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ABSTRACT

Electrophysiology and imaging techniques have been applied to study
presynaptic vesicle release and postsynaptic development in vitro at cortical synapses.
The amphiphilic dye FM1-43 was used to evaluate vesicle turnover at synaptic
terminals in response to action potential (AP) stimulus evoked- and spontaneous
miniature synaptic activity. Loading and unloading of FM1-43 into and out of synaptic
vesicles was visualized in real-time using laser scanning confocal microscopy. Under
conditions that maximized release probability at synapses, we found that the amounts
of AP-evoked vesicular FM1-43 release could not be described by a normal distribution,
but were positively skewed. A significant, albeit relatively small, fraction of all
synapses (13 - 17 %) released FM1-43 amounts that could be attributed to the release
of more than one vesicle per AP stimulus. When utilizing miniature synaptic activity
for FM1-43 uptake, we found a large variability in the amount of FM1-43 loading among
presynaptic terminals, indicating a non-uniform probability for miniature release
among synapses. Imaging of AP-stimulated vesicle release showed that release rates
were significantly elevated at synapses with high rates of miniature activity compared
to control synapses. In addition, we found a significant correlation between miniature
activity and AP-evoked release probability at single synaptic sites. Lastly, real-time
confocal imaging of filopodial postsynaptic spine precursors was employed in cortical
neurons during two stages of early in vitro development. Particle mediated gene
transfer was used to overexpress a green fluorescent protein (GFP)-labeled form of the
postsynaptic density protein PSD-95, which can mediate the clustering of postsynaptic
receptors and signal transduction proteins. Neurons overexpressing PSD-95/GFP were
additionally labeled with the red dye sulforhodamine and two-channel confocal data
acquisition was used. We found that preformed PSD-95 clusters could be rapidly
translocated into and out of filopodia and spines. Moreover, filopodia and spines that
were associated with clusters of PSD-95 were significantly more stable (i.e. less likely
to turn-over) during 1 hour of imaging than filopodia and spines without PSD-95
clusters. In summary, these findings suggest the occurrence of multivesicular release
at cortical synapses, indicate a physiological association between spontaneous
miniature and evoked synaptic release, and implicate PSD-95 in the stabilization of

filopodial spines during early development of cortical neurons.
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I INTRODUCTION

CENTURY OF THE SYNAPSE

The concept of the synapse started to emerge in the last two decades of the
19" century pioneered by the work of anatomist Santiago Ramén y Cajal and
physiologist Charles Sherrington (review in Shepherd and Erutkar, 1997). Cajal - and
his many un-named coworkers - used a just newly developed staining technique by
Camillo Golgi (“Golgi-impregnation”) to anatomically characterize the architecture of
the cerebellum, cortex, and neuromuscular junction (NMJ). Cajal documented sub-
cellular specializations (Raymon y Cajal, 1888) that would later be unambiguously
identified as synapses. In doing so he provided the first evidence to disprove the
“reticular” theory of the nervous system (NS) - ironically developed by Golgi -, stating
that the NS is a capillary network of syncitial nerve cells (Golgi, 1873). Only a few
years later Charles Sherrington, studying spinal reflexes, introduced the term
“synapse”. He concluded that nerve cells are not continuous but “[...] merely in
contact [..]” with one another by special connections, and proposed “[...] such a
special connection [...] might be called a synapse” (Sherrington, 1897).

Examining the effect of adrenalin on the NMJ, in 1904 Thomas Elliott
formulated, for the first time, a theory of chemical synaptic transmission. He
suggested “[...] the chemical excitant (adrenalin) [...] may cause the change of tension
of the muscle fiber [...] in response to its union with the synapsing sympathetic fiber
[...]” (Ellitot, 1904). It took almost another half century until Bernard Katz and Paul
Fatt introduced intracellular electrophysiological recording methods to the NMJ. Using
this approach they found that changes in the resting potential of the muscle end plate
membrane could be induced by stimulation of the corresponding presynaptic nerve
terminals, and that it was acetylcholine (Ach) which acted to depolarize the
postsynaptic membrane (Fatt and Katz, 1950). In another groundbreaking study Fatt
and Katz showed that spontaneously occurring so-called “miniature” endplate
potentials (EPPs) were of the same amplitude as the smallest EPPs evoked by
presynaptic stimulation (Fatt and Katz, 1952). Moreover, they found that the
amplitude of larger EPPs was an integer multiple of this initial “quantal” (unitary) size




(Fatt and Katz, 1952). The hypothesis of “quantal synaptic transmission” was born.
Soon, electron microscopic evidence would emerge that revealed highly intricate and
feature-rich pre- and postsynaptic structures, and most relevantly, a homogenous
population of small, densely packed vesicles at the presynaptic membrane (Palay,
1956). These vesicles - if evenly filled with a neurotransmitter - could provide the
anatomical basis for the discretely quantal postsynaptic potentials (Fatt and Katz,
1952).

We now, indeed, know that the presynaptic vesicles hold neurotransmitter,
that they undergo a continuous cycle of transmitter release and re-filling (review in
Betz and Angleson, 1998), and that a highly complex machinery of structural and
signal transducing proteins controls every step of this process (review in Brunger,
2001). Moreover, we have begun to uncover the molecular components and pathways
that are involved in initializing, building and maintaining the pre- and postsynaptic
elements during development and maturation of the nervous system (review in
Scannevin and Huganir, 2000; Brunger, 2001). In Chapter Il and lll of this thesis | will
present an experimental approach to directly visualize release and uptake of synaptic
vesicles in presynaptic terminals using the amphiphilic dye FM1-43 (Betz et al., 1992)
which provides a tool for measuring activity-dependent vesicle turnover. In Chapter
IV | have used a green-fluorescent protein (GFP) labeled form of the postsynaptic
density (PSD) protein PSD-95 and time-lapse confocal microscopy during early
development of cortical neurons to study the potential role of PSD-95 in formation and

maturation of synaptic contacts.

THE SYNAPSE AND LEARNING

Soon after the discovery of chemical synaptic transmission it was hypothesized
that the computational power of the brain may be encoded in the regulation of
synaptic function and synaptic connectivity itself. Cortical leisoning studies in
animals, pioneered by Karl Lashley (Lashley, 1929), showed that the magnitude of the
memory impairment was dependent on the total size of the lesion, rather than the
specific area where the lesion had been applied, indicating that memory storage was
distributed throughout larger cortical areas, rather than linked to specific regions
(Milner et al., 1998). This data, as well as emerging evidence for recurrent
connections in the cortex, led Donald Hebb 1949 to postulate a set of fundamental




rules necessary and sufficient to acquire and store information in the brain. In his
classical book “The Organization of Behavior” Hebb hypothesized that information is
not stored in neurons themselves, but rather in the spatio-temporal activity pattern of
groups ("assemblies”) of neurons (Hebb, 1949). Most importantly, he reasoned that
learning and forgetting could be encoded in the strengthening and weakening,
respectively, of synaptic contacts within these neuronal circuits. He originally stated
that "When an axon of cell A is near enough to excite 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). Additionally, he suggested that unused synaptic connection
would weaken, and eventually decay. Most commonly, Hebb’s statements have been
interpreted that coincident activity in the pre- and postsynaptic neuron will
strengthen a synaptic connection while asynchronous activity will weaken it (Goodman
and Shatz, 1993; Sejnowski, 1999; Tsien, 2000). Hebb’s theory delivered a model for
information storage in the brain, which, in its simplicity, was not only powerful, but
also experimentally well testable. The rapid progress in cell stimulation and recording
techniques (Hamill et al., 1981) as well as in neuropharmacology (Olney et al., 1981)
since the 1980’s has enabled neuroscientists to examine Hebb’s prediction by
independently manipulating pre- and postsynaptic activity (Harris et al., 1984; Herron
et al., 1985; Herron et al., 1986; Morris et al., 1986; Thomson, 1986; Wigstrom and
Gustafsson, 1986). Furthermore, improved imaging techniques (Helmchen et al.,
1999; Mainen et al., 1999a) now allow study of coincident pre- and postsynaptic
activity on the level of single synapses in intact brain tissue (Yuste et al., 1999; Wang
et al., 2000).

As it turned out, Hebb’s postulate stood the test of time: coincident pre- and
postsynaptic activity is a fundamental requirement for eliciting long-lasting changes in
synaptic efficacy (review in Tsien, 2000). The most prominent long-lasting form of
synaptic plasticity is called long-term potentiation (LTP). Since first described by Bliss
and Lomo in 1973 (Bliss and Lomo, 1973), LTP still represents the best candidate for a
physiological mechanism underlying learning & memory formation (review in Stevens,
1998; Malenka and Nicoll, 1999; McGaugh, 2000; Thompson, 2000; Tsien, 2000).




SYNAPTIC PLASTICITY: SHORT- TO LONG-LASTING

As a nerve impulse in the form of an AP advances through a series of neuronal
connections, it undergoes a repeated translation from an electrical into a chemical
signal at chemical synapses. Since the process of synaptic transmission can be highly
regulated, this mechanism of signal propagation provides a powerful means to alter
the nerve impulse along its cellular pathway. As originally described for the NMJ
(Eccles et al., 1941) a constant electrical stimulus at the presynaptic nerve can result
in a variable amplitude of the induced postsynaptic current, indicating that synaptic
transmission is not constant, but variable or plastic. (The quantal nature of this
*amplitude-stepping” suggested a pre-synaptic locus of the variance). Ever since this
original finding, the number of reported forms of synaptic plasticity has grown
extensively (review in Stevens and Sullivan, 1998a); synaptic plasticity is generally
categorized by the locus of its expression, pre- and/or postsynaptic, and by the
longevity of the phenomenon, short- or long-lasting.

More remarkable than the original and somewhat paradoxical observation that
the ratio of presynaptic input to postsynaptic output could vary in ‘a seemingly
unpredictable way was the discovery that certain physiological manipulations could

alter the behavior of synaptic transmission predictably, and reproducibly.

Short-term plasticity

Eccles, Katz, and Kuffler showed for the toad NMJ that when applying two
presynaptic stimuli within a short interval (< 50ms), the postsynaptic amplitude
response to the second pulse applied would by greater than that to the first pulse
(Eccles et al., 1941). Additionally, longer-lasting (> 10 s), high frequency (10 Hz) train
stimulation of the presynaptic fiber would significantly elevate the postsynaptic
response to subsequently applied stimuli for up to 10 min (Eccles et al., 1941). These
forms of short-term synaptic enhancement (STE) have since been repeated in many
vertebrate systems, including mammals (review in Fisher et al., 1997). From shorter-
to longer lasting phenomena they have been termed paired pulse facilitation (PPF,
lasting < 100 ms), augmentation (Aug; lasting < 10 s), and post-tetanic potentiation

(PTP, lasting < 15 min). All forms of STE found so far are presynaptic mechanisms, and

linearly related to [Ca®*]; (review in Fisher et al., 1997). Most evidence suggests that




STE is mediated by accumulation of [Ca®']; acting either on local microdomains of
[Ca?*]; near the vesicle release site (for PPF) (Katz and Miledi, 1968; Delaney and Tank,
1994), or (for Aug, PTP) on secondary targets away from the release site (Fisher et al.,
1997; Tang and Zucker, 1997; Zucker, 1999). For either category, the direct (PPF) or
indirect (Aug, PTP) consequence of this [Ca?']; accumulation is an enhancement in the
probability of neurotransmitter release, and therefore in the reliability of synaptic

transmission (Stevens énd Wesseling, 1999a; Zucker, 1999).

As simultaneous activity in the postsynaptic neuron is not required for either
the induction, or for the expression of STE, this form of synaptic plasticity is often
categorized as "non-Hebbian”. However, STE may play an important role in tuning
synaptic network properties and ensuring reliable information propagation (Lisman,
1997). In addition, STE can be effectively exploited experimentally to evaluate and
manipulate release probability at synapses. In Chapter Il of this thesis | have used a
PPF protocol as a means to classify synaptic populations with regard to their release

probabilities.

Long-term plasticity

As originally suggested by Hebb, the induction of most forms of long-lasting
synaptic changes requires a coinciding activity of the pre- and postsynaptic neuron.
The most widely studied cellular forms of long-term plasticity are long-term
potentiation (LTP) (review in Stevens and Sullivan, 1998a; Malenka and Nicoll, 1999;
Paulsen and Sejnowski, 2000) and, somewhat in its shadow, long-term depression
(LTD) (review in Bear and Malenka, 1994; Daniel et al., 1998; Bear, 1999). There is
compelling evidence that at least certain forms of LTP (review in Stevens, 1998;
Malenka and Nicoll, 1999; Martin et al., 2000; McGaugh, 2000; Tsien, 2000) and LTD
(review in Daniel et al., 1998; Bear, 1999; Martin et al., 2000) are cellular correlates
necessary (Tsien, 2000; Hansel et al., 2001) and/or sufficient (Stevens, 1998; Jones et
al., 2001) for learning and memory formation. Standard protocols to experimentally
elicit these synaptic modifications are, for LTP, a short lasting (0.5 - 1 sec) high-
frequency (50 - 100 Hz) synaptic stimulus, and for LTD, a longer lasting (6 - 10 min)
lower frequency (1 - 2 Hz) synaptic stimulus (Bear and Malenka, 1994; Connor et al.,
1999). These stimulus protocols lead in the postsynaptic compartment to a brief and ‘

high elevation in [Ca®"]; (> 540 nM) for LTP, and to a longer lasting lower elevation in




[Ca®}; (180 - 500 nM) for LTD (Ngezahayo et al., 2000; Cormier et al., 2001).
Consequently, both forms of plasticity can also reliably be induced by manipulation,
such as photolytic uncaging of postsynaptic [Ca®*}; (Yang et al., 1999). The [Ca?];
elevation will trigger the activation of differential sets of kinases and/or phosphatases
as well as the activation of nuclear transcription factors (see below), depending on the
magnitude and longevity of the [Ca®']; signal (Bear and Malenka, 1994; Soderling and
Derkach, 2000). The physiological consequence of the LTP and LTD inducing stimulus
protocols is a long-lasting (up to days) increase (for LTP) or decrease (for LTD) in the
postsynaptic response amplitude to a presynaptic stimulus (Bear and Malenka, 1994;
Malenka and Nicoll, 1999). In addition to experimentally induced LTP and LTD, both
forms of plasticity have also been shown to occur in freely moving animals associated
with learning behavior (Skelton et al., 1987; Garcia et al., 1993; Mitsuno et al., 1994;
Xu et al., 1998; Manahan-Vaughan and Braunewell, 1999; Froc et al., 2000; Frey et al.,
2001).

As proposed by Hebb, a sensor for coincident pre- and postsynaptic activity is
necessary to induce most forms of long-lasting synaptic changes. For both, LTP and
LTD, the N-methyl-D-aspartate (NMDA) glutamate receptor serves as the coincidence
detector (Herron et al., 1986; Morris et al., 1986; Wigstrom and Gustafsson, 1986;
review in Tsien, 2000). When open, the NMDA receptor channel is permeable to
calcium ions which upon entering into the cytoplasm can trigger diverse second
messenger responses, ultimately leading to synaptic strengthening (Heemskerk et al.,
1987; Connor et al., 1988; Kauer et al., 1988; Malinow et al., 1988; review in Soderling
and Derkach, 2000). However, the NMDA channel will conduct ions only if
presynaptically released glutamate is bound to it and its channel pore blocking Mg*
jons are simultaneously removed by coincident postsynaptic depolarization (Mayer et
al., 1984; Nowak et al., 1984). Thus, another important proposal of Hebb has been
realized in the NMDA receptor properties: pre- and postsynaptic activity has to be
temporally precisely coordinated; paired stimulation of connected neurons can lead to
either LTP or LTD in connecting synapses depending on small differences in the
temporal relationship of pre- to postsynaptic activation (review in Paulsen and
Sejnowski, 2000; Bi and Poo, 2001). The essential role of the NMDA receptor in
mediating synaptic plasticity through the controlled entry of Ca®* into the cell has

been impressively documented using transgenic animal models; genetic impairment of




NMDA receptor function or downstream targets of Ca®" influx dramatically decreases
LTP expression, and corollary learning performance (review in Tsien, 2000).
Conversely, overexpression of a more Ca** permeable NMDA receptor sub-unit (NR2B)
in forebrains of mice leads to a significant enhancement in both, LTP expression and

learning task performance (Tang et al., 1999).

Even though there is evidence that presynaptic changes can occur during the
expression and maintenance of long-lasting synaptic plasticity (Stevens and Wang,
1994; Ryan et al., 1996) more attention has recently been drawn to LTP- and LTD-
associated changes on the postsynaptic site (review in Malinow, 1998; Malenka and
Nicoll, 1999; Malinow et al., 2000). In the initial phase of LTP expression, [Ca®'];
mediated activation of the of protein kinases results in phosphorylation of AMPA type
glutamate receptors and subsequent enhancement of postsynaptic conductivity (i.e.
AMPA response amplitude) (review in Soderling and Derkach, 2000). Specifically, after
LTP induction the calcium/calmodulin dependent protein kinase 11 (CamKIl) has been
shown in situ to phosphorylate the AMPA subunit GluR1 on residue Ser®' and resulting
in a subsequent enhancement of the single channel conductivity (Derkach et al., 1999;
review in Soderling and Derkach, 2000). These findings make CaMKIl the foremost
candidate in directly mediating early LTP. In addition, very recent data shows that
rapid insertion and extrusion of AMPA receptors into and out of postsynaptic
membranes significantly contributes to changes in synaptic conductance after the
induction of long-term plasticity (Malinow et al., 2000; Lu et al., 2001). The
modulation of AMPA receptor properties and distribution can last for 1 - 3 hours, but
eventually cease. Longer lasting changes associated with LTP rely on gene-
transcription, which is triggered by Ca* influx trough NMDA receptors during the LTP
induéing stimulus (review in Mayford and Kandel, 1999). Rapidly elevated [Ca*'}; will
activate protein kinase pathways including the cyclic AMP (cAMP) dependent protein
kinase (PKA) (review in Mayford and Kandel, 1999; Walton et al., 1999) and the
mitogen activated protein kinase (MAPK) (Davis et al., 2000) pathways which converge
onto a nuclear signaling mechanism that leads to the phosphorylation of a family of
transcription factors called cAMP response element-binding protein (CREB). CREB
phosphorylation leads to the activation of CRE (CAMP Responsive Element) and the
transcription of a set of immediate early genes (IEGs) of which the identified ones also
represent transcription factors (Bartsch et al., 2000; Hardingham et al., 2001; Jones et




al., 2001). Importantly, expression of long-lasting LTP and memory in the
hippocampus has been shown to be dependent on CREB activation (review in Mayford
and Kandel, 1999; Walton et al., 1999) and expression of the IEG Zif286 - a zinc-finger
transcription factor (Jones et al., 2001). Furthermore, transgenic mice overexpressing
CREB in the basolateral amygdala (BLA) display an enhanced learning response in a
BLA-dependent fear-conditioning paradigm (Josselyn et al., 2001).

What the ultimate protein-expression mediated synaptic modifications are is
still unknown. These may involve a lasting upregulation of AMPA receptor presence
and/or subtype composition in potentiated synapses (Malinow et al., 2000). Insertion
of AMPA receptor into formerly AMPA-lacking (so-called “silent”) synapses furthermore
provides an explanation for the LTP-associated elevation in “release probability”
(Atwood and Wojtowicz, 1999; Malenka and Nicoll, 1999) which, even though
postsynaptically measured, had long been interpreted as an indication for a
presynaptic locus of LTP expression (Malgaroli and Tsien, 1992; Leahy et al., 1993;
Stevens and Wang, 1994; Tong et al., 1996; Li et al., 1998). Finally, a considerable
body of evidence from ultrastructural (review in Geinisman, 2000; Muller et al., 2000),
biochemical (Benson et al., 2000), and real-time imaging studies (Engert and
Bonhoeffer, 1999; Maletic-Savatic et al., 1999; Jontes and Smith, 2000; Lendvai et al.,
2000; Thompson, 2000; review in Segal, 2001) suggests that structural changes in
existing and/or induction of new synaptic connections are associated with strong
synaptic stimulation (Engert and Bonhoeffer, 1999; Maletic-Savatic et al., 1999; Toni
et al., 1999) and learning behavior (Lendvai et al., 2000; Thompson, 2000).

VESICULAR NEUROTRANSMITTER RELEASE

Vesicle transport and vesicle-plasma membrane interaction, including vesicle
docking, priming and fusion, are common process shared among all eukaryotic cells
(review in Burger and Schaefer, 1998). Vesicular release of neurotransmitter is no
exception. However, at sites of fast synaptic transmission these processes are tightly
controlled to suit the need for rapid and regulated transmitter release (review in
Bajjalieh, 1999; Lin and Scheller, 2000; Sudhof, 2000; Brunger, 2001; Morgan et al.,
2001; Sun and Wu, 2001). The last step in the life-cycle of a transmitter vesicle, its
fusion with the plasma membrane (PM) and the concurrent release of neurotransmitter
into the synaptic cleft, is usually triggered by a rapid elevation in [Ca*]; from a resting




concentration of ~ 100 nM to several hundred pM (review in Delaney, 2000). These
high levels of [Ca*]; are only being reached in microdomains around the channel
mouth of N- and P/Q- type voltage gated calcium channels (VGCCs) which are an
integral part of the presynaptic release site (also called the active zone). Opening of
VGCCs is usually triggered rapidly - within < 200 ps (Sabatini and Regehr, 1999) - by
APs invading the presynaptic terminal. The extremely short delay between the AP and
vesicle release is facilitated by co-localization (within tens of nanometers) of VGCCs
and vesicles docked at release sites (Roberts et al., 1990). This co-localization is
achieved by binding of the o1B subunit of N-type calcium channels to the SNARE
(SNAP-receptor; SNAP: soluble NSF-attachment factor; see below) proteins syntaxin
and SNAP-25 through a synaptic protein interaction (synprint) site (review in Catterall,
1999).

Even though many of the proteins involved in synaptic vesicle trafficking and
release have been identified (review in Brunger, 2001), the exact chronology of
molecular interactions between synaptic Ca®* entry and vesicular release has not yet
been fully understood. The minimal protein machinery necessary for vesicle fusion is
comprised of two target proteins located at the PM, syntaxin and SNAP-25, as well as
the vesicle associated membrane protein VAMP (review in Burger and Schaefer, 1998;
Brunger, 2001). These SNARE proteins can form thermodynamically stable complexes
with coiled coils structures, reminiscent of the ones found within single viral fusion
proteins, called SNAREpins. Formation of the SNAREpin is thought to provide energy
for the membrane fusion between the vesicle and the PM (review in Burger and
Schaefer, 1998), a step that does not require hydrolysis of ATP or GTP. In addition to
this minimal release machinery there is a steadily growing number of proteins which
are either directly involved in the release process - e.g. synapsin and synaptotagmin -,
or in vesicle targeting and tethering - such as the sec6/8 complex and rab GTPases

(review in Bajjalieh, 1999).

Before a vesicle can be released it requires “docking” at the active zone. In
this irreversible step, SNARE proteins mediate tethering of vesicles to the PM at the
release site (review in Bajjatieh, 1999; Lin and Scheller, 2000; Xia et al., 2001). At
hippocampal synapses the size of the anatomically “docked” vesicle pool has been
estimated using electron microscopy (EM) (Schikorski and Stevens, 1997; Schikorski and

Stevens, 2001); interestingly, it closely matches the size of the so-called "readily




releasable pool” of vesicles (- 10) as defined by electrophysiological approaches
(Dobrunz and Stevens, 1997; Schikorski and Stevens, 2001). Once a vesicle is docked
at its release sites it requires a "priming” step to make it release-ready. Although still
poorly understood, it is known that priming involves modification of the SNARE protein
complex by NSF (N-ethylmaleimide-sensitive fusion protein - the first release
machinery protein identified), ATP-dependent synthesis of phosphoinositides, and
consecutive activation of the proteins Munc13-1 and protein kinase C (PKC) by
diaglycerol (DAG) (review in Burger and Schaefer, 1998; Bajjalieh, 1999; Brunger,
2001). Finally, the identity of the Ca®* sensor in the release process seems to have
been revealed by recent studies, showing that the vesicular protein synaptotagmin is
essential for release (Desai et al., 2000; Littleton et al., 2001) and that a
synaptotagmin mutation, altering its Ca® binding capacity, will influence the
probability of transmitter release (Fernandez-Chacon et al., 2001). In addition,
vesicle release can be modified in a Ca**-independent manner through voltage-
dependent modifications of the SNARE complex (Mochida et al., 1998), further
evidenced by a direct interaction of synaptotagmin and the voltage-gated sodium
channels (Sampo et al., 2000).

Although transmitter release usually requires synaptic calcium influx triggered
by APs, there is also AP-independent release. As first described by Fatt and Katz (Fatt
and Katz, 1950) for the NMJ (see above) so called miniature synaptic activity,
triggered by spontaneous release of transmitter quanta, is also apparent in the CNS.
The nature as well as the possible function of this phenomenon is still unclear.
However, recent findings suggest a role for miniature activity in the developmental
establishment (Ali et al., 2000; Collin et al., 2001) and maintenance (McKinney et al.,
1999) of synaptic connections. Furthermore, miniature activity may contribute to the
continuance of enhanced synaptic efficacy after the induction of long-lasting synaptic
plasticity (Kombian et al., 2000; Emptage et al., 2001). There are conflicting reports
on the role that Ca** plays in this process which, taken together, indicate that Ca®
acts indirectly through activation of second messenger systems, but does not directly
trigger miniature release (see DISCUSSION in CHAPTER Ilf). In CHAPTER lll, | will
present an experimental approach to evaluate the relationship between spontaneous
miniature and AP-dependent vesicle release at single presynaptic terminals using real-

time imaging of these events.
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Common to all forms of vesicular transmitter release is that ptasma membrane
material has to be reclaimed to produce vesicles and help replenish the constantly
cycling vesicular pool (Betz and Angleson, 1998; Murthy and Stevens, 1998; Sudhof,
2000). Most important in this process are the molecules clathrin and its adapter
proteins which form a coat around the budding vesicle, and dynamin, which actively
pinches off membrane material from the PM (review in Slepnev and De Camilli, 2000).
Vesicles retrieved this way will shed their clathrin coat, be refilled with
neurotransmitter, and transported back into the pool of releasable vesicles. During
recycling, the vesicle does not necessarily fuse with the endosomal network, which
can accelerate the process considerably (Murthy and Stevens, 1998; Lin and Scheller,
2000). At fast synapses, the steps involved in vesicle recycling require more time - in
the order of minutes; (Stevens and Tsujimoto, 1995; Stevens and Wesseling, 1999b) -
than the release - in the millisecond range (Stevens and Tsujimoto, 1995;
Schneggenburger and Neher, 2000; Beutner et al., 2001) - and the refilling -
approximately 10 sec (Stevens and Tsujimoto, 1995) - of the readily releasable vesicle
pool. Hence, during times of ongoing synaptic stimulation the releasable vesicle pool
can be depleted and the ability of the synapse to release transmitter will be governed
by the time constraints of vesicle synthesis, transport, and filling (Stevens and
Wesseling, 1999b). Modification of these rate-limiting steps associated with exocytosis

and endocytosis thus represent additional forms of presynaptic plasticity.

DEVELOPMENT AND ORGANIZATION OF POSTSYNAPTIC SPINES

During the early stages of CNS development, the elaboration of dendritic arbors
and of axonal projections is responsible for establishing functional neuronal
connectivity. An important step in this process is the proper molecular assembly of
pre- and postsynaptic compartments, and their spatio-temporal regulation (O'Brien et
al., 1997; Ahmari et al., 2000; Friedman et al., 2000; Garner et al., 2000; review in
Scannevin and Huganir, 2000; Sorra and Harris, 2000; Zhang and Benson, 2000). In
order for intercellular contact formation to occur, mechanisms of signaling and target
recognition must be established between the developing pre- and postsynaptic
elements. Initial mutual recognition may be facilitated by the differential distribution
of cell adhesion molecules (CAMs) between axons (e.g. BIG-1, TAG-1/axonin-1) and

dendrites (e.g. telencephalin) (review in Zhang and Benson, 2000). In addition, other




cell adhesion molecules, such as integrins, neuroligins/neurexins, and cadherins
(review in Benson et al., 2000) may act at various stages during synaptogenesis to
promote structural synaptic interaction and to modify the local adhesive environment
(Zhang and Benson, 2000). In particular, recent findings show that the expression of
the postsynaptically localized transmembrane protein neuroligin can induce formation
and structural organization - such as synaptic vesicle development - of presynaptic
terminals in vitro (Scheiffele et al., 2000). This effect is mediated by binding of
neuroligin to its presynaptic pendant B-neurexin. In their respective synaptic
compartments the cytoplasmic tails of these adhesion molecules are linked via the PDZ
(PSD-95, Z01/2, Disklarge) domain-containing proteins PSD-95, postsynapticaily, and
CASK, presynaptically, to complex signaling machineries (Scannevin and Huganir,
2000). It is conceivable that the neuroligin-neurexin interaction can thereby activate
effectors (such as CaMKll and Munc-18) to induce synaptic organization and maturation
(Cantallops and Cline, 2000). Furthermore, interaction via adhesion molecules may
promote local presynaptic clustering of signaling molecules like ephrin, and
consecutively activate postsynaptically localized Eph receptors, a receptor tyrosine
kinase (RTK). Importantly, during early synaptogenesis, ephrin B stimulation induces a
direct interaction of EphB with the NMDA receptor and regulates the number of
synapses formed in vitro (Dalva et al., 2000; review in Drescher, 2000). Hence,
analogous to the induction of postsynaptic acetylcholine (ACh) receptor clustering by
presynaptic release of agrin during development of the NMJ, Eph signaling may present
the earliest form of instructive chemical communication at central synapses. Most
interestingly, it has clearly been demonstrated that neither AP-mediated (Craig et al.,
1994; Benson and Cohen, 1996) nor spontaneous (Verhage et al., 2000) release of

neurotransmitter is required for synaptogenesis or synaptic targeting.

In order for any interaction between the developing pre- and postsynapse to
occur, both elements have to be in relatively close proximity to each other. It is now
widely believed that this process is facilitated by the active movement of filopodia,
mobile protrusions extending and retracting from dendrites of developing neurons
(review in Jontes and Smith, 2000; Parnass et al., 2000; Rao and Craig, 2000; Segal,
2001). Using time-lapse imaging of fluorescently labeled dendrites, it has been
established that the lifetime of filopodia during early CNS development in vitro (Dailey
and Smith, 1996; Ziv and Smith, 1996) and in vivo (Lendvai et al., 2000) can be short
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(in the order of minutes), and that morphological changes can be rapid (several pm
per minute) (Dailey and Smith, 1996; Ziv and Smith, 1996; Dunaevsky et al., 1999;
Wong and Wong, 2001). Moreover, with progressing development, the number and
motility of filopodia significantly decreases, while, in parallel, spines with mature
characteristics emerge and render dendritic branches. This developmental chronology
has prompted the formulation of a model in which filopodia serve as functional
precursors of spines by establishing contact to presynaptic terminals (review in Jontes
and Smith, 2000; Parnass et al., 2000; Rao and Craig, 2000; Wong and Wong, 2000;
Segal, 2001). The initial proposal of this model (Ziv and Smith, 1996) has recently
been substantially supported by real-time imaging evidence that the induction of
functional presynapses can be initiated within 30 min. after an axodendritic contact
had been made by a filopodium or spine (Friedman et al., 2000). Moreover, EM
analysis shows that filopopdial structures can contact mature presynaptic terminals
(Fiala et al., 1998).

Filopodial movement is mediated by a continuous assembly and disassembly of
the actin-rich filopodial cytomatrix (Fischer et al., 1998; Dunaevsky et al., 1999;
Halpain, 2000; Matus et al., 2000; Rao and Craig, 2000; review in Smart and Halpain,
2000). Importantly, this process can be regulated by activation of glutamate receptors
(Fischer et al., 2000), and stimuli that lead to the expression of long-lasting synaptic
plasticity can induce growth of new and/or modification of existing filopodia and/or
spines in an NMDA receptor dependent fashion (Engert and Bonhoeffer, 1999; Maletic-
Savatic et al., 1999; Toni et al., 1999). How the receptor stimulation is linked to actin
based plasticity is not yet understood; however, it is known that the small GTPases
Rho, Rac, and Cdc42 regulate actin-dependent dendritic growth and that NMDA
dependent Ca®* influx can activate these effectors by stimulating the guanine
nucleotide exchange factor (GEF) (Nakayama and Luo, 2000; Cline, 2001; Redmond
and Ghosh, 2001). Downstream targets of activated GTPases include the Rho-
associated kinase (ROCK) and the kinases PAK1 and PAK2, which may modify
cytoskeletal arrangements (Nakayama and Luo, 2000; Cline, 2001; Redmond and
Ghosh, 2001).

As the pre- and postsynaptic contact can lead to a rapid formation of

functional synaptic junctions (Friedman et al., 2000), evenly fast mechanisms for

setting up the complex protein machineries (Garner et al., 2000; Scannevin and




Huganir, 2000; Brunger, 2001) in both synaptic compartments have to be established.
Interestingly, for the presynaptic side, the existence of such a mechanism has been
indicated by recent findings showing that multi-protein complexes (pre-formed active
zones) are shuttled to developing synaptic terminals (Ahmari et al., 2000). Whether
an analogous mechanism exists for the postsynaptic side remains to be shown. It is
possible that developing filopodia carry a minimal signal transduction machinery at all
times. This machinery may translate contact formation with a presynaptic partner
(see above) into a signal for localizing additional components, necessary to form
functional postsynaptic sites, into these structures. Hence, presynaptic maturation
(Friedman et al., 2000) and axo-dendritic contact may be paralleled by a postsynaptic
stabilization (possibly through cell adhesion molecules) and maturation from

filopodium to spine.

Mature postsynaptic spines possess complex protein machineries comprised of
glutamate receptors, cytoskeletal proteins (e.g. actin, tubulin, and accessory
proteins), and signal transduction molecules, concentrated at the postsynaptic density
(PSD) (Hata and Takai, 1999; Garner et al., 2000; Scannevin and Huganir, 2000). In
the PSD, PSD-95 interacts with many proteins such as NMDA receptors, neuroligin,
nitric oxide synthase (NOS), and citron through its PDZ, guanylate kinase (GK), and SH;
domains. It has been proposed that PSD-95 facilitates NMDA receptor clustering and
tethers the postsynaptic signal transduction machinery close to NMDA mediated Ca*
entry (Garner et al., 2000; Scannevin and Huganir, 2000). Furthermore, through its
binding to citron, a Rho effector, as well as to MAP1A and CRIPT, both microtubule
associated proteins (review in Hata and Takai, 1999), PSD-95 may be important for the

‘structural integrity of developing and mature spines. Hence, to assess the localization

of PSD-95 in developing dendrites and its relationship to the dynamic movement of

filopodia, in Chapter IV | will present a series of experiments using time-lapse

confocal imaging to monitor both, filopodial structure and PSD-95 transport.




Il.  ANALYSIS OF MULTIQUANTAL TRANSMITTER RELEASE FROM
SINGLE CORTICAL NEURON TERMINALS

ABSTRACT

Single synapse recording methods have indicated that the amplitude of
postsynaptic responses of single CNS synapses can vary greatly between repeated
stimuli. To determine whether this observation could be attributed to synaptic
terminals releasing a variable number of transmitter quanta, we have assessed the
prevalence of multiquantal transmitter release in primary cultures of cortical neurons
using the action potential (AP) dependent presynaptic turnover of the styryl dye FM1-
43 (Betz and Bewick, 1992; Betz and Bewick, 1993; Betz et al., 1996). It was assumed
that if a high proportion of vesicles within a synaptic terminal were loaded with FM1-
43, the amount of dye released per stimulus would be proportional to the number of
quanta released and/or the probability of release at a terminal. To rule out
differences in the amount of release (between synapses) due to release probability or
incomplete loading of terminals, conditions were chosen to maximize both release
probability and terminal loading. 3-D reconstruction of FM1-43 loaded synaptic
terminals was employed to ensure that terminal fluorescence was accurately
measured. Analysis of the relationship between the loading of terminals and release
indicated that presumed larger terminals (> FM1-43 uptake) release a greater amount
of dye per stimulus than smaller terminals, suggesting multiquantal release. The
distribution of release amounts across terminals was significantly skewed towards
higher values, with 13 - 17 % of synaptic terminals apparently releasing multiple
quanta per AP. In conclusion, our data suggest that most synaptic terminals release a
relatively constant amount of transmitter per stimulus, however a subset of terminals
release amounts of FM1-43 that are greater than that expected from a unimodal

release process.
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INTRODUCTION

The action potential (AP) dependent uptake and release of the styryl dye FM1-
43 has been used to evaluate the behavior of single CNS synaptic terminals (Ryan and
Smith, 1995; Ryan et al., 1996; Murthy et al., 1997; Murthy and Stevens, 1998) and
neuromuscular junction endplates (Betz and Bewick, 1992; Betz et al., 1992). These
studies have exploited the ability of released synaptic vesicles to recycle (Heuser and
Reese, 1973) and be loaded with dye. Rigorous control studies by the Betz laboratory
have established that FM1-43 is localized to synaptic vesicles and that its turnover
correlates well with more direct capacitance measurements of release (Henkel et al.,
1996; Smith and Betz, 1996). Use of FM1-43 in CNS studies indicates that the rate of
dye release from loaded terminals is a reliable indicator of synaptic strength (Ryan et
al., 1996; Isaacson and Hille, 1997; Murthy et al., 1997). Furthermore, application of
FM1-43 uptake and release to CNS neurons has been used to provide data for statistical
analyses of transmitter release (Murthy et al., 1997; Ryan et al., 1997; Murthy and
Stevens, 1998). These studies suggest a multimodal release process in CNS neurons in
which individual quantal peaks can be identified in data from FM1-43 labeling of
vesicles. It has been argued that these peaks reflect single vesicle release events.
One assumption made in the study by Murthy et al. (Murthy et al., 1997; Murthy and
Stevens, 1998) was that CNS terminals release at the most one vesicle per AP stimulus.
Therefore, if terminals were restricted to releasing a single vesicle apparent
differences in the amount of FM1-43 turnover between terminals would reflect release
probability (Murthy et al., 1997; Murthy and Stevens, 1998). We have extended these
studies and further tested these assumptions in primary cultures of cortical neurons by
using conditions under which maximal loading of terminals was achieved, where
release probability was high, and where analysis procedures were used to assure that
terminal fluorescence was accurately measured. Our results indicate that
multiquantal release occurs, yet is restricted to a small but potentially significant

fraction of cultured cortical neuron synapses (< 20 %).




METHODS

Embryonic cortical neurons and glial cells (from day 18 rat fetuses) were grown
3-4 weeks in vitro on poly-D-lysine coated glass coverslips before use in imaging
experiments. Coverslips were cut into two pieces, placed into a customized perfusion
chamber (~500 pl vol.), and fixed by platinum weights to prevent drifting. Continuous
perfusion was supplied by a Hanks balanced saline solution (HBSS) medium containing
(in mM) 137 NaCl, 5.0 KCl, 0.34 Na,HPO4(7H,0), 10.0 Na'-HEPES buffer, 1.0 NaHCO3,
and 22.0 glucose at pH 7.4 and ~ 315 mosm. CaCl, and MgSO, were altered as
indicated. To stimulate activity dependent synaptic uptake (loading) and release
(unloading) of FM1-43, constant current stimulation (30 mA) was delivered via two
platinum electrodes fixed on opposite sides of the perfusion chamber (distance -8
mm). This field stimulation reliably induced AP generation in single neurons (see Fig.

1). All experiments were conducted at room temperature (~ 23°C).

Terminal loading was achieved by application of 1200 stimuli at 10 Hz in the
presence of 10 uM FM1-43; CaCl, and MgSO, were supplemented at 2.5 mM and 1.0
mM, respectively. We expected that this number of stimuli would result in complete
loading of vesicle pools, as FM1-43 experiments (Liu and Tsien, 1995; Murthy et al.,
1997) and ultrastructural analysis (Harris and Sultan, 1995) estimate that, on average,
cortical synapses contain less than 500 synaptic vesicles. During AP evoked FM1-43
loading, synaptic activity was blocked using a cocktail of glutamate receptor blockers
6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; 3 uM) and 2-amino-5-phosphono-valeric
acid (D,L-APV; 60 uM). The time of FM1-43 exposure coinciding with AP trains was ~2
min. and continued for 60 s after the last AP to allow for completion of endocytosis
(Ryan and Smith, 1995). After terminal loading, the preparation was washed for 15
min.. The washing medium was CaCl,-free and contained 5 mM MgSO, to minimize
synaptic FM1-43 release attributed to spontaneous action potentials and miniature
synaptic activity. Terminal unloading was performed in a medium expected to result
in maximal release probability (5 mM CaCl, and 1 mM MgS0O,). CNQX (3 pM) and APV

(60 uM) were also supplemented to block recurrent synaptic stimulation.

Confocal imaging with a Bio-Rad MRC 600 system attached to a Zeiss upright
(Axioskop) microscope with an Olympus 0.9 NA 60X water immersion objective was
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used for all experiments. Laser intensity was attenuated to 1 % and the confocal
pinhole was set to 3.5 (Bio-Rad units). To improve signal-to-noise properties, the slow
scan mode (without averaging) was used. Corrections in image intensity were made
for field inhomogeneity (signal attenuation on edges) associated with high NA

objectives by dividing data sets by a control image (carboxyfluorescein solution).

For data acquisition a field of 128128 ym (400*400 pixels) was scanned every 3
s during baseline and periods of AP trains (see Fig. 3). Imaging during the first 45 s
(baseline) was used to calculate signal-to-noise properties at each synapse and was
followed by a continuous 1 Hz field stimulation (21 s) to determine synaptic FM1-43
unloading responses. After this first train stimulus, a second baseline without
stimulation (30 s) was established to atlow reloading of the readily releasable pool of
vesicles. Finally, a second 1 Hz train (21 s) consisting of either 21 paired (10 ms
interpulse interval; n = 18 experiments) or unpaired stimuli (n = 4 experiments) was
applied and presynaptic FM1-43 fluorescence intensity was monitored.  This
acquisition was followed by a 10 Hz stimulus train (120 s) to determine the total
amount of FM1-43 fluorescence that was releasable by APs (Fig. 3 B). A (vertical) Z-
series of 13 consecutive confocal images (spaced at 0.54 pym) over the area of interest
was acquired for each experiment utilizing a computer controlled focus motor. Each
terminal’s fluorescence intensity in the focal plane was corrected based on its relative
position within the confocal Z-section (Fig. 2). Additionally, terminals contaminated
by signals from stained structures above or below their focal plane were eliminated
from further analysis (e.g. Fig. 2 terminal #2 and #3).

Confocal images were exported as byte arrays by removal of data headers and
analyzed using custom routines written with the IDL (Research Systems Inc., Boulder,
CO) programming language. For each experiment, 300 putative synaptic terminals
were analyzed and fluorescence changes over time were averaged over ~ 3.7 pm* at
each site. Non-releasable FM1-43 fluorescence (defined as background fluorescence
remaining after the 1200 pulse stimulus train) was subtracted at each terminal before
further analyses were performed. FM1-43 release in response to AP-inducing field
stimulation was averaged over the 21 s stimulus train (7 images), and an automated
response criterion was used to select responsive from non-responsive putative
terminals (Fig. 3 A). To be considered for further analysis, terminals had to meet the
following criteria: 1) the decrease in FM1-43 fluorescence in response to two 1 Hz
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trains of stimulation had to be greater than 2.5*the standard deviation (SD) of the
baseline fluorescence (Fig. 2; Fig. 3 A) the baseline variation (SD) had to be less than
10 % of the terminal’s total releasable fluorescence. For experiments in which the
effect of changes in [Ca®'], on paired pulse modulation (PPM) were examined, the first
selection criterion was modified (the decrease in FM1-43 fluorescence in response to
the paired 1 Hz train stimulation alone had to be greater than 2.5*the SD of the
baseline fluorescence). This more strict criterion was used to counteract effects of
low [Ca*'], on the signal-to-noise properties of FM1-43 release values due to low
release probability and to more accurately measure PPM by avoiding selection of

terminals exhibiting high release during both stimulus trains.

To determine the degree of PPM at each terminal, the relative FM1-43 release
(normalized to baseline period 2) during the second (paired) stimulus train was divided
by the relative FM1-43 release (normalized to baseline period 1) during the first
(unpaired) stimulus train (Fig. 3 A & B; Fig. 4 B). Analysis was restricted to terminals
with PPM values between 0 and 10 (98 % of all sites). For control experiments, both
stimulus trains consisted of unpaired stimuli (Fig. 4 A), and the FM1-43 release ratio
was calculated accordingly (relative FM1-43 release during second/first stimulus

train).

Whole cell current clamp experiments (Hamill et al., 1981) were conducted
using an Axon Instruments Axopatch 200B amplifier and 7 Mohm electrodes pulled from
1.5 mm glass capillaries. The patch pipettes were filled with a solution containing (in
mM): 0.05-0.3 mM fluo-3 K salt, 122 K'MeSO,, 20 NaCl, 5 Mg-ATP, 0.3 GTP, and 10
HEPES (pH = 7.2); in some cases EDTA was substituted for fluo-3 as a Ca* buffer.

For statistical testing of normality, the Kolmogorov-Smirnov test was used.
Non-parametric tests were applied for comparisons of medians (Mann-Whitney test).
For correlation analysis, the non-parametric Spearman test was used over the Pearson
test when it resulted in a better fit to a linear model. One-way analysis of variance
(ANOVA) was used to confirm that data acquired in different experiments could be
pooled.
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RESULTS

Activity dependent turnover of the synaptic vesicle probe FM1-43 was used in
primary cultures of cortical neurons to estimate the number of transmitter quanta
released from a single terminal in response to AP stimulation. To ensure that FM1-43
terminal loading and release were accurately measured, several control experiments
were performed. Using whole cell current clamp recordings it was established that
electric field stimulation (1 ms; 30 mA) reliably resulted in single APs (n = 8 cells; data
not shown). Paired field stimuli (10 ms interpulse interval; 5 mM Ca*, 1 mM Mg™)
applied every 1 s for up to 50 s also reliably induced AP pairs (Fig. 1 A; n = 4 cells).
Additionally, high frequency trains of APs (up to 600 APs at 10 Hz) were reliably
delivered without failure of APs (Fig. 1 B; n = 4 cells). Thus, whole cell current ctamp
records suggest that the number of field stimuli applied are indicative of the number
of APs produced. For studies in which field stimuli were employed, a stimulus
intensity of ~ 50 % above threshold was used to ensure that most terminals were
responsive. This threshold was established three ways, direct measurement of the
relationship between FM1-43 release and field voltage, current clamp recordings, and
the use of fluo-3 loaded cultures (data not shown) as described by others (Ryan and
Smith, 1995).

The goal of our experiments was to quantitate the amount of FM1-43 released
from terminals to determine if single or multiple vesicles were released per AP.
Stained terminals could potentially be out of focus and were also subject to signal
contamination from neighboring terminals or other stained structures. Therefore, we
corrected each terminal’s fluorescence intensity based on its relative position within
the vertical (Z-) axis of the specimen (Fig. 2; see Methods) and excluded terminals
contaminated by signals from stained structures above or below their focal plane (e.g.
Fig. 2 terminal #2 and #3). To establish whether presumed terminals generated a
significant FM1-43 unloading response during field stimulation, automated software
procedures were used that selected responsive terminals based on their individual
signal-to-noise properties (Fig. 3 A; see Methods). FM1-43 fluorescence that could not
be released during a 10 Hz field stimulation train (1200 APs; Fig. 3 B) was subtracted
at each site to ensure that fluorescence values obtained accurately represent a pool of
releasable synaptic vesicles (Ryan and Smith, 1995; Murthy et al., 1997). Analysis of
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Fig. 1 Electric field stimulation results in reliable action potential generation

Recordings were made using whole cell current clamp under conditions used for FM1-
43 loading and unloading (3 uM CNQX; 60 uM D,L-APV). A) Paired APs were induced by
1 ms field pulses applied at 10 ms interpulse interval in 5 mM [Ca®'], and 1 mM [Mg*1o;
40 trials are superimposed. B) An example of a neuron following 10 Hz field
stimulation with single APs in 2.5 mM [Ca®'], and 1 mM [Mg*'],; the stimulus artifacts

have been removed from the trace.
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Fig. 2 Analysis of synaptic FM1-43 fluorescence data

Terminal loading corrected for the relative position of the terminal within the focal
plane. Using a focus motor, serial optical sections were collected and the
fluorescence Z-profile of each terminal was established offline. An automated
procedure was employed to correct FM1-43 fluorescence of out-of-focus terminals
based on their position within the Z-section. For example, the intensity of terminal #1
was multiplied by its maximal fluorescence (4 pm position) divided by that observed at
the focal plane. Terminals that had complex Z-profiles such as 2 and 3 were not
analyzed as a significant amount of signal may be contained in terminals above or
below the terminal of interest. Based on the expected size of synaptic vesicle clusters
and the apparent point spread function for the microscope, we estimated that
presynaptic vesicle clusters would be within an apparent 1 - 2 pm Z-section
(measurements defined at full-width 1/2 maximal intensity).
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the relative release rates indicated that, on average, little depression occurred over
the 21 stimuli applied at 1 Hz (Fig. 3 C).

We have assumed that the amount of FM1-43 release from a single terminal is
proportional to release probability, the fraction of the vesicular pool loaded with FM1-
43, and the number of quanta released with a single AP (see equations 1 and 2,
Discussion).  Since release probability (P..) is dependent on [Ca®], (Dodge and
Rahamimoff, 1967; Katz and Miledi, 1968; Mintz et al., 1995), we have elevated [Ca®],
to 5 mM to maximize P, and thus ensure that potential differences in FM1-43 release
reflect the number of quanta released and not P, . To confirm a high release
probability under these conditions, we used paired pulse stimulation (Stevens and
Wang, 1995; Debanne et al., 1996; Castro-Alamancos and Connors, 1997; Dobrunz et
al., 1997; Dobrunz and Stevens, 1997). In all experiments (n = 18) we have applied a
second paired stimulus train (21 paired stimuli at 1 Hz; interpulse interval 10 ms) after
the initial 1 Hz stimulus train and calculated the degree of paired pulse modulation
(PPM) at each terminal (n = 1772) by dividing the relative FM1-43 fluorescence change
(% change) observed during the second train by that observed during the first train
(Fig. 3 B; Fig. 4 B). To allow sufficient time for reloading the readily releasable pool
of synaptic vesicles (Stevens and Tsujimoto, 1995; Dobrunz et al., 1997; Dobrunz and
Stevens, 1997; Stevens and Sullivan, 1998b), we established a second basetine period
(30 s) between the two stimulus trains. As a control, we conducted experiments (n =
4) in which both first and second stimulus trains were comprised of only single stimuli.
In these control experiments, the ratios of the FM1-43 fluorescence changes during
stimulus train 2 vs. stimulus train 1 were distributed around a median of 0.96 (n = 448
terminals; Fig. 4 A). The slightly higher mean release ratio of 1.13 + 0.83 was
attributed to only 5 % of values (outside the median release ratio + 2*SD); exclusion of
these potentially spurious values resulted in a mean release ratio of 1.00 + 0.52. This
result demonstrated a constant rate of FM1-43 release at single terminals in response
to identical consecutive stimulation protocols. This control is important as it

establishes that the system is stable and exhibits little run-down or facilitation.

The values for paired pulse modulation (1 Hz paired/1 Hz single stimuli) at
single synaptic terminals were distributed around a median of 1.36 (mean 1.77 + 1.46;
n = 1772; Fig. 4 B). A PPM ratio of 2.0 would be predicted if both the first and second
stimulus were successful. Comparison of the release ratios obtained with the two
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different stimulation paradigms indicated greater release with paired stimuli than with
single stimuli (Mann-Whitney test: p < 10). However, the majority of synapses (> 75
%) showed PPM values < 2, confirming that most synapses in these cultured
preparations possess a high P in 5 mM [Ca®*],. Additional control experiments (n = 4;
1 mM [Ca?],) indicated that evoked FM1-43 could be elevated by 60 % (difference in
median release rate; Mann-Whitney test: p < 10*) when increasing [Ca*'], from 1 to 5
mM (n = 51/691 terminals). Paralleling this increase in FM1-43 release rates, we find a
significant decrease in PPM (25 % difference in median PPM; Mann-Whitney test: p <
0.05) when increasing [Ca*'], from 1 to 5 mM. These findings are in agreement with
studies that show maximal P, and paired pulse depression in cortical and
hippocampal synapses in 5 mM [Ca®'], (Castro-Alamancos and Connors, 1997). To
further rule out that differences in FM1-43 release amounts between synaptic
terminals were caused by differences in P, we restricted further analyses to
terminals with a high initial P, (PPM ratio < 2; n = 1292 terminals).

To measure the AP-induced FM1-43 release from single terminals, we averaged
the change in FM1-43 fluorescence over 7 images (recorded every 3 s) during 1 Hz
stimulation (= 21 stimuli; Fig. 3 B & C). Data was pooled data from 18 separate
experiments that were conducted under comparable conditions (constant confocal
gain and pinhole setting, laser intensity, and FM1-43 concentration). To determine
that these experiments were comparable, we conducted a one-way analysis of
variance on both baseline variation and FM1-43 release data. This analysis
demonstrated that for the 18 experiments analyzed, both the stimulated FM1-43
release and the baseline noise values were drawn from the same distributions and thus
could be pooled (one-way ANOVA: p < 0.05). Similarly, one-way analysis of variance
found that the FM1-43 release ratios obtained in 4 control experiments were also
drawn from the same distribution and thus could be pooled (p < 0.05). In the analysis
of the pooled data we found that the relative FM1-43 fluorescence decrease over the
21 s of stimulation was linear (linear regression: r = - 1.0; p < 10”%; average of n = 1292
terminals; Fig. 3 C), indicating that, on average, little depression of release occurred
during this period. Within this population of synapses we found that the degree of
FM1-43 unloading during the 21 APs train varied considerably (mean 5.80 + 3.21 pixel
value). Accordingly, we also found a high coefficient of variation (CV = SD/mean:

0.44) for FM1-43 unloading after subtraction of the baseline variance. Furthermore,
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we found that the amount of FM1-43 loading into terminals after 1200 APs, a measure
of the vesicular pool and thus synapse size (Henkel et al., 1996), exhibits a similar high
degree of variability (mean 39.7 + 18.4 pixel value; CV baseline variance-subtracted:
0.46). When comparing the amount of FM1-43 loading to the amount of FM1-43
fluorescence released per AP we observed a significant positive correlation (r = 0.65; p
< 10; n = 1292 terminals) between these two parameters (Fig. 5 A). However no
significant correlation (r = -0.03; p = 0.50) was found between the amount of FM1-43
unloading during 21 APs and the degree of baseline variation measured over an
identical time period (Fig. 5 B). Hence, factors such as FM1-43 bleaching or dye loss
from non-vesicular pools contributed little to the observed positive correlation

between synaptic FM1-43 loading and release.

As our data indicated that the amount of FM1-43 released per AP and the total
FM1-43 loading of terminals was not constant (Fig. 5 A), we analyzed the distribution
of FM1-43 release amounts across terminals. This distribution demonstrated a positive
skew when data sets comprising most terminals (PPM < 10; skew = 2.17 pixel value; n =
1772 terminals) or only those terminals with high P (PPM < 2; skew = 2.43 pixel
value; n = 1292 terminals) were examined (Fig. 6 A & B). Hence, the positive skew
towards higher FM1-43 release amounts was not attributed to terminals with low initial
P... (480 terminals with PPM > 2). Furthermore, the degree of PPM (a measure of P )
contributed little to the observed positive skew in FM1-43 release amounts at synaptic
terminals with high P (PPM < 2; n = 1292 terminals) as we find a poor correlation (r =
- 0.25) between the amount of FM1-43 release and the degree of PPM at single sites.
In contrast, when considering the full range of PPM values (0 - 10; n = 1772 terminals)
we find a better correlation (r = -0.54) between PPM and FM1-43 release amounts,

mostly caused by terminals with low initial release amounts (Fig. 6 C).

As we observed that data sets with a broad range of PPM values (< 10) could
contain terminals with low initial P (high PPM values), we restricted further analysis
to data sets in which terminals possessed PPM values of < 2 (Fig. 6 B). To examine
how the distribution of the FM1-43 release amounts compared to the noise within this
data set (due to bleaching, background dye loss, and instrument noise), we calculated
the FM1-43 fluorescence variation at each terminal during a baseline period identical
to the stimulus train duration (Fig. 6 B; baseline noise as gray histogram). The
baseline noise data was not positively skewed (median: - 0.07 pixel value; mean: -

27




Fig. 5 Relationship

>

between terminal loading
and unloading under
conditions of high release

probability

Synaptic terminals were
loaded using 1200 pulses of
10 Hz field stimulation, and
then washed for 15 min. in a
Ca®-free, 5 mM Mg”

FM1-43 fluorescence change
during 21 APs (pixel value)

0 - 1 rrr 1 r r1r 1 11
0O 20 40 60 80 100 120 140 160  solution. For terminal
FM1-43 bouton loading after 1200 APs unloading, the medium was
(pixel value)

changed to one containing 5
mM Ca%, 1 mM Mg*. Data
represents 1292 synaptic

W

terminals with high initial
release probability (PPM < 2)

201 R=-0.03

S5 ) S that were pooled from 18
S i
£'S 151 - . o experiments and selected by
gg an automated criterion. A)
§ % 10- ; A significant linear
g% . correlation (r = 0.65) at
S —
"o - single terminals between the
g2 5 :
- = amount of FM1-43 terminal
=
il loading and the amount of

0-8 ' -b ’ _'4 ' _'2 ' (') ' é ' ;4 ' é ' '8 unloading in response to 21

FM1-43 baseline change during 21 sec. field stimuli (1 Hz). B) No
(pixelvalue)

significant correlation (r = -
0.03) between the amount of FM1-43 unloading in response to 21 field stimuli (1 Hz)
and FM1-43 baseline variation during a 21 s period.

28




0.11 + 1.93 pixel value; skew: - 0.13 pixel value) and hence could not account for the
positive skew observed in the distribution of FM1-43 release amounts. Additionally,
the negative skew in the baseline noise distribution was attributed to only 0.2 %
(3/1292) of the values; exclusion of these values resulted in a normally distributed
baseline noise population (Kolmogorov-Smirnov test versus a gaussian distribution: p >
0.05). Comparison between the distributions of evoked release amounts and baseline
noise indicated that the variation in evoked release amounts between terminals was
significantly greater than that expected from baseline variation alone (Kolmogorov-

Smirnov test: p < 107).

To estimate the fraction of terminals exhibiting multiquantal release, we used
two different methods: determination of the number of release values that 1) cause
the positive skew of the distribution; and 2) are outside the median release value +
2*SD of the baseline noise. Using the first approach, we found that the skew in the
distribution of evoked FM1-43 release could be attributed to 17 % (n = 221/1292) of all
terminals with the highest FM1-43 release amounts (Fig. 6 B), as exclusion of these
terminals from the analysis resulted in a population that was not different from the
baseline noise distribution (Kolmogorov-Smirnov test versus baseline noise: p > 0.05).
Using the second approach, we found that 13 % (n = 167/1292) of the values were
greater than the median release value + 2*SD of the baseline noise. Using a computer
simulation that modeled the signal-to-noise properties of our system, we observed
that the Kolmogorov-Smirnov test could reliably detect a skewed population (n = 1292
release values) attributed to even < 10 % of terminals exhibiting multiquantal release.
Thus, during stimulation most of the terminals released FM1-43 amounts that could be
described by a gaussian distribution while release amounts of the remaining sites (13 -
17 %, depending on the analysis) were outside a unimodal distribution and were

apparently the result of multiquantal release.
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Fig. 6 Distribution of evoked FM1-43 release amounts at synapses under conditions

of high release probability

Unloading of FM1-43 was evaluated at synapses of cultured cortical neurons under
conditions of enhanced release probability (5 mM [Ca®],, 1 mM [Mg®],). A)
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Distribution of FM1-43 release amounts for (n = 1772) terminals with wide range of
paired pulse modulation values (PPM < 10). Superimposed (gray) is the distribution of
baseline fluorescence change that was recorded over a period identical to the period
used to calculate AP evoked release. B) The distribution of FM1-43 release values for
(n = 1292) synapses with high initial release probability (PPM < 2) is positively skewed.
As in A), the distribution of baseline noise (gray bars) is superimposed. The dashed
line indicates the minimum release value of all the terminals contributing to the
positive skew (i.e. 221 terminals to the right of the line; see Results). C) FM1-43
unloading of 1772 terminals as a function of their degree of PPM. After the initial 1 Hz
train stimulation, synapses received a second stimulus train comprised of paired 1 Hz
stimuli (see Fig. 3A & B). A significant correlation between PPM (fractional FM1-43
release during 2™ train/1* train) and the initial unloading is found when a large range
of PPM values (PPM < 10) is considered (r = - 0.54). D) Correlation between FM1-43
release and PPM for terminals with high initial release probability (PPM < 2). The
degree of PPM contributes little to the amount of release (r = - 0.25).
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DISCUSSION

We have observed a significant positive correlation between loading of single
terminals (with FM1-43) and the amount of FM1-43 they release in response to APs
generated using field stimuli (Fig. 5 A). Betz and Bewick (Betz and Bewick, 1993) have
previously reported similar results for neuromuscular synapses. These authors found
that despite variability in the intensity of single FM1-43 spots, most sites appeared to
release a relatively constant percentage of loaded FM1-43 per stimulus. Their
conclusion was that larger release sites release proportionally more transmitter.
Studies by Isaacson and Hille (Isaacson and Hille, 1997) and Ryan et al. (Ryan et al.,
1997) indicated a similar relationship in central neurons by showing that while the size
of synaptic terminals varies greatly the percentage of FM1-43 release from loaded
terminals only varies little. These observations indicated that CNS synaptic terminals
do not release a constant amount of transmitter per impulse. Ryan et al. (Ryan et al.,
1997), using FM1-43 endocytosis in response to single APs, reported that multiquantal
release may occur from hippocampal terminals. However, it is possible that the
apparent differences in the number of quanta released may reflect differences in
release probability between terminals (Hessler et al., 1993; Rosenmund et al., 1993;
Murthy et al., 1997; Murthy and Stevens, 1998), or conceivably incomplete loading of
vesicle pools. Murthy et al. (Murthy et al., 1997) using FM1-43 endocytosis reported
that larger terminals, those with greater FM1-43 loading, had a higher release
probability. An assumption made by Murthy et al. (Murthy et al., 1997; Murthy and
Stevens, 1998) and (for some experiments) by Ryan et al. (Ryan et al., 1997) was that
endocytosis and exocytosis were matched so that the degree of FM1-43 loading
(endocytosis) would be a measure of release probability. We have extended these
findings by directly measuring release of FM1-43 (and not endocytosis) using conditions
in which two complicating variables, vesicle pool loading and release probability have
been fixed at saturating levels. Additionally, to prevent synaptic depression we have
used brief and low number stimulation protocolé (21 APs at 1 Hz) that result in the
release of only a small fraction (on average 15 %) of the dye-loaded vesicle pool. As
vesicle repriming (availability of vesicles once released) has been estimated to have a

ty of ~20-30 s (Ryan et al., 1993; Ryan et al., 1996), we did not expect significant

dilution by unlabeled vesicles during our dye unloading measurements. Using this




experimental approach, we confirm the findings of Korn et al. (Korn et al., 1993),
Trussell et al. (Trussell et al., 1993), Tong and Jahr (Tong and Jahr, 1994), Vincent
and Marty (Vincent and Marty, 1996), Ryan et al. (Ryan et al., 1997), and Auger et al.
(Auger et al., 1998) which indicate that multiquantal transmitter release can occur at
single synaptic terminals, albeit at a relatively small proportion of terminals (< 20 %).
Presumably’ multiquantal release could account for a portion of the apparent
variability in the amplitude of synaptic responses that are recorded from single
terminals (Liu and Tsien, 1995; Murphy et al., 1995; Forti et al., 1997).

Our observation that, under conditions of high release probability, presumed
larger terminals (greater FM1-43 loading) release more FM1-43 per impulse than
smaller terminals suggests multiquantal release. As larger terminals possess greater
release site areas and more docked vesicles (Schikorski and Stevens, 1997) they
provide a conceivable anatomical basis for multivesicular release. Fitting the amount
of FM1-43 released versus terminal loading to a model where terminal volume was
proportional to release site area failed to describe our data. This model would predict
a curve with a slope proportional to terminal radius™ (terminal area/terminal volume;
nr?/4/3nr = 0.75r"). The data was better described by a simple linear relationship
between terminal loading and the amount of release. However, analysis of the
correlation indicates that a relatively large fraction of the observed variance in
release amounts (42 % ; r* = 0.42; Fig. 5 A) could be accounted for by a linear

relationship with terminal loading.

As synaptic terminals possess a variety of parameters that control the rate of
evoked vesicular release (excitability, probability of release, amount of release,
stimulation induced facilitation or depression), we used different controls to confirm
that differences in the rate of FM1-43 unloading between terminals would reflect
differences in the amount of vesicular release and not other parameters of synaptic
variability. First, we have chosen stimulus parameters that result in a linear rate of
FM1-43 release during a train of APs (Fig. 3 C). This apparent linear rate of release
was confirmed by the analysis of consecutive images of FM1-43 loaded terminals as in
Isaacson and Hille (Isaacson and Hille, 1997). Second, we used conditions expected to
result in maximal release probability at all terminals and excluded terminals from the
analysis that showed the potential of further increase of release probability (Fig. 4;
Fig. 6). Additionally, factors such as AP propagation failure were unlikely to account
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for the variability in release amounts between terminals (Allen and Stevens, 1994;
Mackenzie et al., 1996).

Consistent with the idea of multiquantal release, analysis of the distribution of
release amounts demonstrated a significant skew towards higher release amounts,
which was in excess of the system noise. Making the assumption that the peak with
the smallest amplitude reflects the fluorescence value of a single vesicle, we would
expect that most terminals, on average, release one vesicle and that a subpopulation

of terminals (< 20 %) release two or more vesicles per stimulus.
Equation 1: Frel. = Prel. *n* F:ves.* (Ves-FM1-43lves-total)
Equation 2:  Frel.~n * Fves.

Equation 1 (above) describes the proposed relationship between the amount of
FM1-43 release (F...) and release probability (P ), the fluorescence of a single vesicle
(Fves.), @ constant, the proportion of FM1-43 loaded vesicles (Ves.rwi.43/V€S.1ota), and
the number of vesicles released per AP (n). If we assume that P, approaches 1.0
(confirmed by the lack of paired pulse facilitation), and that a high proportion of the
vesicle pool is loaded by the saturating loading conditions (Ves.rmi.43/V€S.totat ~ 1), then
we can simplify equation 1 to equation 2. Equation 2 shows that under the
assumptions we have made, the amount of FM1-43 release (measured at single
terminals) is expected to be proportional to the number of quanta released (n) and the

fluorescence of a single vesicle (F..s., a constant).

The apparent linear relationship between release amount and the terminal size
would suggest a process in which terminals can regulate the number of quanta
released based on their size. However, this is not a strict relationship as additional
synaptic parameters (other than terminal size) could contribute to the skew in FM1-43
unloading of terminals. Structural analyses of forebrain excitatory synapses suggest
that a significant proportion (10 - 20 %) contain multiple release sites (Edwards, 1995).
From our data it is not possible to determine whether terminals that release a larger
amount of FM1-43 per impulse contain multiple release sites. Furthermore, in using
mass cultures of neurons we assume that all neurons regardless of phenotype (i.e.
glutamatergic or GABAergic) load a similar amount of FM1-43 into their terminals.
This is most likely the case since the dye is loaded passively (Betz et al., 1996) into

vesicles which posses similar sizes in different phenotypes of CNS synaptic terminals
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(Hamori et al., 1990). Nevertheless, regardless of the above caveats, our data
obtained by analysis of FM1-43 loading and unloading suggests that CNS terminals can
release multiple quanta, adding caution to interpretation of experiments that apply

quantal analysis to CNS synapses.
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Ill.  CORRELATION OF MINIATURE SYNAPTIC ACTIVITY AND
EVOKED RELEASE PROBABILITY IN CORTICAL NEURONS

ABSTRACT

Spontaneous miniature synaptic activity is caused by action potential (AP) -
independent release of transmitter vesicles and is regulated at the level of single
synapses. In cultured cortical neurons we have utilized this spontaneous vesicle
turnover to load the styryl dye FM1-43 into synapses with high rates of miniature
synaptic activity. Automated selection procedures restricted analysis to synapses with
sufficient levels of miniature activity mediated FM1-43 uptake. Following FM1-43
loading, vesicular FM1-43 release in response to AP-stimulation was recorded at single
synapses as a measure of release probability. We find that synapses with high rates of
miniature activity possess significantly enhanced evoked release rates compared to a
control population. As the difference in release rates between the two populations is
[Ca**],-dependent, it is most likely due to a difference in release probability. Within
the sub-population of synapses with high miniature activity, we find that the
probabilities for miniature and AP-evoked release are correlated at single synaptic
sites. Furthermore, the degree of miniature synaptic activity is correlated with the
. vesicle pool size. These findings suggest that both evoked and miniature vesicular
release are regulated in parallel and that the frequency of miniature synaptic activity
can be used as an indicator for evoked release efficacy.
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INTRODUCTION

Spontaneous miniature synaptic activity exists throughout the vertebrate
nervous system. Miniature activity is attributed to spontaneous AP-independent
presynaptic release of one (Frerking et al., 1997) or more (Vautrin and Barker, 1995;
Wall and Usowicz, 1998) transmitter quanta. Findings from our laboratory utilizing
postsynaptic imaging of miniature activity indicate that the probability for miniature
release is highly variant between synapses even on the same dendrite (Murphy et al.,
1994; Wang et al., 1999). This variability among synapses indicates that miniature
release can be regulated on the level of individual synapses. It has been shown that
[Ca®]; can regulate miniature release in the central nervous system (CNS) (Minota et
al., 1991; Doze et al., 1995; Scanziani et al., 1995; Capogna et al., 1996a; Poisbeau et
al., 1996; Capogna et al., 1997; Schoppa and Westbrook, 1997; Bao et al., 1998; Li et
al., 1998) and peripheral nervous system (PNS) (Matthews and Wickelgren, 1977,
Marcus et al., 1992; Katz et al., 1995). Furthermore, downstream of Ca®* influx
second messenger systems such as protein kinase C (PKC) (Ghirardi et al., 1992; Parfitt
and Madison, 1993; Capogna et al., 1995; Carroll et al., 1998; Stevens and Sullivan,
1998b) and cAMP-dependent protein kinase A (PKA) (Chavez-Noriega and Stevens,
1994; Chen and Regehr, 1997; Kondo and Marty, 1997) have been implicated in the
regulation of miniature activity. Both PKA (Ghirardi et al., 1992; Hell et al., 1995;
Tong et al., 1996) and PKC (Ramakers et al., 1997; Majewski and lannazzo, 1998) have
also been shown to regulate action potential (AP)-dependent transmitter release.

Miniature release, unlike (AP-) evoked transmitter release (Haage et al., 1998),
can be blocked by antagonists of low-threshold voltage gated calcium channels
(VGCCs) (Parfitt and Madison, 1993; Momiyama and Takahashi, 1994; Scanziani et al.,
1995; Bao et al., 1998). Although the pathway of calcium entry may differ between
AP-evoked and spontaneous release, there is good evidence that miniature and evoked
release can be regulated in parallel at presynaptic terminals of the mammalian
nervous system. First, synaptic vesicles available for AP-evoked and AP-independent
release are drawn from the same readily releasable pool (Rosenmund and Stevens,
1996). Second, both forms of release are controlled by core parts of a common
release machinery (Capogna et al., 1996b; Mochida et al., 1997; Hua et al., 1998).
And third, changes in evoked release following the induction of short-term (Kamiya
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and Zucker, 1994; Cummings et al., 1996; Zucker, 1996; review in Fisher et al., 1997)
and of long-term (Minota et al., 1991; Malgaroli and Tsien, 1992; Arancio et al., 1995;
but see Cormier and Kelly, 1996; Tong et al., 1996) synaptic plasticity are paralleled
by changes in miniature frequency.

These findings led us to address whether synapses that display high rates of
miniature synaptic activity would also possess elevated evoked release properties.
Using the styryl dye FM1-43 (Betz and Bewick, 1992; Betz and Bewick, 1993) that
allows monitoring of vesicular turnover at single synaptic terminals (Ryan et al., 1993;
-Murthy et al., 1997; Ryan et al., 1997), we have developed a protocol to selectively
load the dye into terminals with high miniature synaptic activity, as previously
reported in abstract form (Prange and Murphy, 1997; Prange and Murphy, 1998). We
find that at synapses with high levels of miniature activity AP-evoked release is
elevated.
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MATERIAL & METHODS

Cortical neurons and glia were dissociated from 18 day old Wistar rat fetuses
and cultured for 16-25 days on poly-D-lysine coated 12 mm glass coverslips prior to
experiments (Mackenzie et al., 1996). For the experiments, coverslips were cut into
two pieces, placed into a customized perfusion chamber (~ 500 pl vol.), and fixed by
platinum weights to prevent movement. Continuous perfusion was supplied by a Hanks
balanced salt solution (HBSS) medium containing (in mM) 137 NaCl, 2.5 CaCl;, 1.0
MgSO,4 5.0 KCl, 0.34 Na,HPO4(7H,0), 10.0 Na’'-HEPES buffer, 1.0 NaHCO;, and 22.0
glucose at pH 7.4 and ~315 mosm. CaCl, and MgSO, concentrations were altered as
indicated in the Results and Figure legends. Additionally, the glutamate receptor
antagonists D-amino-5-phosphono-valeric acid (D,L-APV, 60 pM) and 6-cyano-7-
nitroquinoxaline-2,3-dione (CNQX, 3 uM) were added to prevent spontaneous action
potentials (APs) and recurrent excitation during field stimulation. Constant current
stimulation (30 mA; 1 ms pulse duration) was delivered via two platinum electrodes
fixed on opposite sides of the perfusion chamber (distance ~8 mm).

In control experiments, presynaptic terminals were loaded by applying a 1200
pulse field stimulus train at 10 Hz in the presence of 10 pM FM1-43 (see Fig. 7). FM1-
43 exposure continued for 60 s after the stimulus train to allow for complete vesicle
endocytosis (Ryan and Smith, 1995). In experiments where FM1-43 uptake was
achieved by miniature activity, the specimens were continuously exposed to 10 pM
FM1-43 for 10-20 min (see Fig. 7). To promote miniature synaptic activity during the
exposure, the medium was supplemented with 5 mM [Ca*], 0.6 pM Tetrodotoxin
(TTX), and lacked [Mg?']. To ensure that each treatment group received the same
amount of AP- and high [Ca®'].-stimulation, prior to FM1-43 loading, the miniature-
loading trials were exposed to 1200 field stimuli in 2.5 mM [Ca*], and 1 mM [Mg*],.
Accordingly, prior to AP-dependent loading, control trials were exposed to 5 mM
[Ca®*], and 0.6 pM TTX for 10-20 min (followed by a 5 min washout of TTX in 2.5 mM
[Ca¥], and 1 mM [Mg*],). With these pre-loading treatments, both groups were
exposed to the same solutions and stimuli before FM1-43 loading and unloading was
performed (Fig. 7). This was designed to minimize differences in the protocols

between miniature-loading and AP-loading (control) experiments.




For (reloading) experiments in which multiple loading and unloading trials were
performed over the same area of interest (see Fig. 13 A), FM1-43 terminal loading by
field stimulation was achieved using 4 trains of 300 stimuli (10 Hz) spaced by 5 second
intervals. This protocol was expected to result in complete loading of vesicle pools.
Therefore, the total amount of FM1-43 terminal fluorescence would be a measure of
terminal size (Henkel et al., 1996), and the amount of evoked FM1-43 release a
measure of release probability (see Appendix, Equation 3). FM1-43 terminal loading
by miniature activity was achieved by 10 min of continued dye exposure with 0.6 yM
TTX and 5 mM [Ca®'], present. Based on the estimated average vesicle pool sizes for
cultured CNS terminals (-200 vesicles) {(Liu and Tsien, 1995; Murthy et al., 1997; Ryan
et al., 1997), this protocol was expected to result in sub-maximal loading of vesicle
pools. Hence, the amount of FM1-43 fluorescence at a synaptic terminal would be a
measure of its miniature activity (probability) during the loading time (see Appendix,
Equation 4). For all experiments, preparations were washed for 15-25 min after dye
loading in the above medium supplemented with 5 mM Mg* but no added Ca* to
minimize synaptic FM1-43 release attributed to spontaneous action potentials and
miniature synaptic activity. FM1-43 terminal unloading was achieved using field
stimulation protocols consisting of a 2 Hz stimulus train during which FM1-43 unloading
was recorded, followed by a 10 Hz stimulus train to determine the total amount of
releasable FM1-43 fluorescence (see Fig. 7). All experiments were conducted at room

temperature (- 23°C).

Confocal imaging was performed on a Bio-Rad MRC 600 (Bio-Rad Microscience
Ltd., Herts, UK) system attached to a Zeiss (Carl Zeiss, Oberkochen, FRG) upright
microscope (Axioskop) using an Olympus 0.9 NA 60x water immersion objective
(Olympus Optical Co., Ltd., Tokyo, JP). Laser intensity was attenuated to 1 % for
imaging experiments. The confocal pinhole was set to 4.5 (Bio-Rad units) for reloading
experiments, and to 3.0 for all other experiments. To improve signal-to-noise
properties, the confocal slow scan mode (without averaging) was used. For data
acquisition, a field of 128 x 128 uym (400 x 400 pixels) was scanned every 5 s during
baseline and periods of field stimulation (see Fig. 7). Image collection during the
baseline period was used to calculate the signal-to-noise ratio at each synapse and was
followed by 15 s of 2 Hz field stimulation to determine the fractional FM1-43 unloading

(see Fig. 8 and 11; see Appendix, Equations 1 and 2). For experiments in which




absolute (rather then fractional) FM1-43 fluorescence changes were evaluated (see
Figs. 10, 13 - 15), corrections were made for uneven illumination (lower signal at
edges of field) by dividing all fluorescence by a control image of a carboxyfluorescein
solution. Additionally, in these experiments a (vertical) Z-series of 13 consecutive
confocal images (spaced at 0.54 uym) over the area of interest was acquired after each
loading trial utilizing a computer controlled focus motor.  Each terminal’s
fluorescence intensity in the focal plane was corrected based on its relative position
within the confocal Z-series (Prange and Murphy, 1999). Furthermore, terminals
contaminated by signals from stained structures above or below their focal plane were
eliminated from further analysis (Prange and Murphy, 1999).

Confocal images were exported as byte data and analyzed using customized
routines written in IDL (Research Systems Inc., Boulder, CO). For each experiment,
100-400 putative synaptic terminals were analyzed and fluorescence changes over
time were averaged over ~2.6 ym? at each site. Putative terminals were randomly
selected based on averaged images acquired during the non-stimulated baseline
period. For experiments that determined the number of responsive terminals within
the visual field (see Fig. 9 C & D), the selection of responsive terminals was maximized
by using a difference image that depicted the loci of FM1-43 release during field

stimulation.

Non-releasable fluorescence (i.e. fluorescence remaining after the 1200 pulse
field stimulus train) was subtracted at each terminal before further analysis was
performed. FM1-43 changes were averaged over 15 s of a 2 Hz stimulus train (3
images) and during an identical time interval of non-stimulated baseline (see Fig. 7).
For (reloading) experiments employing multiple loading and unloading trials (see Figs.
13 - 15) and experiments comparing absolute amounts of FM1-43 uptake (see Fig. 9 D;
Fig. 10), raw FM1-43 fluorescence (AF) changes were analyzed (see Appendix Equation
3). For all other experiments, FM1-43 fluorescence changes were normalized to the
total amount of releasable FM1-43 fluorescence (AF/F) (see Appendix Equation 1). An
automated response criterion was used to select responsive from non-responsive
putative terminals (see Fig. 8). To be considered for further analysis, terminals had to
meet the following criteria: 1) there must be a net decrease in FM1-43 fluorescence in
response to a 2 Hz and a 10 Hz train of field stimuli; and 2) the standard deviation (SD)
of the baseline had to be < 10 % of the terminals total releasable fluorescence. The
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criteria were modified for reloading experiments as follows: 1) the terminals total
releasable fluorescence after loading by miniature activity had to be > 5 x SD of the
baseline fluorescence; 2) the decrease in FM1-43 fluorescence during 40 stimuli at 2
Hz had to > 2.0 x SD of the baseline fluorescence. Additionally, in these experiments
analysis was restricted to terminals at which the amount of FM1-43 uptake during 1200
AP stimulation exceeded the amount of FM1-43 uptake during 10 min incubation time
in a miniature activity promoting medium (80 % of all sites selected). This was done to
ensure that FM1-43 loading using 1200 APs resulted in a fluorescence measurement
representative of the entire vesicle pool.

Whole cell patch clamping (Hamill et al., 1981) was conducted using an Axon
Instruments Axopatch 200B amplifier (Axon Instruments, Foster City, CA) and 7 MQ
electrodes pulled from 1.5 mm glass capillaries. The patch pipettes were filled with a
solution containing (in mM): 122 K'MeSQ,, 20 NaCl, 5 Mg?*-ATP, 0.3 GTP, and 10 HEPES,
200-300 pM Fluo-3 K' salt, (pH = 7.2). Voltage-clamp recordings had APV (60 uM)
present in the extracellular medium to isolate the AMPA-mediated current of the
postsynaptic EPSCs.

For statistical testing of normality, the Kolmogorov-Smirnov test was used. For
comparison of the means of normally distributed distributions, the unpaired and
paired t-test was used as indicated. The medians of non-Gaussian distributions were
compared using the non-parametric Mann-Whitney test. For correlation analysis, the
non-parametric Spearman test was used over the Pearson-test when it resulted in a
better fit to a linear model.
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RESULTS

FM1-43 loading into synapses using APs and high rates of miniature
synaptic activity

Using field electrical stimulation and confocal microscopy, we have been able
to image loading and release of the styryl dye FM1-43 from presynaptic terminals of
cultured cortical neurons. For FM1-43 uptake into vesicle pools of synaptic terminals
(terminal loading), two different protocols were used. The first protocol consisted of
a large number of AP-inducing field stimuli (1200 pulses at 10 Hz) in the presence of
FM1-43 with continued dye exposure for 60 s after stimulation to allow complete
endocytosis (Ryan and Smith, 1995) (Fig. 7). This protocol is expected to result in
loading of all synaptic sites within the electrical field independent of their degree of
miniature activity which occurs at much lower rates (Murphy et al., 1995; Stevens and
Sullivan, 1998b; Wang et al., 1999). Previously, we had confirmed that each field
stimulus reliably elicits a single action potential (AP) when recurrent excitation was
blocked by a combination of glutamate receptor antagonists APV and CNQX (Prange
and Murphy, 1999).

The second protocol for FM1-43 terminal loading used conditions that
facilitated spontaneous miniature synaptic activity by elevating [Ca®'], to 5 mM (no
added [Mg*],) and suppressed AP-dependent activity using 0.6 puM TTX (Fig. 7).
Findings from our laboratory indicate that most synapses within a neuron have low
rates of miniature activity (< 0.01 Hz), but a sub-population of synapses exhibits high
rates (0.1 Hz and more) (Wang et al., 1999). Based on these rates we chose FM1-43
exposure times of 10 - 20 min (in 5 mM [Ca®'], 0.6 UM TTX) to preferentially load the
dye into synapses with high levels of miniature activity. Using these conditions, we
were able to utilize miniature synaptic activity to load FM1-43 into a vesicle pool that
was releasable by APs (Fig. 8 B & D). We confirmed that miniature synaptic activity
was enhanced under these conditions by using whole-cell patch clamp recordings (n =
5 neurons). These experiments demonstrated that the frequency of miniature activity
was significantly increased (on average 9.0 + 5.4 fold; p < 0.05, paired t-test) when
[Ca*], was elevated from 0 to 5 mM and [Mg*], was decreased in parallel from 5 to 0
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Fig. 7 FM1-43 uptake into synaptic terminals using miniature synaptic activity and

AP-inducing field stimulation

FM1-43 was loaded into a subpopulation of synapses with high miniature activity
(white symbols) by using miniature activity promoting conditions (5 mM [Ca*], / 0.6
MM TTX) during 10-20 min FM1-43 exposure. A control group of synapses (black
symbols) was loaded with FM1-43 using AP-inducing field stimulation (10 Hz) during 2
min dye exposure. Both groups received respective pre-treatments prior to dye
loading to minimize differences between the individual loading protocols. After
loading, for both groups (grey symbols) identical protocols for excess dye washout (15-
20 min), field stimulation (2 Hz and 10 Hz) and imaging (every 5 s) were used.
Synaptic FM1-43 fluorescence was recorded during a non-stimulated baseline period, a
period of AP-inducing field stimulation, and after complete unloading of vesicle pools
using 10 Hz field stimulation for 2 min. To account for the different loading protocols
of both groups, evoked FM1-43 fluorescence changes were normalized to the total




amount of releasable fluorescence at each synapse (see Appendix, Equation 2).
Changes in FM1-43 baseline fluorescence (I-ll) and the total amount of releasable
fluorescence (Ill-IV) were used to determine the signal-to-noise properties of each
terminal. For both groups, the rate of FM1-43 fluorescence decrease during 2 Hz field
stimulation was used as a measure of evoked release probability (P, ) at individual
synapses. During periods of stimulation glutamate receptor antagonists CNQX (3 pM)

and APV (60 pM) were present to block recurrent excitation.
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mM (Fig. 9 A & B). In additional (n = 14) experiments, we compared the extent of
synaptic FM1-43 loading during 13 min dye exposure under conditions expected to
elevate miniature synaptic activity (5 mM [Ca*],, 0.6 uM TTX, no added [Mg*1,) and
suppress it (5 mM [Mg?],, no added [Ca*'],), respectively. An automated procedure
was used to quantitatively select FM1-43 stained terminals from non-specific
background staining (see Methods). We found a significant difference in the number of
terminals that loaded FM1-43 into their vesicle pools by miniature synaptic activity
when comparing sister cultures exposed to high vs. low [Ca®'], during FM1-43 presence.
Of all putative sites tested 7.0 % (n = 49 of 700) loaded in 5 mM [Ca*'], / 0.6 pM TTX,
but only in 1.4 % (n = 10 of 700) loaded in the Ca*-free 5 mM [Mg*'], solution (p < 0.05,
unpaired t-test) (Fig. 9 C). However, the average amount of FM1-43 uptake into
terminals was not different under the different loading conditions (high [Ca®'],-
loading: 23.4 + 10.5 pixel value; low [Ca*'],-loading: 27.3 £ 15.8 pixel value; p > 0.10,
unpaired t-test) (Fig. 9 D). Taken together, these findings indicated that, while
miniature activity persists at relatively high levels at a very small number of synapses
in an apparently [Ca®],-independent fashion, the elevation of [Ca®], greatly
facilitates the total number of synapses that reach these high levels of miniature

activity.

Next, in (n = 17) experiments we compared the amounts of synaptic FM1-43
uptake between terminals loaded by miniature synaptic activity during 10 min vs.
terminals loaded by 1200 AP-inducing field stimuli (controls). To accurately measure
synaptic FM1-43 in both groups, identical imaging settings were used and out-of-focus
correction for the FM1-43 fluorescence of each terminal was employed (see Methods).
We found that synaptic FM1-43 uptake during 1200 field stimuli (8 experiments; n =
822 terminals) exceeded the FM1-43 uptake during 10 min of miniature activity (9
experiments; n = 335 terminals) significantly by on average 40 % (p < 0.0001, Mann-
Whitney test) (Fig. 10). These results indicated that miniature activity during 10 min
results in detectable, yet sub-maximal FM1-43 uptake into vesicle pools of a sub-

population of synaptic terminals.

After FM1-43 loading and excess dye washout (Fig. 7; and see Methods), we
could show that FM1-43 fluorescence was associated with the loading of synaptic
vesicle pools by eliciting dye unloading upon AP-inducing field stimulation (Fig. 8).
Due to the amphiphilic nature of FM1-43 (Betz et al., 1996) background staining can
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Fig. 8 Automated procedure to select responsive from non-responsive putative

synaptic sites

A) & B) Confocal image showing punctate FM1-43 staining pattern in cultured cortical
neurons after (A) delivery of 1200 field stimuli with dye present (controls) or (B)
incubation in miniature synaptic activity promoting medium for 15 min with dye
present. For both FM1-43 loading protocols excessive background dye was washed out
for 15-20 min. Under conditions that promote miniature synaptic activity only a sub-
population (~20 %) of all terminals load a significant amount (see Methods) of FM1-43
into a pool releasable by APs. Boxes #1 - #3 refer to putative synaptic terminals that
were subjected to an automated criterion selecting responsive from non-responsive
putative terminals (see C, D). C) & D) Plot of FM1-43 fluorescence versus time at
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putative synaptic terminals highlighted in A and B, respectively. Confocal images
were taken every 5 s during 45 s of baseline and 15 s of 2 Hz field stimulation.
Residual FM1-43 fluorescence remaining after a 1200-pulse stimulus train (10 Hz) was
subtracted at each site to determine the total amount of releasable dye. To be
selected for further analysis, putative synapses have to pass the following automated
criteria (see Methods): 1) total amount of releasable dye has to be > 0; 2) variation
(SD) of baseline fluorescence has to be < 10 % of total amount of releasable

fluorescence. Putative synaptic terminals #1 and #2 pass, and #3 fail the criterion.

Lightning bolt depicts onset of AP-inducing field stimulation.




often be detected, even after extensive periods of dye washout. Hence, we
developed an automated procedure to identify synaptic terminals based on their
individual signal-to-noise ratio and their FM1-43 unloading response upon field
stimulation (Fig. 8). This automated procedure selected putative terminals (i.e.
punctate FM1-43 spots of < 2.6 pym?) for further analysis only if they showed a net
reduction in fluorescence during field stimulation and if their baseline variance was
low relative to the amount of release (Fig. 8 B & D; and see Methods). Using this
procedure, we were able to sort responding from non-responding putative terminals.
Furthermore, it allowed us to select a group of terminals with “high miniature
activity” based on their degree of FM1-43 loading. We are aware that the binary
distinction created by the criterion does not necessarily reflect a biotogical threshold.
However, it made it possible to analyze the data with a minimized impact of observer
bias. For (control) experiments in which FM1-43 loading was achieved by field
stimulation, we found that 62 % (n = 2439 of 3920) of small punctate FM1-43 staining
structures exhibited significant unloading in response to a 10 Hz stimulus train, and
therefore were likely to be synaptic terminals. In contrast, for experiments that
utilized miniature synaptic activity (and not APs) to load FM1-43, only 14 % of putative
synaptic terminals (n = 1617 of 11050) were selected by the automated criteria.
These results indicate that only a sub-population of 23 % (= 14 % + 62 %) of synaptic
terminals exhibit sufficient miniature activity during 10 - 20 min to load a significant
amount of FM1-43 into their vesicle pools that is releasable by APs (compare Fig. 8 A
and B). Although this procedure did not give us a quantitative measure of vesicle
turnover caused by spontaneous miniature release, it provided us with a method to
select a sub-population of CNS terminals based on their degree of miniature synaptic

activity.

Comparing release rates between synapses with high miniature activity

and a control population

After establishing conditions under which we could reliably load FM1-43 into
synaptic terminals with miniature activity, our aim was to compare the release
probability (P..) at sites loaded by miniature activity vs. (control) sites loaded by AP
stimulation. To estimate the P, at synapses of both groups (see Appendix Equation 1
and 2), the initial rate of FM1-43 fluorescence release during 15 s of a low frequency
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Fig. 9 Elevated miniature synaptic activity in the presence of high [Ca%*],

A) Whole-cell voltage-clamp recordings were performed to measure the effect of
[Ca*], on the rate of miniature synaptic activity. Examples of voltage-clamp records
from one cell. The cell was perfused with the indicated extracellular divalent ion
concentrations (in mM); 0.6 uM TTX was added to block spontaneous APs. B) Plot of
the ratio of miniature activity (events/sec) in high vs. low [Ca*], from (n = 5) cells.
Miniature activity is significantly elevated in all cells during multiple trials of [Ca®'],
wash-in (***p < 0.0001). Error bar depicts SEM ratio across cells. C) Percentage of
synapses loaded with FM1-43 by miniature synaptic activity as a function of [Ca®']..
Synapses of sister cultures were perfused with either a high or low [Ca*"], containing
medium during 13 min of dye exposure (n = 14 experiments). An automated criterion
was applied to select terminals that showed significant FM1-43 uptake during the
different treatment periods. The average percentage of terminals that load FM1-43
into their releasable vesicle pools by miniature activity significantly increases (by 4.9
x; **p < 0.05) when elevating [Ca®'], from 0 to 5 mM. D) The average amount of
miniature activity-mediated FM1-43 uptake does not differ between the groups. lon

concentrations in mM. Error bars depict SEM.
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Fig. 10 Sub-maximal FM1-43 loading of vesicle pools during 10 min of miniature
synaptic activity

The amount of synaptic FM1-43 loading was compared between two groups of synapses
subjected to different loading conditions. In the first group, (gray bars; n = 335
terminals) FM1-43 uptake was achieved by 10 min of dye exposure in a miniature
activity-promoting medium (5 mM Ca* / 0.6 pM TTX). In the second (control) group
(white bars; n = 822 terminals) FM1-43 uptake was stimulated by 1200 AP-inducing
field stimuli. Responsive terminals were selected by an automated criterion (see Fig.
8). Distributions of the FM1-43 uptake amounts in the two groups indicate that AP-
stimulation results on average in 40 % more synaptic FM1-43 uptake than miniature
activity during 10 min. For comparison, each histogram is scaled to its maximal bin

value (bin size = 2.5 pixel value).
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(2 Hz) stimulus train (in 2.5 mM [Ca*'],, 1.0 mM [Mg*'],) was determined (Fig. 11 A &
B). Over this time period, we observed a linear decrease in FM1-43 fluorescence in
both groups (linear regression; r = - 1.0; p < 0.0001), indicating that little depression
occurred (Fig. 11 B). To determine whether differences in FM1-43 release rates
between terminals were attributed to non-specific dye loss, we analyzed FM1-43
fluorescence changes during a baseline period identical in length (15 s) to that one
used for calculation of AP-evoked FM1-43 release (see Fig. 7, and Methods). We found
unspecific FM1-43 fluorescence decrease during a 15 s baseline period to be relatively
small (0.16 % for miniature loaded synapses; 0.55 % for AP-loaded controls) compared
to the decrease observed during 15 s of 2 Hz field stimulation (12.1 % for miniature
loaded synapses; 9.8 % for AP-loaded controls). Moreover, as our analysis showed no
positive correlation between FM1-43 baseline changes and evoked release (correlation
coefficient r = - 0.18 for miniature-loaded synapses; r = - 0.18 for AP-loaded synapses),

evoked release rates were not corrected for baseline variation.

Absolute amounts of FM1-43 release from vesicle pools depend on the degree of
vesicle pool loading (see Appendix, Equation 2). As vesicle pool loading was expected
to differ between the different loading protocols (Fig. 10), we normalized stimulus-
evoked FM1-43 fluorescence changes (AF) to baseline fluorescence (F) for each
terminal (Fig. 11 A & B) (see Appendix, Equation 2). Using the initial normalized rate
of release (AF/F during 15 s of 2 Hz field stimulation), we were able to pool data from
a large number of experiments (n = 22 miniature-loaded; n = 19 AP-loaded) in each
group. Comparison of the AP-evoked release rates between miniature-loaded and AP-
loaded synapses showed that (n = 842) synapses with high levels of miniature activity
released significantly more FM1-43 per stimulus than (n = 1014) control sites loaded by
APs (24 % difference; p < 0.0001) (Fig. 11 C).

Calcium dependency of enhanced release at synapses with high miniature

syndptic activity

As our data suggested that synapses with high miniature synaptic activity
release more FM1-43 per stimulus than control synapses, we further characterized this
relationship under conditions expected to change release probability. Therefore,
[Ca?'], was altered to 1.0 and 5.0 mM to either reduce or increase release probability
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(PreL), respectively. In these experiments (as for the experiments in 2.5 [Ca?'],) FM1-
43 baseline fluorescence variation did not contribute significantly to the rates of FM1-
43 release during stimulation. As expected, we found that decreasing [Ca'], from 2.5
to 1.0 mM (n = 8 experiments) reduced the average AP-dependent FM1-43 release
significantly in both miniature-loaded (by 25 % ; p < 0.005; n = 335) and AP-loaded (by
34%; p < 0.001; n = 822) synapses (Fig. 12 A & B). Conversely, increasing [Ca®*], from
2.5 to 5.0 mM (n = 12 experiments) significantly enhanced AP-dependent release in
miniature-loaded (by 24 % ; p < 0.001; n = 440) and AP-loaded (by 43 % ; p < 0.001; n =
603) terminals (Fig. 12 C & D). These results suggest that P, could be altered in a
[Ca*'],-dependent fashion.

We then analyzed how [Ca?], affected the difference in unloading rates
between synapse populations loaded by miniature activity vs. (AP-loaded) controls.
When decreasing [Ca*], to 1 mM during stimulation, we observed a significant
difference in the mean release rate (mean difference: 39 % ; p < 0.0001, unpaired t-
test) between the two groups (Fig. 12 A & B). This mean difference (39 %) exceeded
the one obtained when comparing unloading between the groups in 2.5 mM [Ca®'], (24
% ; see Fig. 11). Conversely, elevating [Ca’*], to 5 mM during stimulation reduced the
difference in mean release rates between groups to a non-significant level (mean
difference: 7 % ; p > 0.05, unpaired t-test) (Fig. 12 C & D). While the AP-dependent
unloading rates of controls increased by on average 85 % when elevating [Ca®'], from 1
to 5 mM, the unloading rates of miniature-loaded sites increased at the same time by
only 45 %. This data suggests that synapses with high levels of miniature activity
possess on average a high initial P, (compared to controls) that restricts further

increases by elevation of [Ca?*],.

The probability for miniature and AP-dependent release is correlated at

single synapses

To more directly determine the relationship between miniature and evoked
release probability, we desighed experiments to directly measure both parameters at
the same synapse (see Methods; Fig. 13 A). Therefore, synapses were first loaded
using a field stimulation protocol (four 10 Hz trains of 300 APs) that was expected to
saturate vesicle pools with FM1-43 (Ryan and Smith, 1995) and then unloaded by field

54



1 mM [Ca™],

%) I
o0

1 mM [Ca™],

2 Hz 1004,
2 1004 5
3 100 E g0
3 )
] g
5 951 §_ 60+
=
< & av. difference: 39%
[
2 gp- 2 40+
S 90 2
8 —a— Miniature-loaded | —a— Miniature-loaded
g —o— AP-loaded £ 20 —o— AP-loaded
- 854 (&)
= o
u T T T T T M T 0 | s T LS T T T T h T T
35 40 45 50 55 60 5 0 5 10 15 20 25 30 35
time (s) FM1-43 fluorescence change during 30 APs (%)
5 mM [Ca™], D 5 mM [Ca™],

)

2 Hz 100+

—a— Miniature-loaded
—O— AP-loaded

1 —=— Miniature-loaded
809 —o— AP-loaded

= 100 —_

§ : £ 80-

g 95 oy

@ c

(] 1 7]

=t 32 60"

5 90- g .
& ] & av. difference: 7%
§ g5 2 40

3 kS

o =]

2 g

j o

=

w

754

3 40 45 50 55 60 5 0 5 10 15 20 25 30 35
time (s) FM1-43 fluorescence change during 30 APs (%)
Fig. 12 The difference in release rates between synapses with high miniature

activity and controls is dependent on [Ca®'],

FM1-43 loading was performed for two groups of synaptic terminals using specific
loading protocols as described above (see Fig. 7). For AP-evoked FM1-43 unloading,
[Ca®], levels were changed to alter release probability as indicated. A) & B)
Conditions of reduced release probability (1.0 mM [Ca*],). Average trace (A) and
cumulative frequency plot (B) of FM1-43 release during the first 15 s of AP-producing
field stimulation. The difference in the average release rate between sites loaded by
high miniature activity (Miniature-loaded) and (AP-loaded) controls is 39.1 % ; it is
larger than the difference in 2.5 [Ca®'], (compare to Fig. 11). C) & D) Conditions of
high release probability (5.0 mM [Ca®],). Averaged trace (C) and cumulative
frequency plot (D) of FM1-43 release during the first 15 s of stimulation. The average
FM1-43 release rate is not significantly different between the groups (7 % ; p > 0.05;
unpaired t-test). Lightning bolt depicts onset of AP-inducing field stimulation. Bars
depict SEM.
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stimulation (Fig. 13 A Trial 1). Consecutively, the same synapse population was
exposed to FM1-43 under miniature activity promoting conditions (Fig. 13 A Trial 2).
An automated procedure selected synapses for analysis that showed both significant
AP-dependent and -independent FM1-43 turnover (see Methods). This approach
allowed us to independently measure AP-dependent P (i.e. the amount of FM1-43
release in response to field stimulation) and miniature P (i.e. the amount of FM1-43
uptake by miniature activity = Pyn) at the same synapse (see Appendix, Equations 3
and 4).

Using this protocol, we were able to identify presynaptic terminals that loaded
FM1-43 into their vesicle pools with both AP-stimulation and miniature activity (n =
143 terminals; 7 experiments). Analysis of the stimulus evoked dye release at these
sites demonstrated a significant positive correlation (r = 0.59; p < 0.0001) between AP-
dependent release probability (P..; FM1-43 released during 15 s of 2 Hz stimulation)
and miniature frequency (Pmin; FM1-43 uptake during 10 min exposure in high [Ca®], /
TTX) at single terminals (Fig. 13 B). A similarly positive correlation between P, and
Pmini (r = 0.58; p < 0.0001) was found when normalizing the FM1-43 release amounts to
the median value in each trial before pooling the data (data not shown), indicating
that the relationship was not caused by differences in absolute release amounts
between experiments. These findings suggested that AP-evoked release and AP-

independent miniature release are co-regulated at synaptic terminals.

Miniature activity and AP-dependent release probability are functions of

vesicle pool size

As outlined above (and see Methods), we used a field stimulus protocol that
was expected to result in complete loading of synaptic vesicle pools (Ryan and Smith,
1995) (Fig. 13 A) to provide us with a measure of vesicle pool size, and thus synapse
size (Henkel et al., 1996). Using this approach, we estimated the size of the (n = 143)
presynaptic terminals that were consecutively re-loaded in a miniature activity-
promoting medium (see above section, Fig. 13 A). Comparison between this measure
of synapse size (the total amount of releasable fluorescence) and the measure of
miniature frequency (the amount of FM1-43 uptake by miniature activity = Ppini)
indicated that both parameters were significantly correlated (r = 0.64; p < 0.0001) at
single synaptic sites (Fig. 14). This suggested that the size of the synaptic terminal is
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during 30 APs was recorded as a measure of evoked release probability (P..). After
this measurement, the same synapse population was re-loaded with FM1-43 under
miniature activity promoting conditions (5 mM Ca?* / 0.6 pM TTX) for 10 min (Trial 2
"Miniature-loading”). The amount FM1-43 fluorescence uptake during that time was a
measure of the synapses probability of miniature activity (Pmini). An automated
criterion was applied to select responsive from non-responsive sites in both trials (see
Methods). B) A significant positive correlation between Py and Peyoked (r = 0.59; p <
0.0001) was observed at (n = 143) synaptic terminals (7 experiments).
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measure of terminal size

Data from the same experiments shown in Fig. 13. A significant positive correlation (r
= 0.64; p < 0.0001) is found between the amount of FM1-43 uptake during 10 min
incubation in a miniature activity promoting medium (Ppn;) and the amount of FM1-43
loading by 1200 APs, a measure of terminal size.
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related to the extent of spontaneous release and, hence, that larger synapses on
average possess higher levels miniature synaptic activity. A similar correlation was
found between synapse (vesicle pool) size and AP-dependent release probability at
single synaptic terminals (r = 0.57; p < 0.0001; data not shown), confirming previously
reported findings (Rosenmund and Stevens, 1996; Murthy et al., 1997).

As the vesicle pool size of a synapse is inversely proportional to its fractional
release rate (see Appendix, Equation 2) we compared vesicle pool sizes between
terminals with high rates of miniature synaptic activity and a control population. This
comparison is important since the reported difference in fractional release rates (see
Figs. 11 and 12) could potentially be caused by a systematic difference in the average
pool size of the groups (see Appendix, Equation 2). Therefore, from the experiments
shown in Figs. 13 and 14 a control population of synapses was selected solely based on
its FM1-43 unloading response to AP-inducing field stimulation (Fig. 13 A Trial 1). The
synaptic vesicle pool size of this group was compared to the pool size of synapses that,
in addition to fulfilling the response criterion for controls, also exhibited significant
FM1-43 uptake with miniature activity in the re-loading trial (Fig. 13 A Trial 2). This
experiment differs from those presented in Figs. 11 and 12 in that synapses with high
miniature activity and control synapses were selected from the same culture (synapse
population) and were loaded using identical protocols. After normalizing the AP-
mediated FM1-43 fluorescence release to the amount of loading (see Appendix,
Equation 2), we found that sites with high miniature activity release 20 % more FM1-43
during 30 pulses of 2 Hz AP-stimulation than the control group (p < 0.0001, unpaired t-
test). This value is comparable to that reported comparing sister cultures loaded with
different protocols (24 %, see Fig. 11 C). This finding confirms that the proportionality
between release probability and vesicle pool size (see Appendix Equation 2) differs
between the groups of synapses with high miniature activity and controls.
Furthermore, comparison of the average vesicle pool size between these two groups
demonstrated that vesicle pools were significantly larger at synapses with high
miniature activity (difference in size: 29 % ; p < 0.0001, Mann-Whitney test) (Fig. 15
A). This indicates that the difference in the fractional release rates between synapses
with high miniature activity and control synapses cannot be accounted for by a
relative larger size of control synapses. In fact, the relatively larger average size of
miniature-loaded terminals (compared to controls) suggests that the difference in Py,

59



between the groups (calculated based on fractional release rates; see Appendix,
Equation 2) is likely an underestimate, since fractional release in inversely
proportional to pool size. Accordingly, we compared the absolute amounts of evoked
FM1-43 release during AP-stimulation between the two groups. Absolute FM1-43
release is a measure for P, that is not influenced by the synapse’s vesicle pool size
(see Appendix, Equation 3). This comparison showed that terminals with high rates of
miniature activity release on average 59 % more FM1-43 fluorescence per stimulus than

the control group recruited from same population of synapses (Fig. 15 B).
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Fig. 15 Terminals with
high levels of miniature
synaptic activity possess
larger vesicle pools and
release more vesicles per
stimulus train

Synapse (vesicle pool) size
and release probability
(Pet) were  compared
between two groups of
terminals recruited from an
identical population using
the re-loading protocol
described above (see Fig. 13
A). Both groups had to show
FM1-43 uptake and release
during AP-stimulation and
were sorted based on their
ability to re-load FM1-43
under miniature synaptic
activity promoting

conditions. To pass the

automated selection
procedure in each
respective trial, the

terminals’ baseline variation
had to be < 10 % of its total
releasable fluorescence (see
Fig. 8). A) Histograms of
terminal sizes measured by
FM1-43 terminal loading
with 1200 APs (bin size = 7.5




pixel values). Upper panel: terminal sizes of control sites (n = 381) that were selected
based on their response to field stimulation. Lower panel: terminal sizes of synapses
(n = 114) that, in addition to matching the criterion for the control group, showed
significant FM1-43 uptake under miniature activity promoting conditions (high Pmini
sites). Significant difference (29 % , p < 0.0001, Mann-Whitney test) in the average
terminal size between the two groups. B) The average amount of FM1-43 release in
response to 30 APs was compared between the two groups in shown in A. Note that
this measure of P.. is independent of terminal size (see Appendix, Equation 3).
Evoked FM1-43 release is increased by 59 % (p < 0.0001, Mann-Whitney test) at

terminals with high miniature synaptic activity (high P sites) compared to controls.
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DISCUSSION

We have used confocal imaging of the vesicular turnover marker FM1-43 to
study evoked transmitter release at synapses with high rates of miniature synaptic
activity. Using this experimental approach to directly measure transmitter release
rather than its postsynaptic effect, we were able compare the AP-dependent release
efficacies among single synaptic sites. The use of FM1-43 as a vesicle-turnover marker
has two important advantages for our study: it allowed us 1) to selectively stain
synapses with high miniature activity; and 2) to compare the release rates between
individual synapses under conditions that are not affected by postsynaptic
responsiveness. Our results indicate that synapses with high rates of miniature
activity possess on average enhanced AP-evoked release probabilities when compared
to controls. Furthermore, by directly measuring both the probability of miniature
synaptic activity and AP-evoked release at the same synapse, we find that the two
parameters are significantly correlated. These findings suggest a co-regulation of
miniature synaptic activity and AP-evoked release probability at presynaptic
terminals. Therefore, miniature rates may indicate the readiness of the vesicle
release machinery to discharge a transmitter quantum in the presence of an
appropriate stimulus that is common for both forms of release.

Miniature synaptic activity has been well described in the CNS and PNS.
However, it remains to be shown whether miniature synaptic activity serves a specific
function in synaptic transmission or is just a stochastic process. As miniature synaptic
activity is modifiable (Malgaroli and Tsien, 1992; Chavis et al., 1998), it argues for the
first point. Furthermore, recent findings indicate that at some synapse types
miniature activity is involved in the developmental formation (Gottmann et al., 1994;
O'Brien et al., 1997) as well as in the structural maintenance of synaptic connections
(McKinney et al., 1999). As rates of miniature synaptic activity are up-regulated
following the induction of short-term (Kamiya and Zucker, 1994; Cummings et al.,
1996; review in Zucker, 1996; Fisher et al., 1997) and long-term (Minota et al., 1991;
Malgaroli and Tsien, 1992; Arancio et al., 1995; but see Cormier and Kelly, 1996; Tong
et al., 1996; Chen and Regehr, 1997) synaptic enhancement, a possible role for
miniature release could be the selective maintenance of such synaptic connections
that have received context relevant priming in an activity- (AP-) dependent fashion.
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There are additional findings indicating that miniature and evoked release probability
are co-regulated at synaptic terminals. For example, inhibition of synaptotagmin in
cholinergic synapses (Mochida et al., 1997), activation of muscarinic receptors on
GABAergic neurons (Baba et al., 1998), BDNF treatment of hippocampal cells (Li et al.,
1998), and activation of cannabinoid receptors on Purkinje cells (Levenes et al., 1998)
all induce parallel modulation of miniature and evoked release rates. Our results
support findings of an activity-dependent co-regulation of both miniature and evoked
transmitter release by showing 1) that synapses with high miniature activity possess on
average significantly enhanced AP-dependent release rates (Figs. 11, 12 and 15 C); and
2) that there exists a correlation between miniature and evoked release probability at

single synapses (Fig. 13 B).

Miniature release can be regulated in a [Ca*}i-independent manner by agents
that directly affect the presynaptic release machinery, e.g. alpha-latrotoxin
(Ceccarelli et al., 1988; Capogna et al., 1996b) or ruthenium red (Trudeau et al.,
1996). However, under physiological conditions, a strong [Ca®'];-dependence of
miniature synaptic activity is well documented (Matthews and Wickelgren, 1977,
Marcus et al., 1992; Doze et al., 1995; Katz et al., 1995; Scanziani et al., 1995;
Capogna et al., 1996a; Poisbeau et al., 1996; Capogna et al., 1997; Schoppa and
Westbrook, 1997; Bao et al., 1998; Li et al., 1998). Using somatic recordings, we
confirmed these findings by showing significantly enhanced rates of miniature activity
after the elevation of [Ca®'], from 0 to 5 mM (see Results). Accordingly, we found that
[Ca?'], elevation from O to 5 mM lead to a significant increase in the number of
terminals that were labeled by FM1-43 with miniature synaptic activity. These results
are consistent with findings by Chavis et al. (Chavis et al., 1998) and Ma et al. (Ma et
al., 1999) suggesting that activation of the cAMP-dependent protein kinase PKA, a
downstream target of Ca®*, induces vesicular cycling at previously inactive uptake
sites. A small number of synapses (-1 %), however, showed continued high rates of
FM1-43 uptake by miniature activity under nominally [Ca®],-free conditions
comparable to those rates achieved in high [Ca**],. This surprising finding indicates
that a sub-population of synapses can sustain high rates of miniature activity even in
low [Ca*'],. The inability to resolve a difference in the amount of FM1-43 uptake

between the two groups loaded in high vs. low [Ca**], may be attributed to the use of
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an automated criterion which selects synapses only if they show a sufficient signal-to-

noise ratio (see Methods).

In contrast to AP-dependent release (Haage et al., 1998), Ca’ seems to
mediate its effects on miniature release by entry through low-threshold rather than
high-threshold VGCCs (Parfitt and Madison, 1993; Momiyama and Takahashi, 1994;
Scanziani et al., 1995; Bao et al., 1998), indicating the existence of differential
control mechanisms over both forms of transmitter release. Moreover, Ca®" does not
seem to act directly on the release machinery to mediate miniature release, but
rather indirectly through activation of second messenger systems such as PKC (Malenka
et al., 1986; Parfitt and Madison, 1993; Capogna et al., 1995; Carroll et al., 1998;
Stevens and Sullivan, 1998b) and PKA (Chavez-Noriega and Stevens, 1994; Capogna et
al., 1995; Carroll et al., 1998; Chavis et al., 1998). Kondo and Marty (Kondo and
Marty, 1997) and Chen and Regehr (Chen and Regehr, 1997) show that PKA activation
alone is sufficient to stimulate miniature synaptic release even in the absence of
[Ca*],. There are additional findings indicating the existence of molecular pathways
that differentially affect miniature and evoked release, including the activation of
nor-adrenaline (Kondo and Marty, 1998) and adenosine (Dittman and Regehr, 1996)
receptors and the differential regulation of release machinery proteins (Deitcher et
al., 1998; Hua et al., 1998). If differential mechanisms exist to independently
regulate miniature and evoked transmitter release, how could a co-regulation of both
forms of release be achieved? A plausible explanation would be an activity-dependent
switch from separate to parallel regulation of miniature and evoked release. Such a
switch could conceivably be triggered by a strong stimulus (e.g. pulse train) activating
common intracellular second-messengers, e.g. PKA (Byrne and Kandel, 1996; Tong et
al., 1996; Chavis et al., 1998; Lonart and Sudhof, 1998; Villacres et al., 1998) or PKC
(Leahy et al., 1993; Ramakers et al., 1997; Majewski and lannazzo, 1998). The
hypothesis of an activity-dependent switch from separate to parallel regulation of
evoked and miniature release is supported by findings showing that after parallel up-
regulation of miniature and evoked release rates, miniature synaptic release also
becomes sensitive to agents that block high-threshold VGCCs (Scanziani et al., 1995).

It has been suggested that a potential mechanism for controlling synaptic
activity is the regulation of synaptic structure (Calverley and Jones, 1990; Bailey and
Kandel, 1993; Lisman and Harris, 1993; Edwards, 1995; Harris and Sultan, 1995; Buchs
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and Muller, 1996; Rusakov et al., 1997, Mackenzie, 1999 #780). Our results indicate
that the degree of miniature synaptic activity is positively correlated with the size of
the vesicle pool (Fig. 14), and thus the size of the synaptic terminal (Henkel et al.,
1996). Correspondingly, we find that synapses with high levels of miniature activity
are on average larger than synapses drawn from a control population (Fig. 15 A).
These results confirm findings that show a similar relationship between synapse size
and AP-dependent release efficacy (Murthy et al., 1997; Prange and Murphy, 1999).
Furthermore, they suggest a model in which the frequency of miniature release can be
controlled by the number of readily releasable and/or docked vesicles, both
parameters which significantly correlate with terminal size (Dobrunz et al., 1997;
Dobrunz and Stevens, 1997; Schikorski and Stevens, 1997). Hence, modifications of
synaptic structure could build the anatomical basis for controlling evoked and

miniature release rates.
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APPENDIX

We have used the following equations to describe the relationship between stimulus-

evoked FM1-43 release and release probability in our experiments:
Equation 1:  Fre. = Prat X (veS-FM1-43/VeS-totaI) X Fues.

Equation 1 describes the proposed relationship between the amount of FM1-43
released per stimulus (F. ), the proportion of FM1-43 loaded vesicles (Ves.ru1.43) to the
total size of the vesicle pool (Ves.ta), and the fluorescence of a single vesicle (Fes.),
a constant. The number of FM1-43 loaded vesicles (Ves.ru1-43) Was expected to differ
depending on the protocol used for FM1-43 loading (AP-loading vs. miniature-loading).
Therefore, to compare the FM1-43 release rates between AP- and miniature-loaded
groups the amount of FM1-43 release per stimulus (F.) was normalized to the total
amount of FM1-43 loaded vesicles (Ves.rui-43) at each synapse:

Equation 2: Fe.(norm.) = (Pre./VeS.total) X Fes.

Equation 2 was derived from Equation 1 by dividing by Ves.ru.43 and shows that
the normalized (fractional) rate of stimulus evoked fluorescence (Fe.(norm.) =
Frei./VeS.rmi.43) is directly proportional to the release probability (P..) and inversely
proportional to the total size of the vesicle pool (Ves.gtal)-

Equation 3: Frel. = Prel. x Fves.

Equation 3 shows the relationship between the amount of FM1-43 released per
stimulus (F.) and the release probability (P..) for experiments in which a large
number of stimuli (4 x 300) were used to saturate synaptic vesicle pools with FM1-43
(Ryan and Smith, 1995). In this case, the number FM1-43 loaded vesicles (Ves.rui-43)
would approach the total size of the vesicle pool (Ves.ita) and, hence, amount of
fluorescence released per stimulus (Fr..) would be directly proportional to the release
probability (P..). This equation was derived from Equation 1 setting (Ves.emi4z /
Ves.ioral) = 1.

Equation 4: Fuptake = Prel. x Fves.
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Equation 4 describes the relationship between the amount of FM1-43 uptake
(Fuptake) and release probability (Pr..) (see Equation 1 in (Murthy et al., 1997)). The
Equation is essentially derived from Equation 3 by replacing Fre. by Fyptake. This can be
done under the following conditions: 1) Vesicle exocytosis and endocytosis are
matched, i.e. for each vesicle released one vesicle will be retrieved. This is most
likely the case for [Ca®'], used in our experiments (Smith and Betz, 1996; Gad et al.,
1998; Rouze and Schwartz, 1998). 2) FM1-43 loaded vesicles intermingle with the rest
of the pool and are not preferably released. This has been indicated by Ryan and
Smith (Ryan and Smith, 1995). 3) Fyake is Not maximal, so it is not limited by the pool
size. This is most likely the case in experiments utilizing miniature activity for FM1-43
uptake, as even the highest miniature rates (~0.1 Hz; Wang et al., 1999) are not
expected to turnover the entire vesicle pool during 10 min. Hence, in experiments
analyzing absolute amounts of FM1-43 fluorescence uptake in a miniature-promoting
medium, we have used Fp.e @5 a measure of miniature activity and thus miniature

Prel. ’ termed Pmini
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IV. PSD-95 CLUSTERING IS ASSOCIATED WITH STABLE FILOPODIA
DURING EARLY DEVELOPMENT OF CORTICAL NEURONS

ABSTRACT

The stability of filopodia and spines and the localization of the postsynaptic
density (PSD) protein PSD-95 were studied during early development of cultured
cortical neurons using time-lapse confocal microscopy. Neurons were transfected with
recombinant green fluorescent protein (GFP)-conjugated forms of either wild type
(WT) PSD-95 or a mutant (MUT) PSD-95 that fails to form synaptic clusters (Craven et
al., 1999). In WT PSD-95/GFP expressing neurons, we find that filopodia and spines
with PSD-95/GFP clusters are significantly more stable (i.e. do not turn over) than
those lacking clusters during 1 h of imaging. When comparing younger (average: 8
days in vitro) to older (average: 14 days in vitro) neurons we find a significant
increase in stable filopodia and spines in both WT and MUT PSD-95/GFP expressing
cells. These results suggest that although PSD-95 is associated with stable filopodia
and spines, it alone is not sufficient to induce stabilization. In neurons of the younger
age group we observe that ~ 10 % of PSD-95 clusters undergo rapid modular
translocation into and/or out of filopodia and spines. We conclude that the trafficking
of prefabricated PSD-95 clusters into filopodia is a developmentally regulated process
that is associated with the stabilization of these structures.

69



INTRODUCTION

The postsynaptic density (PSD) protein PSD-95 is a founding member of the
growing superfamily of PDZ (PSD-95, Disklarge, ZO1/202) domain containing proteins
(Craven and Bredt, 1998; Fanning and Anderson, 1999; Garner et al., 2000). The
shared structural feature of these proteins, the PDZ domain, is made up of a repetitive
sequence motif of ~90 amino acids that binds almost exclusively to C-terminal
consensus sequences of target proteins. Some PDZ-proteins (e.g. SAP90/PSD-95,
CASK/LIN-2) contain additional protein-protein interaction sites like src-homology 3
(SH3) and/or guanylate kinase (GK) domains, whereas other PDZ proteins (e.g.
GRIP/ABP, PICK-1) lack these. Common to most PDZ-proteins is their function in the
structural and functional organization of signaling complexes at pre- and postsynaptic
elements through protein-protein interactions (Garner et al., 2000; Scannevin and
Huganir, 2000).

PSD-95 is an integral protein of the postsynaptic density (PSD) at excitatory
synapses. Binding partners of PSD-95 include the NMDA (via PDZ1&2) and Kainate (via
SH3) receptors and the cell adhesion molecule Neuroligin (via PDZ3). Furthermore,
binding to the proteins CRIPT (via PDZ3) and GKAP (via GK) that can tether PSD-95 and
its binding partners to the intracellular tubulin and actin lattice, respectively
(Scannevin and Huganir, 2000). PSD-95 exhibits a clustered distribution which is
dependent on palmitoylation of two cysteine residues in the 3 and 5 N-terminal
positions of the protein (Craven et al., 1999). Studies in neuronal cell cultures have
shown that during early postnatal development (between 1 and 3 weeks in vitro) PSD-
95 clustering shifts from a mostly non-synaptic to a mostly synaptic pattern (Rao et
al., 1998). It has been suggested that- this shift is associated with formation, and
possibly consolidation of early synaptic contacts (Rao et al., 1998; Garner et al.,
2000). During the same developmental period dendritic morphology is characterized
by long, finger-like and highly motile protrusions, so-called filopodia (Harris, 1999;
Jontes and Smith, 2000). As a number of imaging studies have shown, filopodial

motility significantly decreases during the first three weeks in vitro (Dailey and Smith,
1996; Ziv and Smith, 1996; Dunaevsky et al., 1999) and in vivo (Lendvai et al., 2000)
paralleling the progress in synaptic localization of PSD-95 (Jontes and Smith, 2000). It




has been suggested that this process of stabilization underlies the conversion of
filopodia into more mature spines (Jontes and Smith, 2000; Parnass et al., 2000).

Currently it is still unknown what the consequences of localizing PSD-95 into
filopodia are, and whether this localization is functionally related to the
morphological stabilization of these structures. Here we use simultaneous time-lapse
imaging of green fluorescent protein-labeled PSD-95 and of filopodial motility to test
the hypothesis that PSD-95 clustering in filopodia is associated with stabilization of

these processes.
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METHODS

Cell culture and particle mediated gene transfer

Embryonic cortical neurons and glia were dissociated from 18 day old Wistar rat
fetuses and cultured on poly-D-lysine coated 12 mm glass coverslips at a density of ~
1.5 million cells/ml (Mackenzie et al., 1996). Cells were kept for 6-18 days in vitro
(DIV) before use in experiments. Constructs encoding the following proteins were
used: i) wild type (WT) full length PSD-95; ii) full length mutant (MUT) PSD-95/GFP in
which the cysteine residues in the 3 and 5 N-terminal positions were changed to serine
residues (cys3,5ser) (Craven et al., 1999). PSD-95 constructs were generated by PCR
and subcloned into the Hindlll and EcoRl of GW1 (British Biotechnology) (Topinka and
Bredt, 1998); GFP was subcloned in-frame at the C terminus of PSD-95 at the EcoRl
site. For particle mediated biolistic gene transfer cDNA constructs were ligated onto
0.6 um gold microcarriers at a ratio of 1 uyg DNA / 1 mg gold. Biolistic gene transfer
was performed on cell cultures at 3-6 (average: 3.5 + 0.2) DIV using a Bio-Rad Helios
gene gun (Bio-Rad Microscience Ltd, Herts, UK) with helium pressure adjusted to140-
160 psi and cultured for at least 3 more days after transfection. For experiments cells
were sorted into two in vitro age groups. The first group consisted of cells at an
average age of 7.9 + 0.3 DIV (range: 6 - 10 DIV, n = 26 cells); the second group of cells
cultured for 14.2 + 0.4 DIV on average (range: 12 - 18 DIV; n = 15 cells). For simplicity
in the paper we refer to the young and old cultures by their average age in vitro (8
and 14 DIV respectively).

Imaging and Electrophysiology

Coverslips were placed into a customized perfusion chamber (~ 500 pt vol.) and
fixed by platinum weights to prevent movement. The cultures were continuously
perfused (~ 1.5 ml/min) with a Hanks balanced salt solution (HBSS) containing (in mM)
137 NaCl, 10.0 Na*-HEPES, 22.0 glucose, 5.0 KCl, 0.34 Na,HPO4(7H20), 1.0 NaHCO;3, 2.5
CaCl,, 1.0 MgSO, at pH 7.4 and ~ 305 mosm. The solution was heated to 32 °C using a
flow-through heater (Warner Instrument Corporation, Hamden, CT). Whole cell patch

clamp on GFP fluorescence positive cells was conducted using an Axon Instruments




Axopatch 200B amplifier (Axon Instruments, Foster City, CA) and 7-10 MQ electrodes
pulled from 1.5 mm glass capillaries. The patch pipette solution contained (in mM):
122 K'gluconate, 20 NaCl, 5 Mg*-ATP, 0.3 GTP, and 10 HEPES, 100 uM EGTA, and 500
UM sulforhodamine 101 (Molecular Probes, Eugene, OR) (pH = 7.2). The solution was
allowed to perfuse into cells during whole cell recording for 3 - 5 min. during which
spontaneous postsynaptic currents were recorded. After that period, the electrode
was carefully removed from the cell soma allowing the membrane to re-seal. The dye
was allowed to equilibrate in the cell for at least 10 min. before imaging experiments

were performed.

Confocal time-lapse microscopy was performed on a Bio-Rad MRC 600 system
attached to an Olympus BX50WI upright microscope (Olympus, Tokyo, JP) using an
Olympus 0.9 NA 60x water immersion objective. The confocal pinhole was set to 3 - 4
(Bio-Rad units) and two-channel imaging was performed in slow scan mode (without
averaging). For data acquisition, every 5 - 8 minutes a (vertical) Z-series was taken
over an area of 96 x 128um (384 x 512 pixels) containing the full thickness of the
dendrite of interest. The spacing of successive Z-images was 1 pm. This provided
sufficient optical overlap between consecutive sections as the optical depth of field
was determined to be 2 ym at pinhole setting 3 (Bio-Rad units) using a fluorescent
point source of light. The number of Z-images acquired ranged from 3 - 7 but was
always constant within one experiment. To correct for potential vertical movement of
the specimen between time points, all Z-series in one experiment were started from a
marker point chosen within the first optical plane.

Immunohistochemistry

For quantifying co-localization of PSD-95 clusters with presynaptic markers,
cell cultures expressing WT PSD-95/GFP were fixed in paraformaldehyde (PFA) at
either 8 or 14 DIV. Cell cultures were immunolabeled using a mouse (IgG) monoclonal
antibody (AB) against synaptophysin (Boehringer Mannheim GmbH, Germany) at 28
pg/ml (1:50), and an IgG polyclonal donkey-derived Texas Red-conjugated secondary
AB (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA) at 200ng/ml (1:50).
Coverslips with immunostained cells were embedded in anti-fade (Molecular Probes,
Eugene, OR) agent, and confocal dual-channel imaging was performed using a 100X

Zeiss Fluar oil-immersion lens (Carl Zeiss, Oberkochen, Germany).
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Analysis

For analysis of PSD-95 localization and filopodial stability, only cells were used
that did not show any morphological signs of cellular degeneration or impending death
(i.e. cell swelling and/or collective loss of filopodia) before, during, or after imaging.
For each time point fluorescence data collected in a Z-series at was projected into one
layer using the maximum intensity method. Two channel confocal images were
separated offline into their respective channels (sulforhodamine-and GFP-signal) and
coded. This procedure allowed analysis of filopodial-spine stability to be performed
on the sulforhodamine signal (red channel) without knowledge of which construct (WT
PSD-95, MUT PSD-95) the cells were transfected with. To be included for analysis, a
filopodium-spine had to fulfill the following criteria: (i) being > 1 pm and < 10 pm in
length, (ii) not contacting another process, (iii) not being extensively branched (< 3
branches), and (iv) being sufficiently filled with dye so that it is clearly visible
throughout the entire period of imaging (- 1 h). Processes that fit these criteria were
not further subcategorized into either filopodia or spines, since unambiguous
distinction by solely morphological criteria cannot be always made. The stability of
each filopodium was judged by evaluating its status over 1 h of imaging. A filopodium-
spine was defined as stable if it was present (visible) during the whole course of image
acquisition. An unstable filopodium-spine either appeared new and/or disappeared
during the time course of imaging. After this analysis, for each cell the Z-projection
of the corresponding GFP-signal (green channel) was superimposed on the

sulforhodamine (red channel) signal.

For WT PSD-95/GFP expressing cells, PSD-95 clustering was based on the data
collected on the green channel. In spines and dendritic shafts the characteristics of
each cluster were assessed throughout the period of imaging. In cases where
clustering could not be unambiguously attributed to a specific accumulation of PSD-
95/GFP rather than a volumetric effect of the dendritic process, the fluorescence
intensity of a potential PSD-95/GFP cluster was divided by the fluorescence signal of
an area adjacent to the cluster. This ratio was then compared to the fluorescence
ratio between the same areas (obtained using the same co-ordinates) on the
sulforhodamine (red) channel, which represents a volumetric marker. If the ratio
obtained on the green channel was at least > 2X the ratio on the red channel the
PSD/95-GFP clustering was concluded to be specific.
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For analysis of co-localization between the Texas Red-conjugated antibody
(AB)-labeled presynaptic marker synaptophysin (red channel) and PSD-95/GFP clusters
(green channel) Z-series from both channels were superimposed. Synaptophysin and
PSD-95/GFP clusters were considered co-localized and indicative of a putative synapse
if they were present within the same focal plane and were overlapping by at least 0.4

pm (2 pixel rows).

For statistical analysis the non-parametric Mann-Whitney U test was used. Data

are expressed as the mean =+ the standard error of the mean (SEM).
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RESULTS

We have used transfection of green florescent protein (GFP)-tagged
postsynaptic density (PSD) protein PSD-95 constructs to examine the dynamics of
filopodia and spines during development of primary cortical neurons. Biolistic particle
mediated transfer of DNA constructs was performed at 3 - 6 (average: 3.5 + 0.2; n = 41
cells) days after plating cell cultures. At this time, the total amount of endogenous
PSD-95 and the degree of synaptic PSD-95 clustering is low (Rao et al., 1998). Hence,
in transfected cells, GFP-tagged PSD-95 could exert its effect during the earliest
stages of synaptic development. Transfection efficiency was generally low (< 1.0 %)
using the biolistic gene transfer method. However, single transfected neurons could
easily be identified by their strong GFP fluorescence (Fig. 16). Using polyclonal
antibodies to PSD-95, we confirmed previous findings (El-Husseini et al., 2000a)
demonstrating that PSD-95 was overexpressed by 5 - 10 fold in cells transfected with
PSD-95/GFP constructs, when compared to untransfected neighboring cells (data not

shown).

To assess the potential role of PSD-95 clustering in synapse development,
maturation, and motility, we also transfected a mutant non-clustering form of PSD-95
into sister cultures of cortical neurons. In this mutant, cysteine residues in the 3 and
5 N-terminal positions were mutated to serine residues (cys3,5ser) preventing
palmitoylation at these sites and abolishing correct synaptic targeting and clustering
of the protein at PSDs. As previously shown (Craven et al., 1999), we find that the
cys3,5ser mutant (MUT) PSD-95 is expressed diffusely throughout the neuronal soma
and processes compared to the punctate PSD-95 distribution pattern in cells
transfected with the construct for the GFP-tagged wild type (WT) form of PSD-95 (Fig.
16). Immunostaining indicated that the cys3,5ser mutant protein was overexpressed
to a similar extent as the wild type PSD-95 (data not shown).

To simultaneously assess the localization of PSD-95 and the stability of
filopodial processes, we have used patch-clamp techniques to inject a second
fluorescence marker (sulforhodamine) with different spectral properties into neurons
expressing PSD-95/GFP. This allowed us to reliably resolve filopodia and spines
including ones that do not express the PSD-95/GFP protein (see Fig. 16, upper panel).
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WT PSD-95/GFP Overlay

Fig. 16 Two channel confocal imaging to independently analyze PSD-95/GFP
distribution and dendritic morphology

Cultured cortical neurons were transfected with green fluorescent protein (GFP)-
tagged wild type (WT, upper panel row) or cys3,5ser mutant (MUT, lower panel row)
forms of PSD-95. Prior to imaging, cells were co-labeled with sulforhodamine. Dual-
channel confocal imaging was performed allowing the separation of the GFP (left
panels) and sulforhodamine (right panels) signal. The middle panels show pseudo-
colored composite images of the left and the right panels in their respective row;
areas of GFP (green) and sulforhodamine (red) co-localization appear in yellow.
Localization of PSD-95/GFP in dendritic shafts and spines is clustered in cells
expressing WT PSD-95/GFP (upper row) and dispersed in cells expressing MUT PSD-
95/GFP form (lower row). Cells were cultured for 13 days (upper panel) and 8 days
(lower panel); bar = 5 pm.

77




At this early developmental stage it was often not possible to further sub-categorize
processes into either filopodia or spines based solely on morphological features.
Hence, we have used the term filopodia-spines to describe all dendritic protrusions of
length > 1 ym and < 10 pm (see also Methods). Using two channel confocal microscopy
double-labeled cells were imaged every 5 - 9 min over a time period of 60 - 65 min
(Fig. 17). To insure that all filopodia-spines were captured within a particular
dendritic segment, we collected serial Z-sections of 1 ym thickness over labeled
dendrites, and produced a maximal intensity projection of each region. After imaging,
two-color (PSD-95/GFP and sulforhodamine) fluorescence images were separated into
their respective channels, time-lapse series were encoded, and analysis of filopodia-
spine movement was performed using only the sulforhodamine (red) channel. This
procedure ensured that analysis of filopodia-spine movement was done in an unbiased
way without prior knowledge of PSD-95 disposition for particular spines or the type of
construct introduced into a particular cell (WT or MUT PSD-95/GFP). Additionally, as
the sulforhodamine signal approximates cytoplasmic volume, it was used to determine
if apparent PSD-95/GFP clusters could be accounted for by regional differences in
cytoplasmic volume or were due to specific clustering of protein. To examine the
dynamics of PSD-95 clustering and its potential role during early synaptic
development, we compared PSD-95 translocation and filopodium-spine motility at two
different in vitro ages. Cells from the first group (labeled: 8 DIV) were studied at an
average age of 7.9 + 0.3 days in vitro (DIV) (range: 6 - 10 DIV; n = 26 cells), a period
that is expected to correspond to the early onset phase of synaptogenesis (Lee and
Sheng, 2000). The second group (labeled 14 DIV) consisted of cells at, on average,
14.3 + 0.5 DIV (range 12 - 18 DIV; n = 15 cells), a developmental stage characterized
by ongoing synapse formation (Ziv and Smith, 1996), stabilization of newly formed
spines (Lee and Sheng, 2000), and enrichment of synaptic proteins within these
structures (Rao et al., 1998).

First we compared the density of filopodia-spines between age groups. To do
this we normalized the number of protrusions to the length of dendrite imaged for
each cell. In neurons overexpressing WT PSD-95/GFP we found a significant increase
(by 37 % ; p < 0.05) in the total number of filopodia-spines between cells at 8 DIV (125
+ 14 filopodia-spines per mm dendrite; 13 cells; n = 303 filopodia-spines) and at 14 DIV

(171 + 17 per mm dendrite; 10 cells; n = 440 filopodia-spines; p < 0.05) (Fig. 18).




Fig. 17 Confocal time-lapse analysis of filopodia-spine stability and PSD-95

clustering

Time-lapse series of a neuron (10 days in vitro) expressing WT PSD-95/GFP (green) and
filled with sulforhodamine (red). Spots of PSD-95/GFP clustering appear yellow. The
lower panel shows an overview of the dendrite (bar = 5 ym). Three areas are
magnified (see dashed outlines labeled a, b, and ¢). Time series in upper rows
advances in columns from left to right for the three areas of interest; the second row
shows time stamps in min. For simplicity, not every time point is shown. Newly
forming (white arrowheads) and disappearing (black arrowheads) filopodia-spines are
marked. Note that PSD-95/GFP containing structures are stable over time (i.e. they
do not turn over), but can exhibit structural changes. Bar = 1 pm (magnified areas);
bar = 5 ym (lower panel overview).
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Fig. 18 Increase in number and stability of filopodia-spines during early neuronal

development

Cortical neurons expressing WT PSD-95/GFP were kept for 6 - 10 (average 7.9 + 0.3)
days in vitro (DIV) (n = 13; 303 filopodia-spines) or for 12 - 18 (average 14.3  0.5) DIV
(n = 10; 440 filopodia-spines) before experiments. Cells were filled with
sulforhodamine, and time-lapse confocal imaging was performed. The total number of
filopodia-spines increases (by 37 %; *p < 0.05) between the two age groups; large
increase and in the number of stable filopodia-spines (by 235 %; ***p < 0.001). A
concomitant decrease (by 65 %; **p < 0.01) in the number of unstable filopodia-spines.
All numbers are normalized to dendritic length.
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Within this increasing population of filopodia-spines we found a disproportionally large
increase (by 235 %) in filopodia-spines that were stable during 1 h of time-lapse
imaging (from 63 + 8 to 149 + 18 per mm dendrite; p < 0.001), and a concomitant
reduction (by 65 %) of unstable filopodia-spines (from 61 + 11 to 22 + 7 per mm
dendrite; p < 0.01) between 8 and 14 DIV (Fig. 18). The same trend was found for
cells transfected with the MUT PSD-95/GFP (see also below); the total number of
filopodia-spines per mm increased from 156 + 14 (8 DIV; 13 cells; n = 365 filopodia-
spines) to 190 + 26 (14 DIV; 5 cells; n = 165 filopodia-spines). There was no significant
difference in the total number of filopodia-spines between WT and MUT PSD-95/GFP
expressing cells in either age group (8 DIV p > 0.2; 14 DIV p > 0.6).

To reduce bias associated with selecting particular segments of dendrite for
imaging, we further normalized the number of stable and unstable filopodia-spines to
the total number of filopodia-spines per cell. This allowed us to compare the fraction
of stable and unstable filopodia-spines between different ages and between different
constructs used for transfection (Fig. 19). In both the WT and the MUT PSD-95/GFP
transfected groups, the proportion of unstable filopodia-spines decreased significantly
(WT p < 0.001; MUT p < 0.005) between 8 DIV (WT: 48 + 6 %; MUT: 39 + 6 %) and 14 DIV
(WT: 13 £+ 4 %; MUT: 14 + 5 %) (Fig. 19), but was not significantly different between
the WT and MUT group (8 DIV p>0.2; 14 DIV p>0.5) (Fig. 19).

To evaluate the relationship between PSD-95 clustering and filopodia-spine
dynamics in neurons overexpressing the WT PSD-95/GFP construct, we separately
analyzed data from the PSD-95/GFP (green) channel. First, we found a significant
increase in the overall density of PSD-95 clusters in dendrites (from 86 + 9 to 117 + 19
per mm dendrite; p < 0.05) when comparing between stages of earlier (8 DIV) and
later (14 DIV) in vitro development. This was due to a significant increase of
filopodia-spines possessing PSD-95 clusters (from 17 + 4 to 60 + 12 per mm dendrite; p
< 0.001) (Fig. 20). However, the density of PSD-95 clusters in dendritic shafts did not
change significantly over the same period (from 69 + 8 to 57 + 9 per mm dendrite; p >
0.4) (Fig. 20). '

We next examined which sub-population of filopodia-spines contributed most
to the overall increase in filopodium-spines stability. We found a significant increase
in the fraction of stable filopodia-spines with PSD-95 clusters (by 281 % ; p < 0.01) but
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Fig. 19 Decrease in unstable filopodia-spines during early development is similar

for wild type and mutant PSD-95/GFP expressing neurons

Cortical neurons were overexpressing either wild type (WT) PSD-95/GFP (n = 23 cells;
743 filopodia-spines) or the targeting deficient mutant (MUT) PSD-95/GFP (n = 18
cells; 530 filopodia-spines). Cells were cultured for, on average, either 8 or 14 days
and filopodia-spine dynamics were imaged using confocal time-lapse microscopy. A
significant decreases of unstable filopodia-spines in WT PSD-95/GFP expressing cells
(***p < 0.001) between 8 and 14 days in vitro (DIV). A similar decrease (**p < 0.005) is
found for MUT PSD-95/GFP expressing cells. No significant difference found between
WT and MUT expressing cells in either age group. Numbers are normalized to the total

number of filopodia-spines per cell.
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Fig. 20 Increase in the number of filopodia-spines with PSD-95 clusters, but not of
PSD-95 shaft clusters during early neuronal development

In WT PSD-95/GFP overexpressing neurons, the number of PSD-95/GFP cluster bearing
filopodia-spines and of PSD-95 shaft clusters was evaluated. Cells were kept for, on
average, either 8 or 14 days in vitro (DIV). Comparing cells of the younger (n = 13
cells) to the older (n = 10 cells) age group, a significant increase in the density of
filopodia-spines with PSD-95/GFP clusters is found (by 350 %; ***p < 0.001). No
significant (ns) change in the number of PSD-95 shaft clusters (21 % decrease; p > 0.4).

All numbers are normalized to dendrite length.
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not in the fraction of stable filopodia-spines without PSD-95 clusters (p > 0.1) between
8 and 14 DIV (Fig. 21). In summary, these results indicate that an increase in PSD-95
cluster containing filopodia-spines could largely account for the overall increase in
stable filopodia-spines between 8 and 14 DIV (see above) (Fig. 21).

We next analyzed the individual stability of all filopodia-spines with PSD-
95/GFP clusters in WT PSD-95/GFP expressing cells (n = 23). Most compellingly we
found that out of 190 filopodia-spines that possessed PSD-95/GFP clusters only 3 (1.6
%) were unstable during the ~ 1 h period of imaging. This high level of stability
differed significantly from that of filopodia-spine without PSD-95 clusters in both age
groups. At 8 DIV, 54 + 6 % of all filopodia-spines without PSD-95/GFP clusters were
unstable, whereas only 9 + 8 % with PSD-95/GFP clusters were (p < 0.001) (Fig. 22). At
14 DIV onty 1 + 1 % of all filopodia-spines with PSD-95/GFP versus 20 + 6 % without
PSD-95/GFP clusters were unstable (p < 0.005) (Fig. 22).

As our data indicate that filopodium-spine structures with associated PSD-95
clusters are highly stable, we next determined the stability of the PSD-95 clusters
themselves. Of all PSD-95 clusters found in dendritic shafts (n = 317) and in filopodia-
spines (n = 190) we did not find a single case demonstrating the breakdown
(disappearance) and/or the appearance of a PSD-95 cluster within 1 h of time-lapse
imaging, indicating a slow turnover rate for PSD-95 clusters. However, uni- or bi-
directional lateral movements of PSD-95 clusters within dendritic shafts, filopodia, and
spines could be observed (see Fig. 23 for examples). Of all shaft PSD-95 clusters 14 +
4 % exhibited lateral movement at 8 DIV over a 1 h period. This proportion decreased
significantly to 2 + 1 % at 14 DIV (p < 0.05). The range of movement of PSD-95 shaft
clusters was usually relatively small (1 - 3 pm), but could in single cases be up to 5 pm
within 20 min of imaging. Additionally, small 1 - 2 pm movements of PSD-95/GFP
clusters could be observed in 20 + 9 % (8 DIV) and 17 + 7 % (14 DIV) of all filopodia-
spines with PSD-95 clusters. Moreover, in a few occasions (< 5 % of all clusters) we
were able to observe “splitting” of a PSD-95 cluster (see Fig. 23) or “merging” of two

or more PSD-95 clusters into one.

Although PSD-95 clusters in filopodium-spine structures were mostly stable, we
did occasionally observe filopodia-spines or small precursors to these structures in
which a PSD-95/GFP cluster was transiently located (Fig. 23). Interestingly we found 9
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Fig. 21 Developmental stabilization of the filopodium-spine population can be
attributed to an increase in filopodia-spines with PSD-95 clusters

In neurons expressing WT PSD-95/GFP the fraction of stable filopodia-spines increases
by 68 % (***p < 0.005) between 8 DIV and 14 DIV. Over the same time period the
fraction of stable filopodia-spines with PSD-95/GFP clusters largely increases (by 281
%; **p < 0.01). No significant (ns; p>0.1) increase in the fraction of stable filopodia-
spines that lack PSD-95/GFP clusters was observed.
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Fig. 22 Filopodia-spines with PSD-95/GFP clusters are more stable than filopodia-

spines without clusters

The stability of filopodia-spines was compared between filopodia-spines with PSD-
95/GFP clusters, and filopodia-spines devoid of clusters. Neurons expressing the WT
PSD95/GFP construct matured, on average, for either 8 DIV (n = 13; 303 filopodia-
spines) or for 12 - 18 DIV (n = 10 cells; 440 filopodia-spines). Filopodia-spines without
PSD-95/GFP clusters are significantly more unstable at 8 DIV (***p < 0.001) and 14 DIV
(**p < 0.005) compared to filopodia-spines with PSD-95/GFP clusters.
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cases in which PSD-95 clusters either exited (n = 7) and/or entered a filopodium-spine
(n = 2), usually within less than 20 min. (Fig. 23). Seven of these cases were found in
neurons at within the younger age group (8 DIV), representing 13 % of all filopodia-
spines with PSD-95 clusters. In the older age group (14 DIV) we observed this
phenomenon in only 2 cases (1 %) of filopodia-spines with PSD-95 clusters. In some
cases in which a PSD-95 cluster exited a filopodium-spine (Fig. 23), the process
subsequently underwent a significant structural change (see Fig. 23 for examples).
This data indicates the existence of two distinct mechanisms: one for pre-assembling
PSD-95 into clusters, and one for subsequently localizing PSD-95 complexes into

emerging filopodia-spines, which is reversible.

To assess whether the developmental changes in filopodium-spine stability and
PSD-95 localization were accompanied by presynaptic changes we used an
immunostaining approach. A primary antibody against the presynaptic marker
synaptophysin and a secondary Texas Red-conjugated antibody were used in cultures
transfected with WT PSD-95/GFP at 8 and 14 DIV (Fig. 24). Analysis of co-localization
between PSD-95/GFP and synaptophysin demonstrated a significant increase (p <
0.0001) between 8 DIV (37 + 2 % of all PSD-95 clusters co-localizing with
synaptophysin; n = 9 cells) and 14 DIV (75 £ 5 % ; n = 9 cells) (Fig. 24). However, even
at the younger age (8 DIV) when PSD-95/GFP was present in filopodia-spines (rather
than dendrite shafts) co-localization with synaptophysin was significantly higher than
the overall rate (71 £ 9 % ; p < 0.01) (Fig. 24). The same trend was apparent of older
cultures (14 DIV) where co-localization of PSD-95 and synaptophysin increased
significantly to 93 + 2 % (p < 0.001) when only filopodia-spine clusters were considered
and shaft clusters were excluded (Fig. 24).
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Fig. 23 Dynamic properties of PSD-95 clusters within developing neurons. Rapid
translocation of PSD-95/GFP clusters into and/or out of developing filopodia-spines

Partial time-lapse series of dendrites of cells transfected with WT PSD-95/GFP (green)
and filled with sulforhodamine (red) to assess structure. Areas of dye co-localization

appear in yellow. Images in respective columns were taken consecutively, with the




exception of the last time-point in A-C which represents the last data point of the
series. Time stamps in min; all series start at 0 min. Bars =1 pm. A) 10 DIV neuron in
which a PSD-95 cluster (white arrow head) moves out of a filopodium-spine. Spine
splitting at 27 min. B) 6 DIV neuron in which a shaft cluster splits into 2 domains (0 - 5
min; top, black arrowheads). A cluster (bottom) leaves a filopodium-spine (between
11 and 16 min time points; white arrowhead), and transiently splits (22 min; black
arrowhead). Filopodium-spine consecutively undergoes rapid outgrowth (22 min) and
retraction (58 min). C) A 8 DIV neuron in which filopodium-spine outgrowth (0 - 9 min;
black arrowhead) precedes localization of cluster into its tip (14 - 19 min; white
arrowhead) and further elongation of the structure with arrested cluster in its tip (26 -
50 min). D) An 8 DIV neuron in which a small PSD-95/GFP labeled structure reversibly
protrudes from a large shaft cluster (top). Another small filopodium reversible
protrudes (bottom) from the dendritic shaft carrying a PSD-95 cluster from the
dendritic shaft with it.
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Fig. 24 Developmental increase in
the co-localization of PSD-95 and a
presynaptic marker

Neurons were transfected with the
WT PSD-95/GFP (PSD-95, upper
panels) construct and  were
immunostained for the presynaptic
marker synaptophysin (SynPh, lower
panels) using a Texas Red-
conjugated 2° antibody. The left
and right columns depict
representative confocal images from
dendritic regions immunostained at
8 DIV and 14 DIV, respectively.
Center panels: Composites of the
PSD-95 (green) and SynPh (red)
images. White arrows depict
examples of PSD-95 and SynPh co-
localization; black  arrowheads
indicate examples of PSD-95 clusters
without corresponding SynPh
clusters. Scale bar = 2 ym. Bar
graph:  Co-localization of PSD-95
and SynPh increases significantly
between 8 DIV (37 + 2 % of all PSD-
95 clusters are co-localized with
SynPh; n =9 cells) and 14 DIV (75 + 5
%; n = 9 cells) (left column). A
significantly higher rate of co-

localization when PSD-95/GFP clusters are localized in filopodia-spines (compare

between same age group of left and right column). ** p < 0.01, *** p < 0.001
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DISCUSSION

Dendritic filopodia are highly motile transient processes that move in an actin
dependent manner (Fischer et al., 1998). During early development, it is proposed
that these processes continuously probe the extracellular environment for potential
presynaptic partners (Saito et al., 1992; Dailey and Smith, 1996; Ziv and Smith, 1996,
Fiala et al., 1998; Halpain, 2000). Recent data suggests a model for excitatory
synapse development in which initial motile filopodial structures become stabilized in
a partially activity-dependent manner leading to the formation of mature dendritic
spines (Jontes and Smith, 2000; Lee and Sheng, 2000; Segal, 2001). In fact, time-lapse
experiments have indicated that a functional synapse can develop from a motile
filopodium within about one hour (Friedman et al., 2000). This observation has placed
new time constraints on synaptogenesis and now focuses attention on the regulatory
role that synaptic proteins play in this process (Jontes and Smith, 2000; Rao and Craig,
2000; Segal, 2001). The integral postsynaptic density protein PSD-95 represents a
conceivably good candidate protein for such a function as it can tether receptors and
signal transduction proteins into complexes and crosstink them to structural protein
arrays using its protein-protein interaction domains (Garner et al., 2000; Scannevin
and Huganir, 2000). Clustering of PSD-95 into filopodia and the consequent scaffolding
of the postsynaptic signal transduction machinery may therefore provide an important

step in the proper assembly of functional synapses.

Accordingly, we have performed time-lapse imaging experiments with GFP-
tagged PSD-95 to simultaneously monitor filopodial-spine stability and PSD-95
localization during a time period of in vitro development believed to be critical for
synaptogenesis and stabilization of dendritic processes. Although previous time-lapse
studies of PSD-95 have been done (Okabe et al., 1999), they were performed on
considerably older neurons that lacked filopodia. Furthermore this study used
relatively low-resolution wide field microscopy and focused on PSD-95 dynamics over
much longer time periods (up to 8 h) with much lower sampling rates. We have
extended this work by using higher resolution confocal imaging with considerably
shorter time intervals (5 min). An additional advantage of our study was that we took
multiple optical sections that spanned the vertical extent of the dendrite of interest

to ensure that all filopodia-spine processes were indeed captured and that changes in
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process disposition did not reflect changes in optical planes sampled. Finally, we have
introduced a second fluorescent marker into PSD-95/GFP expressing neurons, which
allowed us to label dendritic structure and analyze filopodial-spine dynamics
independently of PSD-95/GFP disposition. During the early developmental period of
neurons used in the present study it was often not possible to clearly classify a
dendritic protrusion as either a filopodium or a spine. Hence, we have grouped all
dendritic protrusions matching the criteria outlined above (see Methods) into one
category (filopodia-spines). This was done to prevent the introduction of an additional
level of potential observer bias into our analysis. However, applying categorizing
criteria for spines and filopodia established by others (Parnass et al., 2000; Sorra and
Harris, 2000) most cautiously to our system, we can conservatively estimate that even
within the relatively older developmental group (14 DIV) more than 50 % of all
protrusions show characteristics typical for filopodia, with lengths usually exceeding 2
- 3 pm, and poorly defined heads (diameter not larger than that of the "neck”)
(Parnass et al., 2000; Sorra and Harris, 2000). Yet many of these processes contained
PSD-95 clusters (see Results). Within the younger group (8 DIV), the protrusions
exhibit almost exclusively (>90 %) filopodial features and most were mostly devoid of
PSD-95 clusters (see Results).

Consistent with previous data (Ziv and Smith, 1996; Fiala et al., 1998,
Dunaevsky et al., 1999) we show that dendritic filopodia-spines are transient
structures present during early development. Interestingly, recent data suggests that
in vivo, developing cortical neurons have active dendritic filopodia that extend and
turnover with kinetics similar to what we have reported (Lendvai et al., 2000).
Furthermore, motile dendritic filopodia become considerably arrested at an in vitro
age similar to their in vivo counterparts (Fiala et al., 1998; Dunaevsky et al., 1999),
suggesting that important parallels between in vitro and in vivo development exist.
Since overexpression of PSD-95 has been demonstrated to have a permissive role on
spine development and transmitter release probability (El-Husseini et al., 2000b) we
have overexpressed wild type (WT) PSD-95 or a palmitoylation mutant (MUT) PSD-95,
that lacks synaptic targeting and fails to form clusters, and determined whether
correlates of this might be observed in developing filopodial-spine dynamics. We
hypothesized that if PSD-95 levels were limiting, we would be able to possibly drive

the development of new filopodia-spines by overexpressing the wild type protein




and/or alter the dynamic development of existing ones. However, no significant
change in either the number of filopodia-spines or their stability was observed when
overexpression of either wild type PSD-95 or mutant (non-clustering) forms were
compared. This result suggested that under the conditions we have used endogenous
PSD-95 cluster levels were sufficient to promote synapse development and stability.
Therefore, it is likely that clustered PSD-95 is a marker for stable filopodia-spines, but
by itself is not sufficient to induce stabilization. Alternatively longer periods of PSD-
95/GFP expression may be required to promote spine development. Interestingly,
previous reports of PSD-95 stimulation of spine maturation were from cultures that
were considerably older and more developed than the ones that we used (El-Husseini
et al., 2000b).

The fact that PSD-95/GFP overexpression does not affect spine development in
our system importantly indicates that we were not perturbing the system and altering
the properties or number of filopodia-spines that we study with time-lapse imaging. It
was under these conditions that within WT PSD-95/GFP expressing neurons we
observed a profound increase in the stability of filopodia-spines with PSD-95 clusters
compared to filopodia-spines that lack PSD-95 clusters at both developmental stages
studied. These findings suggest that events associated with the presence of clusters
lead to the development of stable filopodia-spines, which, over longer time periods,
may transform into functional postsynaptic spines with their typical morphological
features (Lee and Sheng, 2000; Wong and Wong, 2000). However, at both
developmental stages a considerable fraction of stable filopodia-spines (38 and 52 %
for young and old neurons, respectively) did not contain detectable PSD-95/GFP
clusters. Spines lacking PSD-95 have also been reported by others (Friedman et al.,
2000). These filopodia-spines may represent a subpopulation that develop more slowly
(Rao et al., 1998), or alternatively constitute precursors of inhibitory synapses (Benson
and Cohen, 1996; Rao et al., 2000). Thus, it is unclear whether these synapses possess
a different phenotype from those that contain PSD-95 clusters. Nevertheless, this
result does suggest that PSD-95 clustering is not the only factor that can lead to

dendritic filopodium and spine stability.

Consistent with the relative stability of the PSD (Allison et al., 1998; Passafaro
et al., 1999; Allison et al., 2000), we observe that clusters of PSD-95 were generally
stable over a 1 h period. Although the PSD-95 clusters themselves were stable, we did
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observe a considerable number of clusters exhibiting at times substantial lateral
movement over short periods of time (~ 1 pm per min). Most interestingly, in a few
cases dendritic shaft PSD-95 clusters were able to move from the shaft or into a spine-
filopodium or vice versa. In general, structures into which the cluster moved
appeared to be quite stable. We proposed that the PSD-95 cluster might be moving
with a group of associated postsynaptic proteins consistent with the proteomic analysis
data (Husi et al., 2000; Walikonis et al., 2000). Recently it has been shown that rapid
presynaptic development occurs through the use of prefabricated protein complexes
(Ahmari et al., 2000). Analogously, a mechanism for translocating modular,
prefabricated core components of the postsynaptic signal transduction machinery may
be required to achieve rapid development of functional spines. Conceivably
translocation of PSD-95 protein complexes may be triggered through an initial contact
between filopodia and presynaptic partners (Ziv and Smith, 1996; Fiala et al., 1998),
resulting in filopodial stabilization, maturation, and development into spines.

In a few examples, filopodia-spines exhibited significant structural changes
after a PSD-95 cluster retracted as if the cluster was part of a structural element,
which needed to be removed before the filopodium-spine could undergo this change
(see Fig. 23). In other cases, PSD-95 clusters were within a filopodium-spine in which
the process would grow or morph around the cluster. That is, the cluster appeared to
remain stable despite the surrounding process changing in shape. This provides
additional functional evidence that the PSD-95 cluster is a rather stable structural

element.

By performing synaptophysin immunocytochemistry in combination with
localization of PSD-95/GFP, we observed that in young cultures (that have more
dynamic dendritic processes) many of the clusters (> 60 %) were not associated with
presynaptic terminals. Perhaps these non-synaptic clusters are reserve materials for
building new synapses from prefabricated structural elements. Consistent with this
idea, we found a robust increase (by ~ 2X) of PSD-95/synaptophysin co-localization
when analysis was restricted to PSD-95 clusters that were located in filopodia-spines.
Clearly a better understanding of the molecular events associated with the formation

and maintenance of PSD-95 cluster and its role in will be crucial to understanding its

role in stabilizing dendritic filopodia and spines.




V.  GENERAL DISCUSSION

Since first characterized by Santiago Raymon y Cajal (Raymon y Cajal, 1888)
and Charles Sherrington (Sherrington, 1897), the synapse has arguably become one of
the major focuses in the field of neuroscience and related fields such as
neuropharmacology and neuropsychiatry. Highly modifiable synaptic transmission
taken together with parallel information processing has been suggested to account for
the computational power of the brain (Brunel, 1996; Buonomano and Merzenich, 1998;
Merzenich, 1998; Poon and Shah, 1998; Holthausen and Breidbach, 1999; Compte et
al., 2000). Furthermore, all of today’s known psychopharmaca (Breier et al., 1999;
Carlsson et al., 1999) as well as recreational drugs, such as cannabinoids (Auclair et
al., 2000; Hoffman and Lupica, 2000; review in Montgomery and Madison, 2001),
cocaine (review in Kreek, 1996; Blakely and Bauman, 2000), and amphetamines
(Amara and Sonders, 1998; Blakely and Bauman, 2000) act by directly modulating
aspects of synaptic transmission. As these drugs significantly influence cognitive
capabilities, it has become increasingly clear that synaptic processing is directly
involved in the generation of cognition and may therefore underlie the development
and expression of the individual’s personality (Eccles, 1992; Honer, 1999; Kandel and
Squire, 2000). Our understanding of how the synergy of nerve impulse propagation
and synaptic modulation encodes for the properties of the brain, however, is still in its
infancies.  Neurobiological strategies to tackle this problem include top-down
approaches, such as functional MRI (Foster, 1999; Shulman, 2001; Wickelgren, 2001) as
well as bottom-up approaches including molecular (Sanes and Lichtman, 1999; Yuste
and Sur, 1999; Benson et al., 2000), genetic (Mayford and Kandel, 1999; Tsien, 2000)
and electrophysiological (Kreiman et al., 2000) experiments. In addition, there is
ongoing development of computational models to understand the complexity of neural
coding and synaptic signaling (Tsodyks et al., 1998; Johnson, 2000).

Even though neuroscience is still far from developing an encompassing modet of
information processing in the brain, the rapid advances in molecular, physiological and
imaging techniques has enabled the field to unravel structure and function of many
key players involved in the regulation of signal propagation and synaptic transmission.
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Yet incomplete, we now have a principal understanding how electrical signals are
propagated and integrated in neurons (Magee, 2000; Poirazi and Mel, 2001), how cells
control neurotransmission (Lin and Scheller, 2000; Fon and Edwards, 2001), and how
chemical signals arising from this transmission can be translated into molecular events
that can alter structure and function of the neuron (Walton et al., 1999; Luscher et
al., 2000; Muller et al., 2000; Soderling and Derkach, 2000). Much of this knowledge
has come from studies on the anatomy, molecular composition and physiology of the
synapse itself (see INTRODUCTION). Hence, the research projects presented in this
thesis have focused on mechanisms of synaptic transmitter release (CHAPTER Ii & Ill)
as well as synaptic development (CHAPTER IV) to contribute to our understanding of
synaptic physiology.

A hallmark of synaptic structure and function is that it is extremely modifiable
(Jan and Stevens, 2000; Martin et al., 2000). The continuing structural and functional
plasticity after the embryonic development of the CNS may enable the brain to
preserve its adaptational capabilities throughout life (Roman et al., 1999; Alvarado
and Bachevalier, 2000; Martin et al., 2000). Importantly, during development and
adulthood synaptic plasticity is rendered by neuronal activity and therefore directly
modifiable by experience (Morris and Frey, 1997; Buonomano and Merzenich, 1998;
Feldman and Knudsen, 1998; Gilbert, 1998; Kolb and Whishaw, 1998; Berardi et al.,
2000; Sanes and Donoghue, 2000). Hence, to understand how synaptic events are
triggered by and/or translate into behavior, the molecular machinery and physiotogical
processes coding for these synaptic mechanisms have to be examined.

Among many characterized forms of synaptic plasticity, long-term potentiation
(LTP) at the hippocampal CA3 - CA1 synapse represents the most widely studied form
of long-lasting synaptic modification (review in Tsien, 2000). Synaptic changes
associated with LTP can occur either on the presynaptic or the postsynaptic side, but
is most likely to involve both synaptic compartments (see below and Malenka and
Nicoll, 1999). However, the field of Neuroscience has, based on different
experimental approaches, become somewhat polarized in favoring (the importance of)
one form of plasticity (pre- or postsynaptic) over the other (see e.g. Kullmann and
Siegelbaum, 1995). For a long time a number of groups had favored the presynaptic
site as the primary locus for LTP expression. Arguments for this were mostly based on
an enhancement of release probability (P..) (Bekkers and Stevens, 1990; Liao et al.,
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1992; Stevens and Wang, 1994; Bolshakov and Siegelbaum, 1995a; Kullmann and
Siegelbaum, 1995; Clark and Collingridge, 1996) and of miniature synaptic activity
(Minota et al., 1991; Malgaroli and Tsien, 1992; Arancio et al., 1995; Tong et al., 1996,
Chen and Regehr, 1997; review in Malenka and Nicoll, 1999) associated with the
expression of LTP. However, since postsynaptic activity was used as a proxy to
estimate both miniature and evoked presynaptic release, the conclusion of these

studies was subject to a potentially fundamental flaw.

It is now widely accepted that AMPA receptors can be rapidly (within minutes)
inserted into and/or removed out of synaptic membranes (Carroll et al., 1999b; Lissin
et al., 1999; Shi et al., 1999; review in Luscher et al., 2000). The cycling of latent
AMPA receptor clusters is continuous (Luscher et al., 1999), but can be regulated by
NMDA receptor activation (Carroll et al., 1999b; Heynen et al., 2000; Lu et al., 2001).
AMPA receptor cycling is dependent on an intact SNARE fusion protein complex (AMPA
exocytosis) (Lledo et al., 1998; Luscher et al., 1999), and dynamin (AMPA endocytosis)
(Carroll et al., 1999a) as well as on Ca** mediated actin dynamics (Zhou et al., 2001).
Importantly, it has been demonstrated that endocytosis of AMPA receptors into
endosomal vesicles is associated with the expression of LTD (Carroll et al., 1999b), and
conversely that AMPA receptor exocytosis into active zones contributes to LTP
expression (Lu et al., 2001). The dynamic and activity-dependent AMPA receptor
distribution may help to solve the dispute over the site (pre- or postsynaptic) of LTP
expression (Kullmann and Siegelbaum, 1995; Malinow, 1998; Malenka and Nicoll,
1999): AMPA receptor insertion into synapses which were previously only expressing
NMDA receptors (i.e. “silent synapses” at resting membrane potentials) (Carroll et al.,
1999b; Shi et al., 1999; Lu et al., 2001) provides a powerful alternative explanation
for the observation of enhanced miniature activity and “release probability” (Pre.)
independently of presynaptic changes (Gomperts et al., 1998; Heynen et al., 2000;
review in Luscher et al., 2000). In this model, LTP-induced “un-silencing” of NMDA-
only synapses results in additional synaptic receptor fields which, at resting membrane
potential, can sense transmitter released from presynaptic terminals during evoked
and spontaneous activity (review in Malinow, 1998; Atwood and Wojtowicz, 1999;
Malenka and Nicoll, 1999; Malinow et al., 2000).

Hence, at least for the hippocampal CA3 - CA1 synapse it is now mostly agreed

that the primary locus for expression of LTP occurs at the postsynaptic site (Malinow,




1998; Rumpel et al., 1998; Malenka and Nicoll, 1999; Reid and Clements, 1999;
Malinow et al., 2000; Soderling and Derkach, 2000). However, there is a small number
of studies showing that after LTP induction P, but not in the average size of the
postsynaptic current, is increased (Stevens and Wang, 1994; Bolshakov and
Siegelbaum, 1995b). These Authors monitored synaptic transmission from single
synaptic connections of hippocampal pyramidal cells, hence occluding the potential
involvement of additional synapses after LTP induction (Stevens and Wang, 1994;
Bolshakov and Siegelbaum, 1995b). These findings seem hard to reconcile with a
purely postsynaptic expression of LTP and may indicate different mechanisms for LTP
expression under varying experimental conditions (Malenka and Nicoll, 1999).
Alternatively they may simply suggest an involvement of the presynaptic release
machinery in the expression of LTP in addition to the postsynaptic changes. Further
evidence for this possibility comes from a study by Ryan and Smith (Ryan et al., 1996)
who used imaging of stimulated presynaptic FM1-43 turnover as a measure for release
probability, thereby eliminating the need to use postsynaptic recordings as an
indicator for presynaptic activity. The authors found a long-lasting (> 1 hour)

enhancement of presynaptic release after LTP induction (Ryan et al., 1996).

There are other potential mechanisms to regulate synaptic efficacy on the
presynaptic side. As studied in CHAPTER II, multivesicular release could represent
one such mechanism. Initial studies using quantal analysis in CNS neurons have
indicated that the number of quantal peaks in amplitude distributions equal to the
number of presynaptic release sites (review in Redman, 1990). These findings
together with electron microscopy (EM) data have been interpreted as indicating that
an AP can at maximum trigger the release of one vesicle per release site (“one site-
one vesicle” hypothesis) (Triller and Korn, 1982). Most support for this theory has
come from studies on the hippocampal CA3 - CA1 synapse; a connection that has been
shown to involve mostly a single release sites between two connected neurons
(Shepherd and Harris, 1998). To study synaptic transmission at these sites Stevens and
co-workers used “minimal stimulation” of the hippocampal CA1 afferents (Stevens and
Wang, 1994; Stevens and Wang, 1995; Dobrunz and Stevens, 1997) while recording
from CA3 neurons, and Bolshakov and Siegelbaum used paired CA3 - CA1 recordings
(Bolshakov and Siegelbaum, 1995b). Both groups found that postsynaptic responses to

presynaptic stimulation were either 0 (no presynaptic release) or 1 (release of one
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transmitter quantum), but unlike at the NMJ (Fatt and Katz, 1952) never multiples of
1, which would indicate the release of more than one transmitter quantum per
stimulus (Stevens and Wang, 1994; Bolshakov and Siegelbaum, 1995b; Stevens and
Wang, 1995). These findings were further substantiated by an elegant study by Forti
et al. who first used lose patch-clamping on single cultured hippocampal terminals and
corresponding postsynaptic sites, and then subsequently showed (by EM techniques)
the involvement of only single release sites (Forti et al., 1997). These authors found
that the positively skewed distribution of postsynaptic miniature currents from whole-
cell recordings was reduced to a normal distribution when recording was performed at
single release site synapses (Forti et al., 1997), indicating no occurrence of
multivesicular release. The interpretation of these data led Stevens to propose a
mechanism of presynaptic “lateral inhibition” by which release of one vesicle inhibits
the release competence of another vesicle at the same release site within a certain
time window (Dobrunz and Stevens, 1997; Stevens and Sullivan, 1998a). However,
there is still lack of experimental data to sufficiently support this hypothesis.
Moreover, it is not clear if the phenomenon of "all-or-none” release is limited by the
experimental approach and/or restricted to CA3 - CA1 synapses. Other studies, using
a similar electrophysiological approach clearly indicate that the postsynaptic
responses to single presynaptic stimuli can be multiquantal, corresponding to the
concurrent release of more than one transmitter vesicle (review in Auger and Marty,
2000). Examples of multivesicular release have been found in cerebellar stellate,
basket and Purkinje cells (Vincent and Marty, 1996; Auger et al., 1998), the goldfish
Mauthner cell (Korn et al., 1993), the Calyx of Held (Trussell et al., 1993), as well as
in cultured hippocampa( neurons (Tong and Jahr, 1994). Yet, common to all of the
studies mentioned above is their use of postsynaptic recordings to infer about
presynaptic release. Hence the conclusions of these studies are limited in that the
results are subject to postsynaptic signal contamination, such as receptor
desensitization, receptor saturation, dendritic cable properties, or yet unidentified
mechanisms that potentially modulate postsynaptic channel properties. Moreover,
unambiguous postsynaptic detection of multivesicular release is only possible if < 50 %
of postsynaptic receptors are saturated by the content of a single vesicle (Auger and
Marty, 2000). To circumvent this problem, it seems advantageous to directly monitor
presynaptic release, rather than its postsynaptic response. We have done that by
using activity-dependent FM1-43 staining and de-staining of synaptic vesicles in single
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cortical presynaptic terminals (CHAPTER II). Using this approach, our results indicate
that multivesicular release occurs at about 13 -17 % of cortical synapses in vitro
(Prange and Murphy, 1999). Our conclusion is limited by two factors: first, we were
not able to determine the phenotype of the imaged synapses, and second, due to the
lower sensitivity of FM1-43 imaging as compared to electrophysiological recordings, we
had to integrate presynaptic release over a number of AP-stimuli. However, by
restricting our analysis to synapses with high P, we have aimed to minimize these
limitations (see Results and Discussion in CHAPTER Ii).

It is possible to reconcile both the "lateral inhibition” hypothesis (above) and
the occurrence of multivesicular release, if one assumes that the latter is mostly
restricted to synapses with more than one active zone. Support for this assumption in
cortical neurons comes from ultrastructural studies showing the existence of multiple
active zone terminals in the hippocampus (Harris et al., 1992; Harris, 1995; Shepherd
and Harris, 1998) at a fraction that is comparable to the one we have found
multivesicular release to occur at (see above and CHAPTER Il). Furthermore
electrophysiological approaches in the hippocampus have indicated that multivesicular
release occurs after LTP induction, and that it originates from multiple release zones
on the same terminal (Bolshakov et al., 1997). Multivesicular release as a means of
presynaptic plasticity may only be biologically useful if postsynaptic receptors are not
saturated by the content of a single vesicle. In fact, there is now accumulating
evidence that this holds true at least for AMPA- and NMDA receptors on glutamatergic
CNS synapses (Mainen et al., 1999b; Umemiya et al., 1999; McAllister and Stevens,
2000; Chen et al., 2001; Hanse and Gustafsson, 2001).

Another fascinating form of presynaptic plasticity is the AP-independent
spontaneous release of transmitter quanta, termed miniature synaptic activity. This
terminology is based on initial studies at the NMJ where the miniature postsynaptic
response was found to be the smallest unit of recorded activity and therefore
concluded to correspond to the transmitter content of a single vesicle (Fatt and Katz,
1952). It has been shown that miniature release can be regulated at the level of the
single synapses in response to AP-stimulation (Kamiya and Zucker, 1994; Cummings et
al., 1996; review in Zucker, 1996; Fisher et al., 1997). However, some findings
including studies on the correlation between miniature activity and LTP and/or LTD
expression (Minota et al., 1991; Arancio et al., 1995; Tong et al., 1996; Chen and
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Regehr, 1997) will have to be re-evaluated in light of the now generally accepted
silent-synapses hypothesis (see above). ‘Our results in CHAPTER 1ll indicate that
miniature release in cortical synapses in vitro can vary greatly between neighboring
synaptic terminals. Furthermore, we find that miniature synaptic release is directly
proportional to the P, of the synaptic terminal. These findings indicate that the
sensitivity of the presynaptic release machinery can be tuned, and its efficiency is
reflected by the frequency of spontaneously released vesicles. In other words, the
more likely an AP is to trigger vesicle release, the higher the chances are that this
release can occur spontaneously. A molecular basis for this is likely to be found in the
array of release machinery proteins (Lin and Scheller, 2000) which operate on a highly
sensitive thermodynamic threshold to balance release readiness of docked vesicles

with inhibition of spontaneous fusion.

If spontaneous release is viewed as inadvertent, the concept of co-regulated
P... and miniature release may seem somewhat paradoxical in that up-regulation of a
synapse’s release efficacy (e.g. after STE or LTP) would have the “side-effect” of
increased "accidental” releases. However, an alternative explanation is that up-
regulated miniature synaptic activity can ensure ongoing release at synapses that have
received (STE- or LTP-) priming, even in the absence of subsequent AP-dependent
’ activity. A certain level of synaptic activity may be important to sustain longer-lasting
forms of synaptic enhancement (Okabe et al., 1999; Segal and Andersen, 2000; Zhu et
al., 2000). Support for such a “trophic effect” of miniature synaptic activity comes
from a study of Thompson and co-workers, who used the hippocampal slice culture
preparation (McKinney et al., 1999). The authors found that, after de-afferentation,
spine-loss on dendrites is prevented by miniature synaptic activity, but is independent
of AP-dependent release (McKinney et al., 1999). In addition, it has been indicated
that early in brain development, before the onset of electrical activity, miniature
activity can facilitate synaptic development (Gottmann et al., 1994; Ali et al., 2000).
However, the view that synaptic activity is necessary for proper development of
synaptic structure has been challenged by surprising findings from Thomas Stidhof’s
group. Their results show that a genetic knock-out of the presynaptic protein Munc-18
results in complete abolishment of (AP-dependent and spontaneous) transmitter
release, but does not affect synaptic assembly in the brain (Verhage et al., 2000).

Hence, rather than initiating synaptic formation during development, spontaneous
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neurotransmitter secretion may function to validate already established synaptic
connections (see below and INTRODUCTION}).

~ During the development of the CNS the assembly of pre- and postsynaptic
elements has to be orchestrated in a spatio-temporal coordinated fashion to guarantee
proper formation of synaptic junctions. Extensive studies on in vitro development of
hippocampal pyramidal neurons have utilized simultaneous immunocytochemical
labeling of multiple of pre- and postsynaptic proteins, such as glutamate receptors,
postsynaptic density proteins, and proteins of the presynaptic release machinery
(O'Brien et al., 1997; Allison et al., 1998; Gomperts et al., 1998; Rao et al., 1998;
review in Scannevin and Huganir, 2000). These studies indicate that during early
development there is an initial production and targeting of postsynaptic density (PSD)
proteins such as PSD-95 and GKAP into dendrites which precedes dendritic localization
of NMDA receptors, and later AMPA receptors (Gomperts et al., 1998; Rao et al.,
1998). Initially, targeting of these - and possibly other - designated postsynaptic core
components (Garner et al., 2000) is mostly restricted to “non-synaptic” sites, that is
locations that are not apposed to presynaptic markers, such as synaptophysin or SV2
(Rao et al., 1998). Formation of these protein clusters together with the observation
that release competent vesicle clusters occur in the axon before dendritic contact
(Kraszewski et al., 1995; Zhang et al., 1998) indicates the initial formation of
independent “protosynapses” in both axonal and dendritic compartments. During the
same time period there is a accumulation of the actin bundling protein alpha-actinin
in highly motile dendritic protrusions (Allison et al., 1998; Rao and Craig, 2000), so-
called filopodia (Dunaevsky et al., 1999; Harris, 1999; Parnass et al., 2000; Segal,
2001). There is now evidence from real-time imaging (Ziv and Smith, 1996; Friedman
et al., 2000) and EM studies (Fiala et al., 1998) indicating that filopodia can initiate
contacts with presynaptic sites. These findings prompted a model by which filopodial
motility serves to establish synaptic contact formation (Jontes and Smith, 2000;
Parnass et al., 2000; Segal, 2001). However, the chronology of as well as the cellular
control over molecular events underlying the synaptogenesis are still not well
understood. As synaptic activity does not seem to be necessary to trigger synaptic
contact formation (Rao et al., 1998; Verhage et al., 2000), a likely mechanism for
contact initiation is structural interaction between pre- and postsynapse mediated by

membrane spanning cell adhesion molecules such as neurexins/neuroligins (Cantallops




and Cline, 2000; Scheiffele et al., 2000), cadherins (Kaibuchi et al., 1999; Obst-
Pernberg and Redies, 1999; Bruses, 2000), immunoglobulins and integrins (Benson et
al., 2000) (see also INTRODUCTION). Once a contact is formed, cadherin- and/or
neuroligin- associated signaling cascades can conceivably arrest the filopodial
movement and trigger its maturation into a functional spine (Kaibuchi et al., 1999,
Rao and Craig, 2000). As this maturation period can be vary rapid - within tens of
minutes - (Friedman et al., 2000) there is likely a need for pre-assembled synaptic
machineries that can be inserted into the rapidly developing synaptic compartments.
Targeting of such pre-assembled protein complexes to presynaptic sites have been
shown to occur in hippocampal axons (Ahmari et al., 2000). Our study in CHAPTER IV
confirms that an analogous process may exist also for the postsynaptic site. We find
preformed, non-synaptic PSD-95 clusters, which often are located on the base of
dendritic protrusion, can rapidly move into and/or out of developing filopodia (see
Fig. 23). It is likely that these PSD-95 clusters also contain additional postsynaptic
proteins, such as GKAP (Rao et al., 1998). Hence, initial contact formation with a
potential presynaptic partner might trigger a signaling cascade to recruit PSD-95 based
potentially multimeric protein complexes into the developing spine. This may serve to
establish a fundamental postsynaptic matrix, stabilize the filopodial structure and
subsequently localize NMDA receptors into these sites (Rao et al., 1998). Accordingly,
we find that once PSD-95 clusters are localized into filopodia these structures are
significantly more stable, i.e. less likely to turn-over during the time course of 1 hour
(see Fig. 22). Finally, spontaneous miniature, or AP-dependent activity might serve to
consolidate the newly formed synaptic connection or, the lack of either might lead to
its recession. Consistent with this model we have found an example in which PSD-95
departure out of a filopodium is associated with massive morphological changes of the

structure, including splitting and retraction (see Fig. 23).

Future experiments will have to fill many holes that still reside in our current
theory about synaptogenesis and synaptic plasticity. However, with ever increasing
precision of scientific approaches, including high-resolution live imaging of cellular
events in living animals (Helmchen et al., 1999; Svoboda et al., 1999; Lendvai et al.,
2000) and proteomic approaches such as mass spectroscopy (Walikonis et al., 2000;
Walikonis et al., 2001), neuroscientists are well equipped to tackle these future
challenges. A key point in advancing our understanding of synaptic function may be
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contained in the close association of the still somewhat divided fields of “synaptic
development” and adult "synaptic plasticity”. As it has become increasingly clear now
that many of the fundamental mechanisms and molecules are shared between both
processes (Cramer and Sur, 1995; Rauschecker, 1995; Katz and Shatz, 1996; Lewin and
Barde, 1996; Lu and Figurov, 1997, Aamodt and Constantine-Paton, 1999),
neuroscientists may strive to prove that synaptic plasticity is indeed a speciatized form
of lifelong ongoing synaptic development. In addition, harnessing the power of our
understanding about synaptic development and plasticity may prove to be our most
valuable weapon in fighting many neurological and neurodevelopmental disorders we
are challenged with today. Ultimately, neuroscience will have to attempt to solve our
inherent questions about the fundaments of our minds, thoughts, and emotions. If this
quest can ever be completed, or even be started, remains to be seen. However, as
the decade of the brain has ended, neuroscience is ready to begin another the century
of the synapse.
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