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Abstract
Synaptic vesicles are the substrate of neurotransmission in most nerve terminals in the
central nervous system. These small membrane spheres fuse with the synaptic
membrane in an activity-dependent manner and release neurotransmitter into the
synaptic cleft. Subsequently, vesicles are reclaimed through endocytosis prior to reuse.
This recycling process is key to supporting ongoing signalling in the brain.
While substantial effort has gone into defining basic characteristics of vesicle recycling,
for example elucidating the timing of vesicle turnover, key questions remain
unanswered. An important area with significant knowledge deficits relates to the
relationship between vesicle function and ultrastructural organisation in the terminal.
The aim of this thesis is to address this issue, exploiting new methodologies which
provide novel insights into function-structure relationships of vesicle populations in
acute brain slices. Specifically, this study considers organisational principles of three
defined vesicle pools as well as examining the impact of an established plasticity
protocol on pool properties.
The first results chapter, Chapter 3, outlines and validates the novel protocol used for
fluorescently labelling functional recycling vesicle populations in acute rat brain slices
using the vesicle-labelling dye FM1-43 and new antibody based probes (syt1-Oyster,
CypHer5E). Reporter-labelling and release properties are compared to similar
approaches using cultured neurons. We conclude that this approach provides a more
physiologically relevant method to study the functional properties of cells than used
previously in cultured neurons.
Chapter 4 outlines experiments utilising the capability of FM 1-43 to be photoconverted
to an electron-dense form to allow a defined vesicle population, the readily releasable
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pool (RRP), to be characterised ultrastructurally. The RRP is arguably the most
significant pool class, released first in response to an activity train. Functional assays
and time-stamped electron microscopy are used to define basic properties of this pool,
including its size, functional release kinetics, and temporal organisation. Specifically,
the results demonstrate that retrieved vesicles are close to the active zone after
stimulation, but mixed randomly in the terminal volume over 20 min. These findings
address fundamental questions about vesicle reuse, the composition of future vesicle
pools, and thus the mechanism of ongoing signalling in the brain.
The same approach was used in Chapter 5 to examine the influence of Long Term
Depression (LTD) on pool function and ultrastructure. LTD was induced in presynaptic
terminals in CA1 via Schaffer collateral activation, and the following effects were
observed: 1) a change in release kinetics; 2) a reduction in the total recycling pool size;
and 3) no change in the composition of the docked pool. These findings demonstrate
that there is a presynaptic component to LTD and that vesicle recruitment into the
recycling pool appears to be an important possible substrate. However, the results
suggest that such changes appear to be selective for specific pool subsets. Overall,
work in this chapter offers new insights into fundamental principles supporting synaptic
plasticity.
Chapter 6 expands on previous studies which have demonstrated that recycling
vesicles are constitutively shared between neighbours. This sharing of a ‘superpool’ of
vesicles has implications for the ability of synapses to adapt to changes in input
weighting. In this chapter, the methods outlined above, as well as a new 3D EM
technology, are used to define the size, positional organisation, and clustering
properties of this pool in native hippocampal slice system. The findings in this chapter
reveal that extrasynaptic vesicles appear to show a greater degree of motility than
vesicles which remain in the intrasynaptic cluster, perhaps implying differential
interactions with structural proteins in the synapse. Characterising the superpool is
increasingly relevant, as it is now implicated in models of plasticity and disease.
Taken together, these results show that the ultrastructural arrangement of recycling
vesicles is highly activity-dependent, and that the cytoarchitecture plays a large role in
determining the functionality of individual vesicles and synapses.
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Chapter 1: Introduction
A key role of brain operation is to receive, interpret, and store input from the external
environment and use it to formulate, coordinate, and deliver appropriate responses.
Transfer of information between the nervous system building blocks – or neurons – is a
critical aspect of this function. Such information transmission occurs at specialised
connection sites called ‘synapses’. These remarkable nanoscale machines propagate
information between cells, but can also modulate those signals with changing
operational demands. The fundamental mechanisms of synaptic transmission and
modulation are therefore of central interest in modern neuroscience.
There are two types of synapse in the mammalian central nervous system: the electrical
synapse, and the chemical synapse (Cowan et al., 2001). In electrical synapses, a
signal is transferred via direct ion movement through gap junctions in the membrane.
These synapses provide fast, synchronous transmission, but provide limited modulation
(although see Landisman and Connors (2005)). Chemical synapses are responsible for
the majority of neuronal communication in mammals (Cowan et al., 2001).
Though slower in conveying signals than electrical junctions, chemical synapses can
readily scale and modulate their response to input (de Jong and Verhage, 2009). The
action potential is largely binary, with frequency increase being the primary method of
encoding a greater signal intensity (Dittman et al., 2000). The chemical synapse
therefore provides the principal means of filtering information in a network. Responses
such as increasing the weighting of a high intensity stimulus, or decreasing the
response to a sustained stimulus, occur at a synaptic level (Dobrunz and Stevens,
1999). As such, studying the mechanisms underlying synaptic responses, particularly
and their mechanisms of modulation, is of fundamental importance. The objective of
this study is to address key aspects of these processes in central mammalian chemical
synapses.
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1.1 History of synaptic transmission
1.1.1 The neuron doctrine versus reticular theory
Cells in brain tissue are fragile, complex, and densely packed. These properties still
pose difficulties today, but made comprehensive study of the central nervous system
nearly impossible for early researchers. Early histologists posited that the dendrites of
neurons formed a continuous network with processes fused to one another to allow
communication. In 1873, Camillo Golgi’s silver nitrate and potassium dichromate
reaction solved the problem of density, producing dark black staining in 1-5% of cells in
brain tissue (Mazzarello, 1999). Having studied cells stained with his technique, Golgi
developed a new theory that dendrites were trophic cells, and that axons formed the
networks described by his colleagues (Raviola and Mazzarello, 2011). This ‘reticular
theory’ was generally accepted at the time.
By the late 1880s, however, a growing number of researchers began to doubt reticular
theory. Wilhelm His made observations of the spinal cord during development and
identified neuronal precursor cells, which were discrete and distinct; he saw that, later in
development, processes grew out from these cells, but were free ending (Cowan and
Kandel, 2001). August Forel’s observed that what we now call ‘retrograde
degeneration’, following the severing of a process, only affected those specific cells,
and did not have a wider effect on the network (Cowan and Kandel, 2001). Following
refinements to Golgi’s technique, Santiago Ramon y Cajal was able to make detailed
histological studies of many morphologically different cells within the brain. He observed
that axons were free-ending, and that each neuron was completely autonomous.
Through observations of structures like the retina and the olfactory bulb, Cajal also
deduced that information transfer between neurons was directional (Lopez-Munoz et
al., 2006). Cajal’s histological studies would later provide the most compelling evidence
for the neuron doctrine.

1.1.2 Chemical transmission at synapses
Nearly 100 years before Cajal’s studies, Luigi Galvani demonstrated that applying
electricity to a nerve could cause a frog’s leg to move. From the late 18th to late 19th
century, huge progress was made in understanding how transmission of the electrical
signal occurred, with the concepts of the endplate, the action potential, and the
neuromuscular delay all raised experimentally. There was now increasing certainty that
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the point of contact between a neuron and another tissue must be the site at which the
electrical signal from the axon became a response from its target (Bennett, 1999).
In 1897, Charles Sherrington, already noted for his work on the cerebellum and reflex
arcs, stated that the nexus between neurons must have a surface of separation and
distinct physical features, and would probably be a site of chemical transduction of the
signal (Pearce, 2004). To describe this connection point, he coined the term ‘synapse’,
from the Greek for “to clasp”; he rejected the alternative ‘junction’ , feeling it suggested
physical union and that the connection was a passive one (Tansey, 1997).
The next step in examining the mechanisms behind signal transduction at these
synapses involved exploration of the idea that transmission may be mediated by
chemicals. Around 1900, John Newport Langley found that the application of adrenaline
to tissues caused effects similar to those caused by sympathetic nervous stimulation.
He also found that the application of adrenaline to tissues on which the nerves had
been cut and allowed to degenerate still caused an effect (Valenstein, 2002). In 1905
and 1906, Langley published papers containing observations which would prove central
to our understanding of neurotransmission today (Langley, 1905, Langley, 1906). He
deduced that not only were there substances which caused tissues to produce a
response, but there must also be ‘receptive substances’ which set this response into
action (Cowan and Kandel, 2001). Further work followed by such luminaries as Henry
Hallett Dale, who isolated acetylcholine and suggested it as the basis of
parasympathetic neurotransmission in 1914, and Otto Loewi, who performed classic
experiments with frog hearts in 1921 and conclusively demonstrated that there was a
chemical basis for control of the heart (Raju, 1999).
Other neurotransmitters were discovered over the course of the next century, of which
GABA (ɣ-aminobutyric acid) and glutamate are key for the central nervous system. In
1950, several groups identified that GABA was present in brain tissue at much higher
levels than in other tissues or bodily fluids (Awapara et al., 1950, Roberts and Frankel,
1950, Udenfriend, 1950). A large number of studies attempted to apply this amino acid
onto brain tissue in order to determine its role (Krnjevic, 2004), including one which
showed that it depressed spikes from motor neurons (Curtis et al., 1959b), and it was
finally determined to be an inhibitory neurotransmitter (Krnjevic and Phillis, 1963).
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L-glutamate is the most abundant intracellular amino acid, and is present in every cell in
the body. It has important roles in the synthesis of other amino acids, including GABA,
and in metabolic processes of the cell, such as the Krebs cycle (Newsholme et al.,
2003). Because of this, there was a long period in which there was some debate as to
whether or not glutamate was a neurotransmitter. Glutamate was isolated in brain
tissue in 1949, but the levels found there were not significantly different to those in other
tissues in the body (Krebs et al., 1949).
In 1954 it was observed that injecting sodium glutamate via a capillary into the grey
matter of a variety of organisms caused them to have convulsions. This led to the
conclusion that glutamate must have a direct physiological action on the central
nervous system (Hayashi, 1954). The direct effect of glutamate on the central nervous
system was later proved when it was shown to cause spiking in interneurons from the
cat spinal cord (Curtis et al., 1959a). However, the ubiquity of glutamate and the sheer
number of pathways in which it seemed to be involved led to its not meeting the criteria
for many definitions of a neurotransmitter (Watkins, 2000).
Major categories of glutamate receptor were identified over the next two decades,
including NMDA receptors (Curtis and Watkins, 1963), kainate receptors (Johnston et
al., 1969), and AMPA receptors (Honore et al., 1982), and consequently antagonists for
these could be located. These discoveries overcame much of the resistance to
categorising glutamate as a neurotransmitter, a status which is now accepted (Watkins
and Jane, 2006).

1.1.3 Quantal theory and synaptic vesicles
In 1951, Paul Fatt and Bernard Katz noted that acetylcholine produced a separate
effect on the endplate compared to the muscle fibre (Fatt and Katz, 1951). Recording
these endplate potentials allowed for a sensitive method of measuring acetylcholine
release at the synapses. Whilst conducting this research, Fatt and Katz observed
spontaneously generated miniature endplate potentials, too small to generate a
response from the muscle fibre. When the amplitude of these miniature endplate
potentials was measured, it was found that they were all in multiples of a basal unit. The
authors deduced that this was due to there being ‘discrete unitary discharge’ of
neurotransmitter (Fatt and Katz, 1952).
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Following the development of the scanning electron microscope, synapses at an
ultrastructural level became amenable to analysis. During these studies, one of the key
features of nerve terminals was found to be a group of membrane spheres, 40-60 nm in
diameter (Palay and Palade, 1955, De Robertis and Bennett, 1954). These two
discoveries were quickly combined, with Palay (1956) hypothesising these to be the
vehicles required for delivering the quantal release of neurotransmitter that Fatt and
Katz (1952) deduced. This idea that the synaptic vesicles were the mechanism of
delivery of neurotransmitter, termed the ‘vesicular hypothesis of neurotransmission’,
was reinforced when acetylcholine was found to be stored in synaptic vesicles
(Whittaker, 1968). The vesicular hypothesis is now generally accepted as the
mechanism of transmission at chemical synapses.

1.2 Chemical synapses in the central nervous system
1.2.1 Synapse anatomy
The synapse is composed of a presynaptic compartment and a postsynaptic
compartment, separated by a ~20 nm gap, roughly the thickness of a double membrane
layer (De Robertis and Bennett, 1954), and held in opposition by a wide variety of
adhesion molecules (Sudhof, 2012). Each compartment has specific morphological and
molecular features which help them carry out the functions of synapses.

1.2.2 Presynaptic terminal
Presynaptic terminals can chiefly be identified by the synaptic vesicles. These are
membrane spheres around 30-50 nm in diameter (De Robertis and Bennett, 1955,
Palay and Palade, 1955) (highlighted in pink in Fig.1.1). These are posited to be the
mechanism for the quantal release of neurotransmitter described by Fatt and Katz (Fatt
and Katz, 1952).
The majority of the vesicles are held together in a cluster. Clusters of synaptic vesicles
in the hippocampus typically contain something of the order of 100-200 vesicles (Harris
and Sultan, 1995). The protein synapsin is partially responsible for this clustering of
vesicles, and its absence causes both a decrease in the cohesion of the cluster and a
decrease in the release properties of the synapse (Orenbuch et al., 2012). Synapsin
probably links synaptic vesicles to the actin filaments or other cytoskeletal elements that
are attached to the plasma membrane (Doussau and Augustine, 2000). The synaptic
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vesicles themselves are uniform in appearance, but feature a large number of proteins
specifically designed to aid neurotransmitter release.
The protein content of synaptic vesicles has been well catalogued thanks to the groundbreaking article by Takamori et al. (2006). They harvested large quantities of synaptic
vesicles from within terminals then identified and quantified the proteins found. They
found 34 different proteins which were co-purified with synaptic vesicles, suggesting
that synaptic vesicles were more densely covered in proteins than previously
suspected. Synaptophysin and the synaptobrevins were the most common molecules
on the surface of synaptic vesicles. A month later, a similar study was released,
detailing even larger numbers of proteins on synaptic vesicles (Burre et al., 2006).
Synaptic vesicles have only a single proton pump for reacidification, though this
structure is sufficiently large as to make up 10% of the vesicle protein. It appears as a
‘knob like’ protrusion on the surface of the vesicle (Stadler and Tsukita, 1984). They
also contain Rab 5 and Vtib, which are proteins associated with endosomal fusion,
indicating that vesicles have the capability to undergo bulk endocytosis (Sudhof, 2006).
The study by Takamori et al. (2006) was unable to separate glutamatergic excitatory
vesicles from GABA-ergic inhibitory vesicles, so although the VGluT proteins were
identified, alongside VGAT proteins from the purified synaptic vesicles, the composition
of these on each vesicle could not be determined. GABA-ergic and glutamatergic
synaptic vesicles have been observed to have different structural appearances (Gray,
1959), but their protein content is highly similar (Boyken et al., 2013).
Quantification of proteins at a single vesicle level demonstrated that the protein content
of a vesicle has a high degree of uniformity (Mutch et al., 2011), leading the authors to
suppose that this was due to synaptic vesicles retaining their identity on recycling,
despite several studies indicating that vesicles do not retain individual proteins (Hua et
al., 2011, Fernandez-Alfonso et al., 2006). The protein content of synaptic vesicles is
believed to be regulated by the stonin proteins, sorting copies of proteins from a
common vesicle, ensuring vesicle uniformity, but not maintaining individual vesicle
identity (Kononenko et al., 2013).
Another key feature of the synapse is the active zone (shown in green in Fig.1.1). This
is a specialised region of the plasma membrane characterised by synaptic vesicles
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positioned in contact with the membrane, arranged in a grid-like formation (Couteaux
and Pecot-Dechavassine, 1970, Harris and Weinberg, 2012). This region of the
synaptic membrane is the location of neurotransmitter release, and contains most of the
machinery to allow this to occur.
In addition to the electron-lucent synaptic vesicles containing neurotransmitter, there
are also large, dense core vesicles. These vesicles, 70-200 nm in diameter, are larger
than the rest of the vesicle cluster, and feature an electron dense core, appearing black
under the electron microscope. These release peptide neurotransmitters into the
synaptic cleft. These vesicles cannot be recycled at the active zone and must be
trafficked back and forth from the somatodendritic compartment of the cell (De Camilli
et al., 2001).
Synaptic terminals often contain mitochondria; in fact, these organelles are significantly
more likely to be located at synaptic sites than at any other location within the neuron
(Chang et al., 2006). The proposed function of mitochondria is to provide ATP to drive
the metabolic processes of the cell, and to regulate intracellular calcium. As synapses
are a dynamic, high-energy environment, and subject to frequently elevated calcium, it
is not surprising that mitochondria are frequently found at synaptic terminals (Shepherd
and Harris, 1998),

1.2.3 Postsynaptic region
In addition to the presence of the synaptic cluster and the vesicles docked at the active
zone, one of the easiest ways to identify a synapse is through the presence of a
postsynaptic density (PSD). These electron-dense structures form a scaffolding which
stabilises receptor proteins (Kim and Serpe, 2013) and various other major proteins,
which control the cell’s response to neurotransmitter (De Camilli et al., 2001).
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Figure 1.1 An example electron micrograph of a synapse
Sample synapse, shown unaltered (left) and with key features labelled (right): the
postsynaptic density (cyan); the postsynaptic membrane (blue); the active zone (green);
synaptic vesicles (pink); and docked synaptic vesicles (yellow).

1.3 Synaptic vesicle recycling
For neurotransmitter release in response to physiological stimulation to be sustained, it
would require more vesicles than are present within the terminals. To create wholly new
vesicles would require unsustainably large amounts of membrane to be created (Bittner
and Kennedy, 1970). This suggested that there must be a mechanism for release which
involved the conservation of membrane.
Heuser and Reese (1973) looked at this question using horseradish peroxidase (HRP).
HRP placed into the extracellular environment, and as such encapsulated within any
membrane endocytosed, was used to catalyse the oxidisation of

diaminobenzidine

(DAB), leading to the presence of a dark, electron-dense product. Frog neuromuscular
junction (NMJ) preparations were stimulated in the presence of HRP, fixed, stained with
DAB, and then prepared for electron microscopy. Initially, HRP appeared within
cisternae which, over time, were broken down into synaptic vesicles. If stimulated again
prior to fixation, HRP was eliminated from many of the vesicles. This was clear
evidence of a one-way recycling system for synaptic vesicles.
This system features two key steps, the connection of the vesicle to the external
environment and the reclamation of membrane to form a new vesicle (Fig.1.2).
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That this process occurs can be verified electrophysiologically, using a method first
established by Neher et al. (1978) known as the ‘patch clamp’. In this method, a
recording electrode forms a tight seal, preferably with a very high resistance, such as a
giga-ohm seal (Sigworth and Neher, 1980), against the cell membrane. There are a
number of variations in how this clamp can then be used: either recording from this
patch of membrane whilst it is attached to the cell (whole cell recording); or by removing
it from the cell (inside-out or outside-out). Alternatively, the seal may be continuous with
the cell membrane of the cell, and a recording made from the interior of the cell (whole
cell attached patch clamp). (Cahalan and Neher, 1992)
Patch clamping allows for very high resolution recordings, able to record the properties
of single ion channels. This method can be used to study the properties of individual
synapses, albeit primarily larger ones such as ribbon synapses in retinal cells. It does
this by taking time-resolved capacitance measurements of the cell. When a vesicle
undergoes fusion, the cell membrane is extended, increasing its capacitance. When the
vesicle is no longer continuous with the membrane, the capacitance decreases again
(von Gersdorff and Matthews, 1999). Using this method, Stevens and Tsujimoto (1995)
were able to gain information about the vesicle release kinentics at hippocampal
synapses.

27

Figure 1.2 Summary of exocytosis and endocytosis in synapses
Synaptic vesicles are trafficked to docking sites, where they first dock, undergo a
priming reaction, and then finally the fusion pore opens. The fusion vesicle then fully
collapses into the external membrane, and is reclaimed at another location and
trafficked back into the cell. This is the full collapse model of vesicle recycling. In ‘kissand-run’ recycling, the fusion pore closes again and the vesicle remains fully formed
within the cell.
Figure taken from Chapman (2008).

1.3.1 Exocytosis
In order for the neurotransmitter to leave its packaging within a vesicle and make its
way to receptors on the postsynaptic membrane, it must be released into the synaptic
cleft. Synaptic vesicle exocytosis is a multi-step process, the key three steps being
docking, priming, and fusion (Chapman, 2008, Sudhof and Scheller, 2001b) (Fig.1.2).
Bassoon and piccolo are large, fibrous proteins that guide vesicles down to the docking
sites at the active zone. Bassoon in particular is critical for this purpose: without it,
neurotransmission is fatally impared (Sudhof, 2012).
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The central component in exocytosis is the SNARE complex. This is formed of a
vesicular membrane protein (synaptobrevin, or VAMP) and target membrane proteins
(SNAP-25 and syntaxin 1). The SNARE complex provides specificity for docking, and
acts as a scaffold for proteins involved in the subsequent exocytosis steps (Sollner et
al., 1993). These three proteins are sometimes referred to as the ‘core complex’
(Sudhof and Scheller, 2001b).
The presence of a priming step was deduced by the presence of a rate-limiting step
between docking and fusion. In this step, Rab3 indicates to RIM that there is a vesicle
present, and then Munc13 is recruited to effect structural changes to prepare the
vesicle release (Koushika et al., 2001). At this point, complexin can interact with the
structure, rendering it ready for fusion to occur (Sudhof, 2013). Untill the SNARE
complex is formed, Munc18 prevents premature SNARE formation; but after the
SNARE complex is formed and primed, Munc18 acts to promote fusion further
(Chapman, 2008).
Fusion is triggered by the influx of calcium, through channels physically proximal to
docking sites. The vesicular protein synaptotagmin has two calcium-sensing domains,
which are responsible for triggering the final stage of exocytosis, wherein a fusion pore
is opened and neurotransmitter released into the synaptic cleft (Chapman, 2008) (see
Fig.1.3).
Following fusion, NSF (N-ethylmaleimide sensitive fusion protein) and α-SNAP (soluble
NSF-attatchment proteins) work together to disassociate the SNARE complex to
prepare for further fusion events (Sudhof and Scheller, 2001b).
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Figure 1.3 Proteins associated with synaptic vesicle exocytosis
The core SNARE complex of synaptobrevin, SNAP-25, and syntaxin has roles in
docking the vesicle at the active zone. RIM and Munc13 prime the vesicle and render
the vesicle ready for fusion. Complexin has a role in producing a ‘super primed’ state for
vesicles. Synaptotagmin triggers fusion of the vesicle in response to calcium influx into
the cell. Munc18 also facilitates fusion.
Figure adapted from Benarroch (2013)

1.3.2 Endocytosis
Depending on the type of stimulus being applied, there are several pathways taken by
synaptic vesicles as they are reclaimed from the membrane (Cousin, 2014). One
mechanism is termed ‘kiss-and-run’ recycling, in which synaptic vesicles do not
collapse fully into the membrane upon fusion: the fusion pore instead closes and the
vesicle returns to the cluster as it is. This allows for much more rapid turnover of
vesicles at the active zone, taking ~1.4 s to complete (Aravanis et al., 2003). However,
it remains controversial whether this mode of recycling takes place at hippocampal
terminals, and if so, what role it plays in maintaining vesicle turnover. Kiss-and-run,
unlike other forms of fusion, is not clathrin mediated (He and Wu, 2007).
Other forms of endocytosis occur at a much slower rate, and feature vesicles being
reclaimed from the plasma membrane (Smith et al., 2008). This can occur in one of two
ways, either through bulk endocytosis or through single vesicle endocytosis. In the
former, this involves a large amount of membrane being taken up as an endosome, and
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then vesicle budding occurs on reuptake (Clayton et al., 2008) (See Fig.1.2). This
pathway for endocytosis is largely activated during the application of strong stimulation
and is considered a slower route for vesicles to take (Evans and Cousin, 2007). By
contrast, single vesicle endocytosis has a time scale of ~20-30 s (Saheki and De
Camilli, 2012) and occurs at lower levels of stimulation. In hippocampal nerve terminals,
unlike NMJ terminals, vesicles are not thought to traffic through endosomal
intermediates, but instead are returned directly to the pool to allow for reuse (Murthy
and Stevens, 1998).
This process is mediated by clathrin, a protein with a distinctive triskelion structure,
which forms a cage around a portion of the membrane which is being internalised. This
coat is visible under a TEM (see Fig.1.4) and is a distinctive sign that a vesicle has just
undergone endocytosis, as the clathrin cage is dismantled by a protein known as Hsc70
(ATP-ase heat shock protein) (Popova et al., 2013).

Figure 1.4 Clathrin-mediated endocytosis
This shows a clathrin-coated pit forming an invagination, before being internalised and
detached from the plasma membrane. The plasma/vesicle membrane is indicated in
green. The clathrin coat is highlighted in lilac.
Figure adapted from Heuser and Reese (1973).
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The clathrin coat consists of an external layer formed by the clathrin triskelions, and an
internal layer formed by adaptor proteins, chiefly AP-2 (Popova et al., 2013). The
adaptor proteins are responsible for internalising the plasma membrane, and clathrin
provides a stable cytoskeleton from which they can do this. The curve of the vesicle is
provided by F-BAR, which provides a rounded shape within the vesicle as it is drawn
into the cell (Suetsugu et al., 2010). Finally, when the membrane has been pulled into
vesicle formation within the clathrin coat, the whole complex is cleaved from the plasma
membrane by dynamin (Saheki and De Camilli, 2012) (Fig.1.5).

Figure adapted from MBInfo contributors, (2013).

A clathrin coat forms around the membrane to be internalised. AP2, an adaptor protein, attaches to the clathrin cage. AP2 is
responsible for internalising the membrane. The curve of the vesicle is maintained by F-BAR proteins. When the vesicle is largely
internalised, dynamin separates the vesicle from the membrane and it is fully internalised.

Figure 1.5 Proteins associated with endocytosis in synaptic terminals
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The interior of the synaptic vesicle is more alkaline than the extracellular environment,
at ~pH 5.5. Following fusion, this pH is raised following contact with the synaptic cleft,
which has a pH of ~7.5. The pH is lowered again, as a V-type H+ATP-ase produces an
electron gradient as it fills the vesicle with neurotransmitter (Atluri and Ryan, 2006).
A recently discovered form of endocytosis, which occurs within 50 ms of the start of
stimulation, and occurs over a period of ~300 ms, is known as ‘ultrafast endocytosis’. It
involves full collapse of vesicles, and uptake of large amounts of membrane from
regions next to the active zone; this is therefore not a form of kiss-and-run, and does
not appear to be clathrin-mediated (Watanabe et al., 2013).
A key question that remains unclear in synaptic neuroscience is the locations at which
these modes of endocytosis occur. Kiss-and-run recycling must, by its nature, occur at
the active zone, but there is some question as to whether clathrin-mediated endocytosis
occurs at or near to the active zone, or at other locations within the cell. Certainly within
the frog NMJ it has been shown that this occurs at sites away from the active zone,
towards the side of the terminals (Betz and Bewick, 1992). There is some indication that
recycling might also occur at or near the active zone (Ceccarelli et al., 1973).
Endocytosis and exocytosis are linked. This prevents the synaptic membrane from
growing too large as membrane is added and not cleared. This phenomenon is thought
to be linked to the elevated calcium levels in the terminal during the stimulation which
causes exocytosis. Endocytosis is also a calcium-mediated process (Gundelfinger et
al., 2003).

1.3.3 Calcium in synaptic vesicle recycling
Calcium has pivotal roles in both endocytosis and exocytosis within synaptic terminals.
Voltage-gated calcium channels are responsible for transducing the changes in
membrane potential which accompany the action potential into an influx of calcium ions
into synaptic terminals (Meriney et al., 2014). These channels are located 30-300 nm
away from vesicle docking sites. This variation in distance can have effects on the
release probabilities of individual vesicles (Meinrenken et al., 2002). Voltage-gated
calcium channels are kept in close proximity to synaptic vesicle docking sites by the
transmembrane protein synaptotagmin (McNeil and Wu, 2009).
Structural analysis of the synaptotagmin revealed it to contain two copies of a domain
homologous to those known to be responsible for calcium binding to membranes in
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other proteins, such as protein kinase C and phospholipase A. These are known as the
C2 domains, and they were shown to bind to calcium in the presence of phospholipids
(Brose et al., 1992). C2A and C2B, with the former being more proximal to the vesicle,
are essential for synchronous release of neurotransmitter. They each have a negatively
charged pocket, which is neutralised by the presence of Ca2+ ions, and consequently
allows synaptotagmin to interact with the negatively charged phospholipids in the
plasma membrane and the proteins in the SNARE complex (Striegel et al., 2012).
Calcium also plays a vital role in endocytosis. This was first demonstrated by Ceccarelli
and Hurlbut (1980) by using latrotoxin to deplete synaptic vesicles in a calciumindependent manner, in a calcium-free extracellular solution. This led to a depletion of
synaptic vesicles and an accumulation of membrane, which was not seen when this
protocol was carried out in solutions containing calcium. Calcium is required for the
formation of the clathrin-coated pits which are essential for single-vesicle endocytosis
after full fusion collapse (Gad et al., 1998), but it is also required for activity-dependent
bulk endocytosis (Cheung and Cousin, 2013).
Calcium’s involvement in endocytosis is through reaction with the Ca2+/Calmodulin
dependent phosphatase, Calcineurin. Calcineurin phosphorylates a group of proteins
which are essential for endocytosis to occur (Cousin and Robinson, 2001), called the
desophorins. One such protein is dynamin1, a protein which has a role in synaptic
vesicle fission in endocytosis. The reaction of calcineurin-dynamin1 complex is thought
to act as a calcium sensor for many of the other reactions which occur during
endocytosis (Lai et al., 1999).

1.4 Synaptic vesicle pools in hippocampal terminals
Synaptic vesicles are divided into subgroups known as ‘pools’. These pools are
functionally defined, and as such represent important concepts in how synaptic vesicles
behave, and also have important functional implications. There are many pools,
including the recycling pool, the spontaneous pool, the resting pool, the reserve pool,
the superpool, and the readily releasable pool (Denker and Rizzoli, 2010) (Fig.1.6).
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Figure 1.6 Synaptic vesicle pools in hippocampal neurons
The active zone is indicated in green, as a site where the docked pool (orange) is
situated, ready to be primed and accessed as the readily releasable pool (RRP), and
where spontaneous transmission also occurs (grey). Within the terminals, there are a
subset of vesicles which are able to undergo recycling, and those which cannot be
recruited; these are the recycling pool (blue) and the resting pool (black) respectively.
There also exists a population of synaptic vesicles at extrasynaptic locations; these are
the superpool (red).

1.4.1 The spontaneous pool
The spontaneous release can be seen in evidence in the to the miniature endplate
potentials seen by Fatt and Katz (1952). It is thought to have a role in synaptic
plasticity, and in regulating postsynaptic protein synthesis (Autry et al., 2011). There is
some evidence that the spontaneous pool might be drawn from the resting pool (Fredj
and Burrone, 2009, Hua et al., 2010, Sara et al., 2005), but this claim remains
controversial (Hua et al., 2010).

1.4.2 The recycling pool and resting pool
The total pool consists of all vesicles within a synapse. The total recycling pool (TRP)
comprises all vesicles that can be stimulated to undergo recycling. The resting pool
comprises those vesicles which cannot be stimulated to undergo recycling. Estimates of
the TRP vary widely depending on the protocol used, from as high as 100% (Rose et
al., 2013, Ikeda and Bekkers, 2009), to ~50% (Fernandez-Alfonso and Ryan, 2008,
Fredj and Burrone, 2009, Kim and Ryan, 2010, Darcy et al., 2006a) or 15-20% (Harata
et al., 2001, Marra et al., 2012), with the remaining fraction presumed to be the resting
pool. In all these measurements there is a huge degree of heterogeneity, providing
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clear evidence that the recycling fraction is highly variable between synapses, even
within a neuron.
Though the exact reasons for the presence of non-recycling vesicles, and what causes
a vesicle to be consigned to this pool, are unclear, there is ample evidence that vesicles
can be moved between pools. The inhibition of cyclin-dependent kinase 5 (CDK5), an
important molecule in neuronal development, can increase the recycling pool fraction
(Kim and Ryan, 2010, Marra et al., 2012). Altering the release properties of a terminal
through a plasticity protocol to induce potentiation has also been shown to increase the
recycling pool fraction (Ratnayaka et al., 2011). α-Synuclein inhibits the size of the
recycling pool; there have been some suggestions that its tendency to reduce the levels
of other proteins present within the cell may be the cause of this (Scott and Roy, 2012).
Changes in temperature also have an effect on the size of this pool (Micheva and
Smith, 2005). The adjustable nature of the recycling fraction of the total pool of vesicles
points to its being a potential mechanism for regulating synaptic output (Branco et al.,
2010).
The recycling pool is composed of the readily releasable vesicles, which are the first to
undergo fusion on stimulation, and the reserve pool, the vesicles that begin to undergo
recycling when the readily releasable pool has been exhausted (Denker and Rizzoli,
2010).

1.4.3 The readily releasable pool
A subset of the recycling vesicles are able to respond to stimulus within 0.1 ms
(Sabatini and Regehr, 1999) and are released at a higher rate than subsequent
vesicles. These were first identified via paired pulse experiments, in which small stimuli
were applied to a cell and the response from the terminals recorded. It was found that
there was a depression in the size of the response for up to 10 s following the
stimulation (Stevens and Tsujimoto, 1995). This demonstrated that there was a pool of
vesicles which is able to undergo release rapidly and, when this pool is exhausted, the
terminal has an impaired ability to generate a response. It is therefore unsurprising that
this pool, known as the readily releasable pool (RRP), is strongly correlated with the
release probability of the terminals (Murthy et al., 2001, Murthy et al., 1997, Dobrunz,
2002).
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The RRP can be released either by electric stimulation, or through the use of
hyperosmotic sucrose (Rosenmund and Stevens, 1996). Hyperosmotic sucrose
releases a higher number of vesicles than electrical stimulation, suggesting both that
these vesicles are released by a non-physiological route in the presence of
hyperosmotic sucrose, and that this may be caused by their proximity to the plasma
membrane (Moulder and Mennerick, 2006).
There is further evidence to suggest that RRP vesicles may have preferential
positioning around the active zone, and are primed and ready for release. The RRP
consists of 10-12 recycling vesicles. This figure is remarkably similar to estimates of the
docked pool (Schikorski and Stevens, 2001). Taken in combination, it seems likely that
RRP vesicles are primed for release, but that not all vesicles at the active zone are
RRP vesicles.

1.4.4 The superpool
Synapses are not isolated units: they are an outpost of transmission machinery,
connected to the rest of the cell through axonal or dendritic processes. As mentioned
previously, large dense core vesicles must be trafficked to release sites through the
axon (De Camilli et al., 2001), as must presynaptic transport vesicles, containing
membrane proteins such as bassoon and piccolo, syntaxin, and SNAP-25 (Shapira et
al., 2003). Small electron lucent vesicles have also been found in these processes.
Synaptic vesicles move between synapses and form a ‘superpool’ (Staras et al., 2010).
FM dye-labelled vesicles (see section 1.6.2.2) can be observed moving between
terminals in cultured neurons, meaning that recycling vesicles leave the terminal after
reuptake and travel through the processes (Krueger et al., 2003). By illuminating single
terminals with a confocal microscope, the FM dye fluorescence can be eliminated
through photobleaching. Over the course of ~20 min, FM dye-labelled vesicles move
from neighbouring terminals and appear at the site of the terminal which has just had its
fluorescence

removed.

This

processes,

called

‘fluorescence

recovery

after

photobleaching’ (FRAP), demonstrates that recycling vesicles move between terminals,
and join the cluster within those terminals. When stimulated, the fluorescence which
was recovered in the photobleached terminal is eliminated, showing that mobile
vesicles are still capable of undergoing recycling, and that they join the recycling pool in
their ‘new’ host terminal (Darcy et al., 2006a).
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Around 4% of the total pool of each synapse can leave the terminal and move into the
processes (Staras et al., 2010). This pool is newer than the others described, so less is
known about the factors affecting this pool; however, in synapsin triple knock-out mice,
there were increased numbers of vesicles in the synaptic processes. Inhibition of Cdk5
with roscovitine also increased the mobility of synaptic vesicles and the rate of FRAP
(Orenbuch et al., 2012). Brain-derived neurotophic factor (BDNF) has also been shown
to reduce synaptic vesicle clustering and to lead to an increase in the number of
vesicles leaving terminals (Staras and Branco, 2010). Intriguingly, α-Synuclein has an
inhibitory effect on the transport of synaptic vesicles between terminals, implicating its
possible modulation as a mechanism underlying disease states (Scott and Roy, 2012).
Important recent work has demonstrated that the superpool is also a feature of axonal
processes in vivo (Herzog et al., 2011).

1.5 Long-term plasticity in the hippocampus
The central principle of plasticity within the brain is that connections are created,
strengthened, weakened, or eliminated in a functionally-dependent manner. The ability
of neurons to do this was speculated from as early as the 1870s (Cooper, 2005). Even
as the early neuroscientists attempted to determine whether nerve cells were discrete
entities or continuous with one another, they also turned themselves to the question of
how vital behavioural processes, such as learning and memory, can be produced by
alterations in the properties of these cells.
In 1890, William James coined the term ‘plasticity’ to describe the ability of the brain to
respond to activity within itself to “deepen old paths and create new ones” (James,
1890). Sherrington, though coining the term and concepts of the synapse, compared
neuronal plasticity to the pliability of animals which had their synapses removed, and
did not associate this with synaptic changes. At this point, the generally accepted theory
was that neuronal resistance controlled the ‘flow’ of neuronal impulses, with activity
decreasing resistance (Cooper, 2005). The first scientist to postulate that plasticity was
regulated at a synaptic level was Eugenio Taniz, who suggested that repeated used of
a pathway would decrease the distance which signal had to cross at the synaptic cleft
(Berlucchi and Buchtel, 2009).
In 1949, Hebb published ‘The Organisation of Behaviour’. Before the identification of
the ionic activity which occurs within axons during action potential, conclusive proof that
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neurons were not continuous with one another (De Robertis and Bennett, 1954, De
Robertis and Bennett, 1955, Palay and Palade, 1955), and the first clues as to how
neurotransmitter might be released from synapses (Fatt and Katz, 1952), this book
provided ideas which were to revolutionise the way in which neuroscience approached
the connections between neurons.
One of the key ideas in Hebb’s work was that synchronous firing of neurons would lead
to a strengthening of specific neurons. According to Hebb, “when an axon of cell A is
near enough to excite a cell B and repeatedly or persistently takes part in firing it, some
growth process or metabolic change takes place in one or both cells such that A’s
efficiency as one of the cells firing B, is increased” (Hebb, 1949). This is commonly
referred to as Hebb’s postulate and summarised as ‘cells which fire together, wire
together’.
The idea of activity-dependent alterations of synaptic strength is a key one in our ideas
of learning and memory. Long-term potentiation and depression are thought to be
models of learning and memory precisely because they fit the criteria predicted by
Hebb, of a method of strengthening neuronal connections. Experiments in Aplysia were
the first to demonstrate that this theory is the case, showing that synaptic changes
lasting for days, and mirroring the time course of the memory process, occurred
accompanying various training protocols (Kandel, 1976).

1.5.1 Long-term potentiation in hippocampal synapses
Long-term potentiation (LTP) is an enhancement of synaptic strength that follows the
application of a brief tetanic stimulus and lasts several hours (as long as 48 h has been
recorded). Discovered by Bliss and Lomo in 1973 (Bliss and Lomo, 1973), this
phenomenon produces synapse-specific changes to the response to stimuli (Bliss and
Collingridge, 1993, Malenka and Siegelbaum, 2001). This makes it a particularly
interesting field for study, as the way in which synapses alter themselves to provide
these changes in function has huge relevance for brain function, organism behaviour,
and disease.
A major discussion point in studies on LTP is the extent to which presynaptic and
postsynaptic changes are responsible for LTP expression. There is evidence for the
involvement of a variety of factors at both loci.
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1.5.1.1 Postsynaptic factors in LTP
Induction of LTP is generally accepted to have a postsynaptic mechanism. A transient
calcium influx through calcium-permeable NMDA receptors leads to a calmodulindependent protein kinase II (CaMKII) activation, which in turn phosphorylates AMPA
receptors containing GluR1 subunits in order to increase their permeability and produce
potentiation (Lisman et al., 2012). There is also evidence that new AMPA receptors are
inserted into the postsynaptic membrane following LTP induction. These can lead to
synapses which were previously silent becoming active, as these new AMPA receptors
can respond to glutamate release (MacDougall and Fine, 2014).
1.5.1.2 Presynaptic factors in LTP
Though these aspects alone could be a sufficient mechanism for the induction of LTP,
there is significant evidence of a presynaptic involvement. It has been shown that new
active zone proteins are trafficked in following LTD, and that the active zone is
expanded (Bell et al., 2014). LTP induction also promotes synaptogenesis and
increases the total number of vesicles present at synapses (Bourne et al., 2013). A form
of potentiation in cultured neurons has been demonstrated specifically to increase the
recycling fraction within terminals (Ratnayaka et al., 2012). It has been hypothesised
that one possible function of the superpool (see section 1.4.4) might be to act as a
substrate for the activity-driven recruitment of new vesicles to synaptic terminals to
support forms of plasticity (Staras, 2007).
These changes in vesicle arrangement and properties also have implications for the
function of presynaptic terminals. Inducing LTP causes an increase in release
probability, showing increased reliability of response to stimulation (Lisman et al.,
2012), commensurate with an increase in the number of vesicles docked at active
zones (Bourne et al., 2013). In addition to this, LTP synapses have faster FM dye
release properties (Zakharenko et al., 2003), thought to be due to the fusion of many
vesicles simultaneously.

1.5.2 Long-term depression in hippocampal synapses
Long-term depression (LTD), the functional opposite of LTP, is a decrease in synaptic
strength following sustained low-level stimulation (Dudek and Bear, 1992). It can be
induced in synapses which have already undergone LTP, and in naïve synapses (Bear
and Linden, 2001). Though LTD is an important concept in neuroscience, providing the
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bidirectionality required for Hebbian learning, it is less well understood than its
counterpart (Bear and Linden, 2001).
It has been claimed that LTD may act as a mechanism for forgetting (Bear and Linden,
2001), but this appears to be a rather large oversimplification as behavioural studies
have shown that several forms of learning rely on LTD alone. In in vivo studies of
cerebellar LTD, the abilities of mice to learn a motor control task was inhibited in
mGluR1/5 knock-out mice (Aiba et al., 1994, Kashiwabuchi et al., 1995). Induction of
hippocampal LTD in freely-behaving rats demonstrated that LTD has roles in object
recognition and learning subtle spatial clues, such as the location of an object in a room
(Goh and Manahan-Vaughan, 2013b, Goh and Manahan-Vaughan, 2013a). LTD is
therefore clearly important in learning in its own right.
Like LTP, LTD has both presynaptic and postsynaptic components, but the relative
roles of each of these is still being established (Malenka and Bear, 2004). Among the
many possible substrates, recycling properties of vesicles represent likely targets and
evidence hints at their possible involvement in LTD-related modulation of synaptic
strength (Stanton et al., 2003, Zakharenko et al., 2001).
1.5.2.1 Postsynaptic factors in LTD
Because LTD induction requires lower frequency stimulation than that needed to induce
LTD, many of the changes in synaptic weight are thought to be related to the
intracellular calcium level. In Schaffer collateral CA1 synapses, calcium enters the cell
either through Group 1 metatrobic G protein coupled receptors (mGluRs) or NMDA
receptors (Upreti et al., 2013, Mulkey and Malenka, 1992). NMDA receptors require
both the presence of glutamate and the activation of voltage dependent Mg+ channels to
allow calcium influx into the cell, which makes them a particularly valuable tool for
study, as they therefore act as detectors of synchronicity in presynaptic transmitter
release and postsynaptic activation (Poschel and Stanton, 2007). Group 1 metabotropic
glutamate receptors (mGluR1 and mGluR5) exist primarily at the edges of the
postsynaptic density (De Blasi et al., 2001). In response to glutamate release, these
receptors work through secondary messengers to trigger calcium release from the
intracellular calcium stores (Bolshakov and Siegelbaum, 1994) (see section 1.5.4). The
activation of mGluR1 receptors is particularly crucial for LTD induction (Neyman and
Manahan-Vaughan, 2008, Zakharenko et al., 2002).
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CaMKII activation is higher in LTP synapses (Pettit et al., 1994), and CaMKII inhibition
can cause LTD in synapses (Lisman et al., 2012). At lower calcium levels, CaMKII is
dephosphorylated, and consequently deactivated, instead (Lisman, 1989, Michalski,
2013). PP1 and PP2 are protein phosphatases which are very sensitive to calcium and
are consequently activated at low concentrations of calcium (Mulkey et al., 1993).
Inhibition of these phosphatases has been show to block LTD induction in the
hippocampus (Mulkey et al., 1993, Mulkey et al., 1994), confirming that they are targets
for LTD. An important inhibitor for PP1 and PP2A, Inhibitor-1, is also calcium
dependent, being activated by CA2+ and deactivated by cAMP (Ingebritsen and Cohen,
1983). The regulation by cAMP of this inhibitor adds another layer of calcium
dependency, as adenylate cyclase synthetisation of cAMP is calcium dependent, but is
also inhibited at high calcium levels (Lisman, 1989, Standaert and Dretchen, 1979).
A key feature in the expression of LTD is the internalisation of AMPA receptors. This
process is also highly dependent on calcium influx into the cell. This process is
triggered by calcium influx through NMDA receptors (Beattie et al., 2000), which in turn,
activates calcineurin (a calcium/calmodulin dependent protein). Calcineurin then
deactivates PP1 inhibitors (Mulkey et al., 1994), allowing PP1 to phosphorylate AMPA
receptors, causing a reduction in function (Lee et al., 1998), and eventually triggering
AMPA receptor internalisation (Mulkey et al., 1994, Ehlers, 2000).
Mulkey and Malenka (1992) found that LTD may be dependent on calcium influx
through

postsynaptic

NMDA

receptors.

This

calcium

influx

is

detected

by

Calcium/Calmodulin dependent protein kinase II (CaMKII), which is thought to begin the
biochemical cascade which can potentiate synapses through a variety of mechanisms.
CaMKII inhibition can cause LTD in synapses (Lisman et al., 2012). LTD induction is
also thought to depend on both internal calcium release and activation of metabolic
glutamate receptors (mGluRs) (Bolshakov and Siegelbaum, 1994), further indicated by
studies showing that the inhibition of mGluR receptors can inhibit LTD (Zakharenko et
al., 2001).
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Figure 1.7 Postsynaptic pathways in LTD induction
Intracellular calcium levels are raised through calcium influx through NMDA receptors,
VGCCs and G-protein-mediated release from internal calcium stores. Consequently
protein phosphatases are upregulated (PP2A/B) or uninhibited (PP1), which inhibit the
actions of CaMKII and trigger AMPA receptor internalisation.
Figure adapted from Nakano et al. (2010).
1.5.2.2 Presynaptic factors in LTD
Very little work has been done on presynaptic factors of long-term depression, but there
are a few indications that, whereas induction may be chiefly presynaptic, expression of
LTD does have a postsynaptic component (mechanisms summarised in Fig.1.8).
Two studies (Stanton et al., 2003, Zakharenko et al., 2001) which focused on FM dye
labelling of hippocampal terminals in hippocampal slices showed that LTD causes a
decrease in the number of labelled terminals. The decrease in the fluorescence levels
of terminals labelled in slices suggests that there are fewer vesicles being labelled, and
that LTD causes a decrease in the rate of FM dye release from terminals on stimulation.
These changes in FM dye release properties point to there being an effect on vesicle
release to alter presynaptic transmitter release properties. Metabotropic glutamate
receptors are thought to play a role here too. Group 2 mGluRs (mGluR2/3) are found
presynaptically, and their activation is critically important for LTD induction (Mukherjee
and Manahan-Vaughan, 2013). The two G-protein secondary messengers Gi/o and Gβγ
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both affect the properties within the terminal. Gi/o inhibits the synthesis of cAMP and Gβγ
inhibits the activation of VDCCs, K+ channels, and also inhibits cAMP levels (Atwood et
al., 2014).
Aside from the effects on the influx of calcium as a means of controlling
neurotransmitter release, mGluR2/3 activation also works on synaptic vesicle
machinery to disrupt transmission (Upreti et al., 2013). Gβγ competes with
synaptotagmin1 at the C-terminus binding site of SNARE protein, SNAP25. This acts
directly to inhibit vesicle release.
An additional mechanism of action is that the rise in intracellular calcium levels leads to
higher levels of calcineurin. Calcineurin dephosphorylates Synapsin1, locking vesicles
tight to the cytoarchitecture and preventing them from moving towards the active zone
to refill the RRP (Bykhovskaia, 2011, Hilfiker et al., 1999).
Interestingly, Stanton et al. (2003) found that this decrease in rate only affected RRP
vesicles, with the rate of release of reserve pool vesicles being unaffected, suggesting
that the effects on release and the active zone are much greater than the effects on the
dynamics of the rest of the synaptic vesicle pools.
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Figure 1.8 Summary of factors affecting presynaptic expression of LTD
Rises in presynaptic calcium levels, either through GPCR activation (mGluR2/3) or
through activation of VDCCS and NMDA receptors, leads to deactivation of calcium
receptors and phosophorylation of the vesicle release.
Figure adapted from Atwood et al. (2014) .

1.5.3 Linking pre- and postsynaptic plasticity
Both the pre- and postsynaptic terminals show altered properties following exposure to
plasticity protocols. In many cases, this is due to postsynaptic induction of LTP or LTD
(Misner and Sullivan, 1999) leading to presynaptic expression through the medium of
some chemical messenger (Bolshakov and Siegelbaum, 1994, Bliss and Collingridge,
1993). The most likely candidates for these retrograde messengers are nitrogen oxide
(NO), brain derived neurotrophic factor (BDNF), and arachidonic acid, which has been
shown to act on presynaptic receptors (Suvarna et al., 2015).
Arachidonic acid is a fatty acid found in high levels in the brain, which has been shown
to facilitate LTD induction; blocking it prevents LTD induction (Bolshakov and
Siegelbaum, 1995). It is used in the synthesis of anandamide, which activates
cannabinoid type 1 receptors to induce LTD (Khlaifia et al., 2013) and impair LTP by
inhibiting the amount of neurotransmitter released (Misner and Sullivan, 1999).
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BDNF is a growth factor found in the brain. BDNF secretion can occur as a response to
intracellular calcium levels being raised (Lanore et al., 2009), particularly to high levels
like those seen in response to high frequency stimulation (Kohara et al., 2001, Kojima
et al., 2001, Gartner and Staiger, 2002). High frequency stimulation has also been
shown to trigger BDNF release (Hartmann et al., 2001). Postsynaptic BDNF release
can cause presynaptic potentiation in a calcium dependent manner (Magby et al.,
2006). Presynaptic terminals show rapid changes in function, with a time course of
several minutes (Lessmann, 1998, Lu and Gottschalk, 2000).
Nitric oxide is a small molecule which can be released postsynaptically in response to
changes in calcium levels (Poschel and Stanton, 2007). The receptor for NO, soluble
guanylyl cyclase (GC) has been found to exist primarily in presynaptic locations
(Garthwaite, 2010), and the molecule itself has been found to act on synaptic vesicle
machinery targets such as the t-SNARE proteins, Munc-13 and SNAP25. NO appears
to have a facilitatory effect on vesicle release, and has certainly been implicated in LTP
(Hardingham et al., 2013) and LTD induction (Tamagnini et al., 2013).

1.5.4 Calcium stores and long-term plasticity
The induction of LTP is thought to require a large increase in postsynaptic calcium
levels. The influx of Ca2+ into the cell through the NMDA receptors starts a cascade of
pathways which cause potentiation of the synaptic response (Linden, 1994). Clearly,
postsynaptic calcium plays a role in LTD induction, but a mechanism is required to
transform transient calcium currents into long-term changes in cellular behaviour.
Intracellular calcium levels are 3-4 orders lower than those in the extracellular
environment, but there are organelles within the terminals which have calcium levels
similar to the extracellular environment (Korkotian and Segal, 1996); these are known
as calcium stores. Mitochondria act as calcium stores, supporting metabolism and cell
survival (Rizzuto et al., 2012), and the calcium stores within the spine apparatus, an
extension of the endoplasmic reticulum (Spacek and Harris, 1997), support changes in
calcium level during activity (Fifkova et al., 1983). Intracellular calcium stores can
regulate synaptic plasticity and are involved in memory formation. Calcium can be
released from these calcium stores by activation of IP3R1 and ryanodine receptors
(Fujino et al., 1995). Ryanodine receptors promote long-term memory foundation and
consolidation and IP3R activation is required for long-term memory (Baker et al., 2013).
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IP3 and Ryanodine receptors have been implicated in the mediation of short-term
plasticity (Silveira et al., 2015). Another player in the induction of short-term plasticity is
protein kinase C which acts as a calcium sensor, phosphorylating downstream targets
to produce post-tetanic potentiation, a form of short-term plasticity (Fioravante et al.,
2014).
The postsynaptic requirement for calcium within the synapse is better understood than
the involvement of presynaptic calcium in long-term plasticity. Mossy-fibre LTD certainly
requires increases of presynaptic extracellular calcium to trigger downstream events
which will lead to long-term plasticity (Castillo et al., 1994), mediated by protein kinases
A and C (Kobayashi et al., 1999).

1.6 Methods of studying synaptic terminals
1.6.1 Electrophysiological measurement of synaptic properties
Electrophysiological recordings were central to the formation of the vesicle hypothesis.
However, the results that made this discovery possible relied on recording the
postsynaptic response rather than any direct properties of the presynaptic neuron, let
alone the presynaptic terminal (Fatt and Katz, 1952). Today, this continues to be a
limitation of electrophysiological studies of synapses: it is far easier to record the
postsynaptic response to neurotransmitter release than to measure any of the
presynaptic factors of it.
However, presynaptic recordings are possible. Capacitance recordings give valuable
information on vesicle fusion and endocytosis, as the amount of external membrane
rises and falls with exo- and endocytosis. However, these recordings are primarily done
as whole cell recordings (Matthews, 1996). Individual terminals can be measured, but
this is difficult and as such is not widely done, and relies heavily on a preparation which
allows access to terminals, such as the NMJ or calyx of Held, which many do not (Lim
et al., 1990).

1.6.2 Imaging synapses
Though electrophysiology can provide information about release and reuptake
properties, it offers nothing about the spatial properties in nanoscale. For this, electron
microscopy must be used.
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The small size of synaptic vesicles means that, even when correctly stained, they are
not visible using conventional light microscopy; however, under electron microscopy,
they are easily distinguishable. Early studies involved simply imaging samples of fixed
tissue to identify organelles and structures within the synapse (Palay and Palade, 1955,
De Robertis and Bennett, 1955) (these findings are discussed in section 1.2.2). Later,
HRP labelling of vesicles and oxidisation of DAB provided a way of identifying vesicles
via a functional property, namely recycling. Reese and Heuser demonstrated that
vesicles were formed from the external synaptic membrane, and that the fraction of
recycling vesicles is dependant on the strength of the loading stimulus. They also
showed that recycled vesicles were not segregated from the rest of the vesicle
population (Heuser and Reese, 1973).
1.6.2.1 Fluorescent probes for studying synaptic function
Though conventional light microscopy does not have the spatial resolution to identify
individual vesicles, the properties of recycling pools can be studied using fluorescent
probes.
Many of these probes must be genetically encoded, either through the development of
mutant mice or through transfection into tissue cultures or organotypic cultures. A key
category of genetically-encoded functional probes is the synaptopHluorins. These are
pH-sensitive probes which fluoresce brightly at ~pH 7.5, but show reduced fluorescence
at more alkaline pHs, e.g. ~pH 5.5 (Miesenbock et al., 1998). This is particularly
important for synaptic research, for when these are tagged on to lumenal synaptic
proteins, the gradual decay of fluorescence as vesicles undergo reacidification gives
important information on the timescales of endocytosis and reintegration into the vesicle
pool (Granseth and Lagnado, 2008).
Other genetically-encoded optical probes are emerging, to give readouts of the
temporal aspects of various other processes within the cell, such as glutamate release
(e.g. GluSnFR, Hires et al. (2008)), or calcium influx (e.g. syGCaMP5, Akerboom et al.
(2012)). Genetically encoded probes have advantages, in that they are likely to occur
consistently throughout labelled neurons, but they also have disadvantages, such as
long preparation times. In addition, there is not yet any certainty as to the effects of
changing the genetic properties of the neuron.
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1.6.2.2 FM 1-43 and the FM dyes
FM dyes, named after their creator Fei Mao, are adapted styryl dyes (Betz and Bewick,
1992). Their properties make them uniquely suited for studying synaptic vesicle
recycling. FM dyes are amphiphilic, with a lipophilic tail that controls the extent to which
the FM dye sticks to the membrane (e.g. this tail is shorter in FM 2-10, which has a
lower affinity for plasma membranes, compared to FM 1-43), and a positively charged
‘head’ group, which prevents FM dyes from passing through the membrane. These are
joined by a double bond bridge, which controls the fluorescence properties of the dye
(Brumback et al., 2004) (Fig.1.6.A).
Because of their lipophilic properties, FM dyes bind to the presynaptic plasma
membrane. When embedded in membrane, the fluorescence of FM dyes increase ~14fold. When the synapse undergoes endocytosis, the FM dye remains embedded in the
membrane, and so is trapped in the lumen of the synaptic vesicle. The external FM dye
can be removed through washing, leaving behind only that fluorescent dye that is
trapped inside the vesicles. A vesicle containing FM dye must have undergone
recycling whilst the FM dye was present. If these vesicles undergo fusion again, the dye
undergoes lateral diffusion and efficiently departitions from the membrane, leading to
fluorescence loss (Betz et al., 1992b) (Fig.1.6.B).
FM 1-43 has an insertion kinetic of 18±5 nM/s, and dissociates with a tau of 8.0 ±0.6 ms
(Wu et al., 2009). Experimentally, Ryan et al. (1993) showed a τoff of ~10 s, but this
value was reached by recording the rate of surface dye elimination from neuronal
cultures using a chamber perfusion system. The refill rate of the imaging chamber (~2 s
in this case) likely contributed to this slow unbinding value. In full collapse fusion, the
vesicle remains continuous with the plasma membrane for ~60 s (Klingauf et al., 1998),
which should be sufficient to allow FM 1-43 to departition from the membrane. All FM
dye destain experiments were recorded with sustained activity for 120 s, which should
have allowed all recycling vesicles to be able to release any FM dye contained within
them.
In addition to providing assays of function, fixable analogues of FM dyes can also be
used to label recycling vesicles at an ultrastructural level (Betz and Bewick, 1992,
Harata et al., 2001). DAB is typically oxidised in a reaction catalysed by horseradish
peroxidase; however, this reaction can also be mediated by the photons given off when
a fluorescent probe is stimulated, and FM dye is a suitable probe for this (Sandell and
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Masland, 1988). Though in many ways similar to the labelling with HRP demonstrated
in Heuser and Reese (1973), the fact that FM dyes are smaller and more diffusible with
a high affinity for the plasma membrane means that they are more efficiently taken up
into recycling vesicles, and thus more likely to provide an accurate readout of the
vesicles involved with recycling.
FM dyes have many advantages compared to genetic probes, chief of which is that they
do not require any alteration of the properties of the synapse being examined. FM dyes
can be applied topically to recycling neurons, and work instantly. This means they can
be used in many systems, including those which do not lend themselves to culturing.

Figure 1.9 FM dye structure and mechanism of action
A) FM dyes feature a lipophilic tail group, which inserts into membranes, a bridge
section which determines the fluorescent properties of the dye, and a positively charged
head group. Figure adapted from Brumback et al. (2004).
B) FM dye embeds into the external membrane, and thus remains on the interior lumen
of vesicles. When the external FM dye is washed away, that which remains is inside
synaptic vesicles. When these vesicles are exposed to the external environment
following exocytosis, this dye too is washed away.
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1.7 Emerging techniques
1.7.1 Qdots as biomarkers
Quantum dots, or Qdots, are small spherical crystals, 2-10 nm in diameter, which have
an incredibly bright and photostable fluorescence. Because of their small size and
photostability, when Qdots are tagged on to a molecule, the movement of these
molecules through cells can be traced accurately to within 20-30 nm (Chang et al.,
2008).
This technique has been used to impressive effect with synaptic vesicles, allowing a
nanoscale readout of the locations of vesicles that have undergone reuptake. For the
first time ever, the fate of a newly-recycled vesicle could be observed. They appeared
to re-enter at the active zone and at widely-distributed sites within the terminal, and
then move to sites further or closer to the active zone, depending on the type of
stimulus to which it had been exposed or the type of fusion it had undergone (Park et
al., 2012).
Qdots are a valuable tool which will no doubt be exploited in future, as they bridge the
gap between optical tools such as FM dyes and studies using electron microscopy.
However, this technique has some limitations. One is the uptake of Qdots into synaptic
vesicles: typically only one vesicle per terminal is labelled, which does not provide any
population data (Park et al., 2012). Additionally there are some emerging concerns over
the neurotoxicity of Qdots (Cupaioli et al., 2014).

1.7.2 Super-resolution microscopy
Super-resolution microscopy approaches are new developments in the optical imaging
field, and overcome some of the diffraction limits imposed on conventional light
microscopy.
One such approach has shown particular promise: stimulated emission depletion
(STED) microscopy, which is now commercially available and has wide implications for
the study of synaptic vesicles. STED microscopes are laser powered with a resolution
approaching 35 nm (Hell and Wichmann, 1994), achieved by providing a beam of lower
wavelength in a doughnut configuration which ensures the controlled decay of
fluorescence around the point being imaged, and therefore permits a smaller focal spot
(Requejo-Isidro, 2013).
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STED microscopy has been used to image conventional fluorescent probes in
organotypic cultures (Tonnesen et al., 2011) and has been shown to provide excellent
images of dendritic spines (Nagerl and Bonhoeffer, 2010). However, synaptic vesicles
remain at the very edge of this microscope’s resolving power. In addition, the stimulated
emission causes photobleaching of samples, limiting the length of time for which a
probe can be imaged.
Other methods of super-resolution microscopy centre around the sequential activation
of specially designed dyes to give off a specific form of fluorescence. The dyes are
applied as in conventional immunofluorescence histological protocols. When activated
in small numbers, the central points of these fluorophores can be pinpointed and
numerous images can be combined to provide a high resolution picture. In the case of
photoactivated localisation microscopy (PALM) this is done by activating small numbers
of proteins of interest, locating them and imaging them until complete photobleaching
occurred. When this was repeated over an area until all molecules of the dye are
activated, the central locations of all the resulting fluorescent punctae are collated into a
high resolution image. Using PALM it is possible to achieve a resolution of 25 nm,
which is sufficient to identify the position of synaptic vesicles (Betzig et al., 2006). PALM
has been turned towards the study of postsynaptic density protein distributions
(MacGillavry et al., 2013) and the mobility of CaMKII in dendritic spines (Lu et al.,
2014).
Using a similar principle, stochastic optical reconstruction microscopy (STORM) uses
the capability of Cy5 to change between a fluorescent and a ‘dark’ state, in response to
different wavelengths of light (Dempsey et al., 2009). Under red fluorescence, these
fluorophores are in the ‘off’ state, but in the presence of green light, Cy5 emits
fluorescence (Rust et al., 2006). In STORM, a small fraction of these photoswitchable
fluorophores are activated, imaged, and centres of the resulting punctae located.
Multiple images are then used to create an image with a 25 nm resolution (Bates et al.,
2005).
These techniques both have the advantage of being able to be effected on live tissue,
and used to look at the distribution of proteins within structures as small as a synapse.
Unfortunately, the high sensitivities for light require that background fluorescence be
low, limiting its use in slice-based systems. Another issue with these systems is the
length of time required to image the probes. In order to collect images to provide a
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resolution that would allow individual synaptic vesicles to be identified, images could be
taken at no less than 33 s intervals, placing limits on the capabilities of time lapse
studies (Kamiyama and Huang, 2012).
A more general challenge with such fluorescence approaches is that, whilst they
provide valuable specific information on the target in question, they offer very little in the
way of ultrastructural context; this limits their usefulness for many applications where
vesicle organisation needs to be considered in relation to its local synaptic environment.

1.7.3 FIBSEM
Though the two methods described above are both excellent tools for providing a
dynamic view of the properties of synaptic vesicles following endocytosis, they both
retain the significant flaw of being able to provide information only about the vesicles
which have been labelled, and thus are missing valuable context. 3D reconstructions of
neurons imaged under a transmission electron microscope, containing DAB labelled
functional vesicles, provide both the context required to see how recycling vesicles are
organised within the terminal with respect to the non-recycling pool and also information
about other structures within the terminal. However, doing this requires acquiring serial
sections of samples, identifying regions, imaging them and then aligning these images
manually. This is very time-consuming and relies on all serial sections remaining intact.
As such, it can prove somewhat impractical for large regions of samples.
An answer to this comes with the emergence of automated electron microscopy
approaches, where block sectioning is achieved under vacuum, in conjunction with
imaging. In particular, focused ion beam milling scanning electron microscopy
(FIBSEM) uses an ion beam to erode the surface of the sample, and a conventional
electron beam to form an image of the block face from the electrons backscattered from
the surface. This is repeated many times, automatically producing a stack of perfectly
aligned images of regions with a volume in the region of ~20 µm3 in a matter of hours
(Knott et al., 2008).
Volume electron microscopy opens up new avenues for research, allowing 3D
reconstructions of huge numbers of synapses in an automated way. Currently, the
resolution is too poor to allow reliable differentiation of each non-recycling vesicle, but
these properties are improving and a better resolution for optical study is likely to
emerge in time.
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1.8 Conclusions and aims
It is clear that elucidating the fundamental mechanisms of synaptic operation is of
fundamental importance in neuroscience, relevant to our understanding of basic brain
function, plasticity, and disease. There have been major advances in our knowledgebase, particularly in the last five or six decades, helped by ever-improving technological
advances. Nonetheless, key questions remain unanswered. In the context of the current
work, we consider a number of core questions in synaptic vesicle regulation which are
largely unresolved. One such issue relates to vesicle fate – specifically, the location
release properties and ultrastructural location of a vesicle after it has undergone
recycling.
The site of reuptake is the beginning of this fate: with ultrafast endocytosis in
hippocampal terminals during stimulation having been shown occurring at the sites to
the edge of the active zone (Watanabe et al., 2013), clathrin-based endocytosis in the
frog NMJ having vesicles re-entering the pool at the sides of the terminal (Betz and
Bewick, 1992), and re-entry via kiss-and-run mechanisms defined by its mechanism
(He and Wu, 2007), we have some idea as to where vesicles return to the synapse, but
we have little idea what happens to their identity from this point and how their
ultrastructural arrangement reflects this. Using spatial information about vesicles
following reuptake, we hope to address the question whether the identity of a vesicle
informs what pool it is in, or whether the pool to which it belongs is simply defined by its
function.
1) To address this issue, I shall first look at the RRP. This pool of vesicles is
characterised by its fast response to a stimulus and high release probability. Following
an RRP-depleting stimulus, the synapse’s response to a stimulus is reduced, and it
takes ~10 s for the release properties to return to the prestimulus level. This is thought
to be due to the time taken to replenish the RRP (Rosenmund and Stevens, 1996). A
key issue addressed in this thesis is what forms this replenished RRP: whether
membership of the RRP is an intrinsic property and the previous RRP vesicles are
returned there, or whether the RRP is refilled with whichever vesicles are spatially
convenient. A study in the frog NMJ by Rizzoli and Betz (2004) found that RRP vesicles
re-entered the terminals at non-active zone membrane sites, and a fraction of these
(~30%) were transferred to the resting pool. In cultured neurons, Schikorski and

55
Stevens (2001) found that recycling vesicles were closer to active zone than might be
expected through random reintegration into the pool.
To answer questions of fate of RRP vesicles upon re-entry into the terminal, I shall
outline the validation of a new method for labelling recycling vesicles with fluorescent
probes, including FM dye, in the hippocampal slice system, and photoconverting these
to allow identification of recycling vesicles at an ultrastructural level. This will provide a
read-out of the properties of recycling synaptic vesicles in a physiologically relevant
system.
2) Another advantage of conducting this research in the hippocampal slice system is
that it is an established model for long-term plasticity. In this thesis, I use our novel
method for labelling recycling vesicles in the hippocampal slice system to study the
effects of LTD induction on the properties of the total recycling pool and the docked
pool in CA1 terminals. I look at how changes in functionality are reflected in the
membership of these pools, pointing to a possible mechanism for plasticity.
3) Finally, I provide the first examination of the properties of extrasynaptic recycling
vesicles in the hippocampal slice system at an ultrastructural level. Using conventional
3D EM techniques, I look at the organisation of recycling vesicles outside terminals and
try to draw conclusions as to what causes a vesicle to move from the recycling pool to
the superpool. This question is further examined using a newly-available EM approach,
which allows for volume imaging of large regions of the brain and reconstruction of
large lengths of processes, allowing further insight into this question.
Taken together, these findings offer major new understanding of core processes in
synaptic function and provide further insight into the concept of vesicle pools and of the
identity of the vesicles that make up these pools.
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Chapter 2: Materials and methods
The experiments presented in this thesis revolve around three major techniques: the
use of hippocampal neuronal cultures to study functional vesicle dynamics; the use of
hippocampal slice preparations to examine dynamic properties of functional vesicles;
and the use of photoconversion of FM dye and electron microscopy to look at the
ultrastructural properties of functional synaptic vesicles in hippocampal slices.

2.1 Animal handling
All experiments were carried out in accordance with the Animals (Scientific Procedures)
Act 1986. Sprague Dawley rat pups were delivered at p 0-1 by Harlan Scientific or
littered onsite.

2.2 FM dye loading in hippocampal neuronal cultures

2.2.1 Chemicals / reagents / products for culturing
Table 2.1
Product
Basal Medium Eagle
(BME)
Foetal Bovine Serum
100 mM Sodium Pyruvate
Glutamax Supplement
B27 Supplement-Serum
Free
HEPES
Hanks Balanced Salt
Solution (HBSS) x10
0.05% Trypsin EDTA
Poly-D-Lysine
Trypan Blue Solution
0.4%
Penicillin-Streptomycin

Product Code
41010-026

Company
Gibco (Life Technologies)

10500-056
11360-070
35050-038
17504-044

Gibco (Life Technologies)
Gibco (Life Technologies)
Gibco (Life Technologies)
Gibco (Life Technologies)

H-4034
14065-056

Sigma-Aldrich
Gibco (Life Technologies)

25300-54
P-1024
T-8154

Gibco (Life Technologies)
Sigma-Aldrich
Sigma-Aldrich

P-4333

Sigma-Aldrich
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2.2.2 Solutions and buffers
Table 2.2
Solution
Astrocyte Growth
Media

Neuronal Growth
Media

Dissection Solution
Poly-D-Lysine (PDL)
Cytosine β-Darabinofuranoside
(ara-C)

Composition
Eagle’s Basal Media
(BME) with 20 mM
glucose, 10 mM
HEPES buffer, 1 mM
sodium pyruvate,
Glutamax, 10% foetal
calf serum (FCS),
B27 Supplement, 50
units/mL penicillinstreptomycin
solution.
BME with 20 mM
glucose, 10 mM
HEPES buffer, 1 mM
sodium pyruvate,
Glutamax
Hanks Balanced Salt
Solution (HBSS), 10
mM HEPES
60 µg/ml in H2O
0.6 µM in Neuronal
Growth Media

Storage
4°C

Usage Temp
37°C

4°C

37°C

4°C

‘Ice cold’

-20°C as 4 mg/ml
stock
-20°C as 5 mM
stock

Room
temperature
37°C

2.2.3 Dissection
Sprague Dawley rat pups of either sex were selected at p 0-1 and sacrificed by cervical
dislocation. The head was then removed using dissection scissors, and the skin was
opened using a No#22 scalpel blade. The skull was opened using curved spring
scissors, cutting as shown (Fig.2.1.A). The brain was then removed and placed into an
ice cold HBSS and HEPES solution. The olfactory bulb and cerebellum were removed,
and the brain was hemisected down the central sulcis using a No#22 scalpel blade
(Fig.2.1.B). Fine forceps and fine spring scissors were used to remove the midbrain and
turn out the cortex to reveal the hippocampus. The hippocampus was dissected away
from the cortex, and the meninges were removed.
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Figure 2.1 Dissection and preparation of rat brain for slicing
A) Cartoon of rat pup head, with blue lines showing cuts to make in skull and skin in
order to extract the brain. B) Cartoon of rat brain with blue lines showing cuts to prepare
the brain for dissection of hippocampus or for slicing. C) Rat brain with hippocampus
shown in pink and turquoise. The green line indicates the ‘magic cut’, with the red
section showing the extent to which the blade should be offset from the dorsal tangent.
Figure adapted from Bischofberger et al. (2006)).

2.2.4 Astrocytic feeder layer
Following dissection, the removed hippocampus was washed three times in neuronal
media (see Table 2.2) and homogenised in 1 ml of astro-glial media using a sterile
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Pasteur pipette. The total volume was then increased to 3 ml. 200 µL of this cell mixture
was added to a 125 cm2 tissue culture flask with 5 ml astro-glial media. Cells were
allowed to proliferate freely in this flask until full confluency was achieved.
12 mm diameter circular coverslips were cleaned using absolute ethanol and placed
into the central wells of 24 well plates, with the peripheral wells filled with distilled water
to help prevent the culture wells from drying out, and to guard against changes in
temperature. The coverslips were then placed in a 60 µg/ml solution of Poly-D-Lysine
and left at 37˚C for a minimum of 4 h. The coverslips were then rinsed three times in
distilled water and twice with PBS. Into each well was placed 2 ml of astro-glial media
(see Table 2.2) heated to 37˚C.
Astro-glial media contains a high (10%) level of foetal calf serum (FCS), required to
promote astrocyte growth. The addition of 10% FCS renders the media toxic to
neurons, and thus provides an environment for selective growth of only astro-glial cells
(Ye and Sontheimer, 1998).
To dissociate the cells and apply them to the cover slips, 1 mL of 0.05% Trypsin EDTA
was applied to the astrocyte culture for 10 min at 37%. It was then removed, and the
culture was gently rinsed with PBS and 3 ml of astro-glial media was added. The flask
was agitated until all cells were dissociated.
The concentration of the dissociated cell solution was calculated using a
haemocytometer and 0.04% trypan blue solution. ~ 10 000 cells were added to each
well and allowed to settle and grow for 24 h at 37˚C with 5% CO2.
When cells reached 80-90% confluency, ara-C was added to each well to give an inwell concentration of 0.6 µM concentration. ara-C is a mitotic inhibitor which prevents
astrocyte proliferation.

2.2.5 Hippocampal neuronal culture
The method for producing these cultures was a variant of the method described by
Banker and Cowan (1977).
Following dissection, the removed hippocampus was washed three times in neuronal
media (see Table 2.2) and homogenised in 1 ml of astro-glial media using a sterile
Pasteur pipette. The total volume was then increased to 3 ml.
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The astro-glial media was replaced with neuronal media containing ara-C, which had a
lower FBS content (2% vs 10%) which inhibits astrocyte proliferation and provides an
environment much more suited to neuronal growth. In addition to preventing astrocyte
proliferation, ara-C also promotes neurite outgrowth (Oorschot and Jones, 1986).
The concentration of the dissociated cell solution was calculated using a
haemocytometer and 0.04% trypan blue solution. 20 000-35 000 neurons were added
to each well of neuronal media and placed at 37˚C with 5% CO2. These cells grow into
neuronal networks which are mature and ready to use at 14 DIV (Fig.2.2).

Figure 2.2 Brightfield images of hippocampal neuronal cultures
Hippocampal neurons are isolated by selective growth media and grown onto glass
coverslips where they form networks. A) Cartoon of cover slip. B) Hippocampal neurons
with a 10x objective. Scale bar represents 100 µm. C) Hippocampal neurons imaged
using 60x objective. Scale bar represents 20 µm.
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2.3 Optical probe labelling of hippocampal cultures
Table 2.3
Product

Product Code

Company

CNQX disodium salt

1045

Tocris Bioscience

D-AP5

0106

Tocris Bioscience

FM 1-43

T-35356

Life Technologies

Oregon Green 488

O-6807

Life technologies

105 311C3

SYSY

BAPTA-1
syOyster550

Table 2.4
Solution

Composition

Storage

Usage Temp

External Bath

137 mM NaCl, 5 mM

4°C

37°C

Solution

KCl, 2.5 mM CaCl2, 1
mM MgCl2, 10 mM DGlucose, 5 mM
HEPES

2.3.1 Electrical stimulation of hippocampal neuronal cultures
This method was derived from several previously featured, primarily based on that
described by Ryan and Smith (1995), using electrical stimulation to load cultured
neurons.
In order to induce activity simultaneously in all neurons in the culture, we created a
custom field stimulation chamber. This consisted of a plastic chamber with a capacity of
0.7 ml, with a glass coverslip base. Attached to the centre of this, approximately 1 cm
apart, were two parallel platinum wire electrodes, 0.5 mm in diameter (Fig.2.3.B). These
were attached to a Grass stimulator (Astro-Med Inc, USA), which was used to deliver
electrical pulses of 0.2 ms duration of voltages between 5 and 20 V at rates of 10-20
Hz.
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Figure 2.3 Method for labelling neuronal cultures with FM dye
A) Protocol for labelling cultured synapses with FM dye, stimulating and imaging its
release. B) Schematic of stimulation chamber showing parallel platinum wires and
wires leading to Grass stimulator.

Coverslips containing hippocampal neuronal cultures were loaded into the stimulation
chamber below the platinum electrodes, and covered with 0.5 ml of external bath
solution (EBS) containing 10 µM FM 1-43 dye. The stimulation protocol was applied to
the neurons from the Grass stimulator to force them to undergo recycling. This was
typically 1200 AP at 10 Hz or 40 AP at 20 Hz.
Following the application of the stimulus protocol, the slice was left in the presence of
the dye for a further 60 s to allow recycling to complete. The FM dye solution was then
replaced three times with 0.7 ml of EBS with 20 µM CNQX and 50 µM AP5 added to
prevent recurrent activity and spontaneously generated signals from propagation. At
this point, recycling vesicles have been labelled with FM dye (summarised in Fig.2.3.A).

2.3.2 Imaging functional properties of cultured synapses
Experiments were carried out using an Olympus BX61 microscope with an XM10
camera, controlled by an MT10 imaging system. Loaded cultures were viewed using
excitation and emission filter sets 470/22, 520/35. A region of interest was identified
using a 10x 0.3 NA objective and then located under a 60x 1.0 NA dipping objective.
Images were obtained with 1x1 binning with an exposure time of 100 ms. Images were
taken every 2 s for each experiment unless otherwise stated.

2.3.3 Calibration of stimulation chamber for hippocampal neuronal
cultures
In order to verify that the chamber was successfully and reliably delivering a stimulus to
the neurons in the culture, and to attempt to minimise the voltage levels of the stimulus
to a submaximal level, we used a combination of two optical probes: Oregon Green 488
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BAPTA-1 (OGB), a calcium ionophore which fluoresces green; and syOyster550, a red
fluorescent probe attached to an anti-synaptotagmin1 antibody, which binds to the
internal lumen of recycling vesicles (Kavalali and Jorgensen, 2014). This allowed us to
measure the activity of a neuron in response to a stimulus, and to identify synaptic
regions along the process.
Cultures were placed in wells containing neuronal media, ara-C, and 12 µM OGB.
These were then incubated for 2 h at 37°C in 5% CO2, before being rinsed in EBS and
loaded into the imaging chamber. Cultures were then placed in a 1:100 solution of
syOyster550 in EBS and exposed to a 1200 AP/10 Hz stimulation protocol. Following
this, synapses were allowed to recover for 60 s (Ryan et al., 1996) in order to allow
recycling to complete. The culture was then washed in EBS containing 20 µM CNQX
and 50 µM AP-5.
Regions containing punctate syOyster550 labelling along processes were imaged using
an Olympus Cell M imaging system and emission filter sets 470/22, 520/35 for OGB,
and 556/20, 609/54 emission sets for syOyster550. Single DIC images, and
fluorescence imaging with syOyster550 were taken. Time lapse images of the OGB
labelled process were taken with a frame rate of 1 frame per ~80 ms for 4.8 s. During
this timeframe, the region was exposed to a 9 AP/10 Hz stimulus. This was done
multiple times for each of 0 V, 5 V, 10 V, 15 V, 20 V, 25 V, and 30 V.
Using ImageJ software (NIH, US), the regions demonstrating punctate staining of
syOyster550 were selected as regions of interest of uniform size. The locations of these
regions of interest were then transposed into the OGB image stacks showing the time
lapse of the application of calibration stimuli. Using ImageJ, the average fluorescence of
each of these regions was extracted for each time point in the image stack, normalised,
and plotted into a graph. This allowed us to identify a voltage which elicited a
submaximal response from the tissue. We selected this voltage, 20 V, for use in all
future culture experiments.
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2.4 Labelling functional synapses in hippocampal slices
The methods described in this section are summarised in Marra et al. (2014).
Table 2.5
Product
CNQX disodium salt
D-AP5
FM 1-43FX
Bromophenol Blue
syOyster
syCypHer5

Product Code
1045
0106
F-35355
10040040
105 311C3
105 311CpH

Company
Tocris Bioscience
Tocris Bioscience
Life Technologies
Fisher Scientific
SySy
SySy

Table 2.6
Solution
Artificial cerebrospinal fluid (ACSF)

Calcium-Free
ACSF

Bromophenol Blue

Composition
125 mM NaCl, 2.5
mM KCl, 2 mM
CaCl2, 1 mM MgCl2,
25 mM D-Glucose,
1.25 mM NaH2PO4,
26 mM NaHCO3,
saturated with
gaseous mix of 95%
O2 / 5% CO2
125 mM NaCl, 2.5
mM KCl, 2 mM
MgCl2, 25 mM DGlucose, 1.25 mM
NaH2PO4, 26 mM
NaHCO3, saturated
with gaseous mix of
95% O2 / 5% CO2
2 µM in ACSF

Storage
N/A

Usage Temp
‘Ice cold’, room
temperature and
37°C as
described

N/A

Room
temperature

Room temperature
as 20 µM
bromophenol blue
in 1.25 M NaCl, 25
mM KCl, 12.5 mM
NaH2PO4, 0.26 M
NaHCO3, saturated
with gaseous mix of
95% O2 / 5% CO2

Room
temperature
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2.4.1 Preparing hippocampal slices

Figure 2.4 Preparing hippocampal slices for FM dye loading
A) An illustration to demonstrate how to prepare the brain for sectioning following hemisection using the “magic cut” (from Bischofberger et al. (2006)). B) Cartoon of slices of
hippocampus prepared with 300 µm thickness. C) Diagram of holding chamber
showing Petri dish with nylon mesh stretched across the bottom, held in place by a
tube which contains a scintillator to deliver bubbles of 95% O2 / 5% CO2 (as described
in Gibb and Edwards (1994)).
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Rats aged 21-28 d of either sex were sacrificed using cervical dislocation. The head
was then removed with scissors and placed into ice cold ACSF where it was kept fully
submerged for 1 min. The skin and skull were then cut in a similar manner to that
described in Fig2.1.A and B, using dissecting scissors, and the brain was removed
using a spatula.
The brain was then placed into a dish of Sylgard containing ice cold ACSF, and the
olfactory bulb and cerebellum were removed. Using a single-edged razor blade, the
brain was hemisected. The brain was levelled off along the dorsal surface (see
Fig.2.4.A, adapted from Bischofberger et al. (2006)) using the ‘magic cut’ to ensure that
the Schaffer collaterals are running parallel to the direction of cutting. The slice was
then attached to the magnetic stage using superglue and loaded into a Leica VT 1200S
cutting system and covered with ice cold ACSF. A cutting speed of 0.05 mm/s with a
horizontal deflection of 0.1 mm was used to produce slices of 300 µm thickness
(Fig.2.4.B). The slices were removed from the cutting bath and placed in a Sylgard dish
where the hippocampus was cut out. Each slice was then transferred to a holding
chamber containing 37˚C ACSF using a wide mouthed pipette. The holding chamber
was constructed as described by Edwards & Konnerth (1992): specifically, nylon mesh
was stretched tightly over a hoop formed by removing the base from a 35 mm Petri
dish, and fixed halfway up a 150 ml beaker, using a plastic tube into which a glass
scintillator was placed. The rising air bubbles caused solution to move upwards,
creating a downward current which passed over the slices (Gibb and Edwards, 1994).
The slices were then allowed to settle at 37˚C for a minimum of 30 min before the
holding chamber was allowed to return to room temperature.

2.4.2 Experimental set-up
2.4.2.1 Imaging system
Experiments were carried out in an imaging chamber with a glass coverslip base
mounted on a BX51WI upright microscope attached to an anti-vibration table. The
microscope was attached to an Olympus Fluoview FV300 imaging system, with HeNe
and multi-argon lasers.
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2.4.2.2 Electrophysiology rig
Axon CV-7B headstages were mounted onto Scientifica Starlab manipulators and fed
into an Axon Multiclamp 700A amplifier, and then to an Axon digidata (1322A).
Stimulation was carried out using a Grass SD 9 stimulator.

2.4.3 Stimulating Schaffer collaterals in hippocampal slices

Figure 2.5 Producing a field excitatory postsynaptic potential in CA1 of a
hippocampal slice
A) Schematic of bipolar tungsten stimulating electode. B) Diagram of platinum harp
used to hold hippocampal slice in place for experiments. C) Cartoon showing
placement of stimulating and recording electrodes in hippocampal slice. D) Example
brightfield image of slice with stimulating electrode (left – blue) and recording electrode
(right – green) in place. E) Representative fEPSP response with characteristic features
labelled.
Images A & B from Marra et al. (2014).
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Hippocampal slices were placed in the experimental chamber and held in place with a
platinum harp with nylon strings attached with superglue (Fig.2.5.B) and allowed to
acclimatise for 15 min. The system was perfused with ACSF at a rate of 3 ml/min. All
experiments were carried out at room temperature unless otherwise stated. We found
that conducting experiments at 35˚C reduced the lifespan of the slice and caused
unacceptable drifts in the plane of focus.
A bipolar stimulating electrode was constructed by placing two tungsten wires of 0.075
mm thickness in each compartment of a theta glass capillary, then elongating the tip in
a Bunsen burner until the wires were ~0.2 mm apart and sealed within the capillary.
The platinum wires were then attached to a Grass stimulator using suitable wires
(Fig.2.5.A).
The tip of the stimulating electrode was then placed across the stratum radiatum at the
CA2/CA3 boundary. A glass electrode (Harvard apparatus, GF150F-10) was pulled on
a Narishige PC-10 vertical electrode puller to give a resistance of 3-5 MΩ, measured in
the Axon Multiclamp software. The electrode was then filled with ACSF. The tip of the
recording electrode was placed ~50 µm below the surface of the stratum radiatum of
CA1. A series of pulses of 5-10 V, 2 ms duration at 0.03 Hz were delivered to test
whether successful activation of Schaffer collateral synapses was achieved (Fig.2.5.C,
D). When a trace was obtained that showed a field excitatory postsynaptic potential
(fEPSP), it was concluded that a successful stimulation of synapses had been achieved
(Bortolotto et al., 2001). Good response traces were characterised by a stimulus
artefact, a fibre volley and a large deflection in voltage which corresponds to a
compound response from all synapses activated by the pulse. This was typically
between 0.5-2 mV (Fig.2.5.E).
To calibrate the stimulation, increasing voltage steps were applied to the slice, and the
amplitude and slope of the fEPSP were measured using Clampfit Software (Axon
Instruments). A stimulus voltage was selected which elicited a response from the tissue
which was slightly submaximal. This was used for experiments conducted on this slice.
2.4.3.1 Electrophysiology trace analysis
Compound synaptic responses were recorded using Clampex 10.3 and analysed in
Clampfit 10.3 (Axon Instruments). Values for the maximum amplitude of the fEPSP
response and the time to the peak of the response were obtained using the software’s
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‘statistics’ function. These were used to calculate the slope of the response. Figures
depicting electrophysiology results were high pass filtered with a Gaussian filter at 1000
Hz.

2.4.4 FM dye labelling in hippocampal slices
To prevent propagation of signal and spontaneous signal generation in the slice, 50 µM
CNQX and 20 µM AP-5 were added to the ACSF perfusion system running at 3 ml/min.
The size of the fEPSP was checked at regular intervals until it was no longer visible. At
this point the blockers were considered to have taken effect and experiments
commenced.
In order to carry out fluorescence labelling of the healthiest parts of the slice, it was
necessary to use a pressure injection system (Picospritzer, Parker) to apply the dye
locally. In experiments where loading with FM dye was to occur, the solution of the
recording electrode contained 20 µM FM-1-43FX (or 1:100 antibody concentration, as
appropriate) in ACSF. Using a 60x 1.0NA dipping objective, we located the tip of the
recording electrode and observed it under polarised light through an infrared filter.
Observation was continued for a few seconds following the activation of the Picospritzer
until the stream of dye could be seen being applied to the tissue. This is in order to
verify that the pipette is not blocked and there has been no mechanical failure in
applying the dye.
We used the Picospritzer at a pressure of 1.5 psi to eject the dye from the pipette into
the slice. In each case, this was done for 3 min prior to stimulation to induce recycling to
ensure that the area was saturated with the probe. After this application, a loading
protocol of either 1200 AP/10 Hz or 40 AP/20 Hz was applied at the voltage determined
by testing in the previous step. During this time the dye was continuously ejected into
the tissue. Following the completion of the stimulation protocol, the application of dye
into the tissue continued for 2 min to ensure that all recycling was completed.

2.4.5 Measuring fluorescence levels of native terminals
Imaging of fluorescent probes in labelled presynaptic terminals was performed using an
Olympus BX51WI microscope and a FV-300 confocal system (Olympus, UK). FM 143FX was imaged using a 488 nm Argon laser and a 520/10 emission. Oyster and
CypHer antibodies were imaged using a He/Ne laser with 609/54 and 692/40 emission
filter sets respectively.
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The microscope was focused on the tip of the electrode and the plane of focus was
raised towards the top of the slice until the surface was identified. The surface of the
slice typically exhibited large numbers of unstained cell bodies with high levels of
background fluorescence. Regions 10-20 µm below the surface with numerous bright
punctae – presumed to represent functional synapses – were then selected for imaging.
Using an appropriate look-up table, the level of the PMT and laser power were adjusted
so the punctae visible in the region selected for imaging did not reach the maximum
level of intensity saturation. The region of interest was clipped to a region that could be
imaged in <2 s at 1028x1028 resolution. Time lapse images were taken of each sample
at a rate of 1 Hz.
2.4.5.1 Determining calcium dependence of experiments
Experiments using calcium free ACSF were carried out to verify that this response was
due to calcium-dependent neurotransmitter release, and also to verify that the loading
described above was calcium dependent. In this step, following the verification of a
response, calcium-free ACSF was applied via the perfusion system at 3 ml/min. The
response was tested until no response from the tissue was visible. The experiment was
conducted as described above using calcium-free ASCF in place of normal ACSF.
Following the conclusion of the experiment, the perfusion was switched for one of
normal ACSF and left until the response returned.

2.4.6 Analysing fluorescence data
ImageJ software was used to analyse the data collected from fluorescence
experiments. Image stacks were opened in ImageJ and regions of interest of uniform
size were selected according to desired criteria (e.g. responsive punctae representing
synapses), and the mean grey values for these regions in each image in the stack was
extracted. Areas containing little to no fluorescence were used as backgrounds for
comparison.

2.5 Ultrastructural studies of recycling vesicles
Table 2.7
Product
25% Glutaraldehyde
16% Formaldehyde
Diaminobenzidine (DAB)

Product Code
AGR1312
AGR1026
4170

Company
Agar Scientific
Agar Scientific
Kem-En-Tec
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Sodium Cacodylate
Oxoid Phosphate
Buffered Saline (PBS)
Tablets
Osmium Tetroxide

AGR1104
BR0014

Agar Scientific
Thermo Scientific

O012

Potassium Ferrocyanide
Uranyl Acetate
TAAB 812

455989
AGR1260A
TO23

DDSA

DO27

DMP-30

DO32

NBA

MO11

Propylene Oxide

AGR1080

TAAB Laboratories
Equipment
Sigma-Aldrich
Agar Scientific
TAAB Laboratories
Equipment
TAAB Laboratories
Equipment
TAAB Laboratories
Equipment
TAAB Laboratories
Equipment
Agar Scientific

Table 2.8
Solution
Ammonium
Chloride
Phosphate
Buffered Saline
(PBS)
Glycine
DAB

Fixative
Cacodylate Buffer
Uranyl Acetate

EPON Resin

Composition
100 mM ammonium
chloride in PBS
160 mM NaCl, 3 mM
KCl, 8 mM NaH2PO4,
1 mM KH2PO4
(tablets made up as
directed)
100 mM glycine in
PBS
1 mg/ml in PBS. Keep
away from light,
sonicate for 30 min,
and filter before use.
6% glutaraldehyde,
2% formaldehyde in
PBS
0.1 M sodium
cacodylate, pH 7.4
with HCl
4% uranyl acetate in
70% ethanol. Vortex
for 5 min and filter
before use.
TAAB 812, MNA,
DDSA and DMP-30 in
a 24:16.5:9.5:1 ratio
respectively

Storage
4˚C
Room temperature

4˚C
N/A

Usage Temp
Room
temperature
Room
temperature

Room
temperature
Room
temperature

Room
temperature

Room
temperature

4˚C

Room
temperature

N/A

Room
temperature

4°C (for 48 h max)

Room
temperature
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2.5.1 Calibrating microwave for rapid fixation
For rapid fixation it is essential that the temperature of the sample is raised to 50-55°C
(Login et al., 1998). In order to absorb reflective radiation and provide uniform fixation of
the sample, a 200 ml beaker filled with room temperature water was placed in the
corner of a conventional microwave oven and the microwave was run with the power at
700W until the temperature of the beaker reached 40-45°C. In our system, this process
took 30 s. The time taken to raise 4 ml of fixative to 50-55°C when placed in the centre
of the microwave was then determined using an electronic temperature probe. In our
system this was 12 s. This was then used for all fixation experiments.

2.5.2 Microwave enhanced fixation
Because of the requirement of preserving the fluorescent signal of FM dye and the
structural arrangement of the vesicles, a rapid method of fixation was required.
Samples were transferred in ACSF and CNQX+ AP5 to a 35 mm Petri dish with a
plastic ring in the centre and held in place with a glass harp and placed in 4 ml of 37°C
fixative solution. A 200 ml water load was then heated for 30 s. The central island of the
microwave was covered with an upturned Petri dish. The fixative solution was then
replaced with a fresh 4 ml of 37°C fixative solution and the Petri dish was placed on the
central island and the sample was irradiated for 12 s. The fixative solution was disposed
of appropriately and the sample was rinsed three times in PBS.

2.5.3 Photoconversion of DAB
Fluorescent dyes can be used to catalyse the photoconversion of DAB to an electrondense product (Sandell and Masland, 1988). Fixed samples were then placed into a
100 mM solution of glycine in PBS in order to quench the free aldehyde groups, washed
three times in PBS, and then placed into an 100 mM ammonium chloride solution also
to bind and block aldehyde groups, and then washed five times in PBS, leaving 10 min
between washes.
The samples were then put into a 1 mg/ml solution of DAB in PBS, which was then
bubbled with 95% O2 / 5% CO2 for 10 min. The DAB was then refreshed, the bubbling
continued, and the region in which the FM dye was injected was identified under the
microscope using a dedicated x50 NA 0.8 water immersion objective, with objective
power density of ~1500 mW/cm2.. After focusing the objective on the top of the slice at
this region, the sample was illuminated at <500 nm from a 100 W Mercury lamp.
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When the photoconversion process was complete, a dark black spot was visible in in
the region which was exposed to the fluorescent light. The sample was checked every 5
min from the start of photoconversion until the point that this state was reached.
Following photoconversion the slice was washed in PBS and marked so that the
photoconverted region could be identified later.

2.5.4 Preparation for conventional electron microscopy
Slices were placed in cacodylate buffer. Samples were placed in 1.5% potassium
ferrocyanide,1% osmium tetroxide and 0.1 M cacodylate buffer for 1 h. The sample was
then washed five times in cacodylate buffer, with 10 min intervals between washes. The
sample was then placed in to 1% osmium tetroxide in 0.1 M cacodylate buffer for a
further hour. The sample was again put through a series of 5 x 10 min washes in
cacodylate buffer, and one in 50% ethanol. Samples underwent en-bloc staining with
4% uranyl acetate in 70% ethanol for 1 h.
To prepare the sample for embedding, the hippocampal section was then moved
through the following series of alcohols, spending 20 min in each, with the solution
refreshed after 10 min: 75% ethanol, 90% ethanol, 95% ethanol, 100% ethanol.
Using blunt forceps and a scalpel blade, the sample was then transferred into a foil dish
containing a 1:1 mix of EPON resin and propylene oxide. Using the blunt forceps, the
sample was gently held at the bottom of the dish until penetration of the tissue was
sufficient to prevent it from immediately floating to the top. Samples remained in this
solution overnight.
Samples were then placed into EPON resin for 24 h, with the resin being refreshed
twice in this time. Following complete impregnation with EPON resin, the sample was
placed in to the lid of a BEEM capsule, and pressed flat. At this point, it was ensured
that the photoconverted region was ‘face down’ into the lid of the capsule. The capsule
was then filled with EPON resin and left to harden for 48 h at 60°C.
When the resin had polymerised, the photoconverted region of interest was identified
both visually and using the photos taken at the time of photoconversion. This region
was then marked with a scalpel so it could be located for sectioning.
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2.5.5 Ultrathin serial sections
The EPON capsule containing the sample was mounted onto a Leica Ultracut
ultramicrotome. A single-edged razor blade was used to trim excess resin from around
the scored region containing the photoconverted area of the slice. The sample was
aligned to the blade of a diamond knife, and 70 nm sections were produced. These
were collected in the waterboat attached to the knife, and placed onto 300 mesh thin
bar nickel grids (Agar Scientific, AGG2740N).

2.5.6 Image acquisition
Images were obtained using a Gatan Ultrascan 1000CCD camera, mounted axially on
the TEM. Images were obtained at 8000-12000x magnification, depending on their
intended use.

2.5.7 Analysis
The images obtained from the electron microscope were annotated and prepared for
analysis using Xara Designer Pro (Xara Ltd, UK).
Spatial data was extracted from EM images using Reconstruct software (Fiala, 2005).
This allowed us to obtain calibrated absolute distances between features inside
synaptic terminals. It can also provide coordinates of the centres of features to allow
information about the arrangement of these vesicles to be extracted. Reconstruct
software was also used to create 3D reconstructions of serial sections.
2.5.7.1 Density maps in MATLAB
In order to provide an alternative visual representation of the distribution of synaptic
vesicles within the terminals, density plots of vesicle locations were produced. To do
this, a custom-written script for MATLAB was used (supplied by Prof K Staras).
This involved extracting coordinate data of the centre of vesicles and the centre of
active zones from ImageJ software, and using it to generate a plot of the location of
vesicles. This plot was then normalised with respect to the furthest vesicle in lateral and
dorsal directions to produce a rectangular profile for each cluster. This was done in
order to allow synapses of different sizes to be compared. This normalised plot was
then reflected bilaterally in order to remove any influence of x axis distribution, which is
entirely an artefact of imaging.
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Individual plots from every synapse used were then collated to form a single plot, which
was used to generate a density map. This was then smoothed using ImageJ, and a
look-up table was applied (summarised in Fig.2.6).

Figure 2.6 Producing density plots using MATLAB
A) In 2D images of synapses, the centre of the active zone was marked, and all
vesicles were marked as either recycling or non-recycling. These key features were

76
then marked in Reconstruct and coordinates of the positions of these features were
generated. B) These were generated as plots in MATLAB. They were then normalised
to the furthest point from the active zone, and the information regarding which side of
the active zone the vesicle occurred on was removed. This was then reflected, to
provide a normalised plot of the location of recycling vesicles in a bilateral fashion. C)
This was carried out for all vesicles in a group and then combined into a single plot. A
density map of this plot was then generated using MATLAB. D) Smoothed density
maps were then produced using ImageJ and coloured look-up tables were applied.
Figure generated with assistance from Prof K Staras.

2.6 Preparation of samples for FIBSEM electron microscopy
Table 2.9
Product

Product Code

Company

Osmium Tetroxide

O012

TAAB Laboratories
Equipment

Potassium Ferrocyanide

455989

Sigma-Aldrich

Uranyl Acetate

AGR1260A

Agar Scientific

Thiocarbohydrazide(TCH)

88535

Sigma-Aldrich

Acetone

10314930

Fisher Scientific

Durcupan component A

44611

Sigma-Aldrich

Durcupan component B

44612

Sigma-Aldrich

Durcupan component C

44613

Sigma-Aldrich

Durcupan component D

44614

Sigma-Aldrich

Table 2.10
Solution
Cacodylate Buffer

Uranyl Acetate

TCH

Aspartic Acid

Composition
0.15 M sodium
cacodylate, pH 7.4
with HCl, with 2 mM
CaCl2.
1% uranyl acetate in
ddH20. Vortex for 5
min and filter before
use.
1% TCH in ddH2O,
filtered with 0.22 µm
Millipore filter before
use.
0.03 M

Storage
4˚C

Usage Temp
‘Ice cold’

N/A

4°C

N/A

Room
temperature

4°C

60°C
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Lead Aspartate
Durcupan AMC
Resin

20 mM lead nitrate in
0.03 M aspartic acid.
11.4 g Part A, 10 g
Part B, 0.3 g Part C,
0.05-0.1 g Part D.

N/A

60°C

NA

Room
temperature

This protocol was taken directly from Deerinck et al. (2010), picking up at the steps
following the fixation of the tissue. Hippocampal slices were loaded, fixed and
photoconverted as described above. Following completion of the photoconversion
steps, the slices were placed directly into ice cold 0.15 M cacodylate buffer containing 2
mM CaCl2, which was refreshed three times over 15 min. Slices were then placed into
ice cold 1.5% potassium ferrocyanide / 2% osmium tetroxide solution in 0.15 M
cacodylate buffer containing 2 mM CaCl2 for 1 h.
The samples were then washed three times in ddH2O over the course of 15 min. The
sample was then placed into a 1% TCH solution for 20 min. The washing step was then
repeated. The sample was placed in 2% osmium tetroxide for 30 min before once again
being washed three times with ddH2O within 15 min. The sample was then refrigerated
in 1% uranyl acetate solution overnight.
The sample was once again washed three times over the course of 15 min with H2O. It
was then incubated at 60°C in lead aspartate for 30 min; after this, the washing step
was repeated.
The hippocampal section was then dehydrated using the following series of ice-cold
ethanol solutions, spending 5 min in each solution before being moved to the next
concentration: 20%, 50%, 70%, 90%, 100%. The sample was then transferred to icecold 100% anhydrous ethanol which was then allowed to warm to room temperature for
10 min before being refreshed with room temperature anhydrous ethanol.
The hippocampal section was then transferred to 25%, 50% and 75% durcupan /
acetone solutions, spending 2 h in each. The sample was then placed in 100%
durcupan resin and left overnight. The following day, the durcupan was refreshed 2 h
prior to the sample being mounted in a BEEM capsule as described above.
The region of interest was identified on the sample and scored using a scalpel blade.
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2.6.1 Analysis
The resulting stack of images was analysed by identifying recycling vesicles and
mapping their positions and the positions of the active zones using Trak2EM for FIJI, a
modified version of ImageJ. Coordinates for the positions of vesicles relative to the
centre of the active zone were extracted from Trak2EM.
Using
=

a

variant

of

Pythagoras’

theorem

adapted

for

three

dimensions

( 1 − 2) +( 1 − 2) + ( 1 − 2) , we calculated the distance between each

vesicle and all other vesicles of its classification, and the distance between each vesicle
and its nearest active zone.

2.7 Statistics
Typically, values shown are the mean value of a group, ± standard error of the mean.
When comparing two groups, a two-tailed unpaired Student’s t-test for unequal variance
is performed unless stated otherwise.
For more than two groups, typically a one-way ordinary ANOVA was carried out to
determine whether there was a significant difference between groups. If significant
differences existed, groups were compared using Student’s t-test.

2.8 Collaborators
Non-serial sections were produced by Dr JR Thorpe. Serial sections were produced by
Dr JJ Burden.
Although I prepared FIBSEM samples according to the protocol outlined, the sample
used for analysis was produced by Dr V Marra. Prof M Hausser and colleagues ran the
FIBSEM dataset collection.
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Chapter 3: Fundamental properties
of presynaptic terminals in culture
and acute slice
3.1 Introduction
Chemical synapses are the key sites for information transmission in the central nervous
system. Each synapse is comprised of two principal components, a presynaptic and a
postsynaptic terminal. Presynaptic terminals can primarily be characterised by the
presence of a large cluster of synaptic vesicles, each containing neurotransmitter,
organised close to a release site on the membrane (Palay, 1956). The postsynaptic
region contains the receptors and machinery necessary for signal propagation, and can
be identified chiefly by its position, closely apposed to the active zone, and by the
presence of a postsynaptic density, an array of proteins associated with the receptors
(Ziff, 1997). A key feature of synapses is that the strength of signalling is both variable
and adjustable in response to changing functional requirements; this operational
flexibility provides the nervous system with powerful information-processing capacity.
Factors that contribute to basal synaptic strength, and the substrates that support
changes in operation, are of key interest in contemporary neuroscience, but still remain
poorly defined.
Studies on the ability of the postsynaptic terminal modulated synaptic response have a
much longer history than studies in of presynaptic terminals. In addition to electron
microscopy and other image-based methods of determining the properties of the
postsynaptic

terminals,

the

susceptibility

of

the

postsynaptic

neuron

to

electrophysiological study provided scientists with a method of obtaining a detailed,
real-time readout of the activity of a synapse; through pharmacological agents, a great
deal of information about the causes and effects of neuronal activation could be
determined. This was more difficult in presynaptic terminals. For example, capacitance
readings can be used to measure the exocytosis through vesicle fusion in uniquely
large synapses, such as the calyx of Held (Leao and von Gersdorff, 2009); however
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central terminals are typically <500 nm in size, making this approach impractical. Using
a method known as ‘continuous amperometry’, the release of neurotransmitter can be
measured directly using a carbon fibre electrode; however, this must be calibrated to
the specific neurotransmitter, making it impractical for more generalised studies of
synaptic vesicles (Gonon et al., 1993).
In the last two decades it has become much easier to study presynaptic terminals,
thanks to the development of an array of different sensitive imaging systems and
synaptic reporters. Genetically engineered presynaptic probes, fluorescent stains, and
nano-engineered reporters now offer direct readouts of presynaptic events, leading to a
growing fundamental understanding of basal presynaptic operation, regulation,
plasticity, and disease-related dysfunction.
One key determinant of transmission strength, and therefore a significant target for
study, is the synaptic vesicles themselves. Although vesicles appear anatomically
similar (Alabi and Tsien, 2012), they are known to be divided into functionally distinct
sub-populations, or ‘pools’, which are differentially recruited by specific patterns of
synaptic activation. These pools are important concepts in understanding the properties
of synaptic transmission and have been the focus of much study in recent years.
Functionally defined pools that have been defined and characterised include a recycling
pool, responsible for the majority of the terminal’s activity (Schikorski and Stevens,
1997, Harris and Sultan, 1995), a readily releasable pool which corresponds to the
vesicles that first respond to activity (Rosenmund and Stevens, 1996, Schikorski and
Stevens, 2001), and a synapse spanning superpool (Darcy et al., 2006a, Staras et al.,
2010). This work has also included efforts to characterise features of vesicle recycling
and fusion (Ariel and Ryan, 2010, Granseth and Lagnado, 2008, Ryan et al., 1996), and
the mechanisms that underlie these properties.
In spite of this significant progress in understanding the characteristics of vesicle pools,
most studies are based on primary cultured neurons. These preparations have been
harnessed because they offer distinct advantages for such research. For example, they
are more-or-less two-dimensional and so offer significant benefits for imaging work.
Moreover, they can be easily accessed for the introduction of fluorescence markers and
pharmacological

agents

and

for

electrophysiological

manipulation

(e.g.

field

stimulation). In addition, introduction of genetically-encoded cDNA reporters, using
transfection or viral constructs, is straightforward and conveniently allows expression of
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the protein of interest within the development period of the culture. However, inevitably,
the conclusions drawn from these studies must be treated with caution, since they likely
include artefacts related to the reconstituted circuits from which they are derived. As
such, the relevance of these findings for circuits in intact nervous system remains
unclear. Without doubt, similar information from acutely-derived brain tissue, where
neurons

remained

connected

in

native

networks,

and

with

locally-relevant

cytoarchitecture, would offer significant new insights for understanding fundamental
synaptic operation. However, to date, with very few exceptions, there is little available
information regarding synaptic function in native preparations. The objective of this
chapter is to develop a methodology that addresses this knowledge shortfall by
providing the means to label selectively functional vesicle pools in acute hippocampal
tissue slices. The longer-term aim is to use this method in conjunction with
ultrastructural approaches to provide information about how functional pools are
structurally organised, and the relevance of these properties as potential substrates for
supporting flexible synaptic operation.
This chapter is organised as follows. The initial section establishes conventional
approaches based on optical imaging probes in cultured neurons, in particular using the
styryl dye FM1-43 and antibody-based probes such as SytI-Oyster. These experiments
provide an important baseline in dissociated neurons for the use of similar approaches
in native brain tissue. Subsequently, the chapter outlines the development of an acute
brain slice preparation whereby functional labelling of synaptic terminals can be readily
achieved, characterises the key properties of these terminals, and includes a
comparative study of these findings and the culture work. The wider objective of the
development of this approach is to harness the same functional readout ultrastructurally
in subsequent chapters.

3.2 Fluorescence readout of recycling vesicle properties in
cultured hippocampal neurons
3.2.1 Establishing dissociated hippocampal cultures
As outlined above, a key first step was to establish optical readouts of synaptic function
in culture as the basis for development of the use of similar approaches in hippocampal
slice preparations. We prepared hippocampal neurons derived from p0 rat pups, using
a variant of the established method first described by Banker and colleagues (Banker
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and Cowan, 1977). This was a two-step culturing protocol, whereby astrocytes were
first plated onto poly-d-lysine coated coverslips to form a feeder layer, and then neurons
were plated onto the astrocytes to provide the best conditions to support robust
development. This two-step plating approach allowed for much more robust and healthy
neurons than co-plating of neurons and glia (unpublished pilot experiments in the lab)
(Fig.3.1.A). To promote strong astrocyte growth in the initial, astrocyte-only phase, we
used culture media which included 10% FBS (Ye and Sontheimer, 1998). After 5 d,
when neurons were plated onto this astrocyte feeder later, we reduced the FBS
concentration to 2% to encourage neuronal growth and to limit further astrocyte
proliferation. Additionally, we used 0.6 µM cytosine arabinoside (ara-C), a DNA
synthesis inhibitor, to restrict further astrocyte development. Throughout the culturing
period, neurons were kept in an incubator at 37°C in 5% CO2. Cultures were typically
maintained for ~14 d, to allow the growth of mature networks and synaptic connections
(Grabrucker et al., 2009). After this point, it was possible to see defined networks of
inter-connected neurons (Fig.3.1.B).

Figure 3.1 Culture and stimulation of hippocampal neurons
A) Cultured hippocampal neurons, DIC imaged using the 10x objective. Scale bar
indicates 100 µm. B) Region indicated by the red square in A) was imaged using the
60x objective. Scale bar represents 20 µm. C) A cartoon and photograph of the custombuilt stimulation chamber. A coverslip is placed between two parallel platinum
electrodes, placed ~10 mm apart, and the wires are attached to a Grass stimulator.
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3.2.2 Establishing conditions for effective synaptic activation
An experiment involved the transfer of a coverslip from the incubator to a custom
designed imaging chamber (shown in Fig.3.1.C) with parallel platinum electrodes for
field stimulation. This chamber was placed on an upright microscope setup, with a
dipping objective designed for simultaneous time lapse imaging and electrical
stimulation. Recent advances in imaging probes offer a variety of possible reporters
which are highly suitable for this calibration experiment. One such example is Oregon
Green™ 488 BAPTA (OGB), a membrane-permeable probe which displays a 14-fold
increase in fluorescence upon binding with calcium (Paredes et al., 2008). This makes it
an accurate probe to measure Ca2+ increases, which can be used to confirm that a
synaptic response is being generated by the stimulus delivered to the tissue.
Coverslips grown with neuronal cultures were placed in conditioned neuronal media
(see Table 2.2) containing 12 µM of OGB and incubated for 2 h at 37°C in 5% CO2.
Following this, coverslips were placed into the holding chamber described above, and
washed with 37°C EBS, and placed into EBS. A region containing visibly labelled
processes was selected (Fig.3.2.A).
In order to identify synaptic regions successfully, we had to use an additional probe.
sytIOyster550 is a red fluorescent marker attached to an antibody raised against the
lumenal domain of the synaptic vesicle protein, synaptotagmin. Synaptotagmin is a
transmembrane calcium binding protein that plays a key role in exocytosis (Sudhof and
Rizo, 1996). Coverslips were placed into a 1:100 solution of sytIOyster550 in EBS, and
exposed to a 1200 AP/10 Hz stimulus. The sample was allowed 60 s to complete
recycling (Ryan et al., 1996), before once again being washed in EBS and finally placed
into EBS containing 20 µM of the AMPAR blocker CNQX, and 50 µM of the NMDAR
blocker AP-5. These blockers were used to prevent recurrent firing of neurons, and to
ensure that activity seen was induced by the stimulus and was primarily presynaptic.
The application of sytIOyster550 in the presence of a stimulus led to functional
terminals being labelled. These appeared as discrete red fluorescent punctae along
processes, representing synapses. These were used to select regions of interest in
which we could measure the levels of OGB fluorescence.
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A 9 AP/10 Hz stimulus was applied with each of the following voltages: 0 V, 5 V, 10 V,
15 V, 20 V, 25 V, 30 V. As the dye was not eliminated from the process, multiple
regions from the same coverslip could be used. During the application of the stimulus,
the region was imaged at a frame rate of 1 frame per 81 ms using a cooled CCD
camera, operating at -77°C. During the stimulation period, the fluorescence of the
process increased, and then decreased again following the cessation of the stimulus
(Fig.3.2.B). We measured the fluorescence levels of OGB over time of these regions
before, during, and after the 9 AP stimulus.
There was no significant difference in fluorescence between when no stimulus was
applied (0 V) and when a stimulus of 5 V (n=468 synapses from 4 coverslips, Student’s
t-test for unequal variance, not significant, p=0.372) or 10 V (n=468 synapses from 4
coverslips, Student’s t-test for unequal variance, not significant, p=0.826) was applied.
When the stimulus voltage was increased to 15 V, there was a sharp rise in
fluorescence to a level significantly different from the baseline, and then a slow
decrease in fluorescence (n=494 synapses from 4 coverslips, Student’s t-test for
unequal variance, p=<0.002), showing this is the minimum voltage at which the
chamber elicits a response which can be detected with this probe. When the stimulus
voltage was increased from 15 to 20 V, there was a further significant increase in the
levels of fluorescence displayed (n=494 synapses from 4 coverslips, Student’s t-test for
unequal variance, p=<0.002). At this point, an increase in voltage ceased to produce a
significant increase in fluorescence level. There was no significant increase in
fluorescence between 20 V and 25 V (n=494 synapses from 4 coverslips, Student’s ttest for unequal variance, not significant, p=0.113), or between 25 V and 30 V (n=494
synapses from 4 coverslips, Student’s t-test for unequal variance, not significant,
p=0.253). Because of this, 20 V was identified as a submaximal stimulus voltage and
was used for all future experiments (Fig.3.2.D).
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Figure 3.2 Calibrating tissue culture stimulation chamber)
A) Hippocampal neuronal cultures were incubated for 2 h in a 12 µM solution of
membrane permeable Oregon Green BAPTA, in neuronal media. The cultures were
then washed in EBS and loaded with 1:100 sytIOyster550. B) OGB displays an
increase in fluorescence in response to calcium influx, caused by stimulus. C) Sample
normalised fluorescence response of region to varied stimulus voltages. D) Stimuli at 010 V caused no significant difference in fluorescence (n=468 synapses from 4
coverslips, Student’s t-test for unequal variance, not significant, 0 V-5 V, p=0.372, 0 V10 V, p=0.826). However, there was a significant rise in fluorescence when a 15 V
stimulus was applied (n=494 synapses from 4 coverslips, Student’s t-test for unequal
variance, p=<0.002), and further when the stimulus voltage was increased from 15-20 V
(n=494 synapses from 4 coverslips, Student’s t-test for unequal variance, p=<0.002).
There was no significant increase between 20 V and 25 V (n=494 synapses from 4
coverslips, Student’s t-test for unequal variance, not significant, p=0.113), or between
25 V and 30 V (n=494 synapses from 4 coverslips, Student’s t-test for unequal
variance, not significant, p=0.253). Accordingly, 20 V was selected as a stimulus
voltage. Cultures provided by Ms MM Wagner, who also assisted with high frequency
imaging.

3.2.3 FM dye labelling of hippocampal synapses in culture
Having established the basic conditions for neuronal activation in our cultures, we next
set out to label dissociated neurons with FM 1-43, a styryl dye that has been widely
used as a reporter of synaptic vesicle turnover (Ariel and Ryan, 2010, Betz and Bewick,
1992, Betz et al., 1992b, Betz et al., 1996, Darcy et al., 2006b, Moulder and Mennerick,
2005, Darcy et al., 2006a). The mechanism of action of FM dyes is outlined at length in
the introduction: they work by binding to the extracellular leaflet of the presynaptic
membrane and being taken up into the lumenal surface of the vesicle membrane during
endocytosis (see Fig.3.3.A for schematic). After extensive washing of the extracellular
membrane, punctate staining corresponds to individual synapses containing recently
dye-labelled vesicles (example shown in Fig.3.3.C).
We carried out FM dye labelling using 14-21 DIV cultured hippocampal neurons,
prepared as described in section 3.2.1. The coverslip with cultured neurons was placed
into the stimulation chamber containing extracellular bath solution (EBS) and 10 µM FM
1-43 dye. The EBS also contained 20 µM CNQX and 50 µM AP-5 to prevent recurrent
excitation of the network. For dye loading, the culture was field stimulated with 20 Hz,
1200 AP (60 s duration). This is an established loading stimulation protocol, widely
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used for hippocampal cell culture experiments, which is employed as a saturating
stimulus, and likely to recruit all functional vesicles in the synapse (Harata et al., 2001,
Ryan and Smith, 1995). After a further period of 60 s to allow the completion of
endocytosis, the coverslip was washed extensively for ~10 min with fresh, dye-free,
EBS (protocol summarised in Fig.3.3.B). After labelling and washing, synapses were
imaged on an upright microscope using an EM-CCD camera with an excitation filter
480/30, and a 530/30 emission filter. A typical example of labelling for this experiment is
shown in Fig.3.3.C. In a bright field image, the soma and neuronal processes are
readily observed. The image in fluorescence is characterised by the same structures,
but now with clear punctate staining, approximately 500-1000 nm in diameter,
presumably corresponding to the labelling of individual functional synaptic punctae.

Figure 3.3 Activity dependent labelling of cultured neurons with styryl dye
A) Schematic of the mechanism for labelling of recycling vesicles using FM 1-43. FM 143 embeds into the exterior membrane of the synapse, and consequently is contained
within the lumen of the vesicle following endocytosis. Remaining external dye can be
removed by washing steps. B) Schematic of the protocol for labelling hippocampal
neurons with FM 1-43. Neurons are stimulated to activity in the presence of FM 1-43,
washed with EBS containing CNQX and AP-5, and then imaged.
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3.2.4 Assaying ongoing synaptic function using FM 1-43 dye
destaining
A key characteristic and major benefit of styryl dye labelling experiments is that, in
addition to their usefulness for functional synaptic labelling, they also provide a means
to assay the ongoing functionality of a terminal. The rationale for this is that a dyelabelled terminal actually comprises a population of recently recycled, dye-filled
vesicles. As such, a further round of stimulation can evoke their activity-evoked fusion.
Since there is now little or no dye in the extracellular solution, the internalised FM dye
molecules rapidly departition from the vesicle membrane as it comes to the extracellular
surface. In this way, FM dyes provide a sensitive readout of vesicle exocytosis as a
function of dye loss at a labelled synapse (described as a schematic in Fig.3.4.A).
To test this functional readout directly in our cultures, synapses were FM dye labelled
as above. For destaining, we set up a time lapse imaging experiment (every 2 s) and,
after collecting four baseline images, we stimulated at either 10 Hz or 20 Hz whilst
continuing imaging. The fluorescent punctae, described above, had stable fluorescence
levels prior to the application of the synapse, at which point they underwent rapid dye
loss (Fig.3.4.B). When the fluorescence levels over time in these punctae were
measured using ImageJ software, they produced a profile showing a plateau followed
by an exponential decay curve, the beginning of which coincided with the beginning of
the stimulus (Fig.3.4.C). There was a range in the profiles of dye release within
samples, demonstrating heterogeneous rates of synaptic activity within the population
(Fig.3.4.D).
Further evidence that FM dye release is a good readout of synaptic function is the
frequency dependence of the rate of dye loss. We compared the mean normalised dye
loss curves from samples which were exposed to a 10 Hz destain stimulus to those
exposed to a 20 Hz destain stimulus. The 10 Hz stimulus resulted in dye loss with a
time constant (τ) value of 52.58 ± 3.6 s, and the 20 Hz stimulus caused a destain with a
time constant of 35.84 ± 7.39 s. These values were significantly different, with the 20 Hz
punctae showing a much steeper destain curve (10 Hz, n=107 synapses from 3
coverslips, 20 Hz, n=43 synapses from 2 coverslips, Student’s t-test for unequal
variance, p=<0.05). We then calculated the time constant tau values of the destain
curves generated by fluorescence loss from punctae in each of the two groups. These
values were significantly smaller, signifying a faster rate in samples destained using the
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higher frequency stimulus (10 Hz, n=107 synapses from 3 coverslips, 20 Hz, n=43
synapses from 2 coverslips, Student’s t-test for unequal variance, p=<0.05).
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Figure 3.4 Visual assay of synaptic recycling in hippocampal cultures
A) Schematic of mechanism of FM dye release: vesicles which were labelled with FM
1-43 during the loading stimulus application release the dye into the synaptic cleft
when the fusion pore opens the lumen of the vesicle to the intracellular environment
upon the application of a further stimulus. B) Upon stimulation the FM dye is released
by vesicles and washed out of the membranes, causing a decrease in fluorescence. C)
Fluorescence levels can be measured through time lapse imaging and produce an
exponential decay curve. D) The FM dye destain rates of these curves are
heterogeneous within samples, displaying different rates. E) Average fluorescence loss
over time curves for cultures destained using a 10 Hz (τ=52.58 ± 3.6 s), or 20 Hz
stimulus (τ=35.84 ± 7.39 s). These curves were normalised against both fluorescence
levels at the point of stimulation, and the levels remaining at the end of imaging.
Exponential decay curves shown. These are significantly different (10 Hz, n=107
synapses from 3 coverslips, 20 Hz, n=43 synapses from 2 coverslips, Student’s t-test
for unequal variance, p=<0.05) (green – 20 Hz, grey – 10 Hz). F) Cumulative
distribution curves of time constant tau values. These values were significantly smaller,
signifying a faster rate, in samples destained using the higher frequency stimulus (10
Hz, n=107 synapses from 3 coverslips, 20 Hz, n=43 synapses from 2 coverslips,
Student’s t-test for unequal variance, p=<0.05).

3.2.5 Alternative acutely-applied reporter for monitoring vesicle
recycling
The work so far has verified the usefulness of FM-dye as a reporter for the readout of
functional vesicle recycling and this probe is an important possible option to trial for
activity-driven labelling in acute slice (see section 3.3.7). Along the same lines, we also
wanted to consider other alternative acutely-applied probes that might be relevant for
synaptic labelling in culture, and that may also be applicable and perhaps beneficial in
slice preparations.
It is notable that with the rise in genetically-encoded constructs – which can be
specifically targeted to proteins or other structures in neurons and not contingent on
preceding activity – there has been relatively little effort invested in the development of
probes that can label vesicles directly in the manner of FM dye loading. As such, there
are limited options to consider: for example, recently, Qdots, small (2-10 nm), intensely
fluorescent crystals, which can be attached to a wide variety of proteins in an
immunospecific manner, using a biotinylated-streptavidin complex (Bruchez, 2011).
When attached to vesicular proteins, such as the lumenal domain of the vesicle protein
synaptotagmin1, these provide huge advantages over styryl dyes, in that they are very
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photostable; small enough that their fluorescent signal can be tracked to provide realtime information with regards to the movement of vesicles within terminals; and
exocytosis can be tracked, through the use of an extracellular fluorescence quencher,
such as trypan blue (Park et al., 2012). With such benefits, it may seem a wonder that
they do not seem to dominate the world of synaptic functional studies. This is in part
due to the technical challenges involved with getting sufficient Qdot labelling within
synapses. Park et al. (2012) were able to label only a single vesicle in each bouton from
which they recorded. This magic bullet for linking ultrastructure and function can only
provide us with data from one randomly-selected recycling vesicle per experiment.
Sadly, no other approach yet provides the ability to track specific proteins through
tissue, but the other desirable property of Qdots was more achievable. For our
approach we wanted to combine the photostability of Qdots with the population-labelling
capabilities of styryl dyes.
One alternative which has become available only in the last few years is the use of
commercially-available probes based on fluorescent-conjugated antibody targeted to
the vesicle protein synaptotagmin (discussed briefly in section 3.2.2). This becomes
exposed when the protein moves onto the membrane surface. Analogous to FM dye,
acute application of the tagged antibody during vesicle recycling can lead to selective
labelling of functional vesicles as the probe binds to the protein and is taken up into
vesicles during endocytosis. With extensive washing, residual fluorescent tag on the
plasma membrane surface can be removed and the remaining signal is vesicle-specific.
SytI-Oyster features a highly photostable fluorophore, which is ideal for long-term
studies (e.g. Ratnayaka et al. (2011)).
Prior to their use in the hippocampal slice system, use of this probe was trialled in
cultured neurons. A coverslip was immersed in a 1:100 solution of SytI-Oyster550 and
exposed to a 600 AP/10 Hz stimulus to allow loading. The slice was then washed well
with EBS containing CNQX and AP-5. The sample was then imaged at a rate of 0.5 Hz
using a 556/20 emission filter set. This produced red punctate staining, similar to that
seen with FM 1-43 labelling (Fig.3.5.A). When exposed to a destaining stimulus, the
fluorescent punctae underwent fluorescent dye loss, similar to that seen with FM 1-43
(Fig.3.5.B). However, punctae stained with Sytl-Oyster550 retained 71.34±3.4% of their
fluorescence following destaining (Fig.3.5.C). This lack of fluorescence loss is because
the affinity between the antibody for synaptotagmin I and its corresponding protein is
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much greater than that between FM 1-43 and the membrane. Dyes attached to
immunological probes would be difficult to remove from the membrane, requiring the
applications of solutions at pH 2.5-3.5, which is not suitable for application to living
systems (Li et al., 2007).
This demonstrated that sytIOyster550 has some ability to act as a probe for
demonstrating synaptic vesicle recycling; because of its photostability, it would be a
very useful tool to use for functional studies regarding vesicle mobility in the
hippocampal slice system.

Figure 3.5 Using sytIOyster550 antibodies to provide readouts of synaptic
function
A) Polarised bright field image, and image taken with emission excitations sets 556/20
of a hippocampal culture labelled with SytIOyster550. Punctate staining indicate
functional synapses. Scale bar represents 30 µm. B) A representative synapse
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exhibiting stimulation dependent dye loss. C) Labelled punctae demonstrate a stable
prestimulation fluorescence level, and a stimulus dependent exponential decrease in
fluorescence (n=56 neurons from 1 coverslip).
Image stack provided by Dr JA Ratnayaka.

3.2.6 Acute probes for optical measurement endocytosis timings in
cultured neurons
The most commonly used optical probes for endocytosis in cultured neurons are
synaptopHluorins and sypHy (Granseth and Lagnado, 2008, Royle et al., 2008, Ryan et
al., 1996), but these must be transfected into cell cultures and expressed before they
can be used. This process has a low yield, has unknown effects on the health and
function of the cell, and, crucially, prolonged periods for the proteins to be expressed.
Anti-synaptotagmin CypHer5E is a pH dependent probe attached to an antibody which
binds to the lumenal domain of the synaptotagmin protein. The use of this probe is
important as it provides a read-out of endocytotic function in native terminals, which
cannot otherwise be achieved without the use of organotypic cultures (Halff et al., 2014)
or the use of a strain of genetically modified mice with a tag of synaptopHluorin on the
lumenal domain of vesicle associated membrane protein 2 (VAMP2) (Bozza et al.,
2004, Nicholson-Tomishima and Ryan, 2004). Both of these reduce the physiological
relevance of the results, involving either a prolonged period of growth following
extensive traumatic damage to tissues, or another involving genetic manipulation of
protein expression, which has been shown to reduce the size and dynamics of vesicle
pools (Bozza et al., 2004).
As with sytIOyster550, sytICypHer5E gains entry to the vesicle lumen when the fusion
pore opens during exocytosis, and it binds to synaptotagmin I. When inside the
presynaptic terminal, the interior of a synaptic vesicle is pH ~5.5, at which CypHer5E
fluoresces. When the fusion pore opens and the lumen of the vesicle is in contact with
the extracellular environment, the pH rises to pH 7.4, which quenches the fluorescence.
When endocytosis occurs and the fusion pore closes, vesicles undergo a process of
reacidification, bringing the pH back down to 5.5, which causes the CypHer5E probe to
fluoresce again.
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As described above, we immersed the coverslip in a solution of 1:100 sytICypHer5E in
EBS and exposed it to a 600 AP/10 Hz stimulus. When imaged at this point, bright
fluorescent punctae, indicative of functional synapses, were visible (Fig.3.6.A). Due to
the high level of photobleaching recorded for this probe, time lapse images were taken
every 10 s. Upon application of a 100 AP/10 Hz stimulus, there was a significant
decrease in the levels of fluorescence, after which the fluorescent signal gradually
recovered to levels not significantly different from background levels (n=29 synapses
from 1 culture, Student’s t-test for unequal variation, p=<0.002).
This probe was capable of giving an optical readout of fluorescence in the culture
system and thus was suitable for trial in the hippocampal slice system.
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Figure 3.6 Obtaining an optical readout of endocytosis in cultured neurons
using an acutely applied probe
A) DIC image and image taken using 628/40 emission-excitation filter sets, of a cultured
neuron labelled with sytICypHer5E. Scale bars represent 30 µM. B) Representative
punctae showing dye loss and recovery following a brief period of stimulation. C)
Normalised fluorescence levels of responsive punctae, showing dye loss and recovery
following stimulation (n=29 synapses from 1 culture).
Cypher image stack provided by Dr JA Ratnayaka.
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3.3 Developing FM-dye-labelling in the native slice system
The experiments outlined above established the basic paradigm for FM-dye loading in
cultured neurons. The next aim was to employ the principles of this methodology to
allow activity-driven synaptic labelling in acute hippocampal slices. This permits
exploration of properties of synapses in native cytoarchitecture, but brings with it a
number of technical challenges owing to the nature of the tissue. First, the slice is a
three-dimensional structure such that ready access of FM-dye to a target region of
synapses is made difficult. This is compounded by the fact that the superficial structures
of the slice are a newly-cut surface, comprised of dead material and neuronal structures
which are presumably structurally compromised. For this reason, readout of functional
synapses requires an imaging system which can optically section through tissue.
The simplest possible approach would be to use a population-level stimulation method,
combined with tissue-wide exposure to FM dye in the extracellular solution. This was
the approach used by Staras et al. (2010), and was achieved by placing hippocampal
slices into ACSF containing 40 mM KCl and 10 µM FM 1-43 for a time period of 45 s
and then washing with normal ACSF again. This process required a 30 min washing
procedure with ACSF containing FM dye chelator Advasep-7. The resulting staining
was largely superficial and required the penetrating power of a multiphoton microscope
to reach the levels of optical sectioning required to produce acceptable ratios of signal
to noise fluorescence levels. In this work, a multi-photon microscope was not available,
but there was ready access to a confocal microscope. This made it necessary and
desirable that we should develop a new method allowing for loading using a more
localised and defined stimulation, which would be more analogous to the experiments
described in culture, and that it should allow for FM dye to be applied below the
damaged cutting surface of the slice.
The protocol for this was based on an approach first established by Zakharenko et al.
(2001) and Pyle et al. (1999). The hippocampal slice system certainly provides
advantages, such as physiological relevance and context, but it poses a series of
technological challenges which are not present when using cultured neurons.
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3.3.1

Generating

synaptic
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preparations, and basic calibration
In order to load synapses with FM 1-43, it was first important to establish that we could
effectively stimulate synapses in the hippocampus. An established method of
stimulation and recording in the hippocampus is to stimulate the Schaffer collaterals
(Bortolotto et al., 2001, Schiess et al., 2010, Stanton et al., 2003, Zakharenko et al.,
2003). The Schaffer collaterals are projections from neurons in CA3, which synapse
onto processes in CA1 (Szirmai et al., 2012). To activate these synapses we adapted
the method described by Zakharenko et al. (2001), and produced a bipolar tungsten
electrode and placed it across the stratum lucidum and stratum radiatum at the
CA2/CA3 boundary, then placed a recording electrode with resistance 5-8 MΩ into the
stratum radiatum in CA1 (Fig.3.7.A).
With the stimulating and recording electrodes in place, as shown in Fig.3.7.A, we
delivered a 0.2 ms square wave pulse to the tissue to see if a response could be
detected. If there was no response from the tissue, the recording electrode was
relocated until one could be detected. Following the detection of a response, the tissue
was left for 15 min, to allow the slice to ‘settle’ around the electrode.
A typical response from the tissue consisted of: a stimulus artefact, caused by voltage
which reached the recording electrode non-axonally, i.e. it travelled across the bath
solution and surface of the tissue; a fibre volley, caused by current passing in nearby
axons; and finally, a field excitatory postsynaptic response (Fig.3.7.B). This is formed by
all stimulated synapses proximal to the recording electrode responding simultaneously
(Bortolotto et al., 2001).
The first step was to validate the stimulation used for this work, for which there are a
number of key expectations which it is important to confirm. First, it should be readily
possible to show that this response is voltage dependent. To do this, we applied a
stimulus with a gradually increasing voltage, and recorded the response given by the
tissue. Example responses from the tissue are shown in Fig.3.7.C. The amplitude and
latency of the peak of the fEPSP were also calculated, and these were used to
calculate the slope of the graph. We could use these measures to calibrate our
stimulation. Although the positioning of the electrodes and the distance between the
stimulus and recording electrodes have an effect on the size and time course of the
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response, we found under our conditions that the maximum synaptic recruitment was at
7 V, with 6 V and 5 V still <90% of the maximum. As seen in Fig.3.7.D, 1 V stimulus
was below the threshold required to generate a response; at 2 V, a response was not
reliably generated in all samples, explaining a standard error some 30 times larger than
that of other data points. We used a 5 V stimulus as it was the lowest voltage which
provided a slightly submaximal response.
A second expectation is that responses should be more-or-less stably evoked over
time. This is a key requirement for any experiment dependant on repetitive stimulation.
To test this, we measured the responses given by tissue when we applied 22 x 2 ms
pulses at the 5 V stimulus that we determined above (Fig.3.7.E). When aligned, these
traces showed little variation (Fig.3.7.F), but in order to test whether this was the case
or not, we once again measured the slope of the graph as described above. There was
no significant difference in the variation of the responses given over multiple samples
(n=5 slices, ordinary one way ANOVA, not significant, p=0.99) or between the
responses (n=18 responses from 5 slices, repeated measures one way ANOVA, not
significant, p=0.98). This provides strong evidence to show that our approach permits a
stable response from the tissue over time.
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Figure 3.7 Establishing a robust synaptic response from the hippocampal
slice system and basic calibration of stimulus
A) Brightfield image of hippocampal slice, with the stimulus electrode in CA2 and the
recording electrode highlighted in green in CA1. The Schaffer collaterals are indicated
in pink. Scale bar is 200 µm. B) A sample response from CA1 of a hippocampal slice,
with key features labelled. C) The response generated by the tissue is dependent on
the voltage of the stimulus. Sample responses from a slice exposed to a stimulus of
increasing voltage. D) We measured the amplitude of these responses across three
different slices. The percentage of the maximum amplitude of the fEPSP at each
voltage is shown here. We selected 5 V (response at this voltage indicated in yellow) as
a sub-maximal response, for use in all other experiments. E) Example of trace given
through repetitive stimulation of the same slice. F) A typical response obtained from the
tissue over the course of 20 APs, all aligned. Smoothed using a low band pass filter at
1000 Hz. G) The slope of the downward phase of the fEPSP, calculated by dividing the
amplitude of the peak by the latency from the beginning of the fEPSP to its peak. The
slope of the graph in responses, applied at 0.003 Hz, over a period of 10 min, and
normalised to the minimum response given, is displayed from 5 slices. There is no
significant difference between the variation in responses over multiple samples (n=5
slices, ordinary one way ANOVA, not significant, p=0.99) or between the responses
(n=18 responses from 5 slices, repeated measures one way ANOVA, not significant,
p=0.98)

3.3.2 Confirming calcium dependence of hippocampal responses
Synaptic vesicle fusion is triggered by the influx of calcium into the presynaptic terminal
leading to neurotransmitter release and postsynaptic effect. As such, synaptic
transmission is highly calcium dependent (Sudhof and Scheller, 2001a). It was
important to verify this dependency in our system, and thus that the activity generated
by the stimulating electrode was due to presynaptic neurotransmitter release.
Experiments were carried out in which a robust initial response to a 0.05 Hz protocol
was obtained in 3 slices. These slices were then washed in ACSF where the calcium
had been replaced with magnesium, and the protocol was repeated. Subsequently, the
Ca2+-free ACSF was again replaced with normal ACSF, and the stimulation protocol
was repeated a further time (summarised in Fig.3.8.A).
As described in the previous section, we located a robust response when the tissue
was placed in normal ACSF. When Ca2+-free ACSF was added to the perfusion system
and given time to access the tissue, there was a significant decrease (n=22 responses
from 3 slices, Student’s t-test for unequal variance, p= <0.0005) in both the slope and
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the amplitude of the fEPSP. The response was effectively eliminated, with the
amplitude showing no significant difference to the prestimulation baseline recordings
(n=22 responses from 3 slices, Student’s t-test for unequal variance, p=0.225)
(Fig.3.8.B). In order to verify that this was due to the absence of calcium, rather than
some toxic effect of the Ca2+-free ACSF on the system, we washed the sample with
normal ACSF for several minutes until the response was recovered. At this point, the
response reached on average, 78.12±0.6% of its previous amplitude. This difference
was significant to the value obtained prior to the application of Ca2+-free ACSF (n=22
responses from 3 slices, Student’s t-test for unequal variance, p=<0.0005) (Fig.3.8.C).
These findings provide further confirmation that we are recording signals dependent on
a Ca2+-triggered synaptic mechanism.

Figure 3.8 Measured fEPSP is calcium dependent
A) Stimulation protocol for determining the calcium dependence of a response.
Electrophysiology recordings are taken at the points indicated by asterisks (*). B) The
tissue response prior to, during, and after the application of Ca2+ ACSF. After the
application of Ca2+-free ACSF, the fibre volley remains but the response is entirely
eliminated. When Ca2+-free ACSF is replaced with normal ACSF, the response is
recovered. C) Slope of the graph normalised against the maximum slope. Following the
application of Ca2+-free ACSF, there was a significant decrease in the slope of the
graph (n=22 responses from 3 slices, Student’s t-test for unequal variance, p=<0.0005)
to levels which were not significantly different from the baseline recorded prior to
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application of the stimulus (n=22 responses from 3 slices, Student’s t-test for unequal
variance, not significant, p=0.225). Following replacement of the Ca2+-free ACSF with
normal ACSF, the fEPSP slope recovered to 78.12±0.6% of the size seen previously.
This was not a significant difference compared to the responses seen prior to the
application of Ca2+-free ACSF (n=22 responses from 3 slices, Student’s t-test for
unequal variance, p=<0.225).

3.3.3 Fluorescent labelling of hippocampal slices in acute slice
preparation
The next objective was to adapt the stimulus protocols established above to activate
synapses in order to fluorescently label them using the activity dependent dye, FM 143. In experiments using FM dye in culture, providing neurons with access to the dye
simply required the replacement of extracellular solution with one containing a solution
of FM 1-43. In slices, however, the superficial layers of the slice are the cut surface of
the slice, which is likely to have several microns of dead tissue overlying healthy
neurons. This presents a major technical challenge for FM dye loading studies, since
FM dye is readily taken up by dead tissue membrane. In the acute slice preparation,
most experimenters target cells that are at least 10 µm below the cut surface. In our
system, a bath application of FM 1-43 would mean the dye either 1) can access the
healthy layer but the signal is contaminated by the intense fluorescence from above it,
or 2) the dye cannot penetrate into the healthy layer, in which case it will not be present
to load synapses. To circumvent these issues, a method was devised which relied on
the use of a Picospritzer and a large pipette (resistance 5-8 MΩ) to microinject FM dye
at the target region, 50 µm below the surface of the slice.
A 20 µM solution of FM 1-43 was added to the ACSF of the recording electrode. A
response from the tissue was located as described in Fig.3.7, with the tip of the
recording electrode ~50 µm beneath the surface of the slice (Fig.3.8.B). The dye was
ejected into the tissue at a pressure of 15-20 psi for 3 min to allow the tissue to be
saturated with the dye, and then a 1200 AP/10 Hz stimulation was applied to instigate
vesicle recycling. This system was then washed for 20 min to allow excess dye to be
removed and was then imaged using a Olympus Fluoview FV-300 confocal imaging
system, with a multiline Argon laser at 488 nm excitation and BP556/20 emission filters
(summarised in Fig.3.9.A).
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When imaged, this protocol resulted in the region near to the recording pipette being
characterised by bright, discrete punctae, approximately 0.5-1 µm in diameter
(Fig.3.9.C). The appearance of these fluorescent signals in CA1 is consistent with
labelled presynaptic terminals being similar to the size reported for small hippocampal
synapses in previous studies (Harris and Sultan, 1995).
Further to the results shown in section 3.3.2, we carried out the above protocol in the
absence of calcium in order to determine whether this labelling profile was calciumdependent, providing further verification that what we were seeing is function of vesicle
recycling. When FM dye was applied and a stimulus delivered in the absence of
calcium, there was no punctate labelling visible: further evidence that FM 1-43 is
labelling functional synapses (Fig.3.9.D).
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Figure 3.9 FM dye labelling of functional synapses in hippocampal slices
A) Protocol for labelling recycling vesicles with FM 1-43 and obtaining a functional
readout. B) Cartoon of the mechanism of FM dye delivery into the slice. FM dye is
pressure injected into the slice, and a stimulus is applied along the Schaffer collaterals.
C) Example slices featuring FM dye loading of functional synapses. These synapses
appear as small, discrete fluorescent punctae. D) This labelling is calcium dependent.
When FM dye is injected into tissue without the presence of calcium, these fluorescent
punctae do not appear.
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3.3.4 Challenges of background dye elimination
One of the clear challenges with this approach is to achieve the best signal to noise
ratio possible; that is, discrete fluorescent signal corresponding to synaptic punctae, set
against a low-fluorescence background. A likely source of background signal is residual
dye on external membranes that has not been effectively removed.
Previous groups addressing this problem, such as Pyle et al. (1999) and Zakharenko et
al. (2001), found an effective solution in the use of FM-dye chelator, Advasep-7.
Advasep-7, developed by Kay et al. (1999), is readily soluble in water, and binds to FM
dye with a greater affinity than the plasma membrane. This leads to a greater degree of
FM dye wash out. However, Advasep-7 itself is intensely fluorescent and sticks readily
to glassware, plasticware, and objective lenses. These issues meant that it was
desirable to avoid its use if possible.
The studies mentioned previously have advocated a 15-20 min washing period in order
for Advasep-7 to have a full effect (Kay et al., 1999, Zakharenko et al., 2001).
Hippocampal slices loaded with 1200 AP/10 Hz with FM 1-43 were washed for 20 min
with either 0.2 mM Advasep-7 ACSF or normal ACSF (control). These were then
imaged using confocal microscopy.
Both in the Advasep-7 samples and the control samples, bright fluorescent punctae
were clearly identifiable against the background levels of fluorescence (Fig.3.10.A). In
the collected images of FM 1-43 labelled synapses, using a uniform sized region of
interest, 50 samples were collected of areas which contained these bright punctae, and
50 samples of areas which contained no fluorescent bodies.
There was a little overlap in the levels of fluorescence of punctuate regions versus
background ones in the control samples (Fig.3.10.B), and none in those of the
Advasep-7 group (Fig.3.10.C). The ratio of fluorescence in punctae to background
fluorescence was significantly higher in Advasep-7 compared to control samples
(3.76±0.1 Advasep-7; 2.8±0.1 controls, background regions n=50, fluorescent punctae,
n=50, Student’s t-test for unequal variance, p=<0.02). However, in both Advasep7 and
control slices, the fluorescent punctae showed significantly higher levels of fluorescence
compared to the background, meaning that the two categories could be clearly
distinguished (two-tailed Student’s t-test, p=<0.00002 in both cases).
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Though the addition of Advasep-7 made several improvements in reducing background
levels of FM 1-43, they were not material differences. Labelled punctae could be easily
differentiated from background levels using a 20 min wash with normal ACSF. Because
of the technical difficulties raised by the adhesive and fluorescent properties of
Advasep-7, it was decided that the advantages were not great enough to warrant its
use.

107

Figure 3.10 Using an FM-dye chelator to improve signal to noise ratio
A) Images of FM 1-43 labelled slices washed with either ACSF or 0.2 mM Advasep-7
ACSF for 20 min. B) In control samples there is a significant difference between the
fluorescence levels in background regions compared to those in fluorescent punctae
(background regions n=50, fluorescent punctae n=50, Student’s t-test for unequal
variance, p=<0.0002). C) In samples washed with Advasep-7 ACSF, the fluorescence
levels were also significantly different in punctate and background regions (background
regions n=50, fluorescent punctae, n=50, Student’s t-test for unequal variance,
p=<0.0002). D) The ratio between the background and punctate region fluorescence
levels was significantly greater in in Advasep-7 samples compared to controls
(background regions n=50, fluorescent punctae, n=50, Student’s t-test for unequal
variance, p=<0.02).

108

3.3.5 Assay of function in native hippocampal terminals
The next important step was to determine the functionality of the fluorescent punctae
that were observed. Assuming that the fluorescent signals correspond to healthy
synaptic terminals, an expectation is that stimulation should evoke activity-dependent
dye loss caused by exocytosis and subsequent dye departitioning. Similar to the
method used in culture, we also used electrical stimulation to evoke dye destaining.
After the wash out period, we located an area with numerous discrete punctae and low
background fluorescence, and took a series of time lapse images of the region, with
one image every 2 s. After ten slices had been collected to establish a baseline, a 10
Hz stimulus was applied for 90 s. Responsive punctae were then selected as regions of
interest in ImageJ software, and the background levels of fluorescence were
subtracted. Fluorescence levels were then normalised against the baseline levels
(summarised in Fig.3.11.A).
The fluorescence level in the punctae was reduced dramatically following the start of
the stimulus (examples shown in Fig.3.11.B.). When the fluorescence levels from
ImageJ were plotted against time, they showed a profile demonstrating a maintained or
slightly decreasing fluorescence level prior to the start of the stimulus, followed by an
exponential decrease at the point at which the stimulus begins. The curves were
significantly different from those seen in cultured neurons (Fig.3.11.C).
The exponential decay curves of the fluorescent signal in hippocampal slices showed
an average time constant (tau) of 73.88 s±4.0 s. Although not an order of magnitude
different, this value was significantly slower than the rate obtained in cultured neurons
using the same stimulation protocol (10 Hz destain in culture, τ=52.58±3.5 s, two tailed
Student’s t-test, p=<0.0005). A longer time course of destaining in the slice system was
consistent with the findings of (Pyle et al., 1999) who found a τ1/2 value of ~200 s
compared to typical findings of a τ1/2 of ~30 s in cultured neurons (Ryan and Smith,
1995). One possible explanation for the discrepancy in rate between culture and native
tissue is that in the confined and dense tissue of acute slice, dye released onto the
membrane presumably does not diffuse and departition as efficiently, and perhaps even
some undergoes reuptake into recycling vesicles (Fig.3.11.D) (culture, n=107 synapses
from 3 coverslips, hippocampal slice, n=112 synapses from 6 slices, Student’s t-test for
unequal variance, p=<0.02).
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Figure 3.11 Visual assay of synaptic function in hippocampal slices using
FM 1-43
A) Example punctae, labelled with FM 1-43. Upon stimulation, the puncta releases FM
dye, leading to a loss of fluorescence. B) FM 1-43 destain curve from a single puncta
within a slice. It demonstrates an exponential dye loss. C) Dye loss curves from 10
different punctae from one hippocampal slice. They demonstrate a wide variety of dye
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loss rates, indicative of functional heterogeneity. C) Mean destain curve for synapses in
cultured neurons (pink) and in hippocampal slices (grey). Both are normalised against
the level of fluorescence immediately before fluorescence begins, and the fluorescence
level once dye loss is complete. In tissue culture the curve is significantly steeper than
that in culture (culture, n=107 synapses from 3 coverslips, hippocampal slice, n=112
synapses from 6 slices, Student’s t-test for unequal variance, p=<0.02). D) We
calculated the time constant tau values for each exponential decay curve and produced
a cumulative frequency plot. The time constants in tissue culture were significantly
higher in native tissue than they were in cultured neurons, indicating that the rate of dye
release was significantly slower (tissue culture, n=107 synapses from 3 coverslips,
hippocampal slice, n=112 synapses from 6 slices, Student’s t-test for unequal variance,
p=<0.0002).

3.3.6 Frequency dependent recycling in native terminals
In section 3.2.4 it was demonstrated that the dye release rate from cultured
hippocampal terminals was frequency-dependent. Determining the dye loss described
above to be frequency dependent is an important factor in verifying that we are
exploiting the same exocytosis mechanisms seen in cultured neurons. In order to
examine this important parameter in native tissue, we used trains of 10 Hz or 20 Hz
action potentials to stimulate exocytosis within the terminals labelled with FM 1-43 in
the presence of a 1200 AP/10 Hz stimulus, and recorded the resulting dye loss.
As previously shown in culture, faster destain profiles were demonstrated when a
higher frequency stimulus was applied (e.g. Fig.3.12.A). Time constant tau values were
significantly smaller at 20 Hz, 48.00 s±13.6 s, compared to 73.88s ±4.0 s at 10 Hz (20
Hz, n=43 synapses in one slice, 10 Hz, n=112 synapses in 6 slices, Student’s t-test for
unequal variance, p=<0.002), demonstrating that destain rates were quicker overall
(Fig.3.12.A). There was also an increase in the standard deviation of the tau values,
with those for synapses destained with a 10 Hz stimulus having a standard deviation of
50.65 s, whereas those for samples which were destained with 20 Hz were 86.95 s.
This showed an increase in heterogeneity of the sample. This could be due to a higher
frequency leading to activation of more synapses: those only activated at higher
frequencies might have different destaining properties from those only activated at
lower frequencies.
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Interestingly, there was no significant difference in the tau values between 20 Hz
destain slices in culture and in the hippocampal slice system. This points to 20 Hz
frequencies reaching some sort of functional limit in how fast FM dye can be eliminated
in synapses (20 Hz in slice, n=43 synapses in one slice, 20 Hz in cultured neurons,
n=43 synapses in 2 coverslips, Student’s t-test for unequal variance, not significant,
p=0.434). The standard deviation of the tau values calculated for 20 Hz samples in
culture was 48.48 s, compared to 86.98 s in slice, showing a widely increased
heterogeneity.

Figure 3.12 Release of FM 1-43 in native hippocampal terminals is
frequency dependent
A) Representative fluorescence loss from a single puncta in a slice loaded with FM dye
and exposed to a 20 Hz destaining stimulus (purple) or a 10 Hz destaining stimulus
(grey). B) The time constant tau of the exponential decay curves of the fluorescence in
labelled punctae in slices destained at 20 Hz vs 10 Hz were significantly higher (20 Hz,
n=43 synapses in one slice, 10 Hz, n=112 synapses in 6 slices, Student’s t-test for
unequal variance, p=<0.002).
20 Hz destain image stack provided by Dr V Marra.

3.3.7
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The approach demonstrated in this chapter provides a robust method of recording
functional properties of live synapses in the slice system. In addition to the use of FM
dye, we wanted to establish whether this method was suitable for use with other optical
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probes of synaptic proteins and function. There are two main reasons for this. First,
success with another probe would provide us with an independent validation of the
punctate labelling we observe with FM dye. Second, there may be additional benefits of
other synaptic reporters for readout of vesicle recycling properties.
Due to its photostability and specificity, we used the Synaptotagmin 1 Oyster550
antibody described in sections 3.2.2 and 3.2.5. As with FM dye, we applied the antibody
by placing a 1:100 dilution of 1 mg/ml stock (working solution: 10 µg/ml) in ACSF into
the pipette and using a Picospritzer to pressure inject the dye into the tissue at 50 µm
below the surface of the slice. We then applied a 1200 AP/10 Hz stimulus to allow the
antibody access to the interior of the vesicles. Following this, the slice was perfused
with ACSF with AP-5 and CNQX for 20 min, to ensure that all unbound antibody was
removed, and the slice was imaged using confocal microscopy (Fig.3.13.A).
On imaging hippocampal slices exposed to SytI-Oyster550 and stimulated to induce
uptake, small puncate regions were visible within the slice, as shown in Fig.3.13.B. The
presence of high levels of fluorescence in punctae, like those seen in FM dye loaded
samples indicates that the anti-synaptotagmin Oyster antibody has successfully labelled
synapses in hippocampal slices.
These punctae can undergo a form of fluorescence loss on further stimulation, in a
manner reminiscent of FM-dye (an example is shown in Fig.3.13.A). We speculated that
this might be due to unbound antibody remaining within the vesicles, which is washed
away causing a small drop in fluorescence. These had a mean time constant tau value
of 63.61±6.81 s (calculated from 44 synapses, from four slices from three animals)
compared to the mean tau of 73.88±4.02 s decay time constant of fluorescence loss
seen when FM dye 1-43 is stimulated (calculated from 112 synapses, from 6 slices,
from 6 animals). These values showed no significant difference (p=0.951, unpaired
Student’s t-test), indicating that these punctae do represent functional synapses and the
mechanism of dye release is similar to that of FM dye. This dye could offer significant
benefits for long-term imaging studies. This will be returned to in chapter 6.
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Figure 3.13 An alternate method of viewing functional synapses in the
hippocampal slice system
A) Summary of the protocol for labelling hippocampal synapses with a 1:100 solution of
sytIOyster550 antibody, and obtaining readings relating to vesicle turnover. B)
Examples of hippocampal slices labelled with syOyster 550. The red punctae are
indicative of functional synapses. Scale bar represents 20 µm. C) Example response
from a single puncta, demonstrating exponential loss of fluorescent signal in response
to stimulation. D) We calculated time constant tau values for the exponential dye loss
curves of responsive punctae and compared them to those seen in FM 1-43 labelled
synapses. There was no significant difference in the rates observed with these two
probes (sytIOyster550, n=44 synapses from 4 slices, FM 1-43, n=112 synapses from 6
slices, Student’s t-test for unequal variance, not significant, p=0.951).
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A second type of antibody-based probe, CypHer, offers the possibility for readout of
endocytosis. We successfully trialled this probe in culture (section 3.2.5). Having
established that we can adapt this protocol to label synapses with immunological
probes, the next question was whether we could use a recently developed probe to look
at another property of synaptic vesicle turnover, endocytosis.
Using a protocol as described above, we placed a 1:100 (10 µg/ml) solution of SytICypHer5E in ACSF into the recording electrode, located a response from the tissue,
and used a Picospritzer to apply the antibody to the tissue. We then exposed the tissue
to a 1200 AP stimulus to allow the antibody access to the interior of synaptic vesicles.
Following this, we imaged the tissue using confocal microscopy (Fig.3.14.A).
As with FM dye and anti-synaptotagmin Oyster, bright punctae were visible
(Fig.3.14.B), indicating that we had successfully labelled native hippocampal synapses
with the anti-synaptotagmin probe. We next had to ascertain whether we could use the
pH dependent fluorescence of the probe to look at another functional property of the
synapses. After imaging for 30 s to establish a baseline of fluorescence, we then
applied a 300 AP/10 Hz stimulus to drive activity dependent vesicle recycling. We
continued to image the sample for a further 90 s following the end of the stimulus.
Prior to the start of the 300 AP stimulus, there was no significant change in the levels of
fluorescence detected (paired two-tailed Student’s t-test p=0.84). At the end of the
period of stimulation there was a significant decrease in the levels of fluorescence
(paired Student’s t-test p=<0.0002). This fluorescence loss happened with a mean time
constant of 20.56±5.12 s. In the time period following the completion of the stimulus the
fluorescence returned to levels which were not significantly different from those
recorded prior to stimulation (paired Student’s t-test p=0.07), but they did show some
fluorescence loss due to photobleaching (Fig.3.14.C, D). Fluorescence recovery
occurred with a mean tau value of 29.35±6.12. This was very similar to that found in
culture (31.61±14.7 s, two-tailed Student’s t-test, p=0.887) and was similar to values
which might be expected from the literature.
This method is a potentially useful tool which allows a functional read-out of the
dynamics of endocytosis in slice, without altering the genetic makeup of the animal, with
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untold effects on functionality. However this method is not without its challenges. These
results were taken from 11 punctae, from three slices from two animals. Though large
numbers of punctae were visible, very few experienced fluorescence loss or recovery,
many fewer than we typically observed in FM dye release experiments, or those using
the sytI-Oyster550 antibody previously described. The CypHer5E ester has a molecular
weight of 848, which is larger than the molecular weight of Oyster550 of approximately
720(GE-Healthcare, 2006, Luminartis, 2011). This difference in the size of the
molecules may have an effect on their ability to access the luminal domain of the
synaptic vesicle. These values are both larger than the molecular weight of FM 1-43,
even without the antibody attached. This may account for decreased levels of labelling
observed. This suggests that the antibody may have trouble reaching its targets, or that
non-specific labelling is occurring. Work needs to be done to optimise this method but it
does allow successful imaging of endocytosis in native hippocampal terminals.
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Figure 3.14 Observing endocytosis in the hippocampal slice system
A) Cartoon of protocol used to label hippocampal slices with 1:100 CypHer antibody
and provide readout of endocytosis. B) Examples of slices labelled with CypHer, with
functional synapses appearing as fluorescent punctae. Blue arrows indicate example
functional synapses. Scale bar represents 20 µm. C) Example of a synapse undergoing
fluorescence loss, indicating exocytosis and fluorescence recovery, a measure of
endocytosis (shown in two different look-up tables). D) The curve of CypHer
fluorescence profile in response to a stimulation protocol designed to allow observance
of both endo and exocytosis.
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3.4 Discussion
3.4.1 FM dye labelling and release from hippocampal neurons
Studies of function in hippocampal synapses are hugely important in providing
information on the way that neurotransmission is supported, and provide an
understanding of the fundamental processes which are altered in disease, plasticity,
learning, and memory. Using activity-dependent optical probes has provided immense
insight into the functional properties of synapses, and about the organisation and
mechanisms of synaptic vesicles in cultured neurons. It was highly desirable to produce
a reliable, robust method of labelling functional synapses using styryl dyes in a much
more physiologically relevant system.
One of the major advantages of this dye is that labelling works effectively with its acute
application to a neuronal preparation (within the extracellular solution) before activitydriven endocytosis. In this way, it offers excellent potential for use in native preparations
where genetically-encoded constructs are not readily available. Here, the demonstration
of successful dye-labelling experiments in cultured neurons is intended as an important
experimental prerequisite for trialling the use of the same dye label in native tissue in
the second half of the chapter, where the two labelled preparations, side by side,
provide important information for a comparative study. Several studies had made steps
towards being able to demonstrate FM dye labelling in the acute slice preparation,
loading synapses through immersion of the slice in solutions of FM 1-43 and applying
high potassium ACSF to generate activity to load the slice (Staras et al., 2010, Pyle et
al., 1999). In Pyle et al. (1999), slices were imaged using confocal microscopy,
producing poor results, with high levels of background staining.
Staras et al. (2010) obtained better results by imaging using a two-photon microscope.
However, this provided a stimulus that was hard to control, and a two-photon
microscope was not available for this work. A way to ensure clearer labelling using a
confocal microscope was to pressure inject FM dye into the tissue, avoiding excess dye
congregation in the dead tissue on the cut surface; this was drawn from Zakharenko et
al. (2001). FM 1-43 was ejected into the slice using a patching pipette into the tissue,
and uptake was stimulated using a bipolar tungsten pipette, providing a method of
controlling activity absent in previous experiments. As demonstrated above, and in work
done concurrently in the lab presented in Marra et al. (2012), this produced easily
identifiable fluorescent punctae representing functional synapses.
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We found that the rate of dye loss from vesicles in the total recycling pool had a time
constant τ of 48±14 s at 20 Hz and 74±4 s at 10 Hz. These values were larger than
those we observed in cultured neurons. Values for comparison in the literature are
surprisingly hard to come by. In the paper by Marra et al. (2012), the work which uses
the most similar method to the one stated here, despite comparing the tau values at
different frequencies, they do not provide them. This is a common pattern with work on
synaptic vesicle exocytosis. Similar techniques used by papers by Zakharenko et al.
(2001) also do not state rate values, and use τ50 rather than τ to express their time
constant information meaning that values are not comparable. From their graph, it
appears that at 10 Hz, their values are approximately 20-25 s. Pyle et al. (1999) found
their samples to have a half time constant of ~200 s at 10 Hz. From these values, we
can see that comparing the tau values of FM dye destaining in slice between different
systems can provide wildly different answers, and can gain some idea why studies only
compare the rates within similar systems.
There is a greater degree of agreement in cultured neurons on the half time constants
of FM dye release following 10 Hz stimulus. Values of 20-30 s for FM 1-43 dye loss
were found in studies by Ryan and Smith (1995) and Klingauf et al. (1998), and this
value was confirmed in studies using FM 4-64 (Welzel et al., 2011), which has similar
departitioning properties (Wu et al., 2009). These values give approximately a similar
tau value to the ones seen in our experiments.
Despite the difficulty in obtaining conclusive measures of the kinetics of dye release
from the literature, the dye elimination was significantly slower and the standard
deviation was higher. This is an excellent indicator as to why a more physiologically
relevant model is needed for study: the significantly lower rates could be caused by
normal physiological activity shaping synaptic function (Moulder et al., 2006).

3.4.2 Immunological methods for studying functional properties in
hippocampal slice
We also demonstrate that this method has use in the application of other probes, such
as those with an immunological tag. The lumenal domain of synaptotagmin is a target
used by both probes described in this chapter. Access to the lumen only occurs when
the fusion pore is open, meaning that these too provide a measure of labelling
functional vesicles. Though sytIOyster provides a read out of activity-dependent dye
loss, its higher affinity for the epitope of synaptotagmin I means that it is much more
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difficult to remove from the vesicle, making it good for longer term experiments, but
worse for studying vesicle turnover. StyI-CypHer5E is a pH-dependent probe, giving off
fluorescence at 663 nm when protonated, and becoming quenched at neutral pHs
(Briggs et al., 2000). Its mechanism of providing endocytosis information is similar to
that of synaptophluorin and sypHy, both of which exploit pH dependent probes and the
difference in pH between the acidic environment of the interior of the vesicle and the
more neutral pH of the synaptic cleft (Granseth and Lagnado, 2008, Royle et al., 2008).
An advantage over other methods of measuring endocytosis is that this one can be
used via acute application rather than via transfection into cultured neurons.
The main use for CypHer so far has been to track GPCRs as they are internalised in
response to agonist stimulation and moved to endosomes for recycling, producing a
desensitisation effect (Adie et al., 2002, Perez-Aso et al., 2013). It has also been used
to gain information about the structural arrangement of vesicular transporter proteins by
tagging against short chains of VGAT proteins to determine whether these fragments
were located within the vesicle or not (Martens et al., 2008).
Raised against synaptotagmin1, CypHer5E has been previously used only to confirm
that other functional probes are accurately labelling functional synapses (Welzel et al.,
2011). This chapter demonstrates the first use of CypHer to measure properties of
synaptic vesicle recycling. In our hands, we found that CypHer can provide a suitable
method for measuring endocytosis, but very few synapses in each labelled preparation
displayed the desired dye-loss-and-recovery profile, meaning that large numbers of
recordings would have to be taken. In cultured neurons, this would prove difficult, as
CypHer is incredibly prone to photobleaching and the fluorescent light illuminates the
entire sample during imaging. In hippocampal slices, we found that there was less
noticeable photobleaching, so regions could be imaged more freely. Confocal imaging
illuminates only a small, specific region of the slice, which combined with the antibody
labelling leading to very little dissociation of the probe from vesicle lumens, means that
the slice may undergo many rounds of stimulation, and multiple regions can be imaged
from each slice. An advantage to CypHer5E should be that it can be used for colocalisation studies with other probes. However FM dyes, which are major functional
probes in synaptic function studies, quench the fluorescence of CypHer5E (Welzel et
al., 2013). This reduces the dual fluorescence studies which can be run in this model,
limiting future use.
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Unfortunately, tagging a protein does not allow for tracking of individual vesicles
through multiple rounds of stimulation, only the tracking of a protein. Kononenko et al.
(2013) found that vesicle identities are not conserved on recycling, but instead form a
pool on the membrane and are sorted to ensure that the newly formed vesicles contain
the correct proportions of vesicles. This is not an issue on the first round of stimulation,
but means this tool is not suitable for tracking vesicle identity over multiple rounds.

3.4.3 Future development for methods of studying vesicle properties
in slice
A major way that the physiological relevance of this technique may be increased is by
conducting these experiments at physiological temperature. Previous work has found
that the rate of endocytosis is highly temperature dependent (Renden and von
Gersdorff, 2007, Fernandez-Alfonso and Ryan, 2004). Electron microscopy studies of
synapses loaded with HRP at physiological temperatures show an increased number of
large endocytic structures (Micheva and Smith, 2005), indicating that fast endocytosis
plays a higher role in synaptic vesicle recycling than studies at room temperature would
indicate. Further evidence towards this being the case is that the rate of ‘slow’
endocytosis in experiments at physiological temperature is similar to the rate of
endocytosis at room temperature (Renden and von Gersdorff, 2007). This confirms the
findings of Watanabe et al. (2014), which suggest that there is an ultrafast mode of
endocytosis, which involves the recruitment of large vesicles, which then join into
endosomes
The rate of exocytosis at physiological temperature is not so conclusive a story. Some
studies have found the rate of exocytosis to be unchanged by an increase in
temperature (Fernandez-Alfonso and Ryan, 2004), whereas others have shown there to
be an increase (Micheva and Smith, 2005). Decreases in release probability and
increases in refilling have been shown (Pyott and Rosenmund, 2002). A key finding of
research into the temperature dependence of synaptic vesicle recycling is that the size
of the recycling pool has been shown to double at physiological temperature (Renden
and von Gersdorff, 2007), similar to the results we saw on conducting similar
experiments. This brings results closer to those seen by Rose et al. (2013), suggesting
that the striking difference between their calculations of the size of the recycling pool
and those commonly seen in FM dye based experiments was not due to a flaw in the
labelling mechanism of FM dye, but due to their experiments being conducted at
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physiological temperatures. Future work improving the stability of these experiments at
higher temperatures would improve their physiological relevance and provide key new
insight on the behaviour of vesicles in vivo. The method outlined in this chapter is highly
suitable for further study and presents an important step forward in terms of the
physiological relevance of hippocampal study.
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Chapter 4: Characterising release
ready vesicles in acute slice
preparation
4.1 Introduction
The previous chapter outlined an approach for using fluorescent probes to study
functional properties of synapses in the hippocampal slice system. This approach offers
important information about the activity of functional vesicles and the efficiency of
neurotransmission in native synapses; however, it gives little insight into the size of
recycling fractions, the arrangement of recycling and non-recycling vesicles within the
terminal, and the relationship between vesicles and their ultrastructural context. Though
newly developed methods, such as Qdots (Park et al., 2012), allow a real-time readout
of data with nanoscale resolution, these have their own problems, such as concerns
about probe access and technical challenges in providing a readout of the entire pool.
They also do not provide any information about unlabelled vesicles or the detailed
arrangement of functional vesicles in relation to other structures (e.g. active zones) or
organelles (e.g. mitochondria). To investigate these properties, it was desirable to
develop an ultrastructural approach. A major advantage of FM dyes is that they can be
used to photoconvert DAB into an electron-dense product, allowing labelled vesicles to
be specifically identified in EM (Henkel et al., 1996).
This reaction has previously been used to allow a nanoscale examination of recycling
vesicles in large peripheral terminals such as neuromuscular junctions (Denker et al.,
2011, Denker et al., 2009, Henkel et al., 1996, Richards et al., 2000, Richards et al.,
2003, Rizzoli and Betz, 2004), large central terminals such as the calyx of Held (de
Lange et al., 2003), and cultured hippocampal neurons (Branco et al., 2010, Darcy et
al., 2006, Harata et al., 2001, Ratnayaka et al., 2011, Ratnayaka et al., 2012, Schikorski
and Stevens, 2001, Staras et al., 2010). Studies of ultrastructure of recycling vesicles
have been made in the calyx of Held in slice, using FM dye injected in vivo (Denker et
al., 2011). However, small, central terminals in native tissue remain largely unexplored,

123
with only Marra et al. (2012) examining the recycling vesicles in the hippocampal slice
system – a study conducted in parallel with this work. Whereas Marra et al. focused on
the characteristics of the total recycling pool, this chapter aims to use the same
approach to characterise the properties of the readily releasable pool (RRP).
The RRP comprises the vesicle population at synaptic terminals that is the first to be
released when exposed to a minimal stimulus (Rosenmund and Stevens, 1996). The
RRP was initially defined by whole-cell current clamp recordings of mEPSPs of cells
exposed to a hyperosmotic sucrose solution to stimulate exocytosis. The recorded rate
of exocytosis was initially rapid, before dropping exponentially (Stevens and Tsujimoto,
1995). It was hypothesised that this result was due to the initial peak being caused by
the release of vesicles from docking sites, and the time taken for new vesicles to be
moved into position. It was found that a train of 10 AP at 20 Hz would have a similar
effect (Rosenmund and Stevens, 1996). The response to a hyperosmotic challenge is
also an indicator that these vesicles correspond with vesicles docked at the active zone.
A previous study of functional RRP vesicles at an ultrastructural level found that the
recycling fraction and the docked pool size were equivalent (Schikorski and Stevens,
2001).
Characterisation of the RRP is an interesting focus of study, not only because the low
stimulus levels required to label it are well within the physiological range (Mizuseki and
Buzsaki, 2013, Csicsvari et al., 1999), but also because the vesicles have a very
specific functional definition and their positions prior to labelling with FM dye can be
presumed. Previous studies have claimed that RRP vesicles are preferentially reused
for further activity (Pyle et al., 2000, Rizzoli and Betz, 2004) and retain a specific
identity; however, there is also evidence that membership of the recycling pool is
transient and that, following reuptake, a new population is recruited to the recycling pool
(Atluri and Ryan, 2006, Li et al., 2005). When studying FM dye labelled vesicles, the
pool under observation comprises vesicles that were previously at docking sites and
were amongst the first vesicles released; this makes it an excellent tool for studying the
fate of these vesicles, to attempt to resolve these results.
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Figure 4.1 Possible routes of vesicle re-entry and reuse
Schematic describing possible routes of vesicle re-entry and reuse. Vesicles may be
retrieved either at the active zone (1) or at sites away from the active zone (2). On reentry, vesicles might be returned the cluster with no preferential positioning (a) or
returned to positions near the active zone (b). At this point (a) or (b), they might either
be preferentially handled for reuse, recycled in line with the rest of the pool, or moved
into the resting pool (indicated by the brown, blue, and green balls).
This chapter aims to use the method described in the previous chapter to obtain a
functional readout of the RRP in the hippocampal slice system, and then to develop a
method to label RRP vesicles for nanoscale analysis under an electron microscope.
This approach is then used to establish whether this RRP vesicle reuse is reflected in
the arrangement of recycling vesicles within the terminal. To determine this, a key
element is to look at the fate of RRP vesicles following recycling. Following fusion, there
are several possible routes for a recycling vesicle (summarised in Fig.4.1). The vesicle
must first re-enter the synapse. This might occur at the active zone, either via a rapid,
possibly kiss-and-run style, event, or via slower clathrin-based endocytosis, or reuptake
may occur at sites away from the active zone. Upon reuptake, the next question is how
these vesicles become repositioned in the terminal with time: do they take up a
segregated place near the active zone, or do they become randomly distributed in the
vesicle pool as a whole? Understanding the regulation and timing of vesicle fate offers
key insights about whether the RRP represents a unique sub-population of vesicles,
one that is selectively labelled and preferentially handled to support ongoing
transmission. The experiments in this chapter aim to address these questions.
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4.2.1 Establishing a robust method of labelling the RRP in native
tissue
In the previous chapter, I outlined the method for labelling synaptic vesicles in the acute
hippocampal slice preparation with FM dye in order to provide functional readouts of
vesicle labelling and recycling. This approach makes use of a saturating stimulus to
label the total recycling pool; in other words, accessing all the recycling vesicles. This is
a convenient pool for study because it has a large signal in fluorescence; however, its
physiological value is less clear, given that it requires a stimulation loading protocol that
far exceeds the physiological firing patterns of these hippocampal neurons (Mizuseki
and Buzsaki, 2013, Csicsvari et al., 1999). Here, the aim was to characterise a pool
with substantially more relevance to the operational performance of the terminal, the
RRP. We elected to use a protocol consisting of 40 AP at 20 Hz. This stimulus duration
is shorter than the time period for the RRP to replenish and has been used previously to
label the RRP (Burrone et al., 2006, Li et al., 2005, Murthy et al., 1997, Murthy and
Stevens, 1999, Schikorski and Stevens, 2001) (for protocol, see Fig.4.2.A).
Labelling and imaging procedures were broadly similar to those described in the
previous chapter. Briefly, after locating an fEPSP response to a stimulus to the Schaffer
collaterals, we applied FM 1-43FX, a fixable analogue of FM dye, for 3 min to allow
saturation of the tissue with FM dye, and then delivered a 40 AP/20 Hz stimulus. FM
application was allowed to continue for 2 min to allow recycling to complete. Samples
were then allowed to wash for 20 min to remove excess FM dye. Subsequently,
samples were imaged using confocal microscopy. Similar to labelling of the TRP
described in the previous chapter, discrete bright punctae were visible, offering us the
first view of the RRP in native hippocampal synapses. As might be expected, the
fluorescence levels of the punctae representing RRP terminals were strikingly lower
than those found in TRP-labelled synapses (see Fig.4.2.B). When samples with the
TRP labelled and samples with the RRP labelled were imaged with identical settings
and compared, the fluorescence levels in the RRP punctae corresponded to 13±5.6%
of that of the total recycling pool. This was a significant difference in fluorescence
(Student’s t-test, unequal variance, n=60 synapses from 3 slices, p=<0.005).
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Figure 4.2 Lower levels of fluorescence labelling of RRP compared to TRP
A) Synapses in hippocampal slices were exposed to FM dye and then a stimulation of
1200 AP at 10 Hz (TRP) or 40 AP at 20 Hz (RRP) was applied to the tissue. B) TRP
labelled synapses exhibited a much higher level of labelling compared to RRP
synapses, when imaged using identical microscope settings. C) This corresponded to
13±5.6% of the fluorescence values of the TRP (Student’s t-test, unequal variance,
n=60 synapses from 3 slices, p=<0.005)

4.2.2 Development of a procedure for photoconversion of the RRP
Having successfully established robust labelling of RRP vesicles, the next objective was
to adapt a method previously established in cultured neurons and other systems for use
with hippocampal slices. The method outlined in this section is described in detail in
both the Methods chapter (section 2.5) and in Marra, Burden, Crawford and Staras
(2014).
After the slice had been labelled as described in section 4.2.1, the next step was to halt
vesicle activity. Because of the mobile nature of vesicles and the relative fragility of a
fluorescent probe, it was not possible to allow several hours for fixation through
immersion in fixative alone to take place. Instead, we used rapid microwave fixation
with 6% glutaraldehyde and 2% paraformaldehyde to allow complete fixation of the slice
in under a minute (Jensen and Harris, 1989). The slice was then placed into a 1 mg/ml
DAB solution bubbled with 95% O2 / 5% CO2 and incubated for 10 min. The solution
was then refreshed and the sample illuminated with 480 nm light with a mercury lamp
until a black photoconverted spot formed on the surface of the slice. The slice was
imaged to allow later relocation of this area, as this spot indicates the region of interest.
The sample was then processed for electron microscopy, including fixation with osmium
tetroxide and potassium ferrocyanide, heavy metal staining with uranyl acetate and
dehydration, before being embedded in EPON resin and polymerised at 60°C. Sections
were then produced at 70 nm thickness and placed on nickel grids and examined under
a transmission electron microscope (summarised in Fig.4.3.A).
When sections from within the region of interest were examined under the electron
microscope, black vesicles were visible within synapses, distinct in appearance from
the other vesicles present (see Fig.4.3.B).
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Figure 4.3 Photoconversion of DAB labelled functional vesicles at an
ultrastructural level
A) Synaptic vesicles in slices were labelled with FM 1-43FX as described in the
previous chapter, and were then fixed in glutaraldehyde and formaldehyde using rapid
microwave fixation. Samples were then incubated in 1 mg/ml DAB solution and
irradiated with light at 480 nm by a mercury lamp. This produced a black region of
interest on the surface of the slice. Samples were then fixed for electron microscopy,
dehydrated and embedded in EPON resin blocks. The region of interest was then
located and sectioned for electron microscopy. B) At an ultrastructural level, synapses
with a clear active zone and photoconverted vesicles were selected. Pink arrows
indicate photoconverted vesicles, green line indicates the active zone. Postsynaptic
region labelled in orange.

4.2.3 Characteristics of photoconverted vesicles
It was important to be able to identify recycling vesicles routinely and reliably within
terminals in order to ensure uniform analysis across the sampled vesicle population. To
do this, we had to establish a series of rules for identifying photoconverted vesicles.
Non-photoconverted vesicles have a dark membrane with the central lumen being
similar in appearance to the surrounding environment in the terminal. Photoconverted
vesicles have the same dark membrane, but they have an even darker lumen, filled with
electron dense material where FM 1-43 was present to drive the photoconversion of
DAB (Lubke, 1993) (see Fig.4.4.A). When a plot of the absorbance of these vesicles
across their diameter is taken, non-photoconverted vesicles show a profile with a high
absorbance in the membrane, but a lower absorbance in the lumen, similar to that
outside the membrane. Photoconverted vesicles have a domed profile, with the lumen
having a greater absorbance than even the membrane surrounding it (Fig.4.4.B) .
In order to check whether there might be confusion between photoconverted and nonphotoconverted vesicles under these criteria, the absorbance was measured from a 3
pixel diameter spot in the centre of the lumen of 50 photoconverted and 50 nonconverted vesicles. Whereas the density of photoconverted vesicles varied widely, the
lumen density of non-photoconverted vesicles showed less variation. The groups did
not show any overlap of lumen density so this was determined to be sufficient for
photoconverted vesicle identification (Fig.4.4.C).
The presence of photoconverted vesicles indicated that the synapse had been activated
by the applied stimulus. As can be seen in Fig.4.5.A, synapses proximal to those
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containing photoconverted vesicles do not necessarily contain photoconverted vesicles
themselves, suggesting that they do not receive activation by the portion of the Schaffer
collaterals that we stimulated. This was confirmed in samples that were exposed to FM
dye and photoconverted, but with no stimulus applied. In this case, no photoconverted
vesicles were visible in any synapses (Fig.4.5.B).
The black vesicles were a result of photoconversion, as sections taken from outside the
photoconverted region (indicated by the black spot – see Fig.4.2.A) contained no
photoconverted vesicles (e.g. Fig.4.5.C).
Another possible problem with regards to misidentifying photoconverted vesicles are
artefacts and other structures which also appear electron dense under the microscope.
Synaptic vesicles typically have a distinctive round shape and a diameter of 40-60 nm
(De Robertis, 1965). Artefacts smaller than this, or of a different shape were eliminated
on this basis (Fig.4.5.D). Large dense core vesicles, which are involved in neuropeptide
transmission, also appear in synaptic terminals, and naturally have a black lumen
without photoconversion. These vesicles are unlikely to be confused with small synaptic
vesicles, owing to their large size (100-300 nm) (Torrealba and Carrasco, 2004) (see
Fig.4.5.E).
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Figure 4.4 Photoconverted vesicles are readily identifiable under the
electron microscope.
A) Photoconverted vesicles have a dark lumen, compared to non-photoconverted
vesicles which have a paler lumen. B) Photoconverted vesicles give a density profile
with the highest density in the lumen, at least as dense or denser than the
surrounding membrane; in non-photoconverted vesicles, the membrane is the most
electron-dense part, with the lumen being closer in electron density to the space
around the vesicles. C) The electron density of the lumen of non-photoconverted
vesicles had a smaller range and was much lower, compared to photoconverted
vesicles, which had a larger range across the higher electron densities (n=50
photoconverted and n=50 non-photoconverted vesicles). Black bars represent the
electron density of the central lumen of the photoconverted vesicles, and grey bars
represent the central lumen of non-photoconverted vesicles.
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Figure 4.5 Black vesicles are specific to FM dye loading and
photoconversion
A) Sections containing a complete cross-section of a synapse, an active zone and
photoconverted vesicles were selected for analysis. PSD - postsynaptic density
(shaded blue), green line indicates active zone, yellow arrows indicate docked vesicles,
red arrows indicate photoconverted vesicles. C) For analysis, vesicles were classified
as either photoconverted or non-photoconverted, and the active zone was defined.
Blue indicates non-recycling vesicles, red indicates recycling vesicles. Green indicates
the active zone. C) Outside of the photoconverted region, no photoconverted vesicles
are present. Not all synapses within photoconverted region contain photoconverted
vesicles. D) Electron-dense artefacts may be present, but these can be distinguished
from photoconverted vesicles by their size and shape. E) Large dense core vesicles
also have a black appearance, but they have a typical diameter of 80-120 nm and can
therefore easily be distinguished from photoconverted vesicles. All scale bars indicate
200 nm.

4.2.4 RRP vesicles as a fraction of the total pool
The first question was to establish the size of the RRP in native terminals. In order to do
this, synapses were labelled with FM 1-43FX and photoconverted using the method
described above. Sections from these samples were observed under the electron
microscope. Synapses containing photoconverted vesicles were selected for analysis
on the basis of having a complete membrane around the synaptic vesicle cluster, a
visible active zone, identified by the presence of a postsynaptic density, and docked
vesicles (e.g. Fig.4.5.A). Vesicles were classified as photoconverted or nonphotoconverted and the active zone was labelled. These features could then be used
for analysis.
Recycling vesicles corresponding to the RRP make up 5.518±2.81% of the total pool
(Fig.4.5.B), a value highly consistent with that reported for RRP size in a previous study
using cultured neurons (5.4% in Schikorski and Stevens, 2001) (n=56 synapses from 4
animals). It is noteworthy that this value appears to be a little higher than that indicated
by our fluorescence data (Fig.4.2 and section 4.2.1), but the estimates based on the
latter approach were made using a two-step process where errors in estimation are
likely to be compounded: first, it involved estimating the fraction of the TRP represented
by the RRP, and second, by estimating the fraction of the total pool represented by the
TRP, a value which is known to have high heterogeneity between samples and is
typically between 20 and 40% (Darcy et al., 2006, Denker et al., 2011, Harata et al.,
2001, Marra et al., 2014). Given the errors in fluorescence-based measurements in
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acute tissue slices, these values seem to be in reasonable agreement with those from
the ultrastructure-based analysis.
The results outlined so far provide a promising initial characterisation of the pool. Next,
to look at the fate of recycling RRP vesicles, we designed a protocol that would capture
the positional organisation of vesicles at three time points post stimulus. The time points
selected were 1 min after fixation, 5 min after fixation, and 20 min after fixation. The
minimum time period allowed by this particular method was 1 min, which incorporated
45 s to allow recycling to complete. These will be referred to as the RRP 1 min, RRP 5
min, and RRP 20 min respectively throughout the rest of this chapter.
We first established the RRP fractional size at these three time points. Notably we
found that the percentage of RRP vesicles was extremely stable across these time
points, showing

5.7±0.42, at 1 min (n=11 synapses), 5.8±0.52% at 5 min (n=15

synapses), and 5.02±0.47% at 20 min (n=25 synapses) (Fig.4.6.A). A one-way ANOVA
revealed no significant difference (p=0.50) (Fig.4.6.A). The distribution of RRP fractions
within the sampled synapses was also similar at all time points, and showed no
significant differences over time (Fig.4.6.B). This finding is important, indicating that
time after stimulation does not result in vesicle loss due to release, giving us further
confidence in the value of this approach for readout of vesicle fate over time.
We also examined the relationship between RRP size and total pool size. We found
that the number of vesicles in the RRP was correlated with the size of the total number
of vesicles in each section, with the number of recycling vesicles increasing with total
pool size (Fig.4.6.C). Nonetheless, the recycling fraction was not correlated with total
pool size; in other words, with larger synapses did not have a larger proportion of RRP
vesicles (Fig.4.6.D).
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Figure 4.6 Recycling pool fraction is stable over time and is not related to
synapse size
A) In slices fixed 20 min, 5 min, or 1 min following stimulation, the recycling fraction
was 5.017±0.469%, 5.805±0.522%, and 5.695±0.422%, respectively. There was no
significant difference between recycling fractions at any of the time points. B) Nor was
there any significant difference in the distribution of the fractions within any of the
populations. C ) Number of vesicles in the recycling pool is linked to the size of the total
pool. D) However, recycling pool fraction is not linked to the size of the synapse. Red –
RRP 20 min, orange – RRP 5 min, purple – RRP 1 min.

4.2.5 Arrangement of readily releasable vesicles following reuptake
Next we exploited the information obtained from the three different fixation time points
(outlined above) to follow the fate of recycling RRP vesicles. Key questions to address
include whether RRP vesicles re-enter the synapse at points close to the active zone,
or at points further away from the active zone; and whether they subsequently
segregate within the total terminal space (e.g. front, back, or cluster edge), or insert
randomly.
In order to gain insight into these questions, we took synapses from each time point and
measured the distance from the active zone of all vesicles within the terminal and
compared the distribution of distances for recycling vesicles and non-recycling vesicles.
(see Fig.4.7). These were normalised to the size of the synapse, so that all synapses
could be compared. The synapse size was determined by the furthest vesicle from the
active zone. To represent the organisation of the RRP within the terminal in a visual
form, we also generated density maps of vesicle positions using a custom-written
MATLAB script (supplied by Prof K Staras). The plots show normalised 2D coordinates
of each vesicle with respect to the active zone and the vesicle cluster boundaries with
vesicle densities represented by a colour look-up table (see section 2.5.7.1).
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Figure 4.7 Recycling vesicles are positioned towards the back of the
cluster over time
A) In samples fixed 1 min after FM dye loading, recycling vesicles are significantly
shorter distances from the active zone compared to the rest of the cluster (n=11
synapses, unpaired Student’s t-test for unequal variance, p=<0.002). B) In samples
fixed at 5 min after FM dye loading, the positioning of RRP vesicles within the cluster
was still significantly closer to the active zone than non-recycling vesicles, but the
preferential positioning was reduced (n=15 synapses, unpaired Student’s t-test for
unequal variance, p=<0.05). C) 20 min after loading, recycling vesicles showed no
significant difference in their distribution compared to non-recycling vesicles (n=25
synapses, unpaired Student’s t-test for unequal variance, not significant, p=0.706) D)
Density maps of vesicle distribution at 1, 5 and 20 min time points. At later time points,
the distribution of RRP vesicles is less towards the active zone, and more similar to
that of the non-recycling vesicles. Green spots indicate centre of active zone.

In all cases, the distribution of non-recycling vesicles was very similar. The cumulative
frequency curves closely matched each other, and showed no significant differences to
each other (one-way ordinary ANOVA, p=0.859). The heat maps reveal that the cluster
of non-recycling vesicles form an approximately circular distribution in each case.
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These findings strongly support that the integrity of the cluster as a whole is not
influenced by the stimulation protocol, and that objective comparisons of RRP vesicle
distributions at different time points are justified.
The organisation of RRP vesicles was strikingly different. At 1 min, vesicles adopt
positions close to the active zone, seen in both the leftward shift of the cumulative
frequency plot (Fig.4.7.A.) and the high density vesicle representation at sites directly
behind the active zone and at the lateral margins in the heat plot (Fig.4.7.D). At 5 min,
this distribution bias is substantially less clear, with vesicles adopting positions nearer
the centre of the cluster volume; this is revealed both by the rightward shift of the RRP
curve in the cumulative frequency plot and the movement in vesicle density in the heat
plot towards the cluster volume centre (Fig.4.7.B, D). This pattern is emphasised further
for the 20 min time point. Now the cumulative frequency plots for RRP and non-RRP
vesicles are virtually indistinguishable and the heat plot likewise shows that the RRP
recycling vesicles have a similar distribution to the non-recycling vesicles.
How are these RRP vesicles arranged with respect to each other? They could be
arranged in small clusters, or mixed fully with the rest of the vesicle cluster. Close
positioning over time might indicate that there is a specific site to which these vesicles
are returned in the cluster, rather than reintegrating at random. To address this
question, we carried out a simple cluster analysis, based on the use of a grid of six
concentric circles, each one vesicle width apart. The central circle was placed over a
recycling vesicle, and the fraction of recycling vesicles in each of the subsequent circles
was calculated (Fig.4.8.A). Plots of average fractions from all vesicles for each time
point against increasing distance from the vesicle target are shown in Fig.4.8.B. This
analysis shows that recycling vesicles tended to cluster together at 1 min (high
fractional values at short distances, falling away at longer distances), hinting at a
specific location for vesicle reuptake. When taken in concert with the previous data, this
suggests that the site for vesicle re-entry is at or close to the active zone. Interestingly,
there is also clear clustering at 20 min after stimulation, consistent with the
reaccumulation of vesicles at a specific area within the synapse. The data from the
previous analysis suggests that this site is further back in the synapse, away from the
active zone. Meanwhile, at the 5 min time point, there is no clear clustering of vesicles,
and photoconverted vesicles appear to be spread further apart, possibly consistent with
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a period during which they are transiting between endocytic sites and final reintegration
sites (Fig.4.8.B).

Figure 4.8 Clustering of recycling vesicles at multiple time points
A) Schematic of measuring system. Using a circular grid of six concentric circles, each
one vesicle width apart, the number of recycling vesicles in each circle was expressed
as a fraction of the overall number of vesicle in that circle. B) Mean fraction of recycling
vesicles within 1-6 vesicle widths of each recycling vesicle. Red – RRP 20 min, orange
– RRP 5 min, purple – RRP 1 min. Recycling vesicles cluster together at 1 min and 20
min following stimulation, but display less clustering at 5 min following stimulation. An
ordinary one-way ANOVA was performed, and there was no significant difference
between the distributions at these time points (p=0.89).

4.2.6 RRP vesicles and the docked pool
Vesicles in the readily releasable pool are defined by their preferential release
characteristics (Rosenmund and Stevens, 1996), and there is some evidence that
vesicles which were previously labelled as part of the RRP are preferentially reused
(Pyle et al., 2000, Rizzoli and Betz, 2004). For vesicle release to occur, these vesicles
must have access to docking sites. As such, looking at the representation of
photoconverted recycling vesicles in the docked pool is an important next step in
discovering whether RRP vesicles retain their identity following reuptake.
To address these ideas, we first looked at the overall representation of the RRP pool in
the docked pool, determining how many previously RRP vesicles were at docking sites.
At 1 min after stimulation, 19.52±5.8% of the labelled RRP is at positions at the active
zone. By 5 min, this value drops significantly (Student’s t-test for unequal variance,
p=<0.05) to 5.967±2.898% of the RRP vesicles at docking sites. There was no

140
significant decrease between 5 min and 20 min when 4.751±2.714% was contained at
the docked pool (Fig.4.9.A).
We next looked at the fraction of docking sites filled with recycling vesicles. This
showed a similar decrease over time. At 1 min following stimulation, 12.95±4.2% of the
docked pool was taken up by what had previously been RRP vesicles. By 5 min, the
fraction of the RRP vesicles in the docked pool had dropped to 5.97±2.5%, dropping
further to 3.04±1.7%. There is a significant difference between the fraction of RRP
vesicles at the docked pool between 1 min and 20 min (Student’s t-test, unequal
variance, p=<0.05), but there is no significant difference between either point and the 5
min time point (Fig.4.9.B).

Figure 4.9 Recycling vesicles are more common at docking sites at shorter
times following stimulation
A) At 20 min, the docked pool contains 4.8±2.7% of the RRP. At 5 min, 6.0±2.9% of the
RRP is at docking sites, and at 1 min, the 19.2±5.9% of the RRP is at docking sites.
These figures show a significant difference between the time points (ordinary one way
ANOVA, p=<0.05), with a significant difference between 1 min and 20 min time points
(1 min n=11, 20 min n=25, unpaired Student’s t-test for unequal variance, p=<0.05),
and the 5 min and 20 min time points (5 min n=15, 20 min n=24, unpaired Student’s ttest for unequal variance, p=<0.05); however there was no significant difference
between the 1 and 5 min time points (1 min n=1, 5 min n=15, Student’s t-test for
unequal variance, p=0.314). B) At 20 min after loading, the docked pool consists of
3.0±1.685% recycling vesicles, at 5 min 6.0±2.5% recycling vesicles, and with only 1
min between loading and fixation, recycling vesicles comprise 13.0±4.2% of the docked
pool. These differences were not significant (one-way ordinary ANOVA, p=0.09), but do
represent a clear trend in the number of recycling vesicles at docked sites.
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These results show a decrease in the number of the previous RRP at the active zone
over time. The most obvious interpretation of this is that endocytosis occurs at or near
the active zone and then RRP vesicles are inserted randomly into the synaptic vesicle
cluster. In order to determine at which part of the active zone this endocytosis occurs,
we divided positions at the docked pool into central or peripheral (Fig.4.10.A), and
calculated the fraction of recycling vesicles at either of these positions. The active
zones used can be seen described in Fig.4.10.B. All docking pools of a single vesicle
were eliminated as this indicated that a non-representative cross-section of the active
zone was obtained in that section. The mean value for each category is listed in
Fig.4.10.E.
At 1 min (n=11, unpaired Student’s t-test for unequal variance, p=0.35) and 5 min
(n=11, unpaired Student’s t-test for unequal variance, p=0.73), there was no significant
difference in fraction of peripheral and the fraction of central docking sites occupied by
recycling vesicles; however, 20 min following labelling, there were significantly higher
numbers of vesicles at peripheral sites compared to those at central sites at the active
zone (n=23, unpaired Student’s t-test for unequal variance, p=<0.05). There was no
significant difference in the fraction of recycling vesicles at peripheral sites across the
time points measured (ordinary one-way ANOVA, not significant, p=0.45), but there was
a noticeably higher fraction of recycling vesicles at peripheral sites at the 1 min time
point. In central vesicles, there was a significant difference between the time points
(ordinary one-way ANOVA, p=<0.002): specifically, there were significantly higher
numbers of recycling vesicles at central docking sites at 5 min (unpaired Student’s t-test
for unequal variance, p=<0.05) and 1 min (unpaired Student’s t-test for unequal
variance, p=<0.05) compared to 20 min, when all recycling central vesicles had been
eliminated. There was a marked but not significant increase in the number of recycling
ventral vesicles between 1 min and 5 min after stimulation (unpaired Student’s t-test for
unequal variance, not significant, p=0.165). (Fig.4.10C) The ratio of recycling vesicles
between peripheral and central vesicles drops over time, as the central docking sites
are no longer occupied by recycling vesicles. (Fig.4.10)
This suggests that there is greater vesicle mobility at centrally located docking sites on
the active zone, and that if reuptake occurs around that region, then the vesicles are
more likely to be reintegrated into the pool.
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Figure 4.10 Recycling vesicle positioning at docking sites at three
different time points
A) Vesicles at the active zone were defined as either peripheral (indicated in green) or
central (indicated in grey), and as photoconverted or non-photoconverted. Red –
photoconverted, blue – non-photoconverted. B) Cartoon of all active zones used. C)
The fraction of recycling vesicles at the active zone in peripheral and central locations.
There are no recycling vesicles in central docking sites at 20 min. D) Ratio of peripheral
to central vesicles. Red – RRP 20 min, orange – RRP 5 min, purple – RRP 1 min, grey
– TRP 20 min. E) Mean fractions ± standard error of the mean of each position at each
time point, with ratio of RRP vesicles at peripheral / central sites.

4.3 Functional properties of RRP vesicles in the acute
hippocampal slice preparation
The ultrastructural information gathered in section 4.2 provides valuable insight into the
arrangement of vesicles on reuptake. The hypothesis that is most consistent with the
data is that RRP vesicles undergo endocytosis and are subsequently reclaimed at sites
at or adjacent to the active zone. However, at later time points, they are reintegrated
into the vesicle cluster, adopting a random spatial distribution. Such a finding has
parallels with the work by Rizzoli and Betz (2004) in the frog neuromuscular junction,
showing that RRP vesicles are not preferentially segregated after recycling. In this
previous study, they also demonstrated that those vesicles are still reused
preferentially, indicating that position may not be a key factor for privileged release.
Next we looked at the same issue in small central terminals using a fluorescence-based
approach.

4.3.1 Rate of fluorescence depletion in RRP labelled synapses
Having used the method described in section 4.2.1 to label RRP vesicles, the next step
was to establish whether they retained their functionality, or whether RRP vesicles
moved out of the recycling pool entirely. RRP vesicles in the presence of FM dye were
exposed to a stimulation protocol of 40 AP/20 Hz, and CNQX and AP5 were applied to
prevent signal propagation causing fluorescence loss, and the slice was allowed to
wash for 20 min prior to imaging. The slice was then imaged using time lapse confocal
microscopy, at a frame rate of 0.5 fps. Following 20 s of imaging, a 10 Hz destaining
stimulus was applied.
A selection of the fluorescent punctae experienced stimulus dependent fluorescence
loss as the FM dye was released when the labelled vesicles underwent recycling
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(Fig.4.11.A). The profiles generated by this fluorescence loss over time demonstrated a
heterogeneous rate of dye loss, but a stable period, followed by a period of exponential
dye loss which coincided with the start of the 10 Hz stimulus was exhibited in all cases
(Fig.4.11.B).
The mean of all curves fitting this profile for RRP labelled synapses was compared to a
similar curve generated by TRP labelled synapses, both with their minimum
fluorescence normalised to zero, and normalised against the fluorescence at the point
that the stimulus started (Fig.4.11.C). The destain profile of the RRP synapses shows a
steeper exponential decay than that of the TRP synapses indicating a faster rate of dye
loss.
This was confirmed by collecting the time constant tau values for the generated destain
curves for RRP vesicles and comparing them to those for TRP destain curves. The
mean time constant tau of destain rates in TRP synapses was 94.24±8.1 s, which was
nearly twice that which we found in RRP synapses 43.27±6.3 s. This is a significant
difference (Student’s t-test for unequal variance, p=<0.002) (Fig.4.11.D). When we
compared the frequency distributions of the tau values, there was a definite skew of
RRP values towards the shorter time constants, confirming that the rate of destain is
faster in RRP synapses compared to those labelled with a TRP labelling stimulus
(Fig.4.11.E).
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Figure 4.11 Functional activity of RRP vesicles in native tissue
A) Vesicles in synapses labelled with an 40 AP stimulus in the presence of FM dye
retained their functionality and exhibited dye release when exposed to a 10 Hz
destaining stimulus. B) Functional punctae typically show a profile of a roughly
maintained fluorescence level prior to the start of the stimulus, followed by a stimulusdriven fluorescence loss. The rate of this fluorescence loss is heterogeneous between
synapses. C) The average profile of RRP synapses (n=89 from 4 animals) shows more
rapidly completed dye release than in TRP labelled synapses (n=107 from 5 animals).
Green – RRP synapses, grey – TRP synapses. D) The mean time constant tau of
destain rates in TRP synapses is 94.242±8.145 s, compared to 43.270±6.345 s in RRP
synapses. This is a significant difference (Student’s t-test for unequal variance,
p=<0.002) E) Though both TRP and RRP synapse populations have a level of
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heterogeneity, the range of tau values in RRP synapses is skewed towards smaller
values than those of TRP synapses. Green – RRP synapses, grey – TRP synapses.

4.3.2 Using fluorescence based assays of function for short time
scales
In section 4.2.6, we establish that 1 min after stimulation, there are large numbers of
FM-labelled RRP vesicles at the active zone. What remains unclear is whether these
vesicles are release competent at this time point, or whether they need to cycle through
the pool to participate in further release events. To examine this idea, we aimed to
compare the destain rate of FM dye labelled synapses at 1 min versus 20 min after
loading.
This posed a technical challenge. The 20 min washout period, which lowered the
background fluorescence to suitable levels for responsive punctae to be identified,
could not be used under these conditions. Use of an FM dye collating agent, such as
Advasep, requires several minutes of application in order to have an effect (Kay et al.,
1999). A rapid method of removing background fluorescence was required in order to
visualise labelled RRP synapses only 1 min after stimulation. In a previous study,
Harata et al. (2001) used BPB as an approach to quench external fluorescence to study
fast fusion events, such as kiss-and-run recycling. BPB rapidly quenches the
fluorescence of FM dye, and as such makes it ideal for our purposes.
As in previous experiments, FM dye was puffed into the slice for 3 min, and then the
loading stimulus applied. At this point, the surface of the tissue was located under the
electron microscope, and a point 10-25 microns below it was selected for imaging. The
application of FM dye was terminated 45 s after the stimulus concluded, the perfusion
system was stopped, and the ACSF in the imaging chamber was gently replaced with
ACSF containing 50 µm CNQX, 20 µm AP5 and 2 mM BPB; the slice was then imaged.
The application of BPB caused an instant drop in fluorescence (see Fig.4.12.A). Small
fluorescent punctae were clearly visible.
We measured the fluorescence level of 50 punctae and 50 background regions of the
same size in a BPB-labelled slice, compared to a slice which experienced a 20 min
wash with normal ACSF as a control. We found that the fluorescence levels throughout
the samples were reduced in the presence of BPB, with decreased background
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fluorescence and the levels of fluorescence in visible punctae also lowered (Fig.4.12.B).
When comparing the frequency distributions of the punctae and background
fluorescence of the BPB -reated slice and the control slice, normalised against the
maximum fluorescence level of the punctae in each category, we found that there was
no change in contrast between the punctae and brightness levels, but the distribution of
the values are smaller (Fig.4.12.C).
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Figure 4.12 BPB quenches FM 1-43 fluorescence
A) Same slice imaged with the same settings both before and after the application of
0.2 mM BPB solution. B) Levels of fluorescence in punctae was reduced, as was the
fluorescence in the background. C) BPB causes overall decrease of fluorescence
levels. However, the difference between background and responsive punctae levels
was significant (Student’s t-test, p=<0.002) in both control and BPB samples. Green –
control punctae, blue – BPB punctae, grey – control background, black – BPB
background.

Having established that BPB is a suitable tool to allow the study of fluorescence loss in
RRP vesicles immediately following loading, we compared the rate of fluorescence loss
in a slice which was allowed to incubate for 20 min following FM dye loading to one
which was only allowed 45 s to recover. In each case, a region of interest was selected,
the perfusion system was stopped and the ACSF in the imaging chamber replaced with
BPB ACSF containing CNQX and AP5, and the region of interest was imaged at a rate
of 0.5 fps, with a destaining 10 Hz stimulus applied after 10 frames.
An unforeseen technical difficulty posed by this method is that the perfusion system
provides a current over the surface of the slice which contributes towards holding the
slice flat in the chamber, preventing the slice from drifting in the z-plane when imaged.
The absence of the perfusion system meant that obtaining these readings without z-drift
was difficult. As such, replicates were limited: for BPB RRP 20 min n=16 synapses from
2 animals; and for BPB RRP 1 min n=11 synapses from 1 animal.
There was no clear difference between the average destain curves of these synapses
(Fig.4.13.A). When comparing the distribution of the time-constant tau values for these
two time points, it also showed no significant difference (20 min n=16 synapses from 2
animals, 1 min n=11 synapses from 1 animal, unpaired Student’s t-test for unequal
variance, not significant, p=0.475), but may potentially point to a slight decrease in rate
between the BPB RRP 1 min destain punctae and the BPB RRP 20 min punctae
(Fig.4.13.B).
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Figure 4.13 Rate of fluorescence loss at 1 min vs 20 min after stimulation
A) Average fluorescence loss over time of BPB treated synapses, 1 min (purple) or 20
min (red) after fluorescence loading. B) Frequency distribution of tau values for BPB
RRP 20 min (red) and BPB RRP 1 min (purple) punctae destain curves (20 min n=16
synapses from 2 animals, 1 min n=11 synapses from 1 animal, unpaired Student’s ttest for unequal variance, not significant, p=0.475).

4.4 Discussion
In this chapter the primary aim was to exploit an ultrastructural readout of functional
vesicles to establish the fate of the readily releasable pool following endocytosis at
native central synapses. By quantifying the location of these vesicles at various time
points after loading, the overall temporal dynamics of this pool could be characterised.
This is a particularly interesting question with regards to RRP vesicles since it has
previously been suggested that these vesicles are preferentially reused to maintain
vesicle recycling (Denker et al., 2011, Pyle et al., 2000).

4.4.1 Labelling the RRP in the hippocampal acute slice preparation
With the aim of labelling and then characterising the properties of this pool, an initial
consideration was to choose the best paradigm for labelling. Many researchers have
used hyperosmotic sucrose as an approach to access this pool (Rosenmund and
Stevens, 1996, Moulder and Mennerick, 2005) Although this has been highly
informative, the mechanism by which it brings about the release of the RRP is not
clearly understood. It is known to be calcium independent, suggesting that it does not
rely on the normal release mechanism. Indeed, Moulder and Mennerick (2006) suggest
that hypertonic release of vesicles based on sucrose application shows higher numbers
of released quanta than an exhausting stimulus train, indicating that it may be releasing
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additional ‘reluctant’ vesicles with unclear physiological meaning. Moreover, the fact
that sucrose-induced release appears to be resistant to drugs altering release
probability indicates that an entirely different mechanism of action is at work
(Rosenmund and Stevens, 1996).
From a technical and experimental point of view, there are also potential problems with
the precise and discrete application of sucrose. In addition, we anticipated problems
with eliminating the hypertonic sucrose following injection into the tissue at the site of
FM dye uptake, as we would not be able to control the duration of the hypertonic
solution. As such, sucrose-induced release offered few clear advantages for this work
We were able to label the readily releasable pool for quantification at an ultrastructural
level using FM dye photoconversion. Our finding of an RRP recycling fraction of
5.5±2.8% of the total pool is within the range previously described in the literature,
(Sudhof, 2000, Rizzoli and Betz, 2005, Schikorski and Stevens, 1997b, Murthy et al.,
1997) and is broadly consistent with our fluorescence findings (see section 4.2). As
previously stated, it is possible that one might confuse large dense core vesicles with
recycling vesicles, or even endosomes which will later be parcelled off into recycling
vesicles. The low occurrence rate of these large dense core vesicles also means that,
were they somehow to be confused with normal recycling vesicles, this would be
unlikely to have a significant bearing on the results. The low incidence of large dense
core vesicles in samples and the absence of photoconverted vesicles in the control
samples provide support for this.
The consistency of the recycling fraction over the course of multiple time periods is
good evidence that this pool is not being lost, either through spontaneous fusion or
through transfer to the superpool (Staras et al., 2010) (see sections 1.3.4). This
suggests that RRP recycling vesicles are largely maintained within terminals. An
interesting future experiment would be to see to what extent RRP vesicles do leave
terminals and appear at extrasynaptic locations. This would help clarify whether
recycling vesicles in this pool behave differently to recycling vesicles in the total pool
(Darcy et al., 2006).

4.4.2 Distribution of RRP vesicles following recycling
After undergoing recycling, RRP vesicles were reintroduced into the vesicle pool. At 1
min following reuptake recycling vesicles appeared to show a preferential distribution
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towards the active zone. Over the course of 20 min, recycling vesicles were
intermingled with non-recycling vesicles, showing no preferential distribution.
Our initial finding of a trend of recycling vesicles towards the front matches the findings
of Park et al. (2012), who also found that recycling vesicles to be positioned close to the
active zone after recycling. However, the method used by Park et al. differed in that
they used a 10 AP stimulus to label RRP vesicles, leading to a subset of the RRP being
labelled. It is possible that the RRP defined by Rosenmund and Stevens (1996) is
actually made up of a small group of vesicles with a specific, preferentially releasable
identity, like that suggested by Denker et al. (2011), Pyle et al. (2000), and Rizzoli and
Betz (2004), and recycling vesicles from the TRP which just happened to be in the right
place at the right time. Looking at the positioning of a pool labelled using this 10 AP
stimulus would be an interesting experiment to explore this idea further.
These results also complement previous findings in the frog neuromuscular junction
which found that RRP vesicles clustered together upon re-entry into the cluster and did
not mix with the rest of the recycling pool (Richards et al., 2000). In a later paper in the
same system, comparing the position of RRP vesicles when fixed immediately after
stimulation and when fixed 10 min later, they also found vesicles clustered at the
membrane in vesicles fixed immediately, and that over the course of 8-10 min, recycling
vesicles were delivered into clustered where they slowly mixed with the other vesicles in
the terminal (Richards et al., 2003).
In synapses fixed 20 min after a loading stimulus, we found that RRP vesicles did not
show any preferential distribution towards the active zone, and were, if anything,
distributed towards the back of the cluster. This was in direct contrast to the findings of
Marra et al. (2012) when investigating the total recycling pool in the same system. They
found that in TRP labelled synapses, after 20 min, recycling vesicles showed
preferential positioning around the active zone. One possible explanation for this is that
following re-entry, vesicles are returned to the back of the cluster, and are moved to
positions near the front in an activity-dependent manner, as those vesicles in front of
them are released and then endocytosed and returned to the back of the cluster. The
duration of the TRP loading stimulus would allow those vesicles which were loaded at
the start of the stimulus to be returned to the front, as all the other vesicles in front of
them in the queue are cleared. In order to test this in future experiments, perhaps by
labelling the RRP with a non-releasable activity dependent probe such as syOyster (see

152
sections 3.2.4 and 3.3.7) and applying a further stimulus after allowing vesicles to reenter the pool, we could see whether the previous RRP vesicles move towards the
front. Subsequent studies in the lab, based on this idea, have confirmed this finding (Dr
S Rey, personal communications).

4.4.3 RRP vesicle re-entry around the active zone
An important finding in this chapter is the indication that vesicle re-entry occurs around
the active zone and at the lateral edges of the vesicle cluster. This is in broad
agreement with the classical models of endocytosis. The high numbers of recycling
vesicles present at the docking sites, and at positions around the active zone at earlier
time points, and moving away from with time, indicate that this is a major site for vesicle
turnover.
Previous work has indicated that a rapid form of endocytosis is predominantly used
when recycling RRP vesicles, and that this is an important mechanism in maintaining
presynaptic function, suggesting full collapse fusion is not something which could
sustain transmission alone (Pyle et al., 2000). This result backs up a suggestion made
by Alabi and Tsien (2012) that the depression seen when synapses are repeatedly
exposed to an RRP-depleting stimulus (von Gersdorff and Matthews, 1997, Abbott and
Regehr, 2004) is caused by an accumulation of former RRP vesicles around the active
zone, which cannot be cleared in time to allow efficient refilling of the pool.
A recent paper by Watanabe et al. (2014) found that an ultrafast mode of recycling
occurred over the course of 5-6 s after the end of short bursts of stimulation. This
involves large clathrin independent vesicles being taken up from the synaptic
membrane, fusing to form endosomes, and then being apportioned off via a clathrinbased method. This method could potentially play a part in the recycling of RRP vesicle,
but bulk endocytosis vesicle reclamation methods are more likely to replenish the
reserve pool (Cousin, 2014), so the vesicles which are returned to the RRP are more
likely to be recycled by an alternative method.
In order to identify the role that ultrafast endocytosis plays in recycling RRP vesicles,
future experiments could include exploiting the clathrin dependence of full fusion

153
endocytosis, and the clathrin independence but actin dependence of ultrafast vesicle
recycling Watanabe et al. (2013). By applying an actin polymerisation inhibitor, such as
Cytochalasin B, and checking the extent of recycling vesicle labelling and comparing it
to the labelling following exposure to a clathrin inhibitor, such as Pitstop, this may help
determine which modes of endocytosis are involved in vesicle reuptake following short
bursts of activity.

4.4.4 Functional properties of RRP vesicles on reuse
When performing fluorescence loss experiments of FM 1-43 labelled RRP vesicles, we
found that the fluorescence in the synapses was lost at faster rates than that in FM 1-43
labelled TRP synapses. Though TRP synapses have a larger number of labelled
vesicles, if all vesicles are used without preference then we should have seen an equal
time course with lower fluorescence levels. This results points to a greater degree of
reuse of RRP vesicles in future recycling events. TRP destaining also includes a
population of RRP vesicles, so slower time course of release may be due to a slow
rerecruitment of non-RRP vesicles. This is further evidence toward the suggestion
above that a subset of RRP vesicles is preferentially reused. The notion of
heterogeneity within pools has been suggested recently by Alabi and Tsien (2012),
linking studies which have shown a subset of RRP vesicles which are pre-primed and
released within much smaller timescales than the rest of the RRP (Hanse and
Gustafsson, 2001, Wu and Borst, 1999, Moulder and Mennerick, 2005).
At 1 min following labelling, RRP vesicles are at locations close to the active zone, but
at 20 min following labelling, RRP vesicles display no preferential positioning relative to
the other vesicles within the terminal. This did not translate into a change in synaptic
vesicle function. One possible reason for this, suggested by Rizzoli and Betz (2005), is
that resting pool vesicles are ‘glued’ together, making it difficult for them to break away
to undergo recycling.
In the synapsin knock-out mouse model, the clustering of synaptic vesicles is
compromised, and larger numbers of vesicles are present outside the cluster
(Orenbuch et al., 2012). Performing similar experiments on these mice would determine
whether the rigidity of the cluster is what provides RRP vesicles with their increased
mobility. If this is the mechanism behind preferential reuse, it points to a specific identity
of the recycling pool vesicles from which the RRP are preferentially drawn.

154
Alternatively, the even distribution through the terminal which is displayed after 20 min
actually has some recycling vesicles near the front of the terminal. It is possible that
these specific vesicles are at these locations closer to the active zone owing to
properties which allow them to be preferentially reused for recycling. Experiments
looking at the locations of the remaining pool, when the vesicles which can be released
with 10 AP have been destained, would give an interesting insight into whether this is
actually the case. This idea would to some degree match the findings of Neves and
Lagnado (1999) in their experiments on bipolar cells in goldfish retina. Using
capacitance measuring, they found three tiers of rates of recycling, fastest in the first 10
ms, gradually decreasing over the next second, and then maintaining a slower steady
rate subsequently. The terminals in goldfish bipolar cells are far larger, containing
thousands of vesicles, but this three-tier rate system may be in evidence in
hippocampal terminals.
This chapter demonstrated that the ultrastructural arrangement of recycling vesicles has
implications for the function of the synapse. In the next chapter, we examine how
altering synaptic function has an effect on the ultrastructural arrangement of recycling
vesicles.
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Chapter 5: The effect of long-term
plasticity on ultrastructure and
function of recycling vesicle pools
5.1 Introduction
In the previous chapter, we looked at the implications of the ultrastructural arrangement
of recycling vesicles in presynaptic terminals for the functionality of those synapses. In
this chapter, the overarching objective is to take this investigation of the link between
function and ultrastructure to the obvious next step, by using a well-established method
to modulate synaptic strength, followed by the use of the approaches detailed in the
previous chapter to examine how this modulation acts on organisational properties of
recycling vesicles. Specifically, we aim to induce a form of long-term depression in
CA3-CA1 connections in acute hippocampal slices and employ FM dye labelling,
fluorescence imaging, photoconversion, and electron microscopy to assay properties of
functional pools.
Long-term depression (LTD) is an excellent candidate for further study: it is a topic of
considerable interest, but little is known about the cellular and molecular mechanisms
underlying it. LTP, first discovered in 1973 (Bliss and Lomo, 1973), has been the
subject of extensive study since then, and is a valuable model for learning and memory.
LTP was intended as a future direction for this work and would certainly support any
conclusions drawn, but LTD was chosen due to its having been the subject of less
study since its rather more recent discovery (Dudek and Bear, 1992). This allowed
more scope for original investigation into the presynaptic properties of this form of longterm plasticity, and increased the impact of this work.
LTD is a reduction in synaptic strength, lasting hours or days, caused by the brief
application of a low frequency stimulus (Dudek and Bear, 1992). This effect is reversible
and, after having been induced, the response from the tissue can be elevated to, and
indeed beyond, its previous levels through application of a protocol for inducing long-
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term potentiation (LTP) (Mulkey and Malenka, 1992). LTD is also more reliably induced
than LTP, making it more convenient for inclusion as part of a complex protocol where
ultrastructural information is also obtained (Bear and Linden, 2001).
The investigations into the postsynaptic mechanisms of LTD have shown there to be
two major forms of LTD, one requiring the activation of NMDA receptors, a rise in
postsynaptic calcium level, and an activation of protein phosphatase cascades (Mulkey
et al., 1994, Malenka and Bear, 2004). The other key form of LTD, and the one
addressed by Zakharenko et al. (2002), is caused by internal calcium release following
activation of metabotrobic glutamate receptors (mGluR) (Bolshakov and Siegelbaum,
1994). This form is particularly prevalent in CA1 LTD. Antagonists against mGluR1s can
inhibit LTD successfully in this model (Zakharenko et al., 2002). The activation of
mGluR2s, which are typically found presynaptically, have been shown to be critical for
persistent induction of LTD (Mukherjee and Manahan-Vaughan, 2013). AMPA receptor
internalisation also plays a role in the reduction in the size of the postsynaptic response
in LTD synapses (Hanley and Henley, 2005) (full summary in chapter 1.5.2). However,
less is understood about the role played by presynaptic factors in LTD.
In their tour-de-force study, Zakharenko et al. (2002) demonstrate that synapses in
hippocampal slices loaded by incubation in FM dye and imaged with a two-photon
microscope demonstrate a reduced rate of dye release after induction of a form of LTD.
They demonstrated the opposite effect, an increase in dye release rate following LTP in
a subsequent series of experiments (Zakharenko et al., 2003). In cultured neurons,
Ratnayaka et al. (2012) demonstrated that induction of LTP leads to recruitment of
vesicles from the resting pool to increase the recycling pool fraction. Clearly then,
synaptic vesicle pools are affected by long-term plasticity protocols, but the precise
nature of their involvement is not yet known.
A key hypothesis we shall test is that LTD arises in part from a reduction in the absolute
or fractional number of functional vesicles at the terminal. The mechanistic basis for this
hypothesis is already established in the literature. It has previously been reported that
release probability, one of the fundamental parameters defining synaptic strength, is
positively correlated to the size of the recycling pool (Murthy et al., 1997). Homeostatic
plasticity paradigms, such as long-term silencing of neuronal activity by TTX, produce
results consistent with this theory, showing a rescaling of the functional pool (Murthy et
al., 2001, Thiagarajan et al., 2005).
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A second possible vesicle pool parameter that could undergo changes associated with
synaptic plasticity is the physical organisation of vesicles in the terminal. The rationale
for this is the recent observation that the absolute position of functional vesicles in the
terminal is a determinant of its release characteristics (Marra et al., 2012). We shall test
the hypothesis that the induction of long-term depression acts on the structural
organisation of the recycling pool, such that the physical arrangement of the recycling
vesicles with respect to the release sites is less advantageous for efficient release.
The docked pool is a site of particular interest in this case. The size of this population
has been shown to be affected by long-term plasticity protocols (Murthy et al., 1997).
The size of the recycling fraction of the docked pool released with hypertonic sucrose in
LTD (Stanton et al., 2003) and LTP (Stanton et al., 2005) synapses have been shown
to be lowered and raised respectively. These fluorescent studies provide a tantalising
glimpse as to the role that the docking sites play in long term plasticity.
The aim of this chapter is to investigate the effect of using LTD to alter synaptic function
on the properties of synaptic vesicles in the presynaptic terminal on FM dye release as
an assay of recycling. More importantly, we aim to provide the first look at the
ultrastructural arrangement of functional vesicles in functionally altered terminals. We
shall use this information to determine the organisation of these vesicles with respect to
each other and the active zone, and how the induction of LTD affects the composition of
the vesicle pools at the active zone.

5.2 Functional labelling of recycling vesicles in hippocampal
slices with LTD induced
5.2.1 Protocol of LTD in Schaffer collateral synapses
The initial objective was to establish a robust paradigm for LTD. LTD induction
protocols have been widely outlined in the literature and several different mechanisms
have been described. For these experiments, we adapted a protocol for a conventional
form of hippocampal LTD used by Zakharenko et al. (2002). A basic outline of the
procedure was as follows. Slices were prepared as described in previous chapters,
using rats aged 21-28 d. This upper limit on age is important, as previous studies
suggest that animals exceeding 35 d are much more unreliable for LTD induction (Bear
and Linden, 2001). As described in previous chapters, following sectioning and a period
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bubbling in 95% O2 / 5% CO2, a slice was placed into the recording chamber and then
left for a further 15 min to acclimatise, as suggested by Edwards and Konnerth (1992).
Next, a baseline was established. Specifically, a response was elicited by stimulating
the Schaffer collaterals in CA3 and recording the evoked activity in CA1 (Fig.5.1.A). As
outlined previously, this response typically had three distinct components: a stimulus
artefact, the fibre volley, a small signal which is the electrode detecting the axonal
transport of the stimulus, and an fEPSP which is a compound response of all synaptic
activity in the area surrounding the recording electrode tip (Bortolotto et al., 2001)
(Fig.5.1.B). As described in chapter 3, a sub maximal voltage was selected and used
for these experiments.
LTD is induced by using sustained activity which is of insufficient frequency to induce
LTP (Cummings et al., 1996, Dudek and Bear, 1992), and as such there are a wide
variety of induction protocols, based on sustained stimulation at <10 Hz , which can be
used to bring about LTD (Bear and Linden, 2001, Dudek and Bear, 1992). We chose to
use 3 Hz for 900 AP (5 min), the protocol used previously by Zakharenko et al. (2002)
to examine presynaptic components of LTD, as well as in numerous other studies
(Hrabetova and Sacktor, 1996, Hrabetova et al., 2000, Xu et al., 2010).
Prior to the application of the LTD induction protocol, we collected synaptic responses
at 0.033 Hz for 10 min. The low frequency stimulus was used to prevent the induction of
metaplasticity (Zorumski and Izumi, 2012), which can affect the development of longterm plasticity changes. This was important for use as a basis of comparison for all
subsequent responses. Following the LTD protocol of 3 Hz stimulus for 5 min, we
sampled the response at 0.033 Hz for 25 min to ensure that the changes in response
were sustained. The same protocol was carried out in control experiments and time
matched, except here the LTD induction step was not included (outlined in Fig.5.1.C).
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Figure 5.1 Location of a tissue response for plasticity induction
A) The tissue was stimulated along the Schaffer collaterals by a bipolar tungsten
electrode placed along the CA2/CA3 boundary. A recording electrode measuring
activity in the stratum radiatum of CA1 (for more details on set-up, see section 2.4.3).
B) A typical response showed an artefact from the stimulus, a fibre volley, caused by
axonal transmission, and a field excitatory postsynaptic potential (fEPSP). C) After
using very low frequency (0.033 Hz) stimulation to measure the postsynaptic
response for 10 min, a 3 Hz / 5 min plasticity protocol was applied. The postsynaptic
response was monitored for 25 min, using a 0.033 Hz stimulus.

5.2.2 Electrophysiological evidence for LTD induction
In order to test for the successful induction of LTD and quantify its extent, we compared
the amplitude and slope of the components of the fEPSP in pre- and post-LTD
conditions. These changes reflect changes in the response amplitudes of the individual
synapses and the number of synapses activated, and are standard parameters that are
known to undergo modulation during LTD. The latency is the time from the start of the
descending phase of the fEPSP to the end of the rising phase. The amplitude is the
deflection from the baseline to the peak of the fEPSP. The slope is calculated by
dividing the amplitude by the ‘time to peak’, which is measured from the start of the
descending phase of the LTD (Fig.5.2.B).
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An example comparison of the responses from one experiment is shown in Fig.5.2.A.
The baseline responses typically showed little variation prior to LTD induction.
Following the induction of LTD there was a striking increase in the response latency,
taking several milliseconds longer to return to baseline levels. We compared the latency
and size of the fibre volley in pre- and post-LTD responses from the tissue. There was
consistently no significant difference in the timing of the fibre volley of the pre- and postLTD response (control latency 54.1±0.16 ms, LTD latency 54.3±0.11 ms, Student’s ttest, unequal variance, p=0.167). However the amplitude of the fibre volley in the preand post-LTD responses was significantly decreased (Student’s t-test, unequal
variance, p=<0.02). This indicates that transduction of the response through the axon is
not inhibited, but there is a factor upstream of the synapse which affects the generation
of the response.
The amplitude, time to peak, and consequently slope of the fEPSP were all consistently
significantly lower in post- vs pre-LTD tissue responses (Student’s t-test, unequal
variance, p=<0.002 in all cases) (Fig.5.2.C and 5.2.D).
We deemed a successful LTD induction to have occurred if the slope of the fEPSP was
still significantly lower than the baseline recordings at 25 min following the 3 Hz / 5 min
stimulation. This is a relatively short time period after induction: many studies rely on a
test of LTD at ~50 min, but it was important in this case to use a shorter sampling time
point so that the additional aspects of the protocol related to fluorescence imaging could
be included. To be assured that the plasticity induction we achieved was consistent with
a long-term form of synaptic depression, we also ran experiments for periods up to 50
min, and demonstrated that LTD expression was sustained.
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Figure 5.2 Low frequency stimulation alters parameters of the tissue
response.
A) Trace responses from tissue showing the fibre volley and fEPSP, comparing those
taken prior to exposure to a plasticity-generating stimulus, demonstrating the effect that
a decreased amplitude and increased latency has on the trace generated. B) Diagram
illustrating the different measurements taken from the trace. Latency is the time
between the start of the descending phase of the fEPSP and the end of the ascending
phase, peak amplitude is the maximum deflection reached by the trace from baseline
levels, and the time to peak is the time from when the descending phase of the fEPSP
begins and the peak amplitude being reached. C) The slope of the fEPSP was
calculated by dividing the peak amplitude by the time to peak. This indicates the
properties which were measured to obtain these values. This was calculated,
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normalised against the mean level in the pre-LTD protocol readings, and plotted over
time. D) The peak amplitude of the response generated, normalised against the mean
peak amplitude in the pre-LTD readings. In C and D: orange – control, grey – LTD. In
the 5 min period indicated by the purple bar, in LTD readings, a 3 Hz stimulus was
applied, or in the control readings, no stimulus was applied. n=4, error bars show
standard error of the mean E) Chart showing the frequency of LTD induction compared
to other outcomes. From a total n of 36 experiments, a 3 Hz/5 min protocol resulted in
the induction of LTD in 23 cases, short term depression (STD) in 6 cases, LTP in 2
cases, and in 3 cases, there was no change from baseline readings 1 min following the
stimulus protocol, classified here as failure.

5.2.3 Anomalies of LTD induction
While robust LTD was the common outcome, there were instances in which the
stimulation protocol produced a different response (Fig.5.2.E). On six occasions we
observed a clear depression which was not sustained. In these cases a marked
decrease in the size of the trace was clearly visible immediately following the
application of the 3 Hz / 5 min stimulus, but the signal had returned to normal within 15
min (Fig.5.3.A). Both the latency and the amplitude show signs of having recovered
(Fig.5.3.B). The fEPSP response slope (Fig.5.3.C) and amplitude (Fig.5.3.D), whilst
showing clear and immediate evidence for LTD, gradually returned to baseline levels
(or even above) over approximately 20 min. Why this occurs was not clear. One
potential reason is that the stimulus is around the threshold level for the induction of
LTP, and it is causing a balance of potentiation and depression. The precise placing of
the electrodes may be what determines the overall outcome seen in the fEPSP. These
multiple potential outcomes underline the sometimes tentative nature of plasticity
induction and maintenance.
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Figure 5.3 Short-term plasticity induction in Schaffer collateral synapses
A) An example trace of a system which underwent short-term LTD, showing an initial
decrease in amplitude and then gradually returning to a higher amplitude over the
course of 15 min. B) An overlay of the three traces: black – 5 min pre-stimulus, pink – 5
min post-stimulus, orange – 15 min post-stimulus. C) The slope of the graph showed a
large decrease in size before returning to levels higher than the baseline. D) The
amplitude of the fEPSP exhibited a sharp drop before returning to levels higher than
baseline. In all cases the purple bar represents the application of a 3 Hz / 5 min
stimulus.

Much less common but also worthy of mention was the finding that the LTD induction
protocol would occasionally cause a potentiation of the synaptic response. An example
of this is shown in Fig.5.4, where the various response characteristics outlined above all
indicated an increase in the strength of the synaptic response: a significant decrease
(Student’s t-test, unequal variance, p=<0.002) in the time to peak of the fEPSP
(Fig.5.4.B), a significant increase in the amplitude (Student’s t-test, unequal variance,
p=<0.002) (Fig.5.4.D), leading to a significant increase in the slope of the fEPSP
(Student’s t-test, unequal variance, p=<0.002) (Fig.5.3.E).
Once again, the explanation for these anomalous findings is unclear, but indicate that
protocols for inducing a particular form of plasticity are not guaranteed and presumably
relate to a complex range of variables such as the activity history of the synapse, which
it may not be possible to fully control. The induction of LTD is caused when elevated
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calcium does not reach a threshold level for the induction of LTP (Dudek and Bear,
1992). It could be that the particular positioning of electrodes in these slices and the
sensitivity of these synapses to stimulation meant that the stimulation caused the
internal calcium levels to rise above the threshold level for LTP induction.

Figure 5.4 Induction of LTP using 3 Hz / 5 min protocol
A) In some cases the use of a 3 Hz / 5 min protocol induced a robust increase in the
size of the postsynaptic signal. The average traces for an slice in which a 3 Hz / 5 min
protocol resulted in potentiation is presented here, on different scales to demonstrate
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best the different components. The fibre volley and fEPSP are shown, the fibre volley
indicated by a star. B) Overlay of the pre-3 Hz / 5 min stimulus and post-3 Hz / 5 min
stimulus trace on the same scale (fibre volleys indicated by a star). C) The time to peak
of the fEPSP showed a significant decrease following the stimulus application
(Student’s t-test, unequal variance, p=<0.002). D) The amplitude of the fEPSP was
greatly increased, reaching significantly more negative values after the stimulus was
applied (Student’s t-test, unequal variance, p=<0.002). D) When the slope of the graph
was calculated, the changes to amplitude and time to peak lead to a significant increase
in the slope of the fEPSP (Student’s t-test, unequal variance, p=<0.002).

5.2.4 Labelling synapses with FM 1-43 for fluorescence imaging
Work by Zakharenko et al. (2002) found that mGluR1-dependent LTD had an effect on
the rate of exocytosis at hippocampal synapses, thus linking the observed decrease in
electrical transmission to changes in synaptic vesicle recycling and suggesting that this
process has a presynaptic component. As a step towards the overall objective of this
chapter, aimed at characterising the ultrastructural properties of presynaptic terminals
that have undergone LTD, it was important next to establish the functional presynaptic
consequences of LTD in our experiments. To do this, we again took advantage of the
activity dependent styryl dye, FM 1-43, to label functional synapses and to look at
properties of recycling vesicle pools in networks influenced by recent LTD induction.
NMDA and AMPA receptors are known to play critical roles in the strengthening and
weakening of synaptic signals in LTD and LTP (Dudek and Bear, 1992, Mulkey and
Malenka, 1992). Addition of the NMDA receptor blocker AP5 during the application of
the LTD stimulus alone can increase the depression of the fEPSP in response to the
LTD induction protocol (Cummings et al., 1996). As such, the induction step of the
protocol needs to be carried out in the absence of postsynaptic receptor blockers.
However, for the subsequent readout of vesicle pools, it is important that we are only
labelling functional vesicles based on presynaptic activity and not driven in part by any
recurrent activation of the network, leading to pre- and post-stimulus transmission and
complex consequences for interpretation.
In order to avoid this recurrent activity, we therefore needed to silence the postsynaptic
response after LTD induction, but before the dye labelling step of this experiment. We
chose a 25 min period after induction, to allow time to confirm a robust LTD induction
before proceeding with the imaging steps.
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The effectiveness of blockers is very evident in experiments. Following the application
of 50 µM CNQX and 20 µM AP-5, there is no significant difference in the slope or timing
of the fibre volley after the application of CNQX and AP5 (n=3, Student’s t-test, unequal
variance, p=0.2904 and p=0.572), demonstrating that axonal transmission is not
affected. There is a significant decrease in the slope and amplitude of the fEPSP
following the application of the blockers (Student’s t-test, unequal variance, p=<0.05
and p=<0.002). After the application of CNQX and AP5, there is no significant
difference between the amplitude of the response and the baseline prior to the stimulus
(Student’s t-test, unequal variance, p=0.589). Thus, the postsynaptic response is
entirely eliminated by these blockers, and all labelling is from activity generated by the
stimulating electrode.

Figure 5.5 CNQX and AP5 effectively eliminate the post synaptic response
A) In ACSF without blockers, a response from the tissue consists of a fibre volley,
caused by axonal transmission, and a fEPSP. B) When CNQX and AP5 are applied to
the tissue, the fibre volley is still in evidence, but the field excitatory postsynaptic signal
is effectively eliminated. C) The traces overlaid.

Synapses in both LTD and control samples were labelled as in previous chapters.
Briefly, the recording electrode filled with 20 µM FM 1-43 was placed around 50-100 µm
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below the surface of the hippocampal slice, and the FM dye was pressure injected into
the tissue using a Picospritzer for 7 min. Following 3 min of dye application, a 1200
AP/10 Hz stimulus was applied to the tissue using the stimulating electrode. FM dye
was applied for a further 2 min to ensure that, for vesicles undergoing recycling in that
time, dye availability was not a limiting factor. Slices were then left in a 3 ml/min
perfusion of ACSF with 50 µM CNQX and 20 µM AP5 for 20 min, a process which
removed excess dye. The slices were imaged by confocal microscopy at a rate of 0.5
fps. Areas demonstrating discrete punctate staining at depths of between 10-20 µM into
the tissue were selected for imaging.

5.2.5 Functional properties of synaptic vesicle pools in LTD
synapses
As discussed in previous chapters, FM dyes provide an excellent tool for looking at
functional properties of synapses, particularly with regards to recycling. As such, if there
is a presynaptic component to the functional changes in LTD synapses, there should be
evidence of this in the dynamics of stimulus-dependent dye loss of FM dye. As such,
we applied a further stimulus to the FM loaded synapses and imaged at a rate of 0.5 fps
using confocal microscopy, and measured the fluorescence level of the punctae using
ImageJ. Following the acquisition of 10 frames to establish a baseline of fluorescence,
a 10 Hz stimulus was applied for 90 s.
Punctae were identified as functional synapses if they exhibited a fluorescence decay
upon application of the 10 Hz stimulus (Fig.5.6.A). When the fluorescence levels of
these punctae were measured over time, they gave an exponential decay curve, which
related to the rate of exocytosis. These curves were highly heterogeneous and
corresponded to highly heterogeneous rates of decay (Fig.5.6.B, D).
The mean curve of FM dye release was shallower compared to controls, indicating a
slower rate of dye release. When time constant tau values were collected, they too
showed a large range of values, demonstrating release rate heterogeneity within LTD
synapses (Fig.5.6.D). The distribution of tau values trends towards higher values (and
thus slower release rates) in LTD synapses. There is a significant difference (Student’s
t-test, unequal variance, p=<0.05) between the tau values for LTD synapses versus
controls.
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Figure 5.6 Activity dependent fluorescence loss in LTD synapses
A) Labelled synapses lose fluorescence in a stimulus-dependent manner. Scale bar is 2
µm. B) Fluorescence levels are stable prior to the application of a stimulus, upon which
they experience exponential dye loss. Synapses release dye at many different rates. C)
Average dye loss curves from LTD and control samples (Black – control, n=130
synapses from 5 slices, purple – LTD, n=32 synapses from 3 slices). D) Cumulative
frequency of time constant tau values. The tau time constants of the dye-release curves
are significantly higher in LTD synapses (Student’s t-test, unequal variance, p=<0.05).

5.2.6 Ultrastructural properties of the total recycling pool in LTD
synapses
Consistent with the previous work by Zakharenko et al. (2002), we find that altering
synaptic function through LTD does involve a presynaptic element, namely a change in
the rate of FM dye release in synapses. The work in the previous chapter indicated that
there is a link between the function of the synapse and the arrangement of synaptic
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vesicles. To investigate the link between LTD-modulated synaptic function and
ultrastructure, we exploited the approach outlined previously to enable detailed
ultrastructural characterisation, using the ability of FM dye-labelled vesicles to be
photoconverted to an electron-dense product. As before, following loading with the
fixable analogue of FM 1-43, the labelled slices were fixed with rapid microwave
fixation, incubated in DAB, and illuminated with blue fluorescent light in order to
catalyse the oxidation of DAB. The hippocampal slice was then prepared for electron
microscopy as previously described (Fig.5.7.A), and either sectioned to produce single
sections for analysis or a section series which could be used to produce 3D
reconstructions of synapses (Fig.5.7.D).
We were successfully able to identify photoconverted vesicles in LTD synapses, and
were able to create two reconstructions which provide more detailed information of the
arrangement of recycling vesicles within a synapse. (Fig.5.7.B, C, D)
To demonstrate the changes in recycling vesicle properties caused by the induction of
LTD, it was necessary to select an appropriate control. In these experiments it was
slices which, instead of experiencing a 10 min 0.033 Hz sampling period followed by a
5 min application of a 3 Hz stimulus, they experienced the same sampling period
followed by 5 min without stimulation. These controls were also exposed to a 1200
AP/10 Hz stimulus in the presence of FM dye, and this labelled the total recycling pool.
These synapse provided a baseline level for comparison of the properties of LTD
synapses.
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Figure 5.7 Visualising the total recycling pool in LTD synapses
A) A cartoon summarising the process for ultrastructural labelling of synaptic vesicles.
The dye is loaded in the slice using a Picospritzer and bipolar tungsten electrode. The
slice is then fixed, placed in DAB and exposed to a blue light (<500 nm) to catalyse the
DAB oxidisation reaction, then the sample is prepared for electron microscopy with
several fixation, heavy metal staining and dehydration steps, before it is embedded in a
block of EPON resin. The photoconverted region is then sectioned and imaged. B)
Examples of photoconverted LTD vesicles. Blue indicates postsynaptic region, the
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green line indicates the active zone of the synapse. C) Serial sections were produced
by Dr JJ Burden, allowing regions to be tracked across multiple sections to produce a
3D image of the synapse. D) Example reconstructed synapses, produced using
Reconstruct software. Scale bars are 200 nm.

The first parameter to explore is the effect of LTD on the recycling fraction. The loading
stimulus we used was a saturating stimulus which should label the entirety of the
recycling pool in control synapses. We counted the total number of vesicles in the
terminals, and the number of recycling vesicles and calculated the recycling fraction.
There were larger numbers of recycling vesicles present in the control samples
(Fig.5.8.A) compared to the LTD samples (Fig.5.8.B). Specifically, recycling vesicles
made up 23.4±4.3% (n=19 synapses from 2 samples) of the total pool in control
synapses, whereas the recycling fraction was significantly lower at 12.2±1.2% in LTD
synapses (n=29 synapses from 2 samples) (Student’s t-test, unequal variance,
p=<0.02) (Fig.5.8.C).

Figure 5.8 Recycling fraction of LTD versus control synapses
A) A control synapse containing photoconverted vesicles. B) An LTD synapse
containing photoconverted vesicles. In A and B, the blue shaded area is the
postsynaptic zone. C) The recycling fraction in control synapses is 23.4±4% of the total
vesicle pool, but in LTD synapses, the recycling fraction is significantly lower at
12.2±1% of the total pool (Student’s t-test, unequal variance, p=<0.02).

This reduction in the size of the recycling vesicle fraction provides strong evidence that
vesicle pools are modulated as part of the mechanism of adjusting synaptic strength.
This poses the question: are vesicles positioned differently within LTD synapses in such
a way as to reduce synaptic efficiency and strength, or is positioning not altered? Under
basal conditions, previous work from the lab has demonstrated that functional vesicles
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belonging to the total recycling pool are preferentially positioned towards the active
zone at a time point 20 min after loading (Marra et al., 2012). An interesting question
was to establish if this was disrupted in LTD synapses. To determine this, we
categorised vesicles within our sample synapses (control, n=19 from 2 samples; LTD,
n=28 from 2 samples) as either recycling or non-recycling, and then defined the active
zone of the synapse. Active zones were identified by the presence of a postsynaptic
density and by the presence of a docked pool of vesicles, aligned in contact with the
synaptic membrane.
Using Reconstruct software (Fiala, 2005), the distance between the centre of each
vesicle and the nearest point on the active zone was calculated. This data was
normalised against the largest linear distance in each synapse, allowing the normalised
cumulative frequencies to be compared to look at the relative distribution of recycling
vesicles across the two conditions.
In order to get a better idea of the distribution of these vesicles within the terminal we
generated density maps of vesicle position using a MATLAB script (supplied by Prof K
Staras). As described in section 4.2.5 and 2.5.7.1, this involved plotting the normalised
2D coordinates of the distance between each vesicle and the active zone, normalising
these plots for lateral direction, and then plotting vesicle density against a look-up table.
The distribution of the non-recycling vesicles is similar, giving a rounded cluster with the
highest distribution in the centre and the density steadily decreasing away from this
point. The recycling vesicles do however show specific clustering locations. In control
synapses, this clustering is towards the active zone. In LTD synapses, we also see a
high density of recycling vesicles immediately at the active zone. This is presumably the
representation of the ‘bump’ seen on the cumulative frequency curve, representing a
high number of recycling vesicles in positions immediately around the active zone. The
rest of the recycling vesicle pool in the LTD synapses appears to be around the edges
of the cluster, towards the middle of the synapse (Fig.5.9).
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Figure 5.9 Density maps of synaptic vesicles within LTD and control
terminals
Heat density plots of vesicle distribution within terminals for non-recycling vesicles and
recycling vesicles within control and LTD terminals (control synapses n= 16, LTD
synapses n=18).

The non-recycling vesicles in both groups displayed similar distributions, although they
appear to be more compressed towards the active zone in control synapses. This is to
be expected as these vesicles are not involved in recycling, and so should only form
the shape of the cluster within the synapse. In both the control and the LTD synapses,
there was a preferential arrangement of vesicles towards the active zone. When the
distances of recycling vesicles from the active zone in these synapses were compared,
this trend was not shown to be significant in either case (Student’s t-test for unequal
variance, LTD recycling vs non recycling, p=0.473, control recycling vs non recycling,
p=0.439), but was noticeable (Fig.5.10).
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Figure 5.10 Distance from active zone of vesicles in control and LTD
synapses
A) There is no significant difference between the distribution of non-recycling vesicles
in LTD and control synapses (control n=18, LTD n=23, Student’s t-test for unequal
variance, p=0.784), and there is no significant difference between the distribution of the
recycling pool vesicles between control and LTD synapses (Student’s t-test for unequal
variance, p=0.706). B) Recycling vesicles in LTD synapses tend to be closer to the
active zone of the synapse, but they do not have a significantly different distribution
compared to the non-recycling vesicles (Student’s t-test for unequal variance,
p=0.473). C) Vesicles in control synapses also cluster towards the active zone, but do
not have a significantly different distribution than non-recycling vesicles (Student’s ttest for unequal variance, p=0.439).
Dark brown – LTD non-recycling vesicles, orange – LTD recycling vesicles, dark blue –
control non-recycling vesicles, light blue – control recycling vesicles.
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5.2.7 Properties of the docked pool in LTD synapses
One of the most striking findings from the analysis of recycling vesicle pool positions in
LTD synapses is the presence of a cluster of vesicles close to the active zone. This
provides compelling evidence suggesting that the composition of the docked pool in
particular is affected by LTD. As such, we wanted to consider this finding in more detail
to understand how this sub-pool of vesicles might have implications for function. We
considered that one hypothesis was that the number of active docking slots (i.e. those
containing functional vesicles) in the active zone could be a key substrate for setting
presynaptic efficacy. As such, deactivation of docking sites would serve to limit the
number of easily released vesicles, and thus reduce the rate at which vesicles can
release their contents into the synaptic cleft.
To examine this hypothesis, we first looked at the number of docked vesicles
(disregarding their photoconversion status) present in LTD synapses compared to
control synapses to test whether total docked vesicles counts were influenced by LTD;
for example, consistent with dismantling of docking site apparatus, we should expect to
see fewer docked vesicles at the active zone. As can be seen in Fig.5.11.A, we actually
saw a slight increase in the percentage of vesicles present at docking sites: LTD
synapses had 9.6±3% of the total pool at docking sites, compared to 7.8±1% at control
synapses. This was not a significant difference in the size of the active zone (control
n=18, LTD n=23 Student’s t-test, for unequal variance, p= 0.50) Without the ability to
look at large populations of synapses, a real estimate of changes in docked pool size
cannot be made.
Next we looked at the number of recycling vesicles present at the active zone. In control
synapses, recycling vesicles made up 23.37±4.2% of the total pool and 24.35±6.4% of
the docked pool. There is no significant difference between these fractions (n=18,
Student’s t-test for unequal variance, p=0.89). In LTD synapses the total pool is made
up of 12.16±1.3% recycling vesicles, but the docked pool is made up of 20.91±5.9%
recycling vesicles. Though this is a marked difference, it is not significantly different
(n=23, Student’s t-test for unequal variance, p=0.16) (Fig.5.11.B). We next considered
how this corresponded to the fraction of the recycling pool as a whole. This was even
more dramatic. In control synapses, 11.13±3.7% of the recycling pool vesicles are
situated at the active zone. In LTD synapses, there is 35.68±10.6% of the recycling pool
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situated at the active zone. This is significantly higher (control n=18, LTD n=23,
Student’s t-test for unequal variance, p=<0.02).
Although there is no significant difference in the composition of the docked pool, there
is a significant difference in the fraction of the recycling pool that is at the active zone.
This suggests that trafficking of recycling vesicles away from the active zone is reduced
in LTD synapses, potentially leading to a reduction in the efficiency of release.

Figure 5.11 Recycling fractions in the docked pool in LTD and control
synapses
A) The fraction of the total pool of vesicles which is located at docking sites in LTD
(9.6±3%) and control synapses (7.8±1%) (control n=18, Student’s t-test for unequal
variance, p=0.50). B) The percentage of vesicles which are recycling vesicles within the
total pool compared to the fraction of vesicles which are recycling vesicles in the
docked pool. In control synapses, the recycling fraction comprises 23.4±4% of the total
vesicle pool. In LTD synapses, the recycling fraction is significantly lower at 12.2±1% of
the total pool (Student’s t-test for unequal variance, p=<0.02). In control synapses,
recycling vesicles make up 24.35±5% of the docked pool. In LTD synapses, recycling
vesicles make up 20.9±6% of the docked pool. C) The fraction of the total number
recycling vesicles present in the synapse located in the docked pool in LTD synapses is
significantly higher (35.7±11%) compared to control synapses (11.14±4%) (Student’s ttest for unequal variance, p=<0.02).
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In the previous chapter (section 4.2.6), we observed that recycling vesicles were more
likely to be retained at sites at the periphery of the active zone, and trafficked away from
sites towards the centre of the active zone. This led us to hypothesise that vesicle
recycling occurs largely at the centre of the active zone. An interesting question is
whether the change in vesicle recycling, effected when LTD is induced, is reflected in
the positions at which recycling vesicles occur in the active zone. In order to examine
this, we next produced cartoons of the vesicles at the active zone of each synapse used
(Fig.5.12.B), eliminating those with only one vesicle at the active zone, and then divided
vesicles into recycling or non-recycling. The docking sites were then categorised as
either peripheral or central (Fig.5.12.A). The fraction of recycling vesicles at each
category of docking site was then calculated.

There is no significant difference between peripheral and central sites in active zones of
LTD synapses (Student’s t-test for unequal variance, p=0.24) or control synapses
(p=0.90). There is no significant difference in the number of recycling vesicles at
peripheral sites in LTD synapse active zones and those of control synapses (p=0.81),
nor is there a significant difference between the recycling vesicle fraction at central sites
(p=0.429) in control and LTD synapses. Though results were not sufficiently replicated
to achieve statistical significance, there was marked difference in distribution of vesicles
in control vs LTD synapses. In control synapses, the ratio of recycling vesicles at
central vs peripheral sites was 0.944, suggesting that they occurred at roughly similar
frequencies. In LTD synapses, recycling vesicles were much more common at
peripheral sites, giving a ratio of 0.552, showing that vesicles are approximately twice
as common at the periphery as they are in central sites.
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Figure 5.12 Location of recycling vesicles within the docked pool
A) Cartoons of the vesicle population at the docked pool of each synapse were created.
Vesicles were termed recycling or non-recycling, and peripheral (indicated by pink
boxes) or central (indicated by the grey box). B) Cartoons of all active zones used.
Active zones containing only a single vesicle were eliminated. C) Fraction of recycling
vesicles at peripheral vs central sites in LTD and control synapses. In control synapses,
recycling vesicles are present at 17% of peripheral docking sites, and 16% of central
ones. There is no significant difference between peripheral and central sites in LTD
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synapses. (Student’s t-test for unequal variance, p=0.24) or control synapses (p=0.90).
There is no significant difference in the number of recycling vesicles at peripheral sites
in LTD and control synapses (p=0.81), nor is there a significant difference between the
recycling vesicle fraction at central sites (p=0.429).

5.3 Discussion
In this chapter we established a method for the reliable induction of LTD to examine
possible relationships between this type of persistent change in synaptic strength and
underlying modulation of the functional vesicle pools. We demonstrated that, after LTD,
synapses show less efficient release capabilities, smaller functional pool size and
specific changes in the arrangement of functional vesicles docked at the active zone.

5.3.1 Functional properties of LTD synapses
The findings from our fluorescencestudies were broadly consistent with those of
Zakharenko et al. (2002), the first study that showed robust vesicle recycling kinetic
changes in depressed central terminals. Specifically, we observed that FM dye-labelled
synapses displayed lower average levels of fluorescence and a decrease in the rate of
release. This suggests a reduction in the efficiency of neurotransmitter release, as FM
dye release is linked to fusion. Zakharenko et al. (2002) suggested that this may be
due to a switch from full fusion exocytosis events to fusion pore events. This may be the
case and further experiments, such as conducting the FM dye destain in the presence
of BPB, might help determine whether the rate of dye leaving the vesicles rather than
the rate of vesicle fusion is the limiting factor. As previously discussed in section 4.3.2,
BPB has previously been used in experiments to determine the occurrence of kiss-andrun recycling (Harata et al., 2001). As a water soluble compound, it can access and
quench FM-dye within vesicles much more quickly than the dye molecules can
dissociate from the membrane. This would eliminate the possibility that in LTD the
fusion pores are opening for a shorter period of time, or that there is a shift towards a
different mechanism of vesicle fusion.
Our results are in direct opposition to those shown by Xu et al. (2013) in their
experiments

using

biotinylation

of

vesicle

transporters,

showing

increased

neurotransmitter release that they believed to be as a homeostatic response to the
internalisation of postsynaptic AMPA receptors. However, these experiments were
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conducted using high K+ extracellular solution on cultured neurons, which might recruit
a different pool from that of electronic stimulation in slice.

5.3.2 Relating ultrastructure and function in LTD synapses
In our control samples, the recycling pool made up 23.4±1.2% of the total pool. This is
in line with the findings of Marra et al. (2012) working in the same system. The recycling
fraction was significantly reduced in recycling synapses that had undergone LTD. The
decrease in the number of recycling vesicles in LTD synapses compared to controls
confirmed the idea of a presynaptic component to LTD. This result is complementary to
previous research, suggesting that LTP produces an increase in release probability
(Bekkers and Stevens, 1990) and the findings of this lab that potentiation increases the
recycling pool fraction (Ratnayaka et al., 2012). This does not suggest whether this is
due to a mechanism which occurs within the synapses, or perhaps whether this is
further evidence of the role for retrograde messengers in long-term plasticity.
In the previous chapter we discussed the possibility of a system of vesicle recycling in
which vesicles are taken in at sites proximal to the active zone and returned to the
cluster, and suggested that they return to sites closer to the active zone on further
activity as those vesicles which are positioned closest to the active zone undergo fusion
and reuptake and are returned to the back of their cluster in turn. The results described
in this chapter show further evidence for this. The revelation of a reduced rate of vesicle
turnover (Fig.5.6.E) combined with the information regarding positioning of vesicles
within the cluster (Fig.5.11B) gives further support for this theory. If there are lower
numbers of vesicles released in a given time, fewer vesicles will be cleared from the
front of the queue, and thus the vesicles will not proceed as far towards the active zone.
In addition, the less frequent occurrence of recycling vesicles at the central docking
sites in the active zone also suggests that previous recycling vesicles are not being put
forward for further fusion events.
Bourne et al. (2013) found that the number of vesicles at docking sites in LTP showed
an initial decrease, and then an increase after 2 h. In our experiments, samples were
fixed nearly 1 h following the induction of LTD, and at this point we saw no reduction in
the size of the active zone. There is a question as to whether we are seeing part of a
two-phase change in docking vesicle arrangement, or whether we are seeing the final
arrangement. There was a greater variation in the size of active zones in LTD
synapses, which could be caused by active zone restructuring. Looking at later time
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points in future experiments would be a useful direction of study, to see whether similar
longer-term changes to those found by Bourne et al. (2013) are found in LTD synapses.
The use of volume electron microscopy data would allow larger numbers of synapses to
be screened, reducing selection bias, and giving a clearer picture of the stimulus-based
changes in properties.
It has previously been identified that the prolongued silencing of synapses in neuronal
cultures leads to a decrease in certain key synaptic proteins, specifically CAST/ELK,
bassoon, piccolo, RIM1, Munc13-1, liprin-ALPHA, and synapsin. Other synaptic
proteins levels remained unaffected (Lazarevic et al., 2011). CAST/ELK, two closelyrelated proteins which are responsible for the maintenance and stability of active zones,
bind with RIM1, bassoon, piccolo, and Munc13-1 (Hida and Ohtsuka, 2010). RIM1 and
Munc13-1 are key factors for synaptic vesicle priming, and the localisation of RIM1 at
the active zone is CAST/ELK dependent (Betz et al., 2001).
In a recent paper, Sugie et al. (2015) identified changes in the size of the active zone in
Drosophila. They noted this to be due to a decrease in the level of the CAST/ELK
homologue BRP (Wagh et al., 2006). The decrease in BRP caused a decrease in the
density of calcium channels in the active zone, an over-expression of kinesin, and the
dispersal of RIM1 from the active zone to other locations in the cell. They also found
that other active zone protein levels remained the same.
This provides a potential mechanism for the reduction in the number of docking sites
available: the reduction in CAST/ELK may lead to the trafficking of RIM1 away from the
active zone, consequently impairing vesicle priming at some sites. This leaves the
docking sites otherwise assembled, meaning they can be reactivated if the activity
demands of the synapse change.
A hypothesis we put forth in this chapter is that part of the mechanism for the reduction
of the rate of vesicle turnover can be reduced by deactivating docking sites. Our results
showed some evidence for this theory. In chapter 4, we found that recycling vesicles
appeared to be cleared from the centre of the active zone over time after the cessation
of stimulus. In section 5.3.2, we found that there was a decrease in the frequency of
recycling vesicles at central docking sites, compared to those at peripheral sites. This
hints that fewer of these docking sites may be responsible for recycling in LTD
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synapses. Looking at LTD synapses at different time points would help elucidate
whether this is actually a mechanism of controlling release rate.
In their paper, Zakharenko et al. (2001) discuss the possibility that LTD might cause a
move away from full collapse endocytosis towards a fusion pore model. This would be
one way to reconcile Xu et al. (2013) with the results described in this chapter: if a
smaller pool was undergoing heavy recycling, and the majority of the total recycling
pool was moved into the reserve pool after labelling. The reduction of recycling vesicles
at central positions in the active zones is evidence against this theory: one would
expect an increase in recycling vesicles if this were indeed the case.
This would support the results described in the previous chapter, namely a small subset
of vesicles which are preferentially recycled, and a larger pool which is recycled more
slowly.

5.3.3 Linking pre- and postsynaptic factors of LTD
This chapter conclusively demonstrates that there is a presynaptic component to LTD,
confirming the findings of (Zakharenko et al., 2002), but the literature provides no
evidence that LTD can be generated within the synapse. As LTD is induced
postsynaptically, but leads to changes presynaptically, the involvement of a retrograde
messenger is likely (Bolshakov and Siegelbaum, 1994). The retrograde messengers
which have previously been associated with LTD are arachidonic acid and NO
(Bolshakov and Siegelbaum, 1994). Arachidonic acid has been shown to be essential
for the induction of certain forms of LTD and limiting neurotransmitter release, similar to
that seen in our results (Misner and Sullivan, 1999). Meanwhile, NO has been shown to
act on synaptic vesicle docking machinery, which would result in both a reduced
recycling rate, and would potentially explain the relatively high levels of recycling
vesicles at the docking sites (Hardingham et al., 2013). Comparing the effects of
inhibiting the endocannabinoid receptors and the guanylyl cyclase would give clearer
ideas as to the mechanisms of LTD which caused the effects seen here.
This chapter provides a clear insight into vesicle recruitment and organisation in LTD
synapses, paving the way for further work into the presynaptic mechanisms of this form
of plasticity. Future directions could include comparisons to vesicles in LTP synapses,
and time stamp comparisons, like those in the previous chapter, to provide clues as to
how vesicles are reintegrated into the cluster. There are also a number of
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pharmaceutical targets which might be exploited to demonstrate their effects on vesicle
pool properties, such as cdk5 and calcineurin, which have been shown to have an
effect on vesicle scaling. Certainly, this demonstrates an exciting new method for linking
a well-established functional model of long-term plasticity to real-time optical readouts
of synaptic function, and to an ultrastructural view of vesicle recycling.
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Chapter 6: Recycling vesicles at
extrasynaptic locations in
hippocampal slice
6.1 Introduction
The approach outlined in previous chapters for studying fundamental properties of small
central nerve terminals in a physiologically relevant environment can also provide us
with information regarding the vesicles within the processes that connect them. We can
perform optical assays of vesicle function in native tissue, use photoconversion of DAB
to identify recycling vesicles at an ultrastructural level, and use established plasticity
protocols to study the presynaptic effects. The objective of this chapter is to exploit the
methods established previously, as well as a new approach based on cutting edge
imaging technology, to address questions about the ‘superpool’, a population of mobile
vesicles which move between synapses and can contribute to recycling (Staras and
Branco, 2010).
In previous chapters we focused on the study of vesicle pools within defined synaptic
terminals: those close to an active zone and organised in tightly clustered groups. An
emerging theme in the literature is a role for these extrasynaptic vesicles (Staras and
Branco, 2010). To date, little is understood about the organisation of such vesicles, or
their potential role in neuronal signalling.
The synaptic vesicles clustered in terminals are not discrete isolated units, but
connected by short lengths of axon, typically <3 µm. This raises the possibility that
vesicles, and other synaptic components, could move between synapses and join the
recycling pool at different terminals along the axon. In recent years this concept of
vesicle transport and sharing between boutons has been explored, and it has been
shown that this is indeed the case. Molecular components such as receptor proteins,
active zone proteins, and vesicle precursor proteins are trafficked within neurons (Sorra
et al., 2006, Fejtova and Gundelfinger, 2006), and there is evidence that receptor and
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scaffolding proteins are transported laterally between postsynaptic sites (MacGillavry et
al., 2011). These processes are implicated in synaptogenesis and in responding to
plasticity. More importantly, synaptic vesicles can also be laterally mobile (Chen et al.,
2008, Hopf et al., 2002, Krueger et al., 2003, Ahmari et al., 2000, Staras et al., 2010,
Darcy et al., 2006a).
This movement of labelled vesicles has been observed since the earliest days of
experiments using the FM dyes (Betz et al., 1992a) and has been noted in several
studies since. Vesicles have been shown to be able to move to neighbouring synapses,
and can then be recycled at these destination synapses, showing that mobile vesicles
are an important new element of synaptic function (Darcy et al., 2006a). Further studies
using stimulated emission depletion microscopy (STED), which provides a high
resolution to observe fluorescent labelled vesicles, showed that vesicles were
consistently moving, in both retrograde and anterograde directions, between boutons
(Westphal et al., 2008). Recycling vesicles were revealed to be shared amongst the
vesicle clusters at neighbouring boutons, at which point they re-entered the recycling
pool. This pool has been theorised to have important functions for plasticity and for
maintaining vesicle turnover (Staras and Branco, 2010).
Studies of the superpool have been made in a number of systems, primarily cultured
neurons (Staras et al., 2010, Darcy et al., 2006a), and recently Ratnayaka et al. (2011)
have shown evidence of lateral movement of recycling vesicles in the hippocampal slice
system. Recently, an important study has established this pool in vivo (Herzog et al.,
2011). Key questions remain: how are recycling vesicles organised extrasynaptically,
what are their dynamics, and to what extent do recycling vesicles occur in extrasynaptic
locations?
The initial aim of this study is to gather evidence using fluorescence imaging to examine
dynamics of vesicle traffic in slices, using established approaches based on FM dye,
but also live antibody labelling where specific protein classes can be targeted. The
second objective is to reveal vesicle pool arrangements in ultrastructure and define
novel features of organisation. Finally, we shall outline experimental results based on
the same principles of ultrastructural investigation, but exploiting the latest technology
for automated, high throughput volume analysis of tissue samples.
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6.2 Fluorescence imaging of extrasynaptic vesicles
6.2.1 FM dye imaging mobile vesicles in cultured neurons
As a starting point, we set out to confirm the phenomenon of extrasynaptic vesicle
mobility in acute brain slice using fluorescence approaches. As a baseline for
comparison, we first examined this process in dissociated cultured neurons, where
most work to date has been carried out (Ratnayaka et al., 2011, Staras et al., 2010,
Darcy et al., 2006a). Neuronal cultures were prepared as described in previous
chapters: hippocampal neurons from 0 d rat pups were dissociated and plated onto
astrocytic feeder layers grown onto glass coverslips. These neurons were then used at
14-21 DIV. These cultures were placed into a custom-built imaging chamber with
parallel platinum electrodes which could be used to stimulate neurons. In the presence
of 10 µM FM 1-43 in EBS, these cells were stimulated with 1200 AP/20 Hz and washed
thoroughly in ACSF containing 20 µM AP5 and 50 µM CNQX. These cells were then
imaged at a rate of 0.2 fps, with a 20 Hz stimulus applied after 20 s, in order to establish
that labelled recycling vesicles were still release competent.
When these time lapse images were analysed, small packets of fluorescence were
visible moving along processes (Fig.6.1.A). We made a number of quantitative
measurements to characterise this process. First, we established the approximate size
of mobile packets relative to the synapses represented by fluorescent punctae. In order
to do this, from each culture we sampled the average intensity of the FM dye
fluorescent signal in 15 laterally moving packets (extrasynaptic vesicles) and 15
stationary punctae (intrasynaptic vesicles) which responded to a destaining stimulus.
When the background fluorescence levels were subtracted, and these values were
normalised to the maximum fluorescence level detected, the fluorescence level of these
mobile packets was, on average, 28.01±0.036% of that found in the stationary punctae
(n=45, n=45, Student’s t-test, p=<0.0002) (Fig.6.1.B).
The next step was to establish the rate of vesicle transport between synapses. This was
achieved by measuring the distance travelled by the fluorescent packets during the
imaging period in order to gain an estimate of the speed of movement. Rates were
calculated from 30 mobile vesicle packets taken from 3 cultures, from 2 animals. The
average rate recorded was 0.375±0.028 µm/s (n=30 from 3 coverslips). This rate is
broadly consistent with the value typically reported for fast axonal transport, of 0.5-5
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µm/s (Brown, 2003) (Fig.6.1.C). This value for the recorded rate is lower than that
indicated in Brown (2003), which may be due to these punctae representing not only
vesicles which move laterally along microtubules, but also vesicles with a ‘diffusive’
movement pattern, as reported previously in Westphal et al. (2008).

Figure 6.1 Lateral movement of FM 1-43 labelled vesicles in cultured
neurons
A) An example of fluorescent punctae moving horizontally along a process over time.
Scale bar indicates 2 µm. B) Mobile fluorescent packets exhibit 28.01±3.6% of the
fluorescence of stable fluorescent punctae (n=45, n=45, Student’s t-test for unequal
variance, p=<0.0002). C) Distribution of the rates of packet movement along processes.
The mean rate was was 0.375±0.0277 µm/s (n=30 from 3 coverslips).

6.2.2 Using FM 1-43 to observe mobile vesicles in acute hippocampal
slice preparations
In cultured neurons it is relatively easy to identify moving packets of synaptic vesicles.
The monolayer of neurons on an astrocytic feeder layer provides a sparse lattice of
processes with very little background fluorescence. The 3D structure of native tissue,
even with confocal imaging methods to limit background fluorescence, makes it difficult
to identify vesicles moving laterally through processes.
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Previous work using an FM dye loaded slice revealed some evidence for the movement
of packets of fluorescence between punctae (Staras et al., 2010). However, these
experiments were based on relatively crude labelling protocols based on high
potassium activation. An objective here was to repeat these experiments using
controlled electrical stimulation (1200 AP/10 Hz) to label recycling vesicles with FM dye.
Slices were then imaged using confocal microscopy at a rate of 0.5 Hz. Results are
taken from three brain slices obtained from three animals.
The high level of background fluorescence and the relatively low intensity of the
fluorescent signal make extrasynaptic vesicles much harder to identify than in cultures,
and in many samples only synapses were clearly visible. A likely part of the problem is
the absolute requirement for axons to run perfectly in parallel with the sectioning plane
to permit unequivocal evidence for mobile fluorescence trafficking. However, clear
examples of moving punctae were obtained, providing clear support for the idea that the
superpool is a feature of native tissue (Fig.6.2.A).
For these packets, we found that the mean vesicle transport rate of 0.58±0.035 µm/s
(n=35 from 4 slices) was again broadly consistent with fast axonal transport (Brown,
2003) (Fig.6.2.C).
As before, in order to establish the relative numbers of recycling vesicles in these
moving packets compared to those in synaptic locations, in three preparations which
demonstrated sufficient fluorescence to background ratio to allow differentiation of
punctae, we selected an equal number of stationary responsive punctae in regions next
to punctae which showed lateral movement. In native tissue, we found that the
fluorescence of the mobile packets compared to the stationary punctae was
56.12±0.016% (Fig.6.2.B), a value significantly higher than that found in cultured
neurons (n=45, n=45). Of course, one likely reason for the higher value is that the
elevated levels of background obscure the identification of smaller packets and
introduce a selection bias, such that only the largest moving packets can be readily
identified.
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Figure 6.2 Lateral movement of FM 1-43 labelled vesicles in native tissue
A) An example of fluorescent punctae moving horizontally along a process over time.
Scale bar indicates 5 µm. B) Mobile fluorescent packets exhibit 56.12±1.63% of the
fluorescence of stable fluorescent punctae (n=15, n=15, Student’s t-test for unequal
variance, p=<0.0002). C) Distribution of the rates of punctae movement along
processes. The mean rate was was 0.582±0.0345 µm/s. This was significantly higher
than the value found in cultured neurons (slice n=35 from 4 slices, culture n=30 from 3
coverslips, Student’s t-test for unequal variance, p=<0.0002).

6.2.3 Using antibodies to observe extrasynaptic functional vesicles
As described in previous chapters, FM dye labelled synapses appeared as discrete
punctae, and mobile vesicle packets could be seen moving between them. FM dyes are
clearly useful tools for these investigations, but they do have a few limitations. One of
these is the low levels of specificity of binding, and another is their susceptibility to
photobleaching. As discussed in previous chapters, we considered the use of an
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alternative to styryl dyes, an antibody raised against synaptotagmin-1. It has the
additional benefit of exhibiting a lower level of photobleaching, and a high affinity for
long-term binding to its epitope. These latter two properties are especially beneficial
when it comes to looking at vesicle transport rather than vesicle release.
Similarly to FM dye labelling, slices were injected with a 1:100 solution of syOyster550
in ACSF for 7 min. After the first 3 min, a 1200 AP/10 Hz stimulation was applied to give
the antibody access to the luminal domain of the vesicles. Following the application of
syOyster550, the slice was washed with ACSF at 3 ml/min for 20 min and then imaged
using confocal microscopy at a rate of 2 fps.
In slices labelled by syOyster550, there were fewer laterally mobile punctae visible,
despite lower background levels of labelling. One possibility is that this is because
synaptotagmin1 selectively labels a restricted subset of vesicles; for example, only
those participating in full collapse fusion, or due to a lower affinity of the probe.
However, packet movement was visible in some slices (Fig.6.3.A).
These mobile fluorescently labelled vesicle clusters had 49.51±0.02% of the
fluorescence of the stationary responsive punctae (Fig.6.3.B). Though significantly
different from that found in FM dye-labelled slices (FM 1-43 n=15 from 3 slices, Oyster
550 n=15 from 3 slices, Student’s t-test for unequal variance, p=<0.002), this is a
broadly similar figure to that found in FM dye-labelled synapses, and also those found
in cultured neurons (syOyster550 n=15 from 3 slices, FM 1-43 in culture n= 30 from 3
coverslips, Student’s t-test, p=<0.002).
As described above, the rate of vesicle transfer was calculated by measuring the
distance that these laterally moving punctae could be traced and the time over which it
was imaged. Mobile vesicles labelled with syOyster550 are functional vesicles. These
functional vesicles were observed to move through the processes with a mean rate of
0.632±0.045 µm/s (Fig.6.3.C). This rate was not significantly different from the values
obtained when measuring the rate of intersynaptic vesicle transport of FM 1-43 labelled
vesicles (FM 1-43 n=34 from 4 slices, syOyster550 n=29 from 3 slices, Student’s t-test
for unequal variance, not significant, p=0.47)
This shows we were successfully able to use an alternate labelling method to observe
mobile vesicles in the hippocampal slice system, providing significant confirmatory
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evidence for our findings. Though the Oyster550-labelled mobile vesicles pose the
same challenge for measuring as those in FM 1-43 labelled slices, which might explain
the higher rates of movement observed compared to mobile vesicle packets in cultured
neurons, the lack of difference in the rates suggests that that we are labelling the same
population of vesicles with the anti-synaptotagmin Oyster550 antibody, and that the
presence of the probe does not alter the function of these vesicles compared to FM 143.

Figure 6.3 Using syOyster550 to label mobile vesicles
A) An example of fluorescent punctae moving horizontally along a process over time.
Scale bar indicates 2 µm. B) Mobile fluorescent packets display 49.51±0.0235% of the
fluorescence of stable fluorescent punctae (n=15, n=15, Student’s t-test for unequal
variance, p=<0.0002). C) Distribution of the rates of punctae movement along
processes. The mean rate was was 0.582±0.0345 µm/s. This was significantly higher
than the value found in cultured neurons (FM 1-43 n=35 from 4 slices, syOyster550
n=29 from 3 slices, Student’s t-test for unequal variance, p=0.47).
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6.3 Ultrastructural studies of extrasynaptic functional vesicles
6.3.1 Using conventional electron microscopy to study functional
extrasynaptic vesicles
In the above sections, we demonstrated that functional vesicles do experience lateral
movement along processes in native tissue neurons, although they appear to do so in
larger numbers than in cultured neurons. This makes ultrastructural study of recycling
vesicles in processes all the more relevant, as it becomes important to establish
whether these higher fluorescence levels point to a fundamental difference between
neurons in native tissue and those in culture, or whether it is an artefact of the
interaction between fluorescent probes and the environment that a brain slice presents.
Establishing how the composition of these mobile packets with regards to recycling
vesicles compared to synapses in tissue slices, and the values established for these
measurements in tissue culture, might provide insights into synapse organisation, novel
signalling pathways, and possible substrates for plasticity in slice.
Though a lot of valuable information can be gathered even from single sections of
synaptic vesicle clusters, the density of vesicles in axons and processes is however
much lower. In order to sample sufficient numbers of vesicles to acquire any sort of
complete picture of the vesicle composition of these areas, 3D reconstructions based
on serial section information are required.
In order to produce a 3D reconstruction, a hippocampal slice was loaded as previously
described, with a 1200 AP/10 Hz stimulus in the presence of 20 µM FM 1-43FX and
allowed to wash for 20 min, fixed using rapid microwave fixation, bathed in 1 mg/ml
DAB solution, photoconverted, and prepared for electron microscopy. Serial sections of
70 nm depth were prepared by Dr JJ Burden and mounted as ribbons on formvarcoated slot grids for viewing under an electron microscope. A region of interest was
located on a section, imaged, and then located on each subsequent section (Fig.6.4.A).
Regions of interest were synapses which appeared as cross-sections that attached to a
process which continued along the plane of sectioning. Synapses containing
photoconverted vesicles and one visible active zone were selected. Vesicles were then
identified

and

classified

as

either

photoconversion

positive

(functional)

or

photoconversion negative (non-functional vesicles) and marked accordingly (Fig.6.4.C).
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Serial sections of these processes and synapses were aligned (Fig.6.4.B, D) and
imported into Reconstruct software (Fiala, 2005), where the key features were
reconstructed and from which measurements could be taken (Fig.6.4.E).
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Figure 6.4 Producing 3D reconstructions of processes containing
recycling vesicles
A) A region of interest is located. It must be relocated on every section to produce the
reconstruction. B) The synapse sections are then aligned in the same orientation and
converted into 3D reconstructions. C) Vesicles in synapses and attached processes
were labelled as either recycling or non-recycling. D) This was done to the region of
interest in all sections. The sections were then aligned. E) A 3D reconstruction of a
synapse, produced in Reconstruct.
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There were several technical challenges in collecting this dataset. Due to selection
constraints, it was difficult to find synapses which met a variety of key requirements:
with a process running parallel to the plane in which the sections were made; with a
single clearly-defined active zone; with unequivocal photoconverted vesicles; and
finally, fully described in the span of the available serial sections. Relocating regions on
subsequent sections was also no insignificant challenge, as sections contained a large
amount of dense tissue, a problem which is not encountered when reconstructing
cultured neurons. Because of these technical difficulties, all reconstructions were taken
from two samples and a limited number of processes (8) were able to be reconstructed.
We identified synapses that contained photoconverted vesicles which had a process
attached. These processes also contained photoconverted vesicles (e.g. Fig.6.5.A). As
before, these could be identified by the shape of a linear profile across each vesicle’s
diameter (Fig.6.5.B). Vesicles were labelled as functional within the synapses and
marked accordingly, and a reconstruction was generated using Reconstruct software.
Vesicles were classified as being part of the synaptic cluster or as being extrasynaptic.
Clustered vesicles were those in a dense group in the synaptic terminal, close to an
active zone, and not within the process. Extrasynaptic vesicles were defined as those
within a process and not in contact with the cluster. In the case of vesicles which could
not easily be classified, a rule was applied stating that vesicles within 100 nm (two
vesicle widths) from the nearest cluster vesicles were considered to be intrasynaptic,
and those which were further away than this were determined to be extrasynaptic
(Fig.6.5.C).

6.3.2 Properties of extrasynaptic recycling vesicle populations
Vesicles within clusters were a maximum of 0.6±0.10 µm (average between synapses)
from the active zone, while vesicles outside clusters had an average maximum of
3.36±0.62 µm from the active zone. In these samples the length of processes was on
average 5.6 times longer than the attached synapse.
For these experiments, intrasynaptic vesicles were found to be composed of
20.7±0.03% functional vesicles, which is broadly consistent with the recycling vesicle
fractions found in reconstructed synapses in the previous study conducted by Marra et
al. (2012) (18-20%).

The extrasynaptic, non-cluster vesicles were composed of

31.1±4.6% photoconverted, functional vesicles (synapses n=8, processes n=8, paired
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Student’s t-test for unequal variance, p=0.117) (Fig.6.5.D). This fraction is similar to, but
lower than, the value of 36±7%

noted by Darcy et al. (2006), although their

experiments were conducted at physiological temperatures which elevated the recycling
fraction. Though not a significant increase, it hints that perhaps recycling vesicles are
preferentially selected for movement into the superpool.
We looked at the absolute number of recycling vesicles in the processes to see if we
could explain the results given by the fluorescence data. These values, showing that on
average extrasynaptic vesicles have 66.5% (Fig.6.5.E) of the level of fluorescent
labelling of synaptic vesicle clusters, are roughly in line with the value found for
fluorescence levels of punctae versus mobile vesicle packets (56.12±1.63%),
suggesting that these correspond to the same phenomenon.
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Figure 6.5 Identifying and quantifying intrasynaptic and extrasynaptic
vesicles in native tissue
A) Photoconverted vesicles were identified in the processes of neurons, indicating that
recycling vesicles are being transported between terminals in the slice system. B)
These photoconverted vesicles could be identified by the distinctive profile: showing an
increase in electron density in the lumen, as opposed to the decrease shown by nonphotoconverted vesicles. C) Terminals containing photoconverted vesicles, seen
attached to a length of axon, were aligned, and vesicles were classified as either
photoconverted or not based on the criteria described in B). Vesicles were also
classified as intrasynaptic or extrasynaptic. Extrasynaptic vesicles were classified as
those more than two vesicle widths from the nearest cluster vesicle. D) Photoconverted
vesicles made up 20.7±3.2% of the total population of intrasynaptic vesicles, and
31.1±4.6% of the total population of extrasynaptic vesicles (synapses n=8, processes
n=8, Student’s t-test, p=0.173). E) When comparing the numbers of recycling vesicles
found in extrasynaptic locations to those in intrasynaptic locations, the extrasynaptic
vesicle population was on average 66.5±14.9% of those in found in the synaptic
terminals.

This demonstrated that, like in cultured neurons, recycling vesicles leave the synapse
following reuptake and are transferred through the processes. This posed the question
as to how recycling vesicles were positioned within the processes. If recycling vesicles
are constantly being released from the intrasynaptic cluster, then it follows that there
will be a larger number of them at sites just outside the terminal, but if recycling vesicles
leave primarily during a single event, such as during large scale vesicle turnover, it
should be expected that we might see recycling vesicles appear more prominently
further from the active zone. Vesicle recycling at extrasynaptic sites could also
contribute to this finding (Ratnayaka et al., 2011).
To examine this, we used Reconstruct software to obtain 3D measurements of the
distance between the centre of each vesicle and the centre of the active zone. These
measurements show a small distance (approx. 1 µm) around the active zone of
extremely densely arranged non-recycling vesicles, followed by vesicles spread more
sparsely over greater distances (~2-6 µm). Recycling vesicles show a similar pattern,
except in smaller numbers (Fig.6.6.B).
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In order to allow comparisons between different processes and vesicle arrangements,
vesicles were once again characterised as intra- or extrasynaptic, and their distances
from the active zone were normalised against the maximum distance in each category.
These normalised distances of recycling vesicles vs non-recycling vesicles were then
compared.
There were no statistically significant differences between the distributions of recycling
and non-recycling vesicles. However, as described in Marra et al. (2012), in 3D
reconstructions of synaptic terminals, recycling vesicles were closer to the active zone
(Fig.6.6.C). This effect is less pronounced than in data collected for 2D sections. This is
likely due to having to select sections from the centre of the terminal in order to meet
selection criteria, leading to the periphery being under-represented. Conversely,
extrasynaptic recycling vesicles were typically further away from the active zone than
non-recycling vesicles.
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Figure 6.6 Distribution of intra- and extrasynaptic vesicles relative to the
active zone
A) Distribution of vesicles within terminals in absolute distance from the active zone in
all processes used for analysis in this section. B) When distance from the active zone
was normalised to allow comparison between the reconstructed processes, we found
that recycling vesicles were distributed slightly closer to the active zone, but this effect
was not significant (synapses n=8, paired Student’s t-test for unequal variance,
p=0.295). C) Recycling vesicles at extrasynaptic locations were significantly further
away from the active zone (processes n=8, paired Student’s t-test for unequal variance,
p=<0.05).

Using the maximum distance of each vesicle from the active zone, we were able to
calculate the number of vesicles per micrometre within the synaptic terminals. As
expected, extrasynaptic vesicles occurred at a significantly lower density than
intrasynaptic vesicles. This was the case for both recycling and non-recycling vesicles
(n=8, statistically significant, Student’s t-test, p=<0.002, p=<0.002) (Fig.6.7.A).
Within the synaptic terminal, recycling vesicles occurred at a density of 38.9±5
vesicles/µm, with non-recycling vesicles, which make up the majority of the pool,
occurring at 207.9±43.7 vesicles/µm (n=8, statistically significant, Student’s t-test,
p=<0.002). At extrasynaptic locations there were 13.7±3 recycling vesicles/µm, and
39.6±9 non-recycling vesicles/µm (n=8, statistically significant, Student’s t-test,
p=<0.05).

202

Figure 6.7 Vesicle density within synapses and processes
The density of both recycling and non-recycling vesicles was significantly lower at
extrasynaptic locations (n=8, n=8, Student’s t-test for unequal variance, p=<0.002 for
intrasynaptic, p=<0.002 for extrasynaptic locations). At extrasynaptic locations there
were 13.7±3 recycling vesicles/µm, and 3.9±1 non-recycling vesicles/µm (n=8,
statistically significant, Student’s t-test, p=<0.05). Within the synaptic terminal, recycling
vesicles occurred at a density of 38.9±5 vesicles/µm, compared to non-recycling
vesicles at 207.9±43.7 vesicles/µm (n=8, statistically significant, Student t-test,
p=<0.002).
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The indications that extrasynaptic recycling vesicles occur further from the active zone
than non-recycling vesicles suggested that perhaps these vesicles had been transferred
to the processes during activity, and this was the distance they had moved during the
20 min wash-out period, and perhaps activity causes increased recycling vesicle
transfer to the superpool.

Alternatively, this could be caused by recycling vesicles

having an ability to travel more quickly through neuronal processes. In order to
determine further which of these was the case and to point to a possible mechanism of
transport, it was important to examine the extent to which extrasynaptic recycling
vesicles clustered together. If, as suggested, recycling vesicles were found in clusters
within the synapses, this could be further evidence in favour of the first hypothesis.
Intrasynaptically, both recycling and non-recycling vesicles form a sharp peak,
indicating that large numbers of vesicles have very small distances between them, and
that there is not a wide variety in the distances between vesicles. This profile is
indicative of tight clustering. Extrasynaptic vesicles demonstrate a profile consisting of a
small peak and then a long and shallow tail off. This is indicative of very few vesicles
being within close proximity of each other, and there being a very wide distribution of
synaptic vesicles (Fig.6.8.A).
Within terminals, recycling vesicles showed no greater tendency to cluster together than
non-recycling vesicles. There was a slight, but not significant, trend towards clustering
in the recycling vesicles, but this was thought to be representative of the preferential
positioning of recycling vesicles towards the active zone (n=8, Student’s t-test for
unequal variance, not significant, p=0.241) (Fig.6.8.B). In extrasynaptic terminals,
however, there was evidence that recycling vesicles were less clustered together than
non-recycling vesicles (n=8, Student’s t-test for unequal variance, p=<0.02) (Fig.6.8.C).
This result suggests that recycling vesicles at extrasynaptic locations are usually
isolated. This evidence suggests that recycling vesicles are not further from synapses
as a result of a single event, such as the stimulus, occurring. This suggests that
movement of vesicles from the recycling pool within terminals to the superpool is
continuous and occurs at rest.

204

Figure 6.8 Clustering analysis of synaptic vesicles
A) Intrasynaptic vesicles demonstrate tight clustering, indicated by the steep peaks
shown. The small peak and shallow drop off of the profile of the graph of distances
between extrasynaptic vesicles indicates a wide distribution with little clustering of
vesicles. B) Frequency distribution of the distances between recycling and nonrecycling vesicles within synaptic terminals (n=8, no significant difference, Student’s ttest for unequal variance, p=0.241). C) Frequency distribution of the distances between
non-recycling vesicles at extrasynaptic locations (n=8, Student’s t-test for unequal
variance, p=<0.02).
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6.4 Using Focused Ion Beam Scanning Electron Microscopy to
study extrasynaptic vesicles
Reconstructing processes using conventional electron microscopy is a prohibitively
difficult process. Once a suitable region of interest is identified, it must then be found
on subsequent and preceding sections. Synapses are relatively easy to identify within
sections, as are in sections of processes which are cut lengthways, but in certain
orientations they can be very difficult to identify and track. Producing thin serial
sections, locating the region of interest in multiple sections, and imaging the region and
aligning the photos, all before any work can be done on reconstructing features of the
synapse, is a very time-consuming process. To do this over the several microns
required to image large sections of processes in native tissue is prohibitively difficult.
A potential answer to some of these technical challenges is offered by the exciting new
breed of semi-automated EM machines, broadly referred to as block-face EM systems.
One of the most exciting systems to emerge is focused ion beam scanning electron
microscopy (FIBSEM). This is a new method for ultrastructurally imaging blocks of
tissue, which offers the ability to obtain aligned serial images of relatively large volumes
of tissue over the course of a few hours. This operation of this microscope involves
uses an ion beam to mill away the surface of a sample which has been placed inside a
microscope, and measures the backscatter of those ions to generate a picture of what
the surface looked like (Burkhardt et al., 2005). This is particularly useful for
investigations of processes, which can travel long distances through tissue, where
challenges of gathering the many consecutive serial sections required to reconstruct
whole volumes becomes very limiting. FIBSEM addresses these challenges, making it
very attractive for such work. To date, the combination of functional vesicle readout and
FIBSEM has not been trialled.
Through a lab collaboration with Prof M Hausser, it was possible to gain access to
FIBSEM technology for the purposes of collecting a series sample which could go some
way to addressing a number of the limitations of axon analysis imposed by conventional
EM technology. Samples were prepared using 1200 AP/10 Hz FM dye loading, and
were fixed and photoconverted as described in previous chapters. Samples were then
prepared for FIBSEM as described in section 2.5.7. Access to the FIBSEM system was
limited. Although I carried out a number of sample preps for FIBSEM work, the sample
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eventually selected and used for the FIBSEM data run presented here was prepared by
Dr V Marra. The dataset features 250 sections and a resolution of 1 pixel = 6.3 nm, with
only 9.3 nm between sections (Fig.6.9.A and example image demonstrated in
Fig.6.9.B). Following a number of rounds of optimisation of this process (Hausser and
Roth), the achievable resolution was sufficient for us to identify synaptic process and
synapses. Using appropriate software (FIJI with Trak2EM) (Cardona et al., 2012), these
could be traced through the tissue (Fig.6.9.C). This software could also be used to
produce reconstructions of both the synapses and the processes, which allowed us to
recreate long sections of neuronal processes (Fig.6.9.D).
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Figure 6.9 FIBSEM images are suitable for tracing synapses over large
distances
A) The FIBSEM system is able to image serial sections of a block of dimensions 19 µm
x 14 µm x 4 µm. B) These blocks consist of 450 images of the block face with a voxel
depth of 9.3 nm. Scale bar indicates 1 µm. C) Processes stemming from synapses can
be followed through these regions. A sample synapse is outlined in pink. Scale bar
represents 500 nm. D) A reconstruction of the synapse pictured in C (enlarged view on
next page).

Enlarged view of Figure 6.9.D
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6.4.1 Identifying recycling vesicles in FIBSEM images
Though FIBSEM images provide access to large regions of the tissue in aligned stacks
of images, these images do not have the resolution of those obtained through
conventional transmission electron microscopy. In our case, the size of each pixel was
6.3 nm x 6.3 nm. Given that a synaptic vesicle has a diameter of 40-60 nm (Palay,
1956), they will be represented by spots of only 6-9 pixel diameters. The first step was
establishing whether this resolution was sufficient for us to identify photoconverted
vesicles within synapses.
Major structures such as postsynaptic densities could easily be identified, and these
were used to aid in the identification of synapses. Vesicle clusters were also visible and
were the primary determinant of synaptic identity. Within some synapses, black punctae
were visible, darker than the surrounding vesicle cluster (Fig.6.10.A). These were
identified as photoconverted recycling vesicles. These were not present in every
synapse,

providing

supporting

evidence

to

show

that

these

were

due

to

photoconversion of FM dye rather than artefacts of the fixation and imaging process
(Fig.6.10.B).
The next step was to determine whether we could reliably identify recycling vesicles
within synaptic terminals and processes. To do this, we measured the electron density
profile across the diameter of both photoconverted and non-photoconverted vesicles.
The low resolution of the images used meant that both photoconverted and nonphotoconverted vesicles exhibit a single peaked electron density profile (Fig.6.10.D),
rather than non-photoconverted vesicles displaying their distinctive two peak profile
(see Fig.6.5.A).
Though the horizontal profiles of photoconverted and non-photoconverted vesicles have
a similar shape, the electron density of the lumen in photoconverted vesicles was
significantly

higher

(photoconverted

n=50

vesicles

from

5

synapses,

non-

photoconverted n=50 vesicles from 5 synapses, Student’s t-test for unequal variance,
p=<0.02) (Fig.6.10.D).
As mentioned above, synaptic vesicles have a diameter of 40-60 nm. As the FIBSEM
system produces serial sections 9.3 nm apart, this means that each vesicle appears in
several sections. Using a fixed size region of interest, we measured the electron
intensity of the centre of regions containing photoconverted and non-photoconverted
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vesicles over the course of 10 sections. When going vertically through the tissue, at
central sections of the synapse, the lumen is significantly darker than that found in nonphotoconverted vesicles (photoconverted n=50 vesicles from 5 synapses, nonphotoconverted n=50 vesicles from 5 synapses, Student’s t-test for unequal variance,
p=<0.02) (Fig.6.10.E).
From this we were able to conclude that the centre point of recycling vesicles can be
identified with confidence. As a single vesicle appeared over many sections, we used
the ‘color cues’ function of Trak2EM, which provided an outline of each labelled vesicle
for 4 sections before and after the centre labelled point. This prevented double counting
of vesicles.
The sheer numbers of non-photoconverted vesicles and their uniform electron density
made it impossible to identify individual non-recycling vesicles within the cluster. As
such, using this method we were unable to take numbers of non-recycling vesicles into
account.
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Figure 6.10 Identifying recycling vesicles in FIBSEM sections
A) Photoconverted vesicles visible within a terminal. Recycling vesicles indicated by
pink arrows. Green – active zone, blue – postsynaptic region. Scale bar indicates 200
nm. B) Synapse not containing recycling vesicles. Green – active zone, blue –
postsynaptic region. C) When going vertically through the tissue, at central sections of
the synapse, the lumen is significantly darker than that found in non-photoconverted
vesicles (photoconverted, n=50 vesicles from 5 synapses, non-photoconverted, n=50
vesicles from 5 synapses, Student’s t-test for unequal variance, p=<0.02). D) Horizontal
profiles in single layers also demonstrated a significantly darker lumen in
photoconverted vesicles (photoconverted n=50 vesicles from 5 synapses, nonphotoconverted n=50 vesicles from 5 synapses, Student’s t-test for unequal variance,
p=<0.02).
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6.4.2 Investigating distribution of recycling vesicles using FIBSEM
The ability to identify recycling vesicles in complete image sets of processes presented
an exciting opportunity to provide more detailed information about the properties of
extrasynaptic recycling vesicles in native terminals. In order to exploit this data,
processes were selected according to the following criteria: first, the presence of
photoconverted vesicles; second, the presence of two synapses with active zones;
which, third, was joined by a complete section of process which does not branch. Five
processes matching these criteria were selected and reconstructions of the
arrangements of recycling vesicles were produced (Fig.6.11.A).
Using the x,y,z coordinates produced by Trak2EM, which provided the location of
recycling vesicles and active zones of analysed processes, we used the distance
equation,
=

( 1 − 2) +( 1 − 2) + ( 1 − 2) ,

a variation of Pythagoras’ theorem

expanded for three dimensions, on the spatial arrangement of both recycling vesicles
and the active zones present at both synapses.
Vesicles within two vesicle diameters of the main vesicle cluster were defined as
intrasynaptic, and those within the processes or outside of 2 vesicle distance from the
main cluster were classified as extrasynaptic. Using this classification, the distance from
the each vesicle to the center of the nearest active zone was measured. The results are
displayed in Fig.6.11.B. As expected, intrasynaptic vesicles are very close to the active
zone, with a mean distance of 0.31±0.006 µm from the active zone, with extrasynaptic
vesicles being on average 2.38±0.08 µm from the active zone (n=974 vesicles from 10
synapses, n=200 vesicles from 5 processes, Student’s t-test for unequal variance,
p=0.002).
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Figure 6.11 Extracting distance data from FIBSEM images
A) Processes were reconstructed with vesicles in intrasynaptic vesicles in each cluster
and extrasynaptic vesicles being categorised separately. Red – intrasynaptic vesicles,
blue – extrasynaptic vesicles. Scale bar represents 1 µm. B) The distance of each
vesicle from the nearest active zone was calculated and is plotted here.

To examine further the positioning of recycling vesicles in terminals reconstructed in
FIBSEM compared to the active zone, we normalised these values against the
maximum distance from the active zone of any vesicle measured in a process, and
plotted a cumulative frequency curve. Extrasynaptic vesicles are significantly further
from the active zone than cluster vesicles (intrasynaptic vesicles n=974 vesicles from
10 synapses, extrasynaptic vesicles n=200 vesicles from 5 processes, Student’s t-test
for unequal variance, p=<0.0002) (Fig.6.12.A).

Figure 6.12 Recycling vesicle distribution relative to the active zone within
synapses and processes
Cumulative frequency distribution of normalised distance from the active zone.
Intrasynaptic vesicles are significantly more frequent at positions closer to the active
zone than extrasynaptic vesicles (intrasynaptic vesicles n=974 vesicles from 10
synapses, extrasynaptic vesicles n=200 vesicles from 5 processes, Student’s t-test for
unequal variance, p=<0.0002).
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The density of recycling vesicles in synapses and processes is a parameter that we
already established earlier in this chapter (see section 6.3.2). In order to verify that this
method was suitable for characterising the recycling pool, we calculated the density of
recycling vesicles both within terminals and in processes.
In intrasynaptic terminals from the image set collected using FIBSEM, recycling vesicles
occurred at a density of 161.6±27 vesicles/µm. Extrasynaptic vesicles were significantly
less frequently occurring, with a density of only 10.3±0.8 vesicles/µm. This value was
significantly higher than that found in samples imaged with serial sectioning and
conventional transmission electron microscopy (38.9±4 vesicles/µm) (FIBSEM n=10
synapses, TEM n=8 synapses, Student’s t-test for unequal variance, p=<0.002).
We compared the density of recycling vesicles within the synaptic cluster that was
calculated from data generated through conventional TEM, and that generated using
FIBSEM. In samples imaged with serial sectioning and conventional transmission
electron microscopy, intrasynaptic vesicles occur at a significantly lower density of
38.9±4 vesicles/µm (FIBSEM n=10 synapses, TEM n=8 synapses, Student’s t-test for
unequal variance, p=<0.002) (Fig.6.13.A). Likewise, extrasynaptic vesicles imaged
using FIBSEM occurred at a density of 10.3±1 vesicles/µm, significantly higher than the
density of 3.9±1 vesicles/µm found in processes imaged using conventional TEM
(FIBSEM n=5 processes, TEM n=8 processes, Student’s t-test for unequal variance,
p=<0.002) (Fig.6.13.B).
In order to explain this difference, we calculated the ratios of intrasynaptic recycling
vesicles and extrasynaptic recycling vesicles imaged using both methods of electron
microscopy. We found no significant difference between the ratios of the two
(conventional TEM n=8, FIBSEM n=5, Student’s t-test for unequal variance, p=0.286)
(Fig.6.13.C).
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Figure 6.13 Intrasynaptic and extrasynaptic vesicle distribution
A) In intrasynaptic terminals, using FIBSEM, recycling vesicles occurred at a density of
116.6±27 vesicles/µm, a value significantly higher than that found in samples imaged
with serial sectioning and conventional transmission electron microscopy (38.9±4
vesicles/µm) (FIBSEM n=10 synapses, TEM n=8 synapses, Student’s t-test for unequal
variance, p=<0.002). B) Extrasynaptic vesicles imaged using FIBSEM occurred at a
density of 10.3±1 vesicles/µm, a significantly higher figure than that found in processes
imaged using conventional TEM (3.9±1 vesicles/µm) (FIBSEM n=5 processes, TEM
n=8 processes, Student’s t-test for unequal variance, p=<0.002). C) Ratio of
extrasynaptic vesicles to intrasynaptic vesicles compared for the samples imaged using
these two different processes: FIBSEM 0.076±0.01, conventional TEM 0.134±0.045.
These are not significantly different (FIBSEM n=5 processes, TEM n=8 processes,
Student’s t-test for unequal variance, p=<0.287).

The next step was to use this more complete record of recycling vesicles to determine
whether they exhibited any clustering within terminals, which might have implications for
their function. To do this, we measured the distances between each recycling vesicle in
the synapse and those around it, and the same for each recycling vesicle within the
cluster. We collected the same measurements between extrasynaptic vesicles and
compared the distribution of distances between these two categories of vesicles. The
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distribution of recycling vesicles showed that, in intrasynaptic vesicles, the distances
between vesicles were very small and there were very few large distances between
vesicles. In extrasynaptic vesicles, there were significantly fewer vesicles with another
recycling vesicle in close proximity, as indicated by the small peak seen in Fig.6.14.A.
Extrasynaptic vesicles exhibited a wide array of distances between vesicles with very
little discernable clustering (intrasynaptic n=10 synapses, extrasynaptic n=5 processes,
Student t-test for unequal variance, p=<0.005).
We compared this to the vesicle clustering data gathered using conventional TEM. We
found there to be no significant difference in the distribution of distances between
recycling vesicles within synaptic terminals (FIBSEM n=10 synapses, TEM n=8
synapses, Student’s t-test for unequal variance, not significant, p=0.747). The same
was true with extrasynaptic vesicles: we found no significant difference in the
distribution of the distances between extrasynaptic vesicles between samples imaged
using conventional TEM and those imaged using FIBSEM (FIBSEM n=5 processes,
TEM n=8 processes, Student’s t-test for unequal variance, not significant, p=0.462).
The similarities show that FIBSEM is able to produce results comparable to those of
serial sectioning and electron microscopy, and as it is able to do so to large regions of
tissue over a shorter period of time, it opens up many exciting new avenues of
research, particularly ones which look at changes in the size of synaptic features such
as the active zone or vesicle cluster size in response to plasticity.
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Figure 6.14 Recycling vesicle clustering at intra and extrasynaptic locations.
A) Normalised distribution of the distance between intrasynaptic vesicles and the
distance between extrasynaptic vesicles. The distance between vesicles is significantly
smaller between intrasynaptic vesicles than between extrasynaptic vesicles
(intrasynaptic n=10 synapses, extrasynaptic n=5 processes, Student’s t-test for unequal
variance, p=<0.005). B) Comparing recorded clustering in samples imaged using
conventional TEM to those measured using FIBSEM. There was no significant
difference between the distribution of distances between the intrasynaptic vesicles
(FIBSEM n=10 synapses, TEM n=8 synapses, Student’s t-test for unequal variance, not
significant, p=0.747), and no significant difference between the distribution of distances
between extrasynaptic vesicles (FIBSEM n=5 processes, TEM n=8 processes,
Student’s t-test for unequal variance, not significant, p=0.462).

6.5 Discussion
In this chapter, we establish that functionally labelled recycling vesicles undergo lateral
movement between synapses in the hippocampal slice system, and that their
movement can be observed over short distances. Hints of this behaviour were observed
in previous papers (Ratnayaka et al., 2011, Staras et al., 2010), but this chapter
provides a closer look at the properties of mobile vesicles within hippocampal slices at a
fluorescence level.
The existence of a population of vesicles which move from established synapses, and
move between them within synaptic processes, challenges the conventional view of
synapses as isolated structures. The discovery that these mobile vesicles can integrate
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into any synapse and join the recycling pool has important implications for function
(Staras et al., 2010). There is evidence that vesicles can be drawn from this superpool
in order to create new synapses at sites within processes (Staras et al., 2010, Darcy et
al., 2006a). Another possible function is that the additional vesicles to support the
increase in total pool size which has been observed in synapses which have undergone
LTP (Bell et al., 2014) might be provided by the superpool, and consequently it may
have other roles in synaptic plasticity.
In slices labelled with FM 1-43 and, novel to this work, with syOyster550, we found that
we could consistently measure the rate of vesicle transfer over short distances. When
we measured and compared the rates of fluorescence packet movement using both
these probes, we found no significant difference between them. When we compared the
rate of puncta movement to that observed in hippocampal cultured neurons, the values
seen were significantly lower.
The rates of vesicle transfer in processes recorded by this chapter are towards the
lower end of the 0.5-5 µm/s range stated by the literature (Brown, 2003). If a full and
further study were to be made of this property, acquisition rates should be increased:
the verification of syOyster550 as a probe for the successful monitoring of laterally
moving vesicles helps in this regard, as it undergoes less fluorescence loss due to
photobleaching than FM 1-43. A major barrier to identifying the higher rates is the lack
of ability to follow processes with any confidence through the tissue. Future work on this
property would require the filling of a neuron using a fluorescent solution (e.g. Branco et
al. (2008) in cultured neurons). The use of a red fluorescent probe such as syOyster550
would also be useful as it would allow the brighter, more easily identified, green dyes to
be used as for anatomical tracing. Filling a target neuron with a fluorescent probe would
also allow loading at specific points rather than through generalised applications of FM
1-43 dye and would provide an interesting field for further study.
We next moved on to a study of these vesicles at an ultrastructural level. This was the
first observation of labelled recycling vesicles in native hippocampal tissue at an
ultrastructural level, and allowed us to look at how this pool is organised in a
physiologically relevant environment. In fluorescence studies, we found that mobile
punctae had 50-60% of the fluorescence of the stable fluorescent punctae. This value
was consistent with values for recycling vesicle fraction found in our ultrastructural
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study. This confirmed that extrasynaptic vesicles are the mobile vesicles seen in
fluorescence studies.
By definition, extrasynaptic recycling vesicles were bound to be further from the active
zone than intrasynaptic vesicles; an interesting finding was that, within the pool of
extrasynaptic recycling vesicles, the recycling vesicles were significantly further from
the active zone than non-recycling vesicles. This shows a difference between a
functional pool and vesicles which have not undergone recycling recently. In addition,
recycling vesicles demonstrate significantly less clustering than non-recycling vesicles.
These two findings may be linked: potentially whatever makes recycling vesicles less
likely to cluster together in processes also allows them to travel further through the
terminal following recycling.
Synapsin is a vesicle membrane protein which binds the vesicle to the actin
cytoskeleton (Greengard et al., 1993). Docked pool vesicles do not appear to have
synapsin attached (Bloom et al., 2003), and synapsin knock-out mice do not appear to
affect mobilisation of the docked pool (Orenbuch et al., 2012, Gaffield and Betz, 2007).
The greater clustering of non-recycling vesicles within the terminals is likely due to the
increased likelihood of the presence of synapsin on these vesicles. Experiments in
knock-out mice revealed increased vesicle numbers in neuronal process, but did not
look at the distance between vesicles. It is likely that this distance would increase
without synapsin (Orenbuch et al., 2012).
Synapsin knock-out models do not have an effect on the mobility of the recycling pool
(Gaffield and Betz, 2007). Recycling vesicles lose synapsin from their membrane during
exocytosis, and do not regain it for some time afterwards (Bloom et al., 2003).
Recycling vesicles have been observed to have a greater degree of mobility than nonrecycling vesicles (Kamin et al., 2010). CDK5 inhibition has been shown to both
increase the mobilisation of recycling pool (Orenbuch et al., 2012) and increase the
recycling fraction (Kim and Ryan, 2010, Marra et al., 2012), pointing to a further link
between membership of the recycling pool and increased mobility. The result in this
chapter, that extrasynaptic recycling vesicles are further from the active zone in
processes than non-recycling extrasynaptic vesicles, further points to this idea of
increased mobility in the recycling pool; the above studies suggest that this may be
mediated by CDK5. In the dynamic environment of a synapse undergoing activation,
these factors could contribute towards recycling vesicles leaving the active zone and
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travelling through the processes. Future work could include carrying out this experiment
in the presence of the CDK5 inhibitor Roscovitine. If this hypothesis is correct, this
would increase the recycling fraction at extrasynaptic processes and increase the
distance between vesicles.
In this chapter we present the first look at a block of native hippocampal tissue with
photoconverted FM dye-labelled neurons in a hippocampal slice. We were successfully
able to identify photoconverted vesicles within terminals and processes, and produce
results comparable to those seen using conventional electron microscopy.
Using FIBSEM, perfectly aligned serial images of the entire volume could be obtained in
a matter of hours. The ability to look at large volumes of tissue is incredibly useful for
future studies. The ability to look at populations of synapses rather than individual
samples, and the ability to link synapses together with confidence, allows us to ask
questions that would be prohibitively difficult to answer using conventional TEM.
Combining FIBSEM and our novel hippocampal slice system would be particularly
helpful in plasticity studies, as unlike in cultured neurons, not all synapses in the imaged
region of the slice system receive a stimulus from the Schaffer collaterals. This means
stimulated synapses could be identified by the presence of photoconverted vesicles and
unstimulated synapses in the same region, allowing a more direct comparison of
properties to be made.
The low resolution and resulting inability to identify individual non-recycling vesicles
within synapses limit the usefulness of this technique at present, although doubtless
resolution will increase as this technique matures. FIBSEM is an exciting opportunity to
carry out large scale investigations of 3D reconstructions of synapses, as well as on
synaptic processes. It provides context on each synapse within a process and allows
pre- and postsynaptic targets to be linked. The potential for future work could include
looking at how the superpool interacts over time, looking at how other pools interact
with the superpool, and looking at how plasticity affects extrasynaptic vesicles, all
questions which would benefit from the application of this technique.
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Chapter 7: General discussion
7.1

Functional

studies

in

the

acute

hippocampal

slice

preparation
7.1.1 A method for studying function in slice
The aim of this thesis was to link the function of recycling vesicles with their
ultrastructural position, and to use this to determine the fundamental properties of
vesicle recycling within synapses and within cells as a whole. To do this, the work in
this thesis exploited novel approaches based on functional and ultrastructural readouts
to reveal new characteristics of presynaptic vesicle pools in small central synapses.
Using an established technique of labelling recycling vesicles in cultured neurons (Ryan
and Smith, 1995, Harata et al., 2001, Ratnayaka et al., 2011, Darcy et al., 2006a)
offered us a baseline of comparison for investigating the properties of recycling vesicles
in native hippocampal slices (Marra et al., 2014).
The starting point for this work was to establish an approach that allows for
ultrastructural readout of functional vesicle pools. As I described in chapter 3, FM dye
offers an excellent approach to address such an issue, since it allows the labelling of
vesicles which previously made up a stimulus defined pool, and then permits us to see
how that vesicle population responds to further stimulation. In addition, a fixable
analogue of FM-143 can be used to photoconvert DAB to produce an electron-dense
product, visible only in synapses which had previously undergone recycling. Previously,
this work has been conducted largely in cultured neurons and frog NMJ systems (Ariel
and Ryan, 2010, Betz and Bewick, 1992, Betz et al., 1992, Darcy et al., 2006b, Darcy et
al., 2006a, Ratnayaka et al., 2011, Ryan and Smith, 1995, Pyle et al., 1999), which has
the advantage of ease of imaging due to the neurons being arranged in a monolayer
and the sparsity of synaptic contacts. However, in this system the variety of cells and
the complexity of connections does not match that in the normal physiological
environment. In this thesis, I use a novel method of labelling recycling vesicles with FM
1-43 in the hippocampal slice system, and then producing photoconverted vesicles.
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7.1.2 Physiological temperature and functionality
Carrying out experiments at room temperature, rather than physiological temperature,
increases the longevity and stability of hippocampal slices, making them easier to use
for experiments (Aitken et al., 1995); consequently, many labs have conducted
experiments in this system at room temperature, including Zakharenko et al. (2002). As
the vast majority of experiments into synaptic vesicle recycling have been conducted at
room temperature, we elected to do the same for the experiments described in this
thesis. Attempting to image vesicle activity in hippocampal slices at physiological
temperature led to movement of the slice in response to the stimulus, causing z-drift
and preventing individual synapses from being tracked. However, in order to provide a
more physiologically relevant environment, it is vital that these technical issues are
overcome.
The rate of endocytosis increases at physiological temperature (Pyott and Rosenmund,
2002, Fernandez-Alfonso and Ryan, 2004), and the rate of exocytosis may either
increase (Pyott and Rosenmund, 2002, Micheva and Smith, 2005), decrease
(Fernandez-Alfonso and Ryan, 2004), or exhibit no change (Kushmerick et al., 2006,
Bui and Glavinovic, 2014). Another key property that alters at physiological temperature
is the rate at which docking sites are refilled at the active zone following release, which
shows an increase (Bui and Glavinovic, 2014). This is particularly important for the work
discussed here, although it does suggest that even faster fixation times would be
required in order for re-entry to be properly charted at physiological temperature.
Another concern is that, at physiological temperature, there is a completely different
method of vesicle retrieval which is not present in room temperature experiments.
Watanabe et al. (2014) demonstrated an ultrafast mode of endocytosis which occurs at
physiological temperatures, but is absent in recycling at room temperature. Ultrafast
endocytosis involves the uptake of large synaptic vesicles, 80-100 nm in diameter,
which then fuse into endosomes within the cell and undergo budding in a clathrindependent manner. In electron microscopy studies, synapses stimulated at
physiological temperature showed an increased number of large endocytic structures
(Micheva and Smith, 2005), and Renden and von Gersdorff (2007) found that in
addition to a mode of endocytosis which occurred at a rate identical to conventional,
‘slow’ endocytosis, there was an additional faster process also occurring. Future

224
experiments, particularly those looking at endocytosis, will need to take this into
account in order to ensure they are seeing the complete picture of vesicle interactions.

7.1.3 Ultrastructural properties of synaptic vesicles in hippocampal
slice
Precursors to the slice-based systems of FM dye labelling have previously been
introduced with varying success. Using systems featuring dye immersion requires two
photon microscopy to ensure that the signal to noise ratio is sufficiently low to provide
useful data (Stanton et al., 2005, Pyle et al., 1999, W et al., 2010), and methods
involving the pressure injection of dye had not previously been developed sufficiently to
be used independently of two photon microscopy (Zakharenko et al., 2001), even with
the use of FM dye chelators to remove background fluorescence (Kay et al., 1999). The
method described in this thesis, and in Marra et al. (2014), refined this method to allow
the use of confocal microscopy to image functional terminals in the acute hippocampal
slice preparation and, for the first time, provide successful photoconversion of recycling
vesicles to allow for ultrastructural studies.

7.2 Synaptic vesicle pools and the fate of retrieved vesicles
In recent years, there has been substantial focus on the concept that vesicles fall into
different pools, which might be explained by molecular markers of identity (Ramirez and
Kavalali, 2011). Orenbuch et al. (2012) suggested that vesicles in the recycling pool
interact differently with the cytoarchitecture than the vesicles in the resting pool,
suggesting that membership of a pool is a part of an individual vesicle’s identity. Denker
et al. (2011) also suggests synapsin as a molecular marker of resting pool vesicles. It
has been found that the t-SNARE protein Syntaxin 1a is located in the luminal domain
of synaptic vesicles following endocytosis, and that these vesicles do not undergo
recycling (Mitchell and Ryan, 2004). Work by Hua et al. (2011) showed that the vesicle
protein VAMP7 is a molecular marker of the spontaneous pool.
There have also been studies linking the spontaneous pool and the recycling pool to
two separate populations through the presence of VAMP7 and Vti1a (Ramirez and
Kavalali, 2011). These are alternate v-SNARE proteins. Vti1 has intensely helical
structure compared to synaptobrevin and SNAP25, which only obtain a helical structure
when in contact with the t-SNARE proteins. This might be why these vesicles are able
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to undergo non-calcium dependent fusion, but preferentially move when the synapse is
at rest (Tishgarten et al., 1999). All these studies provide evidence that membership of
a particular pool is predetermined, and is retained permanently or over long time
periods. However, there is another possibility: that membership of a given pool is based
on the positioning of a vesicle at a specific moment in time. To differentiate between
these possibilities, we looked at the fate of recycling vesicles following re-entry into the
terminal after recycling.
In order to address the question of the fate of recycling vesicles, we first chose to look
at the RRP, a group of vesicles which respond quickly to either a short train of action
potentials (40 AP/20 Hz) or hypertonic sucrose (Rosenmund and Stevens, 1996). Using
ultrastructural information gathered when slices were fixed 1, 5, and 20 min following
FM dye loading, photoconverted and prepared for electron microscopy, we looked at
the spatial organisation of this pool over time. The RRP corresponded to 5.5±2.8% of
the total pool of synaptic vesicles and, importantly, was consistent over all time periods,
confirming that we were successfully labelling this pool even immediately after loading.
Notably, this value is well aligned with previous values reported in cultured neurons
where 4-6% has been estimated (Moulder and Mennerick, 2005, Rosenmund and
Stevens, 1996, Schikorski and Stevens, 2001), giving us further confidence in our
effective labelling of this pool.
In samples fixed at 1 min following stimulation, the retrieved vesicles were
predominantly positioned towards the active zone. A significantly higher fraction of FM
1-43 labelled vesicles were present at active zone sites. This effect is less pronounced
at the 5 min time point, and by 20 min following stimulation, this effect was entirely
eliminated and the recycling vesicles showed no preferential distribution compared to
the vesicles which had not undergone recycling.
Regarding the experiment looking at the fate of vesicles retrieved following RRP
stimulation, we hypothesised one of three likely outcomes 20 min following FM dye
reloading: 1) that newly retrieved vesicles would be positioned near the active zone,
thus more available for reuse (Fig.7.1.A); 2) that recycling vesicles would show no
preferential positioning and would be intermingled with the non-recycling vesicles
(Fig.7.1.B); or 3) that recycling vesicles might be located at a specific location within the
terminal in which they are least less likely to be used for reuse (Fig.7.1.C).
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Figure 7.1 Cartoon of RRP vesicle positioning on re-entry into the
synapse
A,B,C) Hypotheses for RRP vesicle positioning following recycling. A) Recycling
vesicles might be positioned preferentially towards the active zone. B) RRP vesicles
might be integrated into the vesicle cluster with no preferential positioning. C)
Recycling vesicles might be positioned preferentially within the synapse at a location
away from the active zone. Black vesicles represent RRP vesicles, and white vesicles
represent other vesicles. D) The results in this thesis suggest that RRP vesicles are
actually drawn from two pools: the reserve pool, and a small pool of vesicles which are
preferentially releasable. These vesicles stay at or around the active zone following
reuptake, ready to be occupied at the next stimulus (indicated by black vesicles and
red arrow). The rest of the RRP is taken from the reserve pool, and is returned to the
active zone as those which are in preferential positions undergo exocytosis.

This outcome suggested that membership of the RRP was not a feature of individual
vesicles, but of vesicles which were closest to the active zone at any given point.
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7.3 Plasticity-induced changes in synaptic properties
7.3.1 Recycling pool scaling in response to plasticity protocols
A saturating stimulus only labels a small fraction of vesicles (Betz and Bewick, 1992,
Harata et al., 2001, Marra et al., 2012, Darcy et al., 2006b). This fraction can be
changed through plasticity protocols (Ratnayaka et al., 2012) and through CDK5
regulation (Marra et al., 2012). The size of the total recycling pool is an important
property in determining synaptic strength (Murthy et al., 1997).
As mentioned above, in synapses where LTD has been induced, there is a reduced
total recycling pool, roughly half the size of that in control synapses. The size of the
TRP in the control samples is concordant with that seen in other studies (Marra et al.,
2012, Harata et al., 2001, Darcy et al., 2006b, Denker et al., 2011), so the system can
presume to label the TRP in a comparative manner, and therefore the changes are
likely due to LTD. Zakharenko et al. (2002) saw a reduction in the fluorescence levels of
synapses which also suggests that a smaller fraction of the recycling pool is labelled
with FM dye following LTD induction.
As mentioned above, the work by Orenbuch et al. (2012) using synapsin triple knockout mice demonstrated that recycling vesicles interact with the actin cytoskeleton
differently from resting pool vesicles. Previous work has shown that CDK5 can alter the
size of the releasable pool (Marra et al., 2012, Orenbuch et al., 2012), so it seems likely
that this would be a mechanism through which LTD would act.
These pieces of evidence indicate that there is a fundamental difference between
recycling and non-recycling vesicles. Based on the ideas raised here, recent
experiments carried out in the lab by Dr S Rey have confirmed the broad principle. They
point to interactions between vesicle proteins and the cytoskeletal structures within
terminals being crucial to determining the function of a vesicle, rather than the
fundamental properties of any given vesicle.

7.3.2 Docking sites as a mechanism of synaptic plasticity
Previous work suggested that the entire population of docked vesicles is not released in
response to an RRP labelling stimulus, suggesting that there are vesicles at the active
zone which are not primed or ready to undergo release (Moulder and Mennerick, 2005).
We proposed that one possible explanation for these ‘reluctant’ vesicles at docking

228
sites is that the number of release sites available is a way of regulating the rate of
vesicle recycling and neurotransmitter release, and vesicles may sit and block sites to
prevent recycling (Fig.7.2). There are many advantages to this mechanism, in particular
that it allows a rapid and highly reactive response to plasticity as it uses molecular
machinery that is already in place, without new docking sites needing to be created. It
also explains the presence of docked vesicles not accessed by stimulation.

Figure 7.2 Hypothesis of docking sites as a mechanism of synaptic vesicle
recycling
A) A number of docking sites at the active zone could potentially be deactivated during
normal use. During stimulation vesicle turnover might only be occurring at only the
active docking sites. B) Following LTD, there is an increase in the number of
deactivated docking sites, and a decrease in the number of vesicles which can undergo
recycling in a given time. Green – active zone, white – non-recycling vesicles, black –
recycling vesicles, grey – inactive docked vesicles.

In order to determine this, we looked at the composition of the docked pool in LTD and
control synapses. In LTD synapses, there was no significant difference in the fraction of
the total pool of vesicles which was at docking sites. In LTP synapses there has been
evidence that the size of the active zone and the number of docking sites increases
(Bell et al., 2014), and that the size of the total pool of vesicles increases in potentiated
synapses (Bourne et al., 2013). The results obtained by Marra et al. (2012) point to a
loosely proportional relationship between these two properties. If this is the case in LTD
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synapses, both active zone shrinkage and reduction in the size of the total pool of
vesicles must occur, in order to preserve the relationship between these two properties.
If this is the case, what is the molecular underpinning of docking site regulation? One
possible mechanism is through CAST and ELK, proteins associated with the
maintenance of the active zone that are amongst the first to be dismantled from the
synapse following silencing (Lazarevic et al., 2011). These proteins are linked to RIM1
and Munc13 (Hida and Ohtsuka, 2010), which in turn have roles in priming vesicles in
docking sites at the active zone (Betz et al., 2001). Recently, a study on Drosophila
noted activity-dependent changes to the level of a homologue of ELK/CAST within
terminals (Sugie et al., 2015). Decreases in this protein dispersed RIM1 and decreased
the density of calcium channels. This supports the idea that docking sites may be being
deactivated following sustained low frequency stimulation.

7.4 Activity-dependent arrangement of recycling vesicles within
terminals
The distribution of synaptic vesicles at 20 min following labelling with FM dye within
terminals is not significantly different from the arrangement of non-recycling vesicles. By
contrast, at the same point, Marra et al. (2012) found that recycling vesicles were
preferentially positioned towards the active zone. One possible explanation for this is
that recycling vesicles are taken up at the active zone and then delivered further back
into the synapse, and vesicles are recruited from the front of the synapse to refill the
RRP. In this hypothesis, during continuous stimulation, like that used to label the TRP,
all vesicles that are able to undergo recycling from around the active zone are used and
returned to the total pool, and then trafficked towards the active zone as vesicles in
front of them are used (Fig.7.3). This process would likely be related to the interaction
of vesicles with actin within the terminals, as this protein has been shown to be
essential for preserving the preferential positioning of recycling vesicles (Marra et al.,
2012).
This idea supports the results seen in LTD synapses, where recycling vesicles are seen
clustered around the active zone and towards the sides of the cluster, but not
preferentially clustered towards the front of the synapse. The TRP in LTD synapses is
significantly smaller than in control synapses (12±1% in LTD synapses vs 23±4% in
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control synapses), meaning that fewer vesicles are used during recycling, so fewer
vesicles are cleared from the front of the synapse and replaced with vesicles which
have previously undergone recycling.
In order to verify this, in further experiments, using either probes which are less likely to
be removed from vesicles following a second round of exocytosis (e.g. Oyster550), or
using very low levels of stimulation which would not release the entire recycling pool, a
hippocampal slice with the RRP labelled with FM dye should be exposed to a second
round of stimulation prior to fixation, photoconversion, and preparation for electron
microscopy. If spatial positioning is activity-dependent, the trend towards the active
zone should be restored to some degree.

Figure 7.3 Hypothesis of activity dependent preferential positioning of
recycling vesicles at active zones
When a stimulus is applied, the vesicles at the docking sites are released and are
taken up back into the terminal (black vesicles) where they eventually integrate into the
cluster, and vesicles close to the active zone are brought in to refill the active zone
sites (red vesicles). This cycle continues with each subsequent set of docked vesicles
undergoing recycling and return to the cluster, and the docking sites are refilled with
vesicles proximate to the active zone (blue vesicles). This refilling of the RRP from
vesicles near the front of the cluster leads to the preferential positioning of recycling
vesicles near the front of the cluster over time. Lower stimulus results in less clearing
from recycling vesicles from the front, so this preferential positioning is less evident.

7.5 Evidence for a preferentially-accessed pool of vesicles near
the active zone
Another key question is whether the structural arrangement of these vesicles has any
effect on their functional properties. The work in this thesis demonstrates that a labelled
RRP pool loses its fluorescence at a more rapid rate than a labelled TRP pool;
however, the RRP is a subset of the TRP, and thus would relate to the initial phase of
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destaining. This fraction can be isolated, suggesting that RRP vesicles do have a
degree of preferential recycling over those recruited from the reserve pool, and that
they do not become less recyclable following endocytosis. The recycling vesicles which
can be seen near the active zone at all time points might be responsible for this. In
order to investigate whether the former RRP vesicles are preferentially rereleased,
future experiments could look at the representation of these vesicles in the next group
released by an RRP-releasing stimulus. If these vesicles are preferentially released,
there should be a large fluorescence loss following the application of this stimulus,
compared to a minimal one if they are simply reintegrated into the pool. These
experiments were attempted using the hippocampal slice system, but the signal to
noise ratio was insufficient to allow such small changes in fluorescence to be reliably
measured. The tissue culture system, though less physiologically relevant, would be
useful in answering questions involving very low numbers of vesicles.
Even at later time points, when recycling vesicles do not display any preferential
positioning, there are some recycling vesicles at and around the active zone. Functional
data also shows that there are FM-dye vesicles amongst those which first respond to
the destaining stimulus. This suggests that there are actually two components to the
RRP labelling using a 40 AP/10 Hz stimulus, one which is taken from a preferentially
releasable pool and one drawn from the recycling pool, based on their position next to
the active zone. The preferentially releasable pool is returned to positions close to the
active zone, and those drawn from the reserve pool are reintegrated into the cluster
(Fig.7.1.D).
This theory goes some way to explaining the contradiction between our findings and
those of Park et al. (2012), and the observations of Marra et al. (2012) of the distribution
of the total pool of recycling vesicles. Though this thesis and Park et al. discuss the
movement and ultimate location of RRP vesicles following reuptake, we may potentially
be discussing different pools. Park et al. used a 10 AP/10 Hz RRP labelling protocol,
which is much lower than the 40 AP/20 Hz selected for our experiments. The conflicting
results suggest that those vesicles which are released by a 10 AP stimulus might have
different properties from those released by the additional 30 AP used by us. In other
words, there may be some heterogeneity across the RRP in terms of the properties of
individual vesicles. Such an idea is also suggested by Alabi and Tsien (2012) in an
important recent review. Even at later time points, some recycling vesicles remain at or
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near the active zone. It may be that these vesicles which retain their preferential
position form a sort of ‘RRP+’ pool which supports transmission. This theory is in line
with a previous study by Vanden Berghe and Klingauf (2006), who found that at low
frequencies, a small population of vesicles drives recycling. Current work in the lab is
providing evidence to support this conclusion (Dr S Rey and Prof K Staras, personal
communication).
This theory may also explain the differences between the results found by Xu et al.
(2013) and those in the data presented here. Xu et al. biotinylated synaptic proteins in
an activity-dependent manner, lysed the cells and then used Western blotting to
quantify the levels of labelling and to compare properties. They observed an increase in
the rate of vesicle recycling, and supposed this to be a homeostatic response to
postsynaptic receptor internalisation. This is a novel and interesting technique, but it is
difficult to compare these results to those of other studies in the field. Using more
established indicators of vesicle turnover, particularly visual ones such as iGluSnFR,
would be required to verify their results (Marvin et al., 2013). If vesicles are able to be
labelled multiple times by the immunological probes, then there may be a small number
of vesicles undergoing intense recycling, and a smaller pool of vesicles from the TRP
which are only occasionally recruited.

7.6 Activity-dependent properties of the superpool
Synaptic vesicles are able to travel between synapses and engage with functional
processes, such as recycling, in their destination synapses (Darcy et al., 2006a).
Recently discovered and relatively unexplored, the superpool plays a part in the
interactions of synapses both with their postsynaptic targets and their presynaptic
environment. The need to examine this pool further becomes more important following
compelling evidence that the superpool is a modulator in disease conditions (Scott and
Roy, 2012). Using 3D reconstructions of hippocampal neuronal processes, we were
able to look at the arrangement of recycling vesicles within processes, compared with
the arrangement of non-recycling vesicles.
We found that recycling vesicles tended to be further away from the nearest active zone
and vesicle cluster than their non-recycling counterparts. The finding that synapsin
primarily controls the movement of resting pool vesicles, and the finding that a lack of
synapsin causes an increase in the number of extrasynaptic vesicles (Orenbuch et al.,
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2012), does suggest that recycling vesicles have altered synapsin properties which
allow them to travel more easily through the processes. Future experiments, using the
method outlined in this paper, carried out on Synapsin triple knock-out mice, would give
an interesting look at the ways in which the superpool moves through processes.
The ability to study recycling vesicles in the superpool in a physiologically-relevant
system like native hippocampal slices using the method described in this thesis,
twinned with the development and wider availability of FIBSEM (Knott et al., 2008),
allowing large sections of processes to be imaged in a relatively rapid manner, means
that the possibilities for future experiments are huge. A key first step would be to look at
the effect of vesicles labelled immediately after the induction of LTP or LTD, and those
at later time periods after the plasticity protocol, and to see how this affects the
movement of vesicles within a process. In these experiments, one would be looking at
the interaction of the RRP with the superpool and seeing whether these interactions
differ from those of the reserve pool, and looking to see whether the pool labelled by
Park et al. (2012) a ‘very readily releasable pool’ is confined to terminals, whether it can
be induced to leave the terminal, and what the impact on function is if it does.
In this thesis, the idea of vesicle pools is explored through ultrastructural and functional
studies, and the results paint a picture of a population in which vesicles may have
molecularly and spatially defined roles, but these roles are flexible and can change over
time and in response to stimuli. The fate of a recycling vesicle depends on the initial
activity of the synapse that triggers exocytosis and reuptake, any subsequent activity
that follows, and most likely other factors such as unique and preserved characteristics
of specific vesicles that differentiate them from the pool as a whole. Our introduction of
a slice-based system allows these questions to be addressed in synapses where they
are able to experience relevant physiological activity and plasticity protocols. This
provides an exciting basis for future research and a better understanding of the
properties affecting synaptic transmission.

7.7 Conclusions and future work
Taken together, these results suggest that the activity to which a synapse is exposed
has a huge influence on the way that synaptic vesicles within them are organised and
behave, but that there are vesicles which have specific recycling properties. The
synapse is revealed as being highly dynamic, with a relatively small pool of vesicles
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being disproportionally active in exocytosis, similar to the findings of Denker et al.
(2011). These vesicles are kept close to the active zone and readily accessible, and the
rest of the recycling vesicles form a reserve pool, which is scalable to meet the
recycling demands of the synapse (Ratnayaka et al., 2012).
Through gaining a better understanding of the ways that synaptic vesicle activity can be
adjusted in response to the activity in the synapse, and of how synapses interact with
each other, we gain more information as to how cellular properties translate to
behavioural ones. Because of this, a key target for future work is the relationship
between learning, memory, and synaptic vesicle function. Studies in vivo have shown
that changes in synaptic properties, such as those seen in long-term plasticity, require
not only a stimulation protocol, but also a learning task. In LTP formation, this involves
learning and recognition of a space or environment (Goh and Manahan-Vaughan,
2013b), whereas LTD formation occurs when an animal engages in learning and
recognising more subtle clues within an environment, such as objects being changed or
moved (Goh and Manahan-Vaughan, 2013a). Firing patterns in the hippocampus can
be used to create memories in behaving rats (Liu et al., 2012), providing a direct link
between plasticity protocols in CA1 and learning and memory.
The work in this thesis also makes it clear that increasing the physiological relevance of
the models used to study synaptic properties is highly important, as deviations from
physiological conditions can hugely alter the results and capabilities of systems and
neurons. Conducting experiments at room temperature rather than physiological
temperature means not only that the rates of endocytosis and exocytosis are altered,
but the number of vesicles which are available for recycling (Renden and von Gersdorff,
2007) and the modes of endocytosis which are engaged (Watanabe et al., 2014) are
also affected. Induction of plasticity in cultured neurons is difficult to achieve through
electrical stimulation protocols (Molnar, 2011), yet this is readily achievable in the slice
system; meanwhile, in the living organism, achieving long-term plasticity requires a
behavioural protocol in addition to an electrical stimulation protocol to achieve the same
synaptic aims (Goh and Manahan-Vaughan, 2013b, Goh and Manahan-Vaughan,
2013a). Meanwhile, the ability for these synaptic changes to occur can also be affected
by the animal’s experience, with behavioural stress limiting the ability of LTP to be
induced and facilitating LTD (Artola et al., 2006). Pilot experiments by Marra et al.
(2012) demonstrated the possibility of labelling vesicles in the visual cortex with FM
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dye, in vivo, by providing a visual stimulus. This, teamed with the new ability to study
large volumes of tissue at an ultrastructural level afforded by FIBSEM, could provide
direct link between cellular and behavioural studies, providing functional connectomics
and revolutionising our understanding of how synaptic vesicles behave. It would be
certainly interesting to compare behavioral methods of inducing long-term plasticity with
the results seen when they are induced in the slice system.
Another key target for future work is the superpool. The work in this thesis
demonstrated that vesicles can move between pools in an activity-dependent fashion
and as a result of their arrangement within terminals, but also hinted that the movement
between synapses is activity-dependent. The functions of the superpool have been
speculated but not yet determined, and gaining more information as to how it behaves
over time and during the course of plasticity may provide clues as to how it affects the
properties of a neuron. Being able to look at the superpool in hippocampal slice
following LTP and LTD would help determine whether proposed changes in pool size
(Bourne et al., 2013) are caused by the superpool. Using FIBSEM microscopy could
also allow us to look at many synapses along a process, allowing us to determine
whether vesicles are removed from synapses specifically to enhance another. Is it a
pool to store vesicles until they are called upon, a pool specifically to transfer vesicles
between synapses, or simply an accident when the cytoskeletons keeping vesicles
within the synapse fail? How this pool behaves could have dramatic implications for our
understanding of the flexibility and capabilities of neurons.
The ultrastructural properties of functional vesicles provide us with important clues to
determine how neuronal activity can be delivered and shaped. The work in this thesis
provides a new technique to study these questions and demonstrates the activity
dependence of vesicle arrangement within a synapse, and suggests mechanisms
through which the functional properties of a synapse may be controlled.
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