behavior is the brain. Anatomical studies of the brain point to 

the cerebral cortex, the outermost layer of the brain, as its executive part. This function is 

carried out by billions of cells called neurons (Purves et al., 2008). Individual neurons perform 

neurobiological computations to transform input to output information (Koch & Segev, 2000). 

Based on the type of computations they specialize in, cortical neurons allow division of the 

cortex into three broad functional areas. First, there are sensory areas which contain neurons 

that process various types of sensory inputs (e.g., visual, auditory, tactile). Second, neurons in 

the association areas perceive the sensory information by assigning context to it and, if needed, 

store it in long-term memory. The two areas in turn send signals to the third, motor areas whose 

neurons generate precise commands for the body to act (Marieb & Hoehn, 2015). Neurons 

therefore constitute brain regions that are task-specific, and their activation seems highly 

ordered.  

However, detailed exploration of single-cell properties show a somewhat disordered 

picture. Rather than being deterministic in nature, neuronal response to the incoming stimuli is 

surprisingly probabilistic. For instance, principally tuned neurons in the primary sensory cortex 

of rats respond to whisker stimulation on the animal’s snout (Celikel et al., 2004). Yet, a closer 

look into single-cell activation patterns shows that these neurons on average have 0.5 activation 

probability upon stimulation, and they show activity rates < 1 Hz (Kerr et al., 2007; Ranjbar-

Slamloo & Arabzadeh, 2019). It is therefore thought that the stimulus-specific response of 

individual neurons is unreliable and, as such, insufficient for downstream regions to decode the 

ongoing activity (K. D. Harris, 2005; Yuste, 2015). So, the relationship between single neuron 

activity and stimulus representation is nontrivial and is still being widely explored (Adibi, 

2019; Benedetti et al., 2009). An emerging hypothesis suggests that stimulus representation 

happens on a population level, so presumably the greatest potential of neurons is achieved when 
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connected with others in so-called neural (or neuronal) networks (Buzsáki, 2010). Indeed, 

storing stimulus features in population activity grants downstream areas to decode with 

increased reliability (Barrett et al., 2016; Dubreuil et al., 2022).  

Neural networks are formed from anatomical contacts between neuronal processes. 

Since most cortical neurons belonging to a local brain region have short-ranging and 

overlapping processes, it is expected that neighboring neurons form anatomical networks, and 

therefore get activated all together during stimulus representation. However, probing neural 

network activity revealed a significant amount of trial-to-trial variability in population response 

to identical stimuli (Cui et al., 2016; Dinstein et al., 2015; Fontanini & Katz, 2008). These 

results show that anatomically connected networks do not engage in identical activity patterns 

despite the unchanged experimental conditions. In other words, not all neurons in the local 

network will respond to the repeated stimulus. Interestingly, this variability does not affect the 

downstream decoder, so the stimulus-triggered behavior remains constant (Cui et al., 2016). 

Varying activity patterns make it apparent that the same stimulus can be represented by 

activating different constellations of neurons in an anatomically connected network, possibly 

depending on the network’s previous state (Fontanini & Katz, 2008). Hence, neural networks 

display a second order connectivity called functional connectivity. It is defined by temporal 

correlation in single-cell activity and it superimposes hard-wired anatomical connections. 

Functional networks have indisputable advantages over the anatomical ones. Both are 

known to undergo activity-dependent dynamic changes known as network plasticity; however, 

to a substantially different degree. For instance, a functional network exerts a rapid 

reconfiguration ability that occurs within seconds or less. Meanwhile, structural changes in 

anatomical connectivity (i.e. re-wiring of the same network) take from dozens of minutes to 

hours (Bullmore & Sporns, 2009). One can imagine that transient, instantaneous change in 

the pattern of functional connectivity is an asset for the brain. This operational mode can be 

utilized during highly demanding cognitive exercises like the working memory task, where 

different neural assemblies are used for short-term mnemonic purposes (O’Reilly, 2006). 

It is necessary to understand the principles of functional networks formation from the 

underlying anatomical connectivity. Firstly, because connectivity fundamentally controls the 

information transfer in the network (Huang et al., 2020; Laughlin & Sejnowski, 2003). Yet, 

what are the rules of information transfer at the network level, and how does the activation of 
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different functional ensembles affect those rules, remains largely unknown. Secondly, 

hallmarks of many neuropathologies include anatomical or functional changes to neural 

networks. For instance, in neurodegenerative diseases like Alzheimer’s disease (AD), 

anatomical connectivity is either affected quantitatively through cell loss or qualitatively by 

the loss of plasticity (Andrade-Talavera & Rodríguez-Moreno, 2021). Moreover, in cases 

like epileptic encephalopathy (EE), there are mutations in genes encoding proteins that are 

central for information transmission in the network, thus affecting its functionality while 

connectivity stays intact (Saitsu et al., 2008; Stamberger et al., 2016). Severity of behavioral 

symptoms in AD and EE patients suggests that the crucial aspects of neural network activity 

are highly compromised in both cases. So, studying functional connectivity in diseased 

networks will yield answers we miss while trying to understand brain pathologies.   

Fitting methodology is critical in revealing answers to questions related to neural 

network properties. Currently available tools for functional network connectivity research do 

not offer sufficient spatial resolution. Those are suitable to study connectivity among large-

scale networks of distant brain regions with great power, like functional magnetic resonance 

imaging (fMRI) and electroencephalography (EEG) (Eickhoff & Müller, 2015; Rossini et al., 

2019), but they remain clueless to cell-specific activity in local neural networks. That is, for 

instance, why the full extent of functional consequences caused by AD, EE and other changes 

in local network connectivity cannot be assessed. These methodological shortcomings serve as 

principal motivation for this work.  

1.2. Synapse as a functional unit in neural networks 

Neurons are functionally polarized cells – they have extensively branched filaments 

growing out of their bodies that specialize in sending information on one end, and receiving 

information on the other. Former are known as axons and latter as dendrites. The first out of 

two main developmental mechanisms in neural network formation involves extension of axons 

and dendrites in search of binding partners (Purves et al., 2008). Once a neuron's axonal 

segment reaches the critical proximity to another neuron’s dendrite or soma, the second 

mechanism will onset. It concerns the formation of specialized anatomical structures called 

synapses (Figure 1a). The synapse is a unique structure of vast molecular complexity that 

mediates neuronal communication at the level of axodendritic or axosomatic contacts. 
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Molecular interactions in mature synapses facilitate translation of presynaptic electrical 

impulses, known as action potentials (APs or spikes), into a chemical signal that traverses 

across the synaptic cleft, and again triggers electrical changes in the postsynaptic membrane 

that will eventually make the postsynaptic neuron spike. Thus, synaptic activity allowing AP 

propagation from pre- to postsynaptic neurons is a step essential to information transfer in the 

network. An intriguing result was obtained in a study which explored the consequences that 

synaptic activity removal had on animal behavior (Verhage et al., 2000). They showed that 

neural networks are formed unaffectedly in the absence of synaptic activity during gestation in 

animals with genetically silenced synapses. However, these animals die immediately upon birth 

due to rapid neuronal cell death caused by a complete lack of synaptic transmission. Verhage 

et al. (2000) clearly revealed the importance of synapses for neural network functioning. They 

turned the focus on synaptic activity-related questions while studying neural networks. 

Different synaptic properties were uncovered which have shown that not all synapses 

are functionally unique across a neural network. The main indicator of so-called synaptic 

efficacy is the relative synaptic strength. It is commonly described by measuring the amplitude 

of postsynaptic potential (PSP) as a response to presynaptic AP. Change in synaptic strength is 

activity-dependent, whereby salient stimuli tend to reactivate the same synapses which 

increases their strength, and disappearing stimuli lessen synaptic efficacy due to synapses being 

unused (Allen et al., 2003; Celikel et al., 2004; Gambino et al., 2014, Aroniadou-

Anderjaska & Keller, 1995; Malenka, 1995; Malenka & Bear, 2004; Mu & Poo, 2006). 

Activity-dependent modulation of synaptic efficacy is also known as activity-dependent 

plasticity. Synapses show short- and long-term plasticity (STP and LTP, respectively) which 

are defined by the timescale at which activity-induced changes persist in synapse. STP will 

result in instantaneous changes that return to baseline synaptic functioning in minutes, whereas 

LTP results in long-lasting changes (hours, days and more) (Citri & Malenka, 2008). Out of 

the two, short-term plasticity directly alters computations in functional networks via transient 

facilitation and depression of synaptic activity (Barroso-Flores et al., 2017; Hennig, 2013; 

Jaaskelainen et al., 2011).  

All synapses are prone to activity-dependent changes. Therefore, presynaptic inputs to 

a neuron vary in strengths and signs, where the latter depends on whether it comes from 

excitatory or inhibitory synapse (Figure 1b). Inputs from spatially distributed synapses along 
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the neuronal dendritic tree are in turn integrated at somatic level by means of spatial summation 

(Figure 1c). It results in membrane potential fluctuations around the axonal initial segment 

where, if fluctuation crosses the spiking threshold, a postsynaptic neuron will generate an AP. 

This relationship between single-synaptic activity and neuronal firing is among central focuses 

while explaining functional activation of neurons in neural networks. To understand how 

different synaptic activity regimes arise, it is first necessary to consider a sequence of 

physiological steps involved in a single synaptic activity cycle. 

 

 

Figure 1. Presynaptic activity and postsynaptic neuronal response. (a) Two 
excitatory (E1, E2) and one inhibitory (I1) synapses converge onto a postsynaptic neuron 
(beige). (b) Raster plot of corresponding synaptic activity. Every line marks the time of each 
synaptic spike. (c) Membrane potential change at the axon hillock. EPSP, excitatory 
postsynaptic potential; IPSP, inhibitory postsynaptic potential. Adapted from (Spinal Reflex 
Electrophysiology, n.d.).  

 

1.2.1. Central events leading to synaptic transmission 

Neural communication is spatially and temporally precise and the direction of 

information flow goes from the presynaptic to the postsynaptic cell. These constrictions require 

specialized molecular machinery whose acting parts will reliably and repeatedly interact to 

ensure successful synaptic transmission. Two synapsing neurons connect via the active zone 

(AZ) on the presynaptic side and the postsynaptic density (PSD) on the postsynaptic side. 

Mutual recognition and alignment of AZ and PSD are governed by the synaptic cell adhesion 

molecules (SCAMs). They assure tight trans-synaptic interactions, but leave a crucial part of 
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the intercellular space, known as synaptic cleft, open for neurons to exchange molecular 

material (Missler et al., 2012). One significantly important class of molecules that crosses the 

cleft are neurotransmitters (NTs). They are associated with AP-encoded information transfer 

in neural networks and are divided in three categories – excitatory, inhibitory and 

neuromodulatory NTs (Purves et al., 2008). NTs are stored in presynaptic organelles called 

synaptic vesicles (SV) prior to their release into synaptic cleft.  

SVs are fundamental to every presynapse, therefore presynaptic activity can be 

understood by closely examining the synaptic vesicle cycle (Figure 2a) and the roles of 

proteins involved therein (see 1.1.3.; Figure 2b). First, NTs are packed in synaptic vesicles in 

a process actively mediated by a group of SV-related transport proteins. Once SVs are loaded 

(Figure 2a, step (1)), they are being guided by a group of SV trafficking proteins to the 

presynaptic release site (Südhof, 1995). They cluster near the AZ, where only a few of them 

are docked at the AZ plasma membrane at a time (Figure 2a, step (2); Becherer & Rettig, 

2006). Docking represents the initial contact between the SV and plasma membrane. It is 

followed by the vesicle priming, which includes additional immobilization of the SV (Figure 

2a, step (3); Südhof, 2012). Primed SVs are release-ready and form a so-called readily 

releasable pool (RRP; Becherer & Rettig, 2006). When AP reaches the presynaptic terminal, 

it causes a sudden change in electric potential difference across the presynaptic membrane. 

This triggers opening of the voltage-gated calcium (Ca2+) channels (VGCCs) which are 

sensitive to changes in membrane potentials, causing a sudden rise in intracellular Ca2+ 

concentration (Südhof, 2004; Südhof & Rizo, 2011). The interaction between Ca2+ and SV 

fusion machinery eventually leads to vesicle exocytosis and the release of NTs into the cleft 

(Figure 2a, step (4); see section below). The vesicular membrane is endocytosed outside of 

the AZ in perisynaptic space and is recycled in few additional steps before the next 

neurotransmitter uptake event onsets (Figure 2a, steps (5a-c); Saheki & De Camilli, 2012). 

Synaptic cycle continues on the postsynaptic side and it depends on the 

neurotransmitters’ effect. Different NTs show reactivity with specific postsynaptically 

expressed receptors (K. M. Harris & Weinberg, 2012). A class of ionotropic NT receptors 

includes transmembrane channels with ion-specific permeability. Hence, their opening will 

have differential effects on the postsynaptic membrane potential (PSP) change. For instance, 

the main excitatory neurotransmitter glutamate will bind to ionotropic receptors that are non-
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selectively permeable to monovalent cations, namely sodium (Na+) and potassium (K+), but 

selectively to Ca2+ (Ottersen & Landsend, 1997; Wollmuth, 2018). At baseline membrane 

potential of around -65 mV, fast Na+ influx through the channel's pore will depolarize the 

postsynaptic membrane to cause excitatory PSP (EPSP; Figure 1c). EPSP brings the cell closer 

to the critical point of crossing the spiking threshold, which is on average around -55 mV; 

however, it is highly adaptive (Wilent & Contreras, 2005). Conversely, the main inhibitory 

neurotransmitter GABA (γ-aminobutyric acid) binds ionotropic receptors which are permeable 

to chloride (Cl-) and bicarbonate (HCO3-) ions (Farrant & Nusser, 2005). Their influx into 

postsynapse hyperpolarizes the membrane to cause inhibitory PSP (IPSP; Figure 1c). IPSP 

shifts the membrane potential further away from the spiking threshold of a postsynaptic neuron. 

As discussed in the previous chapter, dendritic EPSPs and IPSPs are integrated at the level of 

soma by the rule of spatial summation to eventually generate AP.  

Both pre- and postsynaptic events are largely important for shaping activity of neural 

networks. However, the postsynapse is usually associated with LTP-related mechanisms which 

induce structural modifications to synapse (Gambino et al., 2014; Kennedy, 2000). Long-

lasting changes in synaptic structure may affect functional connectivity, but indirectly and on 

a slower timescale. The two mechanisms directly implicated in influencing functional 

connectivity are the NT release and its modulation through STP (Südhof, 2012). These are 

presynapse-specific mechanisms, therefore, functional connectivity is better studied from the 

presynaptic perspective. Successful research into presynapse requires understanding its 

molecular structure. Therefore, the next chapter addresses crucial protein-protein interactions 

which mediate presynaptic functioning described above. 

1.2.2. Critical presynaptic machinery for proper synaptic vesicle secretion  

Extensive research targeting presynaptic proteins has uncovered many essential 

protein-protein interactions required for successful synaptic transmission. Two big protein 

complexes mediate SV docking, priming and fusion/exocytosis. One is composed of the active 

zone proteins, hence titled the active zone complex (Südhof, 2012), and the other is known as 

the core fusion complex due to its central role in SV fusion (Figure 2b; (Südhof, 2012; Südhof 

& Rizo, 2011). The active zone complex has a suggested role in SV docking and priming 

during which it enables the co-localization of SVs with the VGCCs (Emperador-Melero & 

Kaeser, 2020). This event is of great importance for fast excitation-release coupling. There are 
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seven evolutionarily conserved proteins known to form the active zone complex: RIMs (from 

Rab3-interacting molecules), RIM-BPs (from RIM-binding proteins), Munc13s, α-liprins, 

ELKS proteins, together with Bassoon and Piccolo (Chua, 2014; Emperador-Melero & 

Kaeser, 2020; Südhof, 2012). Note, however, that many of them are encoded by multiple 

genes and exist in many isoforms (e.g. RIM1 and RIM2 genes code for RIM1α and RIM1β, 

and RIM2α and RIM2β, respectively (Südhof, 2004)). This dramatically increases the variety 

of presynaptic protein composition, which is still an area of great research interest. 

In a simplistic descriptive model of the mammalian secretory machinery (Figure 2b), 

the active zone complex formation begins with the activation of an inactive Munc13 

homodimer by RIM. Both Munc13 and RIM proteins interact at their amino terminals. 

Moreover, RIM has a centrally positioned domain that binds the cytoplasmic tail of VGCCs. 

Their bond is further reinforced by RIM-BP, which independently binds both the VGCC’s 

cytoplasmic tail and RIM. Additionally, RIM is known to bind ELKS, as well as α-liprin. 

Because VGCCs are membrane-bound, the RIM/RIM-BP/VGCC interaction links the active 

zone complex to the AZ plasma membrane. On the other side of the active zone complex, 

RIM/Munc13 segment connects to the SV membrane via RIM’s interaction with SV-associated 

protein Rab3. This bond is crucial to docking the synaptic vesicle to the active zone by the 

active zone complex (Emperador-Melero & Kaeser, 2020; Südhof, 2012; Südhof & Rizo, 

2011). Vesicle docking is followed by priming, an event triggered by partial assembly of the 

core (fusion) complex. 

As was the case with the active zone proteins, the core complex proteins occur in 

multiple isoforms and are evolutionarily conserved. Their absence from the presynapse 

completely abolishes synaptic transmission, proving they are essential for SV fusion (Bronk 

et al., 2007; Toonen & Verhage, 2007; Vardar et al., 2016; Verhage et al., 2000). They 

come from the two protein families known as SNAREs (for soluble NSF-attachment protein 

receptors; NSF for N-ethylmaleimide sensitive factor) and SM (for Sec1/Munc18-like) 

proteins. Out of the three SNARE proteins, Syntaxin-1 and SNAP-25 (for synaptosomal 

associated protein of 25 kDa) are found in the plasma membrane, while synaptobrevin/VAMP2 

(for vesicle-associated membrane protein 2) is attached to the SV membrane. Partial assembly 

of the core complex, hereafter the trans-SNARE complex, includes parallel positioning of two 

SNARE motifs from SNAP-25’s structure, and one from both Syntaxin-1 and 
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synaptobrevin/VAMP2 in a four-helix bundle (Figure 2b; Südhof & Rizo, 2011). 

Interestingly, the trans-SNARE complex formation is catalyzed by an active zone complex 

protein Munc13 via its MUN domain (Südhof, 2012). Moreover, the trans-SNARE complex 

is joined by the SM protein Munc18-1/STXBP1 (for syntaxin binding protein 1). Munc18-1 is 

able to bind the assembled trans-SNARE complex in many modes, all of which are thought to 

control various aspects of presynaptic events leading to SV priming and later fusion (Toonen 

& Verhage, 2007). It was suggested that energy released upon the trans-SNARE complex 

assembly induces a partial fusion pore opening via mechanical force onto the presynaptic 

membrane (Südhof & Rizo, 2011). The formation of trans-SNARE complex concludes the 

priming step in the SV cycle, making the SV fusion-competent. 

Primed SVs wait for a trigger before they undergo fast exocytosis-mediated fusion. The 

trigger comes in the form of AP-induced change in membrane potential in the presynapse. This 

causes opening of the VGCCs, followed by the fast Ca2+ influx into the AZ. However, a mere 

presence of Ca2+ is not sufficient to coordinate synchronous SV release which is necessary for 

temporally precise information transfer between neurons. Rather, SVs need a designated Ca2+ 

sensor to facilitate SV fusion. Research shows that the vesicular transmembrane protein 

Synaptotagmin-1 (Syt-1) acts in this regard (Chapman, 2008; Chua, 2014). Upon binding 

Ca2+ (Figure 2b), Syt-1 interacts with trans-SNARE complex to onset fusion pore opening 

which in turn prompts rapid NT release. Immediately after the fusion, the trans-SNARE 

complex is converted to cis-SNARE complex by ATPase NSF and its adaptor proteins (Sudlow 

et al., 1996; Zhao et al., 2007). Further enzymatic activity of NSF results in dissociation of 

cis-SNARE complex (Südhof & Rizo, 2011). This marks the start of local recycling of 

SNARE/SM proteins for their reuse in the next SV cycle. 
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Figure 2. The synaptic vesicle (SV) cycle and its essential regulatory machinery. 
(a) Synaptic vesicle cycle leads to neurotransmitter release into the synaptic cleft. Ca2+, calcium 
ions; AZ, active zone; PSD, postsynaptic density. Adopted from (Chua, 2014). (b) Two protein 
complexes, the active zone complex and core complex, and their accessory proteins essential 
for SV docking and fusion. Adapted from (Südhof, 2012). 

 

As described above, the active zone complex and the trans-SNARE complex are 

accompanied by key accessory proteins (Rab3, Munc18-1, Syt-1) that promote timely and 

synchronous SV release. However, regulation of synaptic vesicle cycle requires proteins that 

have negative control over SV release to achieve tight and balanced synaptic activity. 

Experiments have shown that Tomosyn/STXBP5 (for syntaxin binding protein 5) inhibits 

synaptic transmission by reducing the availability of release-ready SVs (Cazares et al., 2016; 

Gracheva et al., 2006; McEwen et al., 2006; Park et al., 2017; Yizhar & Ashery, 2008). 

Current data point to three putative mechanisms of Tomosyn’s action. It binds Syntaxin and 

SNAP-25 to form non-fusogenic SNARE complexes which (1) prevent the immobilization of 
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newly arriving vesicles to the active zone, and (2) attenuate immobilization of already docked 

SVs (Ashery et al., 2009; Yizhar & Ashery, 2008). Post-fusion, Tomosyn is also able to (3) 

oligomerize cis-SNARE complexes, thus decreasing the amount of available SNARE proteins 

for the next fusion cycle (Ashery et al., 2009). Altogether, promoters and inhibitors of 

vesicular release work in concert to modulate vesicle release probability. They are directly 

responsible for initially introduced stochasticity of neuronal activation that underlies functional 

connectivity. Many unanswered questions still wait to be addressed, some of which were on 

hold due to missing technology. Next chapter reviews fitting methodological approaches to 

study synaptic activity in functional connectivity context.  

1.3. Electrophysiological versus optical approach to neural recordings 

Neurons have intrinsic physiological properties and functions that lead to their 

activation. They are electrically excitable cells, so physiological properties can be revealed by 

monitoring electrical signals associated with their activity as they respond to stimuli in real-

time. Many tools have been developed for recording electrical signals from the brain. The 

standard experimental approach is to directly measure membrane potential of individual cells. 

Most commonly used method for direct access into intracellular electrophysiological properties 

is known as patch-clamp method (Liem et al., 1995). A whole-cell implementation of patch-

clamp recording gives insight into the intracellular signal using a glass micropipette containing 

a recording electrode. Micropipette penetrates the neuronal cell body to establish a tight seal 

between the cell membrane and internal solution contained in the micropipette. Internal 

solution mimics cell contents, thus any change to it caused by membrane depolarization in a 

recorded neuron will be detected by an electrode immersed in the solution. 

Patch-clamp method has many advantages. It is extremely sensitive, so even the 

slightest neuronal activity will be recorded. It directly records the voltage signal from neuronal 

soma which eases signal interpretation and analysis. The tight seal between micropipette and 

somatic membrane grants fast signal acquisition and high signal-to-noise (SNR) ratio. Former 

is needed to reliably track neuronal firing rates across time, and latter to easily detect AP events 

from the noisy signal. Patch-clamp is necessarily combined with microscopy to visualize 

micropipette while it advances through neural tissue to establish the seal with neuronal 

membrane. Microscopic imaging allows cell identification which is important for locating 
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neurons in the brain and interpreting their function. However, there are certain drawbacks 

related to the patch-clamp approach. Because it involves external tools penetrating brain tissue, 

physical constraints of its instrumentation prohibit multi-neuronal experimental designs. Only 

a limited number of micropipettes controlled by externally positioned micromanipulators fit 

under the experimental setup. The upper limit of simultaneously patched neurons achieved on 

average is 4, while only rarely multi-neuron patch-clamp experiments successfully involve 

more cells, with maximum being around 10 (Peng et al., 2019). Furthermore, how micropipette 

reaches neuronal soma is highly invasive and it causes damage both to the patched neuron and 

surrounding tissue. Patching a neuron, therefore, leaves a short window of time for 

experimental recording before the cell dies due to stress, usually after an hour. So, the method’s 

precision and speed in signal acquisition is secondary when patch-clamp is considered in the 

context of neural network research. In that case, the number of neurons accessible to record 

from is priority. 

There are other powerful electrophysiological methods commonly used that are well 

suited for network studies. For example, multi-electrode arrays (MEAs) record activity from 

hundreds of neurons in the network (Marre et al., 2012). MEAs likewise have fast temporal 

resolution during signal acquisition, and they access voltage signals coming from local 

networks. However, MEAs and similar devices contain sensors which are placed in the vicinity 

of neuronal bodies and target certain brain regions rather than individual cells. Therefore, 

instead of intracellular activity, multi-electrode devices record extracellular change in field 

potential to which many surrounding neurons contribute. This is an unfavorable property of 

multi-electrode approaches since both single-cell precision and identity of individual neurons 

are lost. Thus, the most powerful electrophysiological approaches for single- and multi-neuron 

research fail in two crucial requirements to be able to analyze functional network connectivity. 

First, neurons need to be recorded in great numbers and second, their identity must be tracked 

throughout recording. 

Continuous expansion of knowledge about molecular organization of neurons points to 

several opportunities to develop better technologies for monitoring neuronal activity in 

networks (Shen et al., 2020). These technologies leap from electrophysiology to a completely 

new field of optical methods. Most widely used optical method is calcium imaging. In general, 

calcium influx into cytosol resulting from AP-triggered membrane depolarization was 
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leveraged to approximate neuronal activity while preserving cell identity in the network (Ali 

& Kwan, 2019). Theoretical aspect of this approach is as follows. Since intracellular 

concentration of calcium ([Ca2+]in) prior to AP generation is low, detecting a transient peak in 

[Ca2+]in rise is indicative of recent neuronal activity. Researchers have engineered molecular 

probes with high Ca2+ sensitivity that are structurally coupled with various fluorescence-

emitting proteins (FPs or fluorophores) (Shen et al., 2020; Tian et al., 2012). Calcium probe 

is then expressed in neurons whose activity is wished to be monitored. Native conformation of 

the probe is a calcium-unbound state in which the fluorophore is quenched i.e., unable to emit 

fluorescence. Although, there is a substantial amount of baseline fluorescent light being 

spontaneously emitted when neurons are at rest due to stochastic properties of the probe. 

Binding Ca2+ ions during increased cytosolic Ca2+ levels leads to a conformational change in 

part of the probe's structure containing the fluorophore. This causes de-quenching of the 

fluorophore. Consequently, the result is a transient peak in the signal amplitude due to increased 

fluorescence emission, thus reflecting the timing of AP during neural activity. 

Calcium-sensitive probes differ from electrophysiological methods in that they do not 

report neuronal activity in the form of electrical, but as optical signals. Optical experiments 

rely on fluorescence microscopy techniques rather than on arrays of electrodes or micropipettes 

(Broussard et al., 2014; Grienberger & Konnerth, 2012). Every probe is defined by the 

excitation and emission light whose wavelengths are spectrally separated. Excitation light is 

used to continuously illuminate the probe throughout the experiment. It gets absorbed by the 

fluorophore and converted into emission light when fluorophore is de-quenched. Every optical 

experimental setup contains a set of wavelength-specific filters which block excitation light 

from entering the imaging sensor, but they pass emission light through. That way, optical 

recordings contain continuous images of neurons whose activity is captured by the emission of 

fluorescent light coming from activated probes. Good optical recordings have sharply filtered 

emission light, fast image acquisition rate, and optical probes producing high SNR and showing 

fast kinetics. 

The unprecedented advantage of optical approach over electrophysiology is that it gives 

insight into neuronal activity with intracellular resolution while preserving the cell identity. As 

opposed to electrophysiological techniques, optical tools are non-invasive, so they allow for 

continuous research over hours, days and weeks (Razlivanov et al., 2018; Sadakane et al., 
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2015). When a fluorescent probe is present in neurons across the population, results obtained 

by continuously imaging population activity consist of precise locations and signal traces from 

individual neurons. Therefore, optical tools assure high-throughput data acquisition which is 

out of reach for many other techniques. As such, they are ideally suitable for functional network 

studies. 

1.3.1. Optical tools for detection of presynaptic activity 

Functional network connectivity relies on synaptic transmission which is modulated by 

short-term plasticity and change in NT release probability, both of which are presynaptic 

phenomena (see Chapter 1.1.2.). Therefore, for optical interrogation of functional networks, it 

is preferable to achieve single-synaptic resolution. So far, optical reporters designed to sense 

the change in [Ca2+]in are currently most used probes for fluorescence imaging. They 

revolutionized neural network research in many ways. A group of genetically encoded calcium 

indicators (GECIs; Grienberger & Konnerth, 2012; Tian et al., 2012) allowed a non-invasive 

and genetically targeted expression in neurons of specific types and brain locations. In addition, 

genetic targeting avoids reporter expression by non-neuronal cells like astrocytes. It also 

eliminates the issue of residual extracellular fluorescence specific for bulk loading of 

previously dominant synthetic Ca2+ reporters or dyes (Broussard et al., 2014; Grienberger & 

Konnerth, 2012). This in turn significantly reduces background fluorescence that threatens to 

dampen AP signals by decreasing SNR.  

The GCaMP family of GECIs became a standard tool in optical neurophysiology 

performed both in vivo and in vitro (Broussard et al., 2014). They continuously improve in 

performance by the means of protein engineering, so that recent iterations named GCaMP6 

(T.-W. Chen et al., 2013), jGCaMP7 (Dana et al., 2019) and most recently jGCaMP8 (Zhang 

et al., 2020) have progressively higher SNR, faster kinetics and stronger expression levels 

among other essential properties. Interrogations of networks using GECIs have revealed results 

previously inaccessible through electrophysiological approaches (Keller et al., 2020). Most 

GECIs including GCaMPs are equally distributed throughout cytosol expressed in neurons. 

This, however, makes it difficult to locate activity coming from single synapses along the 

neurites, and requires additional expression of a presynapse-specific molecular label for post 

hoc image analysis. Even then, GECIs have slow kinetics relative to millisecond-short 

fluctuations in membrane potential in single synapses. That makes isolating individual 
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presynaptic activity hardly possible when analyzing somatic calcium traces. Alternatively, 

GECIs can be fused to presynaptic proteins for targeted localization to the presynaptic 

compartment (Dreosti et al., 2009). This approach will avoid signal contamination by somatic 

Ca2+ increase, since the probe then reflects only the increase in [Ca2+]in at presynaptic terminals. 

Still, some concerns remain. As described earlier, GECIs detect changes in cytosolic [Ca2+]in 

dynamics, but those act as a proxy of AP generation rather than directly reflecting membrane 

potential change. This approximative property raises questions linked to (non-)linear 

relationship between synaptic activity and calcium dynamics during signal interpretation 

(Jackson & Burrone, 2016). To overcome these constraints, optical reporter engineering has 

focused on presynapse-specific events (see Chapter 1.1.2.) and molecules (see Chapter 1.1.3.) 

to design probes that undoubtedly report the activity of single synapses (Dreosti & Lagnado, 

2011).  

There are two target events significant for synaptic transmission that proved particularly 

successful for optical reporter design. Those are (1) SV fusion with the presynaptic cell 

membrane and (2) NT release into the synaptic cleft. Prior to fusion, SV lumen is maintained 

at the slightly acidic pH of ~ 5.6. Upon fusion, the pore opening causes mixing of SV ionic 

content with the extracellular environment whose pH is neutral (~ 7.4). Therefore, for a brief 

moment before the SV endocytosis and re-acidification occur, vesicular lumen neutralizes in 

pH. This mechanism was utilized to create pH-sensitive probes that report neural activity based 

on AP-triggered SV fusion/exocytosis (Jang et al., 2021). Most widely used are pH-sensitive 

green fluorescent protein (GFP)-based probes named pHluorins. When residing in acidic SV 

lumen, pHluorins are in a protonated state which keeps their fluorescence quenched. Amidst 

brief exposure to the neutral pH during SV fusion, pHluorins undergo deprotonation and de-

quenching of GFP, thereby reporting SV fusion/exocytosis by transiently increasing 

fluorescence emission. Fluorescence signal decreases as endocytosed SVs get re-acidified. 

Despite the wide use due to their flexibility when fused to different presynaptic proteins (Diril 

et al., 2006; Granseth et al., 2006; Sankaranarayanan et al., 2000), pHluorins have certain 

limitations. Synaptic activity is reported as a fraction of released SVs instead of directly 

quantifying neurotransmission. Additionally, the change in pHluorin fluorescence signal is not 

only a function of SV exo-/endocytosis rate, but it is also affected by the rate of re-acidification 

of recently endocytosed vesicles. Hence, interpretation of the signal can be ambiguous. 
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Individual presynaptic activity is best reported using probes directly sensitive to 

neurotransmitters. Those will be discussed in the following section.  

1.3.2. Genetically encoded neurotransmitter reporters (GETIs) 

The quest for optical monitoring of neurotransmission culminated with the 

development of genetically encoded neurotransmitter reporters (GETIs; Shen et al., 2020). 

Their advent opened a dimension previously unreachable with probes such as calcium or pH-

sensitive reporters. Neurotransmission could be quantified based on the type of information 

communicated between synapses i.e., excitatory, inhibitory or neuromodulatory. Indeed, 

different GETIs were developed to quantify excitation by detecting glutamate, inhibition by 

detecting GABA, and detecting neuromodulation facilitated by dopamine, acetylcholine or 

norepinephrine (reviewed in (Sabatini & Tian, 2020)). Glutamate sensitive GETIs are 

particularly interesting for current work. They allow studying signal transduction, presynaptic 

plasticity and SV release properties among other aspects of functionally connected networks. 

The first genetically encoded glutamate-sensing fluorescence reporter (GluSnFR) was 

constructed using Glt1, a periplasmic binding protein (PBP) with affinity for glutamate that is 

native to Escherichia coli. Glt1 was fused with two spectrally diverse fluorophores, namely the 

cyan-emitting ECFP (for enhanced cyan fluorescent protein) and yellow-emitting Citrine 

(Hires et al., 2008). When expressed in neurons, GluSnFR is anchored to the plasma membrane 

with its glutamate-binding domain exposed to the synaptic cleft. In the baseline condition i.e., 

when neurons are at rest, ECFP actively emits fluorescence. When glutamate is released into 

the synaptic cleft, it binds GluSnFR which causes conformational change in its structure. 

Conformational restructuring pulls the two fluorophores closer together, triggering proton 

transfer from ECFP to Citrine via the mechanism known as Förster resonance energy transfer 

(FRET). This activates yellow fluorescent light emission which has been quenched in baseline. 

Therefore, excitatory synaptic activity is visualized based on a ratiometric change in 

fluorescence between the two fluorophores.  

GluSnFR was later advanced into SuperGluSnFR which exhibited better response size 

in terms of ratiometric change between cyan and yellow fluorescence, as well as having faster 

kinetics and higher SNR (Hires et al., 2008). However, these types of probes still have their 

limitations. FRET-based GluSnFRs occupy a large part of the optical spectra which minimizes 

the possibility for simultaneous multi-probe optical experiments. Furthermore, they elicit 
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relatively weak change in fluorescence, so averaging over more trials is necessary to detect 

synaptic response. A major improvement was made when a single-FP probe was engineered 

(Marvin et al., 2013). Fluorescence signal yielded by the new GluSnFR was intensity-based 

(hence the upgrade of their name, iGluSnFR), rather than FRET-based. This was achieved by 

fusing a circularly permuted (cp-) GFP to the already known Glt1 protein. In glutamate-

unbound state, cpGFP contains two misaligned β-barrels that distort its original structure, 

therefore prohibiting fluorescence emission and causing low fluorescence intensity at baseline. 

Alignment of the β-barrels in glutamate-bound state mediates approximately 5-fold increase in 

cpGFP fluorescence with respect to that of SuperGluSnFR (Marvin et al., 2013). This 

significantly exceeded the performance of any glutamate-sensing reporter so far. As Marvin 

et al. (2013) report,  iGluSnFR was able to resolve single APs in a train delivered at 10 Hz 

stimulation frequency. Its ~4 μM affinity for glutamate was suitable for reporting a range of 

synaptic activity strengths which varied in glutamate release load. It was applied in most 

common vertebrate and invertebrate animal models with great success both in vivo and in vitro. 

However, the signal plateaued for higher numbers of APs (20-160 APs at 30 Hz), and the probe 

struggled during heavy glutamate loads resulting from strong synaptic activity which would 

reach millimolar quantities. Additional protein engineering yielded at least two improved 

versions of iGluSnFR in its known green-fluorescing form, but it was further developed to emit 

blue, cyan and yellow fluorescence (Marvin et al., 2018). The tool became spectrally flexible 

while responding with faster kinetics, exerting higher glutamate sensitivity (200 μM), and 

showing greater SNR and photostability. 

iGluSnFR reporter has been actively used to address important functional aspects of 

glutamatergic synapses. Among some findings, it revealed the extent of interaction between 

two major synaptic plasticity mechanisms, namely homeostatic and Hebbian plasticity (Soares 

et al., 2017), it gave insight into astrocytic glutamate clearance properties and modulation of 

its kinetics by synaptic activity (Armbruster et al., 2016), and it was reliably used for 

quantitative examination of the functional role of Synaptotagmin-1 in presynapse (Vevea & 

Chapman, 2020). The probe was also used to examine mesoscale functional connectivity in 

vivo (Xie et al., 2016); however, by focusing on glutamate dynamics over a relatively wide 

region of interest. In this work, I have studied the potential of iGluSnFR for functional 

connectivity research with single-synaptic resolution in vitro.  
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2. RESEARCH OBJECTIVE 

Neurons in neural networks display functional connectivity whereby they engage in 

various activity patterns while representing identical stimuli. This seeming stochasticity is 

governed by rules that are still largely unknown. Modulation of presynaptic activity is one 

mechanism that contributes to functional network formation. Thus, monitoring single synaptic 

activity is the key for understanding functional connectivity among neurons. Primary goal of 

this study is to assess the ability of a state-of-the-art optical reporter iGluSnFR to report 

subtleties in single synaptic activity in cultured networks, so that its potential for application in 

functional connectivity studies in vitro can be better understood. More specifically, I will: 

1. Use iGluSnFR in a small-scale single-neuron model in vitro to characterize its 

baseline expression, sensitivity and source of fluorescence increase during synaptic 

activity, 

2. Systematically address the ability of iGluSnFR to recapitulate well-defined 

presynaptic phenotype in genetically modified neurons, 

3. Demonstrate the quantitative potential of iGluSnFR while uncovering differences 

in presynaptic activity of genetically modified and wild-type neurons. 
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3. MATERIALS AND METHODS 

Throughout the study I have used neuronal cell cultures (WT, Tomosyn-/-) generated by 

laboratory technicians or other scientists in the lab. I performed viral transfections of 

fluorescent probes on my own. I prepared imaging solutions and performed live iGluSnFR 

imaging. I conducted image and data analysis using own scripts and by designing own analysis 

pipelines. I chose and applied statistical tests on analyzed data. I designed and plotted all figures 

using own scripts. I wrote and designed algorithms for advanced peak detection. 

3.1. Neuronal cultures  

I used dissociated wild-type (WT) and Tomosyn floxed hippocampal neuron cultures 

which were prepared from E18.5 C57BL/6 mouse embryos (Figure 3), as first described in 

(Mennerick et al., 1995). Cerebral cortices were dissected in Hanks’ balanced salt solution 

(Sigma, H9394) supplemented with 10 mM HEPES (Gibco, 15630-056). The hippocampi were 

isolated from the tissue and digested with 0.25% trypsin (Gibco, 15090-046) in Hanks’ HEPES 

for 20 min at 37°C. Hippocampi were washed three times with Hanks’ HEPES and triturated 

with fire-polished glass pipettes. Dissociated neurons were counted and plated in neurobasal 

medium (Gibco, 21103-049) supplemented with 2% B-27 (Gibco,17504-044), 1.8% HEPES, 

0.25% Glutamax (Gibco, 35050-038), and 0.1% penicillin–streptomycin (Gibco, 15140-122). 

To prepare autaptic cultures, hippocampal neurons were plated in 12-well plates at a density of 

1000-1500 cells/well on 18-mm glass coverslips containing micro-islands of rat glia. For glia 

preparations, newborn pups from female Wistar rats were used. Micro-islands were generated 

as previously described in (Meijer et al., 2015), by plating 8000/well rat glia on UV-sterilized 

agarose (Type II-A; Sigma, A9918)-coated etched glass coverslips stamped with a mixture of 

0.1 mg/ml poly-D-lysine (Sigma, P6407), 0.7 mg/ml rat tail collagen (BD Biosciences, 

354236), and 10 mM acetic acid (Sigma, 45731). At days in vitro (DIV) 1, Tomosyn floxed 

neurons were infected with Cre-recombinase to induce double Tomosyn knockout (Tomosyn-

/-). On DIV9, WT and Tomosyn-/- cultures were transduced with pFSynW-SFiGluSnFR.A184V 

and pSyn(pr)Synapsin-mCherry plasmids inserted in lentiviral backbone for iGluSnFR and 

synapsin-mCherry overexpression, respectively. Neurons were maintained in culture at 37°C 

and 5% CO2. 
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Figure 3. Timeline of culturing protocol. (a) Hippocampi from wild-type mouse pups 
were used to prepare primary neuronal culture. DIV, days in vitro. E, embryonic day. On DIV9, 
cultures were transfected with plasmids coding for fluorescent reporters. On DIV14, live-cell 
imaging (LCI) was performed. (b) Same as in (a.) but for Tomosyn-/- line generation. On DIV1, 
Tomosyn floxed cells were infected with Cre-recombinase. Embryo and brain illustrations 
taken from (He et al., 2022). 

3.2. Live iGluSnFR imaging 

Neurons were taken from culture at DIV14 and placed in an imaging chamber 

containing standard Tyrode solution (2 mM CaCl2, 2.5 mM KCl, 119 mM NaCl, 2 mM MgCl2, 

30 mM glucose, 25 mM HEPES [pH 7.4]). Cultures were superfused with Tyrode throughout 

imaging. Imaging was performed under a widefield fluorescence microscope (Axiovert II, 

Zeiss; 40x objective, NA = 1.3) at room temperature controlled through MetaMorph 6 software 

(Molecular Devices). The illumination source was a mercury arc lamp (Zeiss). Images were 

acquired by an EM-CCD camera (Cascade). In each coverslip, 3-5 autaptic neurons were 

imaged. One still image of synapsin-mCherry fluorescence was taken per neuron for locating 

synaptic puncta. iGluSnFR fluorescence was recorded in stream acquisition mode at 10 Hz 

acquisition rate (100 ms exposure time, 2x binned). Electrical stimulation was applied using a 

local-field potential (LFP) electrode (WPI), with stimulation intensity 30 mV/pulse. 

Stimulation protocols were written in Master 8 software (AMPI).  

In Figure 6a,b, a neuron was imaged in Tyrode for 1 min after which 1 µM tetrodotoxin 

(TTX; Sigma) was acutely applied to the same culture (2 min incubation). For Figure 6c,d, 

neurons were incubated in 1 µM TTX for 2 hours prior to imaging. 



21 

 

3.3. Image analysis 

Recordings were analyzed in Fiji/Imagej (National Institutes of Health) using custom-

written script (template kindly provided by Moro A.). First, top-hat transform was applied to a 

still image of a neuron expressing synapsin-mCherry to extract highly saturated, small 3-by-3 

pixel elements corresponding to synaptic puncta. Individual synaptic coordinates, or regions of 

interest (ROIs), were then transferred to time-lapse recording containing iGluSnFR 

fluorescence. Gray pixels in the 3-by-3 region were averaged per ROI/synapse in every frame. 

Average gray pixel values reflecting iGluSnFR fluorescence over time from all ROIs were 

saved per neuron. When neurons were imaged over multiple stimulation protocols (baseline + 

5 APs at 0.75 Hz, 5 APs at 2 Hz and 100 APs at 40 Hz + 2 recovery pulses), synaptic traces 

from separate recordings were concatenated into a continuous trace for convenience. In case of 

field-of-view (FOV) shift between recordings, FOV correction was manually performed for 

precise synaptic positioning. 

3.4. Data analysis 

3.4.1. Raw trace normalization 

Raw synaptic traces per neuron were analyzed and visualized in Matlab (MathWorks) 

using custom-written scripts and analysis pipelines. Baseline fluorescence (F0) was calculated 

per synaptic trace from the initial part of recording as an average of gray pixel values over 10 

frames (1 s). Individual fluorescence traces were normalized to their baseline as: F/F0. Traces 

from imaging sessions longer than 20 s were detrended using moving median approach with 

arbitrary window size chosen based on a priori exploration. Window sizes were consistent 

throughout the experiment but were specific per recording (9.9 s for traces containing 0.75 Hz 

stimulation; 10.1 s for traces with 2 Hz stimulation; 40 Hz traces were not detrended).  

 

3.4.2. Quantification of synaptic responses 

Peak responses to stimulation were calculated as change in fluorescence intensity over 

baseline as: ΔF/F0 = (Ft - F0)/ F0, where Ft is fluorescence intensity at stimulation time t. In 

figures showing average iGluSnFR fluorescence over all synapses (e.g, Figure 6c, Figure 7b,d), 
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mean ± STD ΔF/F0 were quantified from 1 frame with time t in which synapses were 

theoretically expected to respond based on stimulation settings. Due to occasional instances of 

delayed communication between stimulation-triggering software and equipment, some 

stimulation pulses were delivered 0.1 s later and were misaligned with expected frames (1 

frame delay). Also, in some synapses there was a natural 0.1 s delay in peak response to 

stimulation. So, for calculating average synaptic responses per neuron (e.g., Figure 7c,e), a 

custom-written algorithm was used to precisely detect delayed peaks around stimulation 

frames. The algorithm searched for maximal ΔF/F0 in t-1, t and t+1 for every pulse during 0.75 

Hz stimulation, and in t and t+1 for pulses during 2 Hz stimulation. That way, synaptic 

responses that peaked with 1-frame delay were included with their real amplitude for increased 

robustness during statistical comparison.  

In Figure 7e, kinetics of iGluSnFR were too slow to capture shapes of individual APs 

during 40 Hz stimulation. This resulted in a step-like signal with duration of 2.5 s which is 

exactly the time needed to deliver 100 AP. With frame duration of 100 ms and inter-spike 

interval of 25 ms, there are 100/25 = 4 APs per stimulation frame. Therefore, ΔF/F0 from the 

1st frame was divided with 4 to get the 1st-evoked ΔF/F0 response during 40 Hz stimulation.  

3.4.3. mGT detection 

Custom-designed pipeline was used to detect mGT events from individual synaptic 

traces. First, 7 random cells (3 WT, 4 Tomosyn-/-) were chosen from 1 culturing week and an 

advanced peak-detection algorithm (thresholding algorithm, (van Brakel, 2020)) was used to 

detect peaks in the baseline signal (59.8 s) from all synaptic traces. Fluorescence values 

crossing the threshold of 4 STDs away from moving mean (moving window size = 10.1 s) were 

detected as mGTs. Then, detected mGTs from analyzed synapses were manually classified in 

a custom-written GUI to confirm true positives (TPs) and true negatives (TNs), add false 

negatives (FNs) and remove false positives (FPs). Additional analysis on inhibitory neurons 

was used to understand properties of FPs. Five inhibitory neurons were imaged and stimulated, 

synapses were detected and traces were normalized and detrended as described above. Peaks 

in inhibitory synaptic traces were detected using the same settings in the thresholding algorithm 

used for excitatory cells prior to manual classification. All detected peaks represent TNs 

because inhibitory neurons do not release glutamate. Manual peak classification was used to 

obtain reference values for ΔF/F0 amplitude and SNR (Figure 4). These two parameters, along 
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with signal gradient, signal shape and signal decay, were then used for automated scoring of 

peaks during bulk detection of mGTs over all neurons.  

Bulk mGT detection in baseline synaptic signal from all neurons was performed using 

built-in Matlab function findpeaks with low threshold for peak amplitude (ΔF/F0 = 0.09) and 

minimal distance of 1s between consecutively detected peaks. This resulted in many FP peaks; 

however, they were rigorously evaluated using the scoring approach described above. Peaks 

which scored well (> 10 points, arbitrary value) were accepted as mGT events. This approach 

was applied uniformly for WT and Tomosyn-/- synapses. 

 

Figure 4. Outcome of manual peak classification. Distributions of signal-to-noise 
(SNR) ratios (top) and ΔF/F0 amplitudes (left) of classified peaks. Merging of the two 
distributions (heatmap). Color codes match across the heatmap and distributions. SNR 
distribution shares the x axis with heatmap. Amplitude distribution shares the y axis with 
heatmap.  

3.4.4. Synaptic participation 

Synaptic participation to 0.75 Hz stimulation was obtained by evaluating synaptic 

responses in windows centered around precise timings of 5 APs (window size = 1.3 s). Full 1.3 

s signal was analyzed per synapse using the scoring method developed for mGT evaluation 

described above, but with modified settings to detect AP-like signal. Above threshold activity 
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was registered per synapse for 5 APs in a binary matrix containing active and non-active 

synapses, as in Figure 9a (left). Binary matrix was obtained per neuron, and was summed over 

all synapses across 5 columns representing 5 APs to get the number of participating synapses, 

as in Figure 9a (center). Participation count per AP was divided with total number of synapses 

to get the percentage of synaptic participation during 0.75 Hz, as in Figure 9a (right). The 

approach was identical for 2 Hz stimulation, but only the 1st-evoked responses were evaluated 

(window size = 0.7 s) due to insufficient amount of data points across 2nd-to-5th-evoked to 

account for reliable analysis.  

3.4.5. Presynaptic pool dynamics  

The initial exocytosis rate triggered by 40 Hz stimulation was obtained from slope of 

instantaneous decay after fitting 2nd-order exponential decay function to individual synaptic 

responses to 100 APs. Decay function was described as 𝑦(𝑥) 	= 	𝐴𝑒!"! + 	𝐵𝑒#"", where 𝑥$ 

was instantaneous slope, 𝑥% was secondary slope, and 𝐴, 𝐵, 𝑚 and 𝑛 were constants (𝐴 and 𝐵 

were unique for every synapse; 𝑚 = -0.7; 𝑛 = -0.25). Negative inverse of the instantaneous 

slope (−1/𝑥$) represents the time constant of the initial exocytosis rate. Secondary slope 

represents the rate of exo-/endocytosis, and its time constant was calculated as −1/𝑥%. Probe 

decay time constant was calculated by fitting 1st-order exponential decay function (𝑦(𝑥) 	=

	𝐴𝑒&!") to synaptic traces immediately after 40 Hz stimulation, and then obtaining negative 

inverse of its slope (−1/𝑥). 

To quantify recovery, peak prominence was calculated for the 1st frame during the 100 

AP train at 40 Hz, and for 1st and 2nd recovery pulses by calculating distance between F0 and 

peak ΔF/F0 amplitude in corresponding frames. Ratio between prominence of 1st-evoked (𝑝'$) 

and 1st recovery pulse (𝑝($) was calculated per synapse as: 𝑝($/𝑝'$, to monitor synaptic 

recovery 1 s after 40 Hz train. Likewise, prominence ratios were calculated for 1st-evoked and 

2nd recovery pulse (𝑝(%/𝑝'$, where 𝑝(% is 2nd pulse prominence) to monitor synaptic recovery 

4 s after. 

3.5. Statistical analysis 

Statistical analysis was performed in Matlab (MathWorks). Data were reported using 

standard descriptive statistical parameters: mean ± standard deviation (STD), and median 
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values. In boxplots, interquartile range between 25th and 75th percentile, with median, minimal 

and maximal values were reported. Percentage difference in synaptic responses between 

compared ΔF/F0 was calculated as: (x2 - x1)/x1, where x1 is previous ΔF/F0 value and x2 is new 

ΔF/F0. Coefficient of variation (CoV) in Figure 5 was calculated as STD/mean. 

Data were presumed to be non-normally distributed so nonparametric Wilcoxon rank-

sum and Mood’s median tests were used for comparison of independent samples throughout 

the study. Significance was reported as: n.s., not significant; * p < 0.05; ** p < 0.01; *** p < 

0.005; **** p < 0.001. In case of multiple comparisons, Bonferroni correction of p value was 

applied. 
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4. RESULTS 

4.1. General evaluation of the iGluSnFR probe  

4.1.1. iGluSnFR reporter shows reliable expression in autaptic neuronal cultures 

To address the ability of iGluSnFR for presynaptic activity quantification in the 

network, I used a smaller-scale experimental model of single neurons in autaptic cultures 

(Figure 5a). Autaptic neuronal cultures are unique in that the neuron forms self-synapses 

(autapses) which are functionally identical to (hetero) synapses and can be reliably used to 

study synaptic properties (Meijer et al., 2019). Wild-type neurons in autaptic cultures 

expressed synapsin-mCherry to locate synaptic puncta and iGluSnFR to monitor synaptic 

activity (Figure 5b). I evaluated general characteristics of iGluSnFR expression in autapses to 

get a better understanding of the probe's behavior in vitro. The average number of clearly 

detectable synapses per neuron was 211.05 ± 126.26 (55 neurons, 3 culturing weeks; Figure 

5c). This gives access to more than 10 000 synapses per experiment. Average of raw iGluSnFR 

fluorescence across synapses was similar in neurons across different cultures (Figure 5d). I 

quantified coefficients of variation (CoV) in baseline fluorescence (F0) from all synapses per 

neuron to compare variability between synapses. I detected maximal and minimal CoV in 

synaptic F0 values of 0.69 and 0.16, respectively (Figure 5e). Average between-synapse CoV 

from all recorded neurons was 0.40 ± 0.14 (55 neurons).  

4.1.2. Neuronal glutamate release and spontaneous synaptic vesicle fusion underlie 

increase in iGluSnFR intensity 

Next I aimed at understanding the source of iGluSnFR fluorescence intensity increase 

in autaptic cultures. It is crucial to validate whether iGluSnFR signal comes from AP-mediated 

glutamate release or from other potential sources like astrocytes (Harada et al., 2016). To test 

that, I first imaged cultured excitatory neurons in 2 mM Ca2+ solution representing a naive 

condition (Figure 6a). I applied 10 AP-evoking electrical impulses at 2 Hz, which is frequency 

slow enough for the iGluSnFR probe to resolve rise and decay times of single APs (Marvin et 

al., 2013). I repeated the same imaging protocol with cultured neurons incubated in 1 µM of 

tetrodotoxin (TTX; Figure 6a). TTX blocks propagation of AP along the axon by blocking Na+ 

channels, thus resulting in no SV release from presynapse upon electrical stimulation of the 
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neuron. Indeed, the naive condition resulted in ΔF/F0 peaks precisely aligned with stimulation 

times which are absent in TTX condition (Figure 6b). I detected ΔF/F0 increase of about 0.14 

± 0.17 for the first evoked AP in naive condition, and noise level fluctuations in ΔF/F0 for TTX 

treated condition (Figure 6c). These results validated the use of iGluSnFR probe to report AP-

triggered release of neuronal glutamate. Remarkably, the probe reported spontaneous SV 

fusion events during baseline recording from single synapses. These events are miniature 

glutamate transients (mGTs), and were detected in both naive and TTX conditions since they 

are independent of AP (Figure 6d).  

 

Figure 5. Overview of iGluSnFR expression in autaptic neuronal cultures. (a) An 
example neuron expressing iGluSnFR in culture. (b) Synapsin-mCherry mask used to detect 
synaptic puncta (top). Synaptic coordinates were transferred to iGluSnFR mask to extract 
activity (bottom). White squares, three example synaptic coordinates. (c) Average number of 
synapses per neuron (n = 55, 3 independent weeks). (d) Average baseline iGluSnFR 
fluorescence (F0) per neuron (n = 55). Colorbar, 16-bit grayscale pixel gradient. Black, 
background; gray, signal. (e.) Coefficient of variation between synaptic F0 values per neuron 
(n = 55).  
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Figure 6. Change in iGluSnFR fluorescence upon neuronal glutamate release.  
(a) Single synapse in naive (top row) and TTX conditions (bottom row) one frame before (t-1) 
and after (t+1) the first stimulation pulse at time t. (b) Synaptic responses to 10 APs at 2 Hz 
form synapses in (a). Black, naive. Blue, TTX. (c) Average activity before, during and post 
stimulation with 10 AP at 2 Hz in naive (black) and TTX (blue) conditions (6 neurons). (d) 
Evoked (below green lines, simulation times) and spontaneous (*) synaptic activity from naive 
(left) and TTX-treated (right) synapses (n = 14). 
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4.2. Advanced iGluSnFR evaluation in genetically modified presynapse 

4.2.1.  iGluSnFR recapitulates the well-known phenotype in  

Tomosyn-/- neurons 

iGluFnSR activity reliably reflects presynaptic glutamate release. The probe was 

previously used to report strong presynaptic phenotypes like the loss of synchronous SV release 

when presynaptic release machinery is disrupted (Vevea & Chapman, 2020). Functionally 

altered synapses may exert only subtle differences in their activity. Here, I studied whether 

iGluSnFR can reflect these subtleties in model neurons absent from the presynaptic protein 

Tomosyn (Tomosyn-/- neurons). They respond with increased amplitude of first-evoked 

neuronal response and show increased frequency of spontaneous events when compared to WT 

(McEwen et al., 2006; Sauvola et al., 2021).  

I first looked into whether the iGluSnFR probe reports 1st-evoked response phenotype. 

I stimulated neurons with 5 AP-evoking pulses at 0.75 and 2 Hz frequency. First, 0.75 Hz 

stimulation evoked synaptic responses with precisely aligned iGluSnFR peaks to expected AP-

timings (Figure 7a). First-evoked responses show differences in ΔF/F0 amplitudes between 

genotypes, while consecutive responses (2nd-to-5th) have comparable ΔF/F0. Since this might 

be the case for few rather than all Tomosyn-/- synapses, I averaged synaptic response from 39 

WT and 49 Tomosyn-/- neurons to get clearer insight in overall synaptic activity per group 

(8712 and 10891 synapses, respectively; 3 imaging weeks). Averaged responses revealed that 

Tomosyn-/- synapses peak with 0.17 ± 0.23 ΔF/F0 (mean ± STD) during 1st-evoked activity, 

and respond with about 53% lower ΔF/F0 amplitude immediately after (2nd AP: 0.08 ± 0.14 

ΔF/F0). The following Tomosyn-/- responses showed sustained amplitudes similar to 2nd-

evoked (3rd AP: 0.08 ± 0.15 ΔF/F0; 4th AP: 0.05 ± 0.11 ΔF/F0; 5th AP: 0.06 ± 0.12 ΔF/F0; 

Figure 7b, blue). Furthermore, average responses in WT synapses revealed a dramatic 

difference in 1st AP amplitude from Tomosyn-/- synapses. WT synapses respond with 0.06 ± 

0.13 ΔF/F0 on average, unlike 183% stronger response seen in Tomosyn-/- (Figure 7b, black). 

Unlike in Tomosyn-/- synapses, 1st-evoked response in WT showed very little difference from 

2nd AP,  during which synapses respond with 0.06 ± 0.09 ΔF/F0 on average. These were higher 

than amplitudes of consecutive APs (3rd AP: 0.03 ± 0.05 ΔF/F0; 4th AP: 0.03 ± 0.07 ΔF/F0; 

5th AP: 0.02 ± 0.04 ΔF/F0).  
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Evoked peak synaptic responses were averaged per neuron. I tested differences in 1st-

evoked response amplitudes between genetically altered synapses, as well as genetically 

identical synapses (Figure 7c). Among evoked responses in the WT group, a statistically 

significant decrease in response was detected only between 1st and 5th AP. In the Tomosyn-/- 

group, 3rd, 4th and 5th APs show significantly lower response when compared with 1st. In 

addition, significance was found in iGluSnFR-based increase of 155% in 1st-evoked response 

in Tomosyn-/- synapses versus WT (0.23 ± 0.12 ΔF/F0, 0.09 ± 0.10 ΔF/F0, respectively). (For 

discrepancies in mean ± STD ΔF/F0 values reported from average of all synapses versus 

average from all neurons, see Materials and Methods.) Interestingly, when I compared ΔF/F0 

peaks from other APs between WT and Tomosyn-/- groups (i.e., 2nd-evoked WT to 2nd-evoked 

Tomosyn-/- etc.), none showed significant difference (data not shown; p > 0.05 for all, Wilcoxon 

rank-sum, after Bonferroni correction).  

I further looked into synaptic responses to a faster, 5 APs at 2 Hz stimulation. I averaged 

over individual synaptic traces from all neurons per group (Figure 7d). Similarly to prior 

results, Tomosyn–/- synapses respond with 0.16 ± 0.19 ΔF/F0 on average during 1st-evoked AP. 

That was a 78% stronger response than average across all WT synapses where I detected ΔF/F0 

= 0.09 ± 0.12. I then averaged peak responses per neuron (Figure 7e). In WT neurons, 4th and 

5th APs significantly decrease in response strength from the 1st response. Moreover, average 

synaptic responses to all but 2nd AP in Tomosyn-/- neurons have significantly decreased peak 

amplitudes when compared to 1st-evoked AP (Figure 7e, right). A major observation from 

0.75 Hz stimulation responses was detected here as well. Tomosyn-/- neurons consistently 

respond with stronger amplitude to 1st-evoked stimulation (0.19 ± 0.20 ΔF/F0), which is a 

significant 90% increase when compared to WT responses (0.10 ± 0.12 ΔF/F0). Lastly, I 

analyzed 1st-evoked synaptic responses to very fast stimulation during which synapses were 

challenged with 100 APs at 40 Hz to test extreme activity mode (Figure 7e). Tomosyn-/- 

synapses on average show 100% increased peak ΔF/F0 compared to WT response (see 

Materials and Methods for 1st-evoked response approximation). This difference proved 

significant when responses were averaged per genotype (p < 0.01, Wilcoxon rank-sum), and 

was not tested when averaged per neuron. 
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Figure 7. Differences in synaptic response between Tomosyn-/- and Wild-type 
(WT) neurons reported by iGluSnFR. (a) Evoked responses from WT (n = 6; top) and 
Tomosyn-/- (n = 7; bottom) synapses to 5 APs at 0.75 Hz.Time in seconds is aligned to the onset 
of the first pulse. (b) Average from evoked synaptic responses to 5 AP at 0.75 Hz. Solid trace, 
mean; shade, STD. Black, WT (39 neurons); blue, Tomosyn-/- (49 neurons). (c) Average peak 
response per AP pulse from responses in (b). Red circles, outliers. Black boxplots, WT; blue 
boxplots, Tomosyn-/- neurons. Boxplots show interquartile range between 25th and 75th 
percentile (lower and upper box boundary, respectively), with median (solid horizontal line). 
Whiskers show minimal (lower thin horizontal line) and maximal (upper thin horizontal line) 
values. Significance tested with Wilcoxon rank-sum test, Bonferroni correction (n.s., not 
significant; * p < 0.05; ** p < 0.01; *** p < 0.005; **** p < 0.001). Note that due to 
visualization purposes, y axes were concatenated which made some outliers not appear on the 
figure. (d) Same as in (b) but for 5 AP at 2 Hz stimulation type. (e) Same as in (c) but for 5 AP 
at 2 Hz stimulation type. (f) Same as in (b) but for stimulation type containing 100 AP at 40 
Hz followed by two recovery pulses. 
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4.2.2. Subthreshold detection using iGluSnFR confirms increased spontaneous 

activity in Tomosyn-/- synapses 

Another hallmark of Tomosyn-/- phenotype describes increased spontaneous activity 

below AP threshold. I have demonstrated earlier that iGluSnFR has capacity for subthreshold 

mGT event detection (see Chapter 4.1.2.), although just qualitatively. Here I quantitatively 

address the ability of iGluSnFR to report increased frequency of subthreshold events in 

Tomosyn-/- neurons. WT and Tomosyn-/- neurons were imaged for 60 s prior to evoking 

responses with 0.75 Hz stimulation. During the pre-stimulation period i.e., baseline, it is likely 

that SVs from individual synapses spontaneously fuse with the presynaptic membrane, causing 

glutamate release. I developed an advanced peak-detection algorithm to detect mGT events in 

baseline (Figure 8a; see Materials and Methods) It captured 200 spontaneous events in WT 

synapses and 1739 events in Tomosyn-/- synapses (8712 WT and 10891 Tomosyn synapses 

analyzed; 39 and 49 neurons, respectively). When averaged over all detected events per 

genotype, their shape showed remarkable similarity (Figure 8b). To see if peak mGT 

amplitudes significantly differ, I extracted peak ΔF/F0 from all mGT events and looked at their 

distribution per genotype (Figure 8c). Due to skewness in both distributions, I statistically 

compared group ΔF/F0 medians (Figure 8c, vertical lines). Interestingly, they do not show a 

significant difference between genotypes (WT median ΔF/F0 = 0.13, Tomosyn-/- median ΔF/F0 

= 0.14; p = 0.1374, Mood's median test).  

In addition, I compared subthreshold event frequency between groups (Figure 8d, left). 

Average synaptic mGT frequency was 0.81 ± 1.62 Hz in Tomosyn-/- neurons, and 0.13 ± 0.29 

Hz in WT neurons. This marked more than 500% increase in frequency and was significant. 

Lastly, I have shown that on average, Tomosyn-/- neurons have about 350% higher fraction of 

synapses that undergo spontaneous SV fusion leading to mGT events than WT neurons. In WT 

neurons, that was only 3.81 ± 0.18% of synapses while in Tomosyn-/- neurons there were 17.46 

± 28.44% synapses showing mGTs. Moreover, these differences were statistically significant 

(Figure 8d, right).  
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Figure 8. Detection of spontaneous synaptic events below threshold.  
(a) Spontaneous synaptic events (mGTs) in baseline. Red circles, detected events. Black traces, 
individual WT synapses (n = 12). Blue traces, Tomosyn-/- synapses (n = 16). Green bar, evoked 
activity to 1 AP. (b) Average shapes of WT (black, n = 200) and Tomosyn-/- (blue, n = 1739) 
mGT events. Solid line is mean; shade is STD. (c) Distributions of detected mGT amplitudes 
per genotype. Vertical bars, distribution medians (orange, WT; red, Tomosyn-/-). Note that 
Tomosyn-/- mGT amplitudes go up to 1.4 but were left out for visualization purposes. (d) 
Fraction of synapses showing spontaneous activity per genotype (left), and genotype-specific 
frequency of spontaneous events per synapse (right). Circles, average per neuron; red, outliers. 
Boxplot description and statistical analysis same as in Figure 6c.  
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4.3. iGluSnFR imaging reveals detailed functional properties of Tomosyn-

/- synapses 

4.3.1. Synaptic participation is higher in Tomosyn-/- synapses 

Biological explanation for increased 1st-evoked response in Tomosyn-/- neurons is still 

an open question (Ashery et al., 2009). With iGluSnFR, an answer might be a step closer since 

it allows resolving single synapse-related hypotheses. One of the plausible explanations for 

increased neuronal activity in absence of Tomosyn is higher synaptic participation in overall 

neuronal response. I examined synaptic participation per evoked response in Tomosyn-/- versus 

WT neurons to the previously introduced 0.75 (Figure 9a) and 2 Hz stimulation patterns 

(Figure 9b). In case of 0.75 Hz stimulation, average synaptic participation in WT neurons for 

1st-evoked AP was 22.66 ± 29.12% (group median 10.54%; Figure 9c, top). A total of 31 

neurons showed active participation, with about 73 contributing synapses per neuron (total of 

2276 detected active WT synapses). Tomosyn-/- synapses participated with 97% increased rates 

which were 44.74 ± 36.13% on average per neuron (group median 41.61%; Figure 9c, bottom). 

I found 45 neurons with active 1st-evoked responses, having approximately 115 contributing 

synapses (a total of 5177 active Tomosyn-/- synapses were detected). Difference in participation 

to 1st-evoked AP between genotypes was highly statistically significant (p < 0.01, Wilcoxon 

rank-sum, after Bonferroni correction). Participation was decreased for all other APs for 

Tomosyn-/- synapses (medians for 2-5 APs: 17.14%, 9.76%, 2.75% and 4.33%, respectively), 

and remained similar or decreased for WT synapses (medians for 2-5 APs: 11.82%, 2.36%, 

3.49% and 0.99%, respectively).  

Similar results were obtained from responses to 2 Hz stimulation. I found 36 WT and 

48 Tomosyn-/- neurons which showed 1st-evoked participation. There were around 67 and 95 

synapses per neuron, respectively, actively responding to 1st-evoked activity (total of 2419 for 

WT and 4573 for Tomosyn-/-). The average WT neuron had a synaptic participation rate of 

27.33 ± 29.79% (group median 12.20%; Figure 9d, top). In absence of Tomosyn, synapses 

showed 40% higher participation to the first 2 Hz pulse which was 38.18 ± 25.18% on average 

(group median 30.36%; Figure 9d, bottom). Although change in participation between 

genotypes is apparent, it was not statistically significant (p = 0.0796, Wilcoxon rank-sum; p > 

0.05, Mood’s median test).  
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Moreover, because I previously observed significant differences between AP 

amplitudes from synapses with the same genotype (Figure 7c), I quantified synaptic 

participation during 2nd-to-5th AP at 0.75 Hz for WT and Tomosyn-/- neurons to see if it 

explains the effect. I compared synaptic participation results the same way it was compared for 

peak ΔF/F0 responses i.e., between 1st- and subsequently-evoked APs within the same group. 

Interestingly, trends of average ΔF/F0 response peaks and average synaptic participations 

match in both WT and Tomosyn-/- groups (trends were estimated from relative median positions 

in Figure 7c and Figure 9c per AP). As shown previously, differences between 1st- and other-

evoked ΔF/F0 amplitudes in WT were non-significant for all but 5th AP. Here, synaptic 

participation in WT likewise showed non-significant difference for 2nd, 3rd and 4th AP, but 

proved non-significant for 5th AP difference (Figure 9c, top). However, I found a strong 

pairwise correlation between average 5th-AP participation rates and amplitudes per neuron 

(correlation coefficient of 0.97). In case of Tomosyn-/- neurons, statistical differences in evoked 

iGluSnFR amplitudes matched statistical results in synaptic participation data (Figure 9c, 

bottom). These results suggest that synaptic participation likely underlies differences in evoked 

ΔF/F0 amplitudes from 2 Hz synaptic responses as well, from which it was hard to reliably 

extract participation rates for 2nd-to-5th AP, so significance in participation differences was 

not tested beyond 1st-evoked AP.  
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Figure 9. Quantification of synaptic participation during evoked activity.  
(a) Raster plot of synaptic activity per 5 APs during 0.75 Hz stimulation for 1 WT (top left) 
and 1 Tomosyn-/- neuron (bottom left). Rows, 5 APs; columns synapses. Black lines, active 
synapse. White space, non-active synapses. Number of active synapses can be summed per AP 
(top middle, WT; bottom middle Tomosyn-/-). Percentage of active synapses per AP (top right, 
WT; bottom right, Tomosyn-/-). (b) Same as in (a) but for 2 Hz stimulation and activity of first-
evoked AP only (bottom). (c) Average synaptic participation to 5APs at 0.75 Hz per neuron 
(39 WT, black; 49 Tomosyn-/-, blue). Solid vertical line, median. (d) Same as in (c) but for 1st-
evoked in 2 Hz stimulation. Significance was tested with Wilcoxon rank-sum test, with 
Bonferroni correction (n.s., not significant; * p < 0.05; ** p < 0.01; *** p < 0.005; **** p < 
0.001).  
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4.3.2. Tomosyn-/- synapses potentially fuse multiple SVs 

Synaptic participation differs between Tomosyn-/- and WT neurons; however, I asked 

whether it fully accounts for the observed increase in 1st-evoked amplitude in absence of 

Tomosyn. Because of Tomosyn’s putative role in SV docking, a plausible additional 

mechanism might involve an increased number of SVs fusing per Tomosyn-/- synapse. To test 

that, I considered only the active synapses and their peak ΔF/F0 amplitude during 1st-evoked 

APs from 0.75 Hz and 2 Hz stimulations. I have also taken advantage of mGT amplitudes. 

Since mGTs are known to be single-SV fusion events, comparing amplitudes of spontaneous 

and evoked ΔF/F0 should give a strong intuition for approximating the number of released 

vesicles.  

I detected active synaptic participation in 31 WT and 45 Tomosyn-/- neurons during 1st 

AP at 0.75 Hz stimulation. When average shapes of 1st-evoked responses are compared 

between active synapses only, there is 86% amplitude increase in the Tomosyn-/- group with 

respect to WT (Figure 10a, left). Tomosyn-/- neurons yielded an average response of 0.39 ± 

0.43 ΔF/F0, whereas WT average was 0.21 ± 0.19 ΔF/F0. Furthermore, an even higher increase 

of 100% was observed for the 1st-evoked Tomosyn-/- response in 2 Hz stimulation during 

which 36 WT and 48 Tomosyn-/- neurons showed active synaptic participation (Figure 10a, 

center). Active synapses responded with an average ΔF/F0 of 0.42 ± 0.35 for Tomosyn-/- and 

0.21 ± 0.18 for WT. These findings suggest that initial stimulation of neuronal activity triggers 

increased synaptic response that has to be described by a mechanism apart from just increased 

participation rate. Interestingly, when 1st-evoked responses to 0.75 and 2 Hz are compared 

with mGT amplitude per genotype, WT synapses show similar ΔF/F0 throughout evoked and 

spontaneous activity (median ΔF/F0 in 0.75 Hz, 2 Hz and mGT were 0.15, 0.17 and 0.13, 

respectively; black signal traces in Figure 10a). However, Tomosyn-/- synapses show an 

increase in evoked versus spontaneous activity (median ΔF/F0 in 0.75 Hz, 2 Hz and mGT were 

0.22, 0.32 and 0.14, respectively; blue signal traces in Figure 10a). Therefore, Tomosyn-/- 

neurons consistently showed evoked activity that was approximately two times the amplitude 

from both evoked WT response and spontaneous Tomosyn-/- events.  

Results presented above were expanded by additional findings. I computed the average 

peak ΔF/F0 for every AP per neuron. I found that actively participating synapses in Tomosyn-

/- neurons yield ΔF/F0 of 0.32 ± 0.26 as an average first response to 0.75 Hz stimulation (Figure 
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10c). The response was 68% higher than in active WT synapses which have an average ΔF/F0 

of 0.19 ± 0.15. This difference was statistically significant which was not the case in subsequent 

APs in the 0.75 Hz train. Similarly, average ΔF/F0 in 2 Hz stimulation was 0.26 ± 0.22 for 

Tomosyn-/- and 0.17 ± 0.13 for WT (Figure 10b). Although this was statistically non-

significant (p = 0.0872, Wilcoxon rank-sum), the increased effect of 53% is present. These 

results suggest that synaptic participation is not the sole reason for increased first response in 

Tomosyn-\- neurons.  

 

 

Figure 10. Analysis of the number of SVs released per actively participating 
synapse during evoked activity. (a) Average response shapes of first-evoked APs from only 
actively participating synapses during 0.75 (left) and 2 Hz (middle) stimulations (31 WT 
neurons, 2276 synapses; 45 Tomosyn-/- neurons, 5177 synapses). Average shapes of 
spontaneous mGT events per genotype (right; 200 WT events and 1739 Tomosyn-/- events). 
Black, WT; blue, Tomosyn-/-. (b) Average peaks from active synapses per neuron for 1st-
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evoked responses during 2 Hz. Black, 36 WT neurons; blue, 48 Tomosyn-/- neurons. Solid 
horizontal line, average. Wilcoxon rank-sum test (p = 0.0872). (c) Same as in (b) but for all 5 
APs during 0.75 Hz stimulation. Numbers in squares, neurons with active synapses. 
Significance tested with Wilcoxon rank-sum test (n.s., not significant; * p < 0.05; ** p < 0.01; 
*** p < 0.005; **** p < 0.001) 

 

4.3.3. SV pool dynamics disrupted in Tomosyn-/- synapses  

Presynaptic compartment contains numerous synaptic vesicles for eventual release 

triggered by action potential (see Chapter 1.2.1). SVs are spatially organized in distinct vesicle 

pools which influence their release kinetics. Readily-releasable pool (RRP) contains fusion-

ready SVs. High-frequency activity regimes induced, for instance, with high-frequency 

stimulation, are known to deplete RRP. This renders the synapse inactive until RRP is 

replenished during the recovery period. Because Tomosyn regulates SV cycling, I studied its 

effect on RRP depletion and subsequent replenishment during recovery. To accomplish this, I 

used a high-frequency stimulation paradigm during which neurons were stimulated with 100 

APs at 40 Hz. Average response shape from all evoked activity after 40 Hz stimulation gave 

insight into (1) SV fusion or exocytosis rate, (2) combined SV exo- and endocytosis rate, and 

RRP replenishment (3) 1 and (4) 4 seconds post-RRP depletion (Figure 11a). Results show 

that RRP in WT synapses on average depleted after 4.85 ± 2.95 s. The same effect was reached 

significantly 53% faster in Tomosyn-/- synapses, after 2.30 ± 2.88 s (Figure 11b, left).  

After an initial session of abrupt exocytosis, synapses continue with sustained SV 

fusion while recycling released vesicles to maintain activity competency. This period of 

combined exo- and endocytotic activity showed significantly different between Tomosyn-/- and 

WT synapses (Figure 11b, right). Based on the slope of average synaptic responses during 40 

Hz stimulation, WT neurons would reach balance in exo-/endocytotic rate after 5.91 ± 16.46 s 

(39 neurons). This time was 82% longer for Tomosyn-/- synapses where balanced state would 

be achieved after 10.74 ± 3.67 s (49 neurons; p < 0.001, Wilcoxon rank-sum). To test whether 

this effect is influenced by potential disparities in probe decay times between genotypes, I 

analyzed the portion of the 40 Hz signal during which there are no 100 APs being delivered 

(part between 2nd and 3rd square in Figure 11a). Probe decay showed almost identical rates 

between genotypes (3.22 ± 1.11 s for WT and 3.07 ± 1.24 s for Tomosyn-/-; Figure 11c).  
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Lastly, I studied synaptic recovery rates after sustained 40 Hz activity between 

genotypes. I looked at the peak prominence ratio between 1st recovery response (1 s after) and 

1st-evoked response, as well as between 2nd recovery response (4 s after) and 1st-evoked 

response. Such ratios will show how far away are recovery amplitudes from reaching initial 

response strength (Figure 11d). Results show that average synaptic response in WT neurons 1 

s after 40 Hz has peak-to-peak ratio of 0.51 ± 0.34, which increases after 4s to 0.60 ± 0.39. An 

increase suggests potential synaptic recovery; however, this change was not statistically 

significant. On the other hand, Tomosyn-/- synapses recover to 0.41 ± 0.28 of the initial peak 

response after 1 s, and to 0.47 ± 0.27 after 4 s of recovery. This increase was not significant. 

Tomosyn-/- increase was likewise smaller than in WT, and so were the time-locked ratios per 

recovery pulses between genotypes (i.e., 1s-to-1s and 4s-to-4s between Tomosyn-/- and WT). 
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Figure 11. Comparison of synaptic vesicle pool dynamics between WT and 
Tomosyn-/- neurons after high-frequency stimulation. (a) Average WT and Tomosyn-/- 
synaptic responses to 100 APs at 40 Hz, with 2 subsequent recovery pulses. Solid line, mean; 
shade, STD. Dashed red squares: (1.) SV exocytosis rate, (2.) balance between exo- and 
endocytosis, synaptic recovery after (3.) 1 and (4.) 4 seconds. Squares (left) match illustrations 
(right). (b) Average RRP depletion time (left; black, 39 WT neurons; blue, 49 Tomosyn-/- 
neurons). Average time to reach a balanced exo-/endocytosis state (right). Red, outliers. (c) 
iGluSnFR probe’s decay rate. Labels and neurons same as in (b). (d) Vesicle pool recovery 1 
and 4 s after 40 Hz stimulation per genotype. Labels and neurons same as in (b). Significance 
tested with Wilcoxon rank-sum (n.s., not significant; * p < 0.05; ** p < 0.01; *** p < 0.005; 
**** p < 0.001).  
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5. DISCUSSION 

This work thoroughly addressed the potential of iGluSnFR, a genetically encoded 

fluorescent reporter with affinity for glutamate, for application in studying functional 

connectivity of neuronal networks in vitro with single-synaptic resolution. The sufficient 

number of detected synapses and stable baseline expression, which was consistent throughout 

weeks of culturing, make iGluSnFR reliable for conducting optical experiments in cultures. 

iGluSnFR expressed in TTX-treated neurons confirmed dependency of vesicular release on 

stimulation-driven action potentials. The probe even allowed detection of stimulation-

independent activity reflecting mGT events caused by spontaneous vesicle fusion. When 

neuronal activity was unrestricted, triggered synaptic responses yielded high iGluSnFR signal 

increase, detectable in individual synapses even after single stimulation trial. In genetically 

modified neurons lacking Tomosyn, iGluSnFR allowed quantitative description of altered 

presynaptic activity. These findings underlined critical benefits of using iGluSnFR for 

functional connectivity assessment.  

In the past few decades, powerful optical tools have been developed to study functional 

relationships between co-active neurons in the network that have until now been mostly 

overlooked. Most common optical tools rely on reporting cytosolic calcium dynamics 

(Grienberger & Konnerth, 2012). They approximate neuronal activity with somatic 

resolution. Ideally, however, functional connectivity should be studied by monitoring direct 

communication across many synapses in the network. Because synaptic communication is 

spatially confined, cytosolic calcium reporters underperform. When their localization is 

improved to target synapses (Brockhaus et al., 2019), temporal resolution of their signal is 

slow. Glutamate-sensing probes like iGluSnFR are steadily gaining traction for wide 

application in optical experiments (Hao & Plested, 2022). This work has recognized the 

potential benefits of iGluSnFR for application in a network-wide context, so it aimed at 

systematically addressing its strengths and weaknesses.  

Consistent with other studies (Jensen et al., 2019; Vevea & Chapman, 2020), I found 

that iGluSnFR permits monitoring of glutamate release in multiple synaptic sites at once. Even 

in autaptic cultures like those used here, where one neuron is imaged per trial, iGluSnFR was 

successfully applied to screen activity of hundreds of synapses at once. The capacity for high-

throughput readout makes iGluSnFR probe especially attractive in vitro, which standard 
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techniques do not provide. When designing iGluSnFR-based experiments, imaging just a few 

dozen cells generates sufficient data to capture both general and individual synaptic properties. 

Other benefits include cutting the experimental timeline and reducing the number of animals 

used. Although, concerns were raised that differences in iGluSnFR expression may be reflected 

in the fluorescence signal and therefore be misleading during signal interpretation 

(Armbruster et al., 2020). Higher expression leads to slower glutamate clearance from the 

synapse which in turn prolongs iGluSnFR signal, so Armbuster et al. (2020) suggest caution 

when comparing iGluSnFR-based findings from various brain regions. However, I used 

culturing protocols and experimental models consistently throughout the study, so it is unlikely 

that results presented here suffered from suggested expression-dependent effects in iGluSnFR 

signal. Nevertheless, I reported variability in iGluSnFR expression as the coefficient of 

variation in baseline fluorescence signal across synapses per neuron. This metric may benefit 

as future reference. Potentially better use of CoV calculation here would be correlating 

maximal increase in iGluSnFR signal per neuron with its F0 CoV. Moreover, those correlations 

could be separated per culturing week to see whether significantly different outcomes in 

activity are detected. 

In this study, I employed multiple stimulation frequencies to trigger various synaptic 

activity regimes for better understanding of the probe. Overall, iGluSnFR tracks individual 

synaptic activity with single-AP resolution across slow (0.75 Hz) and medium (2 Hz) 

stimulation frequencies, in both genetically altered and unaltered cell lines. Like in (Parsons 

et al., 2016) where they apply 100 Hz stimulations, faster synaptic responses to high-frequency 

40 Hz stimulation used here were temporally merged into a continuous iGluSnFR signal. 

However, the signal accurately follows stimulation parameters like duration; therefore, 

individual AP responses can be easily deconvolved from the continuous signal. Temporal 

resolution of the signal would also benefit from employing faster image acquisition rate. Here 

I imaged iGluSnFR fluorescence at 10 Hz, which resulted in clustering of 4 APs in 1 frame. If 

imaged at 100 Hz for instance, 1 AP would span over multiple frames which potentially 

improve tracking single AP kinetics during high-frequency stimulation. Alternatively, newer 

iterations of iGluSnFR may perform better under high-frequency activity regimes (Aggarwal 

et al., 2022), and other competing glutamate reporters show promising performance in this 

regard (Helassa et al., 2018).  
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The main advantage of utilizing iGluSnFR in vitro is reaching single synaptic 

resolution. This study addressed another essential property of the probe, namely, its sensitivity 

to reflect altered synaptic activity. iGluSnFR was used before in concert with 

electrophysiological tools to quantify strong presynaptic phenotypes (Vevea & Chapman, 

2020). Here I examined how well the probe recapitulates electrophysiological findings related 

to more subtle changes in presynaptic activity. Electrophysiological recordings have so far been 

the main approach for characterization of neuronal activity in vitro. If iGluSnFR can 

demonstrate the same findings, the probe may be used instead, rather than next to standard 

tools. I used a knockout model of presynaptic protein Tomosyn because of its 

electrophysiologically well defined phenotype. Tomosyn-deficient neurons are known to 

respond with stronger fist-evoked amplitudes than WT, and have increased frequency of 

subthreshold activity (Sauvola et al., 2021). The Tomosyn-based model offered a two-fold 

advantage for current work. First, because there is a clear presynaptic phenotype, it should be 

undoubtedly apparent whether iGluSnFR can detect subtle alterations in presynaptic activity. 

Second, because Tomosyn-related knowledge comes predominantly from electrophysiological 

studies, using an advanced method like optical imaging of iGluSnFR allows discovering 

unique, yet uncharted insights related to Tomosyn’s function in presynapse. 

iGluSnFR reliably reported significantly increased first-evoked amplitude in Tomosyn-

/- neurons compared to WT, both at the level of single synaptic traces and when averaged across 

all synapses per neuron. Level of increase varied across stimulation frequencies (183% for 0.75 

Hz, 78% for 2 Hz, 100% for 40 Hz). These results are similar to what was found in hippocampal 

mossy fiber synapses in mice (85% increase in evoked EPSP amplitude) (Sakisaka et al., 

2008), and neuromuscular junction in flies (142% increase in charge transfer in evoked 

excitatory junctional currents (eEJCs)) (K. Chen et al., 2011). However, increase levels 

reported here are higher than found in amplitude of fly eEJCs (61%) (Sauvola et al., 2021) and 

findings in worms (45% increase in evoked excitatory postsynaptic currents) (McEwen et al., 

2006). Variance across reports may arise due to different synapse type, recording tools and 

stimulation frequencies used to trigger first-evoked response. Nevertheless, iGluSnFR 

evidently captures expected Tomosyn-/- phenotype in all tested conditions. The probe reported 

another compelling difference in synaptic response between genotypes. WT synapses often 

peaked 1 frame (100 ms) later than Tomosyn-/- synapses did. This suggests that Tomosyn-

deficient synapses have faster response time. To explore this possibility, a good next step would 



45 

 

be comparing response rise times. Another option is increasing image acquisition rate from 10 

Hz to 30 Hz or more, to enhance temporal resolution of the signal. This would result in more 

data points per AP shape; therefore, peak response times from different genotypes could be 

robustly examined. 

iGluSnFR also allowed quantification of subthreshold activity per synapse rather than 

per neuron. This level of analysis is out of scope for most standard techniques, which are 

clueless to synaptic-level differences and can only quantify neuronal subthreshold activity 

recorded from soma. Like Soares et al. (2017) demonstrated by using iGluSnFR expressed in 

dendritic spines, glutamate uncaging over 25 min did not alter the amplitude of subthreshold 

responses in spines, although electrophysiological recording in the soma reported amplitude 

increase in somatic responses. In this study, I used iGluSnFR to address both amplitude and 

frequency of subthreshold events. Consistent with other results (Sauvola et al., 2021), I found 

more than a 500% increase in spontaneous glutamate release frequency in Tomosyn-deficient 

synapses, without significant change in peak amplitude compared to WT. Single synaptic 

resolution permits reporting fraction of spontaneously active synapses, which other studies do 

not report due to methodological shortcomings. I found that approximately 350% more 

Tomosyn-/- synapses exhibit spontaneous activity than in WT. Moreover, iGluSnFR showed 

there are differences in the fraction of synapses that participate during evoked activity as well. 

Tomosyn-deficient synapses participate with 97% increased rate during first-evoked response 

in 0.75 Hz stimulation, and with 40% higher rate during first-evoked in 2 Hz stimulation. These 

results suggest a causal relationship between synaptic participation and differences in evoked 

responses from Tomosyn-/- and WT neurons. A potential explanation lays in Tomosyn’s role 

in synaptic vesicle cycle. Tomosyn inhibits SV priming (Gracheva et al., 2006; McEwen et 

al., 2006) and it regulates the size of readily releasable pool of SVs (Cazares et al., 2016). 

Therefore, Tomosyn-deficient synapses may have enhanced SV priming rate which increases 

the RRP size across all synapses. In turn, AP propagation from soma along neurites will result 

in higher synaptic participation because the probability of SV release is proportional to RRP 

size.  

Interestingly, results from this work also suggested disrupted RRP dynamics in 

Tomosyn-/- synapses based on iGluSnFR signal. Tomosyn-/- synapses showed faster initial 

exocytosis rate and slower time to reach exo-/endocytosis balance during sustained stimulation. 
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Similar to above, a possible explanation is that lack of Tomosyn-based regulation of SV 

priming results in boosted exocytosis rate because many SVs have increased release 

probability. This would explain why RRP initially depletes faster in Tomosyn-deficient 

synapses. In turn, endocytotic mechanisms fail to keep up with boosted exocytosis, so exo-

/endocytotic balance is reached only later. An alternative reason for disparity in exo-

/endocytotic rates between genotypes might be faster decay in iGluSnFR signal in Tomosyn-/- 

synapses during 40 Hz stimulation. However, probe decay rates were compared and resulted 

with insignificant difference. Moreover, a potentially slower recovery rate after 40 Hz 

stimulation was proposed for Tomosyn-/- rather than WT synapses. However, differences in 

RRP dynamics and recovery suggested here need detailed attention. Results shown here can 

serve as starting point for future studies.  

Lastly, an interesting result from iGluSnFR-based exploration of Tomosyn phenotype 

suggested that synaptic participation may not be the only mechanism behind differences in 

Tomosyn-/- and WT neuronal responses during 1st-evoked AP. When only active synapses were 

compared in amplitude, first-evoked Tomosyn-/- responses were 86% and 100% higher than 

WT (responses to 0.75 and 2 Hz, respectively). Moreover, the same Tomosyn-/- synapses have 

twice as strong first-evoked amplitude than seen in their spontaneous responses prior to 

stimulation, which was unaltered in case of WT synapses. However, interpretation of these 

results should be done with caution. Differences in only active synaptic responses may be due 

to multiple synapses being included in the 3-by-3 pixel region during image analysis. Then, 

Tomosyn synapses which are known to participate more, would produce higher average 

amplitude than average WT response, just like it was shown in this work. Nevertheless, another 

explanation is feasible. According to the quantal release hypothesis (Wang et al., 2019; Yu et 

al., 2011), there is a constant number of glutamate molecules stored in SVs. It is generally 

considered that spontaneous synaptic events represent fusion of a single SV per synapse. So, 

increase in evoked versus spontaneous iGluSnFR amplitude (and first-evoked Tomosyn-/- 

versus WT) implies higher glutamate concentration in synapse. It is attractive to speculate that, 

in absence of Tomosyn, an average presynapse potentially undergoes spontaneous fusion of 

multiple SVs during the first stimulation pulse. The other explanation includes larger SVs in 

Tomosyn-deficient presynapses or, in contrast to quantal hypothesis, more glutamate per SV. 

More research is needed to validate these findings. Wang et al. (2019) developed a method to 

quantify glutamate concentration per SV which may be used in this regard. 
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Taken all together, iGluSnFR showed excellent performance in endeavor to validate its 

credibility for quantitative studies in vitro. It replicated known findings from standard 

electrophysiological approaches, and it overcame their major limitations in that it reported 

altered activity from individual synapses. iGluSnFR showed potential beyond that, when 

utilized for discovery of yet unknown functional presynaptic properties behind detected 

alterations. To reduce ambiguity during iGluSnFR signal interpretation, however, more 

specific characterisation of the probe is still needed. For instance, is the probe prone to 

internalization during high-frequency stimulation? Does prolonged imaging decrease 

availability of the probe due to bleaching? Does iGluSnFR compete with endogenous 

glutamate receptors, and does their interaction affect signal intensity? Nevertheless, this work 

showed unprecedented potential for the probe to be considered in application to a more 

complex biological context, like in neural network-wide functional connectivity studies.  
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6. CONCLUSION 

Glutamatergic synapses are attractive targets for uncovering the principles behind 

functionally connected neurons in the network. Novel glutamate-sensing fluorescent reporter 

iGluSnFR can be put to that use. This work showed: 

1. Consistent expression and stability of fluorescence iGluSnFR signal in autaptic 

cultures. Increase in fluorescence reliably reflects glutamate release with single-

synaptic resolution, both due to AP-triggered synaptic activity and spontaneous SV 

fusion below AP threshold. 

2. The probe proved useful for reporting subtle changes in synaptic activity which 

have so far been addressed only on somatic level. iGluSnFR distinguished 

differences from genetically altered and unaltered synapses. Change in iGluSnFR 

intensity allowed precise quantification of evoked and subthreshold activity across 

distinct genotypes.  

3. iGluSnFR gave insight into many response properties of individual synapses, like 

amplitude, participation rate, frequency of subthreshold events, and putatively 

pointed to different aspects of synaptic pool dynamics. These were successfully 

used to differentiate genetically altered synapses. 

There are questions waiting to be answered using iGluSnFR, since its potential for 

network-wide research in vitro is undeniable. 
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