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Abstract
Long-term plasticity, the long-lasting, activity-dependent change in synaptic
efficacy, is a fundamental property of the nervous system. Presynaptic forms of longterm plasticity are widely expressed throughout the brain, having been described in
regions such as the cortex, cerebellum, hippocampus, thalamus, amygdala and striatum.
Presynaptic long-term potentiation (LTP) is associated with an increase in presynaptic
release probability (the probability that a presynaptic terminal would release synaptic
vesicle(s) when the presynaptic neuron fires an action potential), but further evidence of
the cellular basis for the change in release probability is not known. At the molecular
level, presynaptic LTP is known to require protein kinase A, the synaptic vesicle protein,
Rab3A, and the active zone protein, RIM1α. RIM1α, a presynaptic scaffold protein,
binds to many molecules with known functions at different stages of the neurotransmitter
release process and the synaptic vesicle cycle. Understanding which interactions of
RIM1α mediate presynaptic LTP would shed light on the molecular and cellular
mechanisms for presynaptic long-term plasticity.
Here I developed a novel platform to achieve robust acute genetic manipulation
of presynaptic proteins at hippocampal mossy fiber synapses, where presynaptic LTP is
expressed. With this platform, I performed structure-function analysis of RIM1α in
presynaptic LTP. I find that mossy fiber LTP does not require RIM1α phosphorylation by
PKA at serine 413, nor does it require RIM1α-Rab3A interaction. These findings suggest
that RIM1α, Rab3A and PKA signaling, instead of functioning synergistically, may
represent separate requirements for presynaptic long-term plasticity. I then tested
whether Munc13-1, a priming protein, is a mediator for RIM1α’s requirement in
presynaptic LTP and provide the first evidence for the involvement of Munc13-1 in
iv

presynaptic long-term synaptic plasticity. I further demonstrate that the interaction
between RIM1α and Munc13-1 is required for this plasticity. These results further our
understanding of the molecular mechanisms of presynaptic plasticity and suggest that
modulation of vesicle priming may provide the cellular substrate for expression of LTP at
mossy fiber synapses.
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1 Introduction
The nervous system performs a large variety of functions; its ability to do so rely
on the fact that neurons can communicate with each other in defined and precisely timed
patterns, which is enabled in part by fast synaptic transmission (Rizo and Rosenmund
2008). Neurotransmitter release does not just constitute a means to send signals
between neurons; acute, dynamic as well as long-term changes in the efficacy of release
during presynaptic plasticity shape the properties of neural networks and underlie some
forms of information processing in the brain (Sudhof 2004). Understanding the molecular
and cellular basis for changes in the efficacy of release would provide insights to the
fundamental question as what governs the probability and the amount of vesicle release.
When an action potential arrives at the presynaptic terminal, it opens voltagegated calcium channels and allows for calcium influx, which triggers synaptic vesicle
fusion in a probabilistic manner. These events take as little as 100 µs, which is important
for the temporal pattern of neuronal communication. These high speeds arise because,
after many synaptic vesicles dock onto specialized sites of the plasma membrane called
active zones, priming reactions mediated by active zone proteins render these vesicles
in a metastable state that is ready for fast calcium-triggered fusion with the plasma
membrane (Sudhof 2004). Besides ensuring the high speed of vesicle release in
response to calcium influx, the amount of primed vesicles also positively correlates with
release probability at the synapse (Rosenmund and Stevens 1996).
At the presynaptic terminal, synaptic strength, the probability that synaptic
vesicles would be released and the amount of synaptic vesicles to be released, is
influenced by many parameters. Such parameters include, the spatial and temporal
distribution of the calcium transient (e.g. calcium nano-domains), the priming state and
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the amount of primed vesicles, and the vesicle-calcium channel association (Sudhof
2004). The relative contributions of different parameters to synaptic strength has yet to
be determined, and more importantly, which parameters may be altered to change
synaptic strength for long-term time course (tens of minutes to hours to days) are largely
unknown.
A large molecular network exists at the presynaptic terminal to mediate and
regulate calcium-triggered fast synaptic vesicle release (Rizo and Rosenmund 2008).
One approach to identify important cellular processes for synaptic strength is to examine
the underlying molecule and identify the corresponding molecular interaction required for
the sustained change of synaptic strength in long-term synaptic plasticity. This is the
approach I take in my dissertation work. I focus on active zone protein RIM1α, a
molecule known to be required for many forms of presynaptic long-term plasticity
(Castillo et al., 2002; Huang et al., 2005; Chevaleyre et al., 2007; Fourcaudot et al.,
2008; Lachamp et al., 2009). Besides being one of the few molecules known to be
required for presynaptic LTP at the start of my thesis work (Fig.1; Kaeser and Sudhof
2005), RIM1α is a scaffold protein interacting with many molecules important for
synaptic vesicle release (Fig.2). By performing a structure-function analysis of RIM1α, I
test the significance of RIM1α and its interacting partner(s) in presynaptic LTP in this
dissertation work.
In Chapter 1, I review the current understandings of presynaptic long-term
plasticity, including the evidence for a presynaptic expression locus, the synapses where
such plasticity have been described, the putative molecular targets for presynaptic longterm plasticity, and the technical difficulity for structure-function analysis in presynaptic
long-term plasticity. In Chapter 2, I describe my platform and the role of PKA
2

phosphorylation of RIM1α in mfLTP. In Chapter 3, I investigate the role of Munc13 and
Munc13-RIM1α interaction in mfLTP. In Chapter 4, I examine Rab3A-RIM1α interaction
in mfLTP. I also examine whether the role of RIM1α in mfLTP can be compensated by
over-expression of a RIM1α homolog, RIM2α. In Chapter 5, I describe the splice
variants of RIM1α that are expressed in the mice brain. In the last chapter, I summarize
the major findings of my research, discuss how these findings contribute to our current
understandings of the molecular mechanisms for presynaptic LTP, and point out
potential future research directions.

Rab3A

PKA

RIM1α

Presynaptic LTP
Figure 1: Model for presynaptic LTP in 2005;
modified from Kaeser and Sudhof (2005)
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Figure 2: Domain structure of RIM1α protein
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Long-term plasticity, the long-lasting, activity-dependent change in synaptic
efficacy, is a fundamental property of the nervous system and is widely considered one
of the major mechanisms for learning and memory (Kandel 2001; Fusi et al., 2005).
Long-term plasticity can bidirectionally modify synaptic strength – either enhancing it by
long-term potenntiation (LTP) or depressing it by long-term depression (LTD). This
modification may come from different locus of a synapse: postsynaptic plasticity involves
changes in postsynaptic receptor numbers or properties, whereas presynaptic plasticity
involves an increase or decrease of neurotransmitter release.
Originally described at the hippocampal mossy fiber synapses and the cerebellar
parallel fiber synapses, new forms of presynaptic long-term plasticity have been
observed in many brain regions in recent years. Presynaptic long-term plasticity has
been implicated in an increasing number of brain circuits, and has been associated with
many behaviors. Here I review the methodologies used and evidence observed to
support a presynaptic expression locus of this plasticity. I describe the synapses where
such plasticity exists, and discuss the putative molecular targets responsible for plastic
changes in neurotransmitter release.

1.1 Evidence to support a presynaptic locus for long-term
plasticity
In the last decade of the twentieth century, scientists debated passionately a
seemingly simple question--whether the change in synaptic strength during long-term
plasticity is due primarily to presynaptic alterations in neurotransmitter release or to
postsynaptic modifications in receptor numbers and/or biophysical properties (Stevens
1993; Bear and Malenka, 1994; Isaac et al., 1996; Manabe 1997). Strong arguments
were made on both sides, with disagreements arising from reproducibility of
4

experimental results (Kullmann and Siegelbaum, 1995; Nicoll and Malenka, 1999) to
interpretations of the same observations (Korn and Faber, 1998; Malenka and Nicoll,
1999).
These disagreements reflect the fact that the same synapse can undergo various
forms of plasticity, depending on induction protocols and receptor compositions at the
time; they also raise the need for careful examination and understandings of the basic
assumptions underlying some of the methods used to obtain the experimental
observations.
In this section, I will review the general methodologies that have been employed
to identify presynaptic involvement in the expression of long-term plasticity. I will discuss
the basic assumptions and limitations of these methods, and introduce recent technical
advances for monitoring neurotransmitter release and its alteration during long- term
plasticity.

1.1.1 Evidence measured/obtained at the postsynaptic side
Initial attempts to dissect presynaptic or postsynaptic functions during long-term
plasticity utilized conventional electrophysiological techniques. The approaches used
generally relied upon the postsynaptic response as a reporter of synaptic activity, and
typically included the aggregate response of a few to a few hundreds of synapses.
Below I describe the primary observations made with each approach as well as
the underlying assumptions and limitations associated.
1.1.1.1 Quantal analysis, coefficient of variation (CV) and minimal stimulation
The idea of using quantal analysis to identify presynaptic mechanisms was
proposed by Sir Bernard Katz (Katz 1971), following the discoveries of spontaneously
occurring miniature synaptic potentials, or quanta, and the observations that evoked
5

postsynaptic responses correspond to integral multiples of the quantal unit (Fatt and
Katz, 1952; Kuno 1964). Since its introduction, quantal analysis and its derivatives, such
as coefficient of variation and minimal stimulation, have been used widely to investigate
whether a change in neurotransmitter release accompanies long-term changes in
synaptic strength due to synaptic plasticity. These methods were used in the first studies
identifying a presynaptic expression locus of LTP (at hippocampal mossy fiber-CA3
synapses) (Hirata et al., 1991; Malinow 1991; Domenici et al., 1998; Sokolov et al.,
2003), and have been subsequently employed to support a presynaptic expression locus
during long-term plasticity in diverse brain regions, such as hippocampal mossy fiberinterneuron synapses (Pelkey et al., 2005), hippocampal GABAergic synapses (Laezza
et al., 1999), the amygdala (Tsvetkov et al., 2002; Fourcaudot et al., 2008), the neocortex (Torii et al., 1997; Egger et al., 1999; Sjöström et al., 2003; Sjöström et al., 2004;
Huang and Yasuda et al., 2008), the striatum (Choi and Lovinger, 1997a,b), the ventral
tegmental area (Pan et al., 2008) and the cerebellum (Maejima et al., 2001).
The quantal analysis hypothesis proposes that the average amplitudes and
fluctuations of postsynaptic responses follow simple or compound binomial statistics,
which is supported by experimental evidence (Redman 1990; Korn and Faber 1991;
Stevens 1993). Under the simple binomial model, the average release probability, Pr, is
assumed to be the same at all synapses. The coefficient of variation (CV) is determined
by the number of release sites, or the number of synapse for most synapses in the CNS
(Korn and Faber 1991), n, and the average release probability, Pr, but is independent of
quantal size, q, or the size of postsynaptic response to any quanta of neurotransmitters.
Specifically,
CV2 = (1-Pr)/nPr
6

Given a constant number of synapse, CV2 is negatively correlated with Pr—when
Pr increases/decreases, CV2 will decrease/increase correspondingly. In this way, a
change in CV can be monitored as an indicator for changes in presynaptic release
probability.
In minimal stimulation experiments, stimulation intensity is adjusted to a minimal
level such that one or only a few presynaptic fibers are activated, and presumably only
one or a few presynaptic release sites receive action potentials. Due to the stochastic
nature of vesicle release (Katz 1971), postsynaptic responses are not elicited with every
stimulation. Failure rate, the average rate of not observing a response over multiple
trials, is determined by the number of activated synapses, n, and the average release
probability of these synapses, Pr,
RFailure = (1-Pr)n
Given a constant number of synapses, the failure rate is negatively correlated
with average release probability, Pr. Therefore, failure rate in minimal stimulation
experiments serves as an index of average release probability, with a higher failure rate
corresponding to a lower release probability (Malinow and Tsien 1990; Bekkers and
Stevens 1990).
As stated above, a change in CV or failure rate can indicate a change in release
probability under the assumption that the number of release sites remains constant.
However, this assumption was called into question by the discovery of “silent synapses”
(Issac et al., 1995; Liao et al., 1995). These synapses lack functional AMPA receptors
but contain functional NMDA receptors postsynaptically. They were referred to as “silent”
because at typical resting membrane potentials, NMDA receptors are blocked by
magnesium and would not participate in synaptic responses under typical recording
7

conditions. In CV and minimal stimulation experiments, these synapses would not
contribute to the initial number of release sites, n. However, upon LTP induction,
functional AMPA receptors are recruited and inserted into the membrane of silent
synapses and now contribute to the postsynaptic response. This postsynaptic
phenomenon results in a decrease in CV2 and a decrease in failure rate. Without
consideration of this possibility, the interpretation of these data would be (and was) that
an increase in the number of presynaptic release sites had occurred, supporting the idea
of presynaptic mechanisms for long-term plasticity.
In the early nineties, the expression locus for NMDA receptor-dependent LTP at
hippocampal Schaffer collateral-CA1 synapses was debated fiercely. The accompanying
decrease in CV2 and failure rate was viewed as support for a presynaptic locus (Malinow
and Tsien 1990; Bekkers and Stevens 1990; Bolshakov and Siegelbaum 1995).
However, doubts started to emerge when it was noted that the relative contributions of
AMPA and NMDA receptors to the postsynaptic response were also changing (Kullmann
and Siegelbaum, 1995). The subsequent discovery of postsynaptically silent synapses
provided the necessary “light” to resolve these apparent discrepancies (Issac et al.,
1995; Liao et al., 1995). It is now widely believed that this form LTP is mainly
postsynaptically expressed (Nicoll and Malenka 1999; Malinow et al., 2000), with the
exception of certain induction protocols (Zakharenko et al., 2002; Bayazitov et al., 2007)
or in developing hippocampus (Bolshakov and Siegelbaum, 1995; Palmer et al., 2004)
(will be discussed in detail in the next section).
To summarize, while quantal analysis and its derivatives (CV2 and failure rate)
provide some of the first evidence for presynaptic long-term plasticity, they cannot stand

8

alone as the sole evidence. An understanding of the inherent assumptions of these
approaches is helpful to accurately guide interpretations and future experiments.
1.1.1.2 Spontaneous postsynaptic currents and strontium evoked asynchronous
postsynaptic currents (mini analysis)
A second experimental approach based on quantal analysis is examination of
quantal synaptic events, namely, spontaneous (or miniature) postsynaptic currents and
strontium evoked asynchronous postsynaptic currents (Nicoll and Schmitz, 2005).
Spontaneous postsynaptic currents are useful when the majority of synapses assayed
undergo plasticity, and asynchronous postsynaptic currents allows for analysis from the
subset of synapses being stimulated (Oliet et al., 1996; Choi and Lovinger, 1997b).
These methods have been employed to support a presynaptic expression locus in
metabotropic glutamate receptor-dependent LTD at hippocampal Schaffer collateral-CA1
synapses (Oliet et al., 1997), and in the striatum (Choi and Lovinger, 1997a), as well as
endocannabinoid-dependent LTD in the amygdala (Robbe et al., 2002b; Azad et al.,
2004) and prefrontal cortex (Lafourcade et al., 2007).
Early studies found that changing external calcium concentration, a manipulation
known to alter presynaptic neurotransmitter release probability, changes the frequency
of quantal events (Del Castillo and Katz, 1954; Dodge and Rahamimoff, 1967).
Therefore, a primary change in the frequency of quantal events is considered to
represent a change in presynaptic neurotransmitter release probability (Choi and
Lovinger, 1999).
This intepretation is also challenged by the existence of silent synapses. As
reasoned above, postsynaptic unsilencing/silencing may increase/reduce the number of
functional synapses as measured by postsynaptic currents, altering the frequency of
9

quantal responses (Nicoll 2003). Therefore, multiple lines of evidence based on different
assumptions are necessary to establish a presynaptic expression locus in plasticity.
1.1.1.3 Release probability monitored by progressive irreversible blockade of
NMDA receptor-mediated synaptic responses (MK801 blockade)
MK801 is an irreversible, open channel blocker of the NMDA receptor (NMDAR)
(Hessler et al., 1993; Rosenmund et al., 1993). Repeated activation of synapses in the
presence of MK801 results in progressive decline of the NMDAR–mediated current, as
each stimulus releases glutamate and opens NMDAR channels, which are then blocked
irreversibly by MK801 thus are unavailable for subsequent responses. The rate of
decline depends on the average release probability, Pr, because a higher Pr results in
more NMDAR being opened and blocked per stimulus.
The rate of MK801 blockade of NMDAR-mediated current was used to show that
an increase in release probability is associated with LTP at mossy fiber-CA3 pyramidal
synapses (Weisskopf and Nicoll 1995), and that a decrease in release probability occurs
with mGluR-mediated LTD at CA3-CA1 synapses of neonatal rats (Nosyreva and Huber,
2005).
While this approach is not confounded by silent synapses, other limitations exist.
First, this method relies upon the assumption that the activity of postsynaptic NMDARs is
not altered as a result of the induction protocol. Should NMDAR plasticity exist and be
unrecognized, the interpretation would erroneously attribute the changes to presynaptic
release probability. Second, because MK801 blockade is reversible, the same pool of
synapses cannot be tested repeatedly, for example, before and after induction of LTP.
Due to this limitation, evidence for a change in release probability is surmised by
comparing the rate of blockade at a second set of stimulated synapses that have not
undergone plasticity induction. In this condition, the assumption that the second set of
10

stimulated afferents activates synapses with similar release probabilities must hold, and
may not always be the case (Rosenmund et al., 1993; Dobrunz and Stevens, 1997).
Third, if plasticity involved the addition of newly active presynaptic release sites but with
the same release probability, the rate of MK801 blockade would not detect such a
change (Malinow 1994). Finally, this approach is only suitable for glutamatergic
synapses.
1.1.1.4 Paired-pulse ratio (PPR)
When two stimuli are delivered to the presynaptic axons in rapid succession
(fractions of a second), the second postsynaptic response often differs characteristically
from the first, for example, repeatedly larger or smaller by a certain degree. The ratio of
the amplitude of the second EPSC response to that of the first is called the paired-pulse
ratio (PPR). In the mammalian central nervous system, PPR has been shown to be
negatively correlated with release probability (Zucker 1989; Debanne et al., 1996;
Dobrunz and Stevens, 1997; Zucker and Regehr, 2002) and is regularly used as an
indicator of release probability. The mechanism for this change has been attributed to
effects of presynaptic calcium dynamics and depletion of “release-ready” vesicles
(Zucker 1989; Debanne et al., 1996; Inchauspe et al., 2004; Catterall and Few 2008).
A decrease in PPR accompanies LTP at mossy fiber-CA3 pyramidal synapses
(Domenici et al., 1998), corticothalamic synapses (Castro-Alamancos and Calcagnotto
1999), cortical and thalamic synapses with lateral amygdala (Tsvetkov et al., 2002;
Samson and Pare 2005) and other brain regions (Li et al., 2000; Lauri et al., 2007).
Conversely, an increase in PPR accompanies LTD from electric stimulation or drug
applications in various brain regions (Huang et al., 2001; Gerdeman et al., 2002;
Chevaleyre and Castillo, 2003; Nosyreva and Huber, 2005).
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One caveat to the use of PPR as support for a presynaptic mechanism of plasticity is
that changes in PPR are not exclusively mediated by changes in presynaptic release
probability. For example, paired pulse ratios can be influenced by postsynaptic receptor
desensitization and lateral diffusion (Trussell et al., 1993; Frischknecht et al., 2009).
Additionally, modifications of short-term plasticity may occur that are not associated with
a change in release probability (Geppert et al., 1997; Basu et al., 2007; Shin et al.,
2010). These limitations again place PPR in the toolbox of reagents to suggest a
presynaptic basis, but render this approach insufficient on its own to prove such a
mechanism.
1.1.1.5 AMPA: NMDA ratio
AMPA receptors and NMDA receptors are separately regulated at postsynaptic
terminals; therefore, proportional changes in AMPA receptor-mediated and NMDA
receptor-mediated responses can be used to support a change in presynaptic glutamate
release. Scientists have used a change in synaptic strength yet a stable AMPA: NMDA
ratio as supplemental evidence for a presynaptic locus of expression after long-term
plasticity at hippocampal CA3-CA1 synapses and mossy fiber-interneuron synapses
(Bayazitov et al., 2002; Lei and McBain, 2004).

The aforementioned methods are all based on electrophysiological analysis,
which reports simultaneous activity of an unknown and potentially large number of
synapses. As stated before, synapses from the same postsynaptic cell do not share the
same release probability presynaptically (Rosenmund et al., 1993; Dobrunz and
Stevens, 1997). This heterogeneity in release probability may create artifacts in some
scenarios while reduce the ability to detect a presynaptic alteration in others. To
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minimize interpretational difficulties, optical methods have been employed to provide
single synapse resolution.
1.1.1.6 Excitatory postsynaptic calcium transients (EPSCaT)
At an individual dendritic spine of an excitatory synapse, a calcium transient may
be detected in response to a single afferent stimulus (Emptage et al., 1999; Oertner et
al., 2002; Emptage et al., 2003; Reid et al., 2004). Such postsynaptic calcium transients
are called “EPSCaTs”; the probability of observing EPSCaT at a synapse is shown to
correlate with release probability at hippocampal Shaffer-collateral and mossy fiber
synapses (Emptage et al., 1999; Oertner et al., 2002; Reid et al., 2004), and the
amplitude of EPSCaTs correlate positively with EPSP amplitudes at mossy fiber-CA3
pyramidal synapses (Reid et al., 2004).
Monitoring EPSCaTs in rat organotypic hippocampal cultures, Emptage et al.
(2003) showed that LTP at CA3-CA1 synapses is associated with a decrease in failure
rate at single synapses, supporting the involvement of a presynaptic locus of expression.
This approach overcomes limitations imposed by the presence of synapse unsilencing,
because the same active synapses are monitored before and after plasticity induction.
Using the same method, Reid et al. (2004) observed an increase in EPSCaT size in
addition to a decrease in failure rate upon LTP induction at mossy fiber-CA3 pyramidal
synapses, suggesting that multiple presynaptic modifications may be involved in LTP
expression at these synapses.
EPSCaTs significantly advance the study of synaptic plasticity expression
mechanisms by allowing interrogation of an individual synapse over time. Yet this
approach also has its limitations. For those spines showing an EPSCaT signal only after
LTP induction (Reid et al., 2004), EPSCaT cannot distinguish whether the unsilencing
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reflects insertion of receptors postsynaptically or addition of new functional release site
presynaptically. Further, since the calcium transients include calcium influx through
voltage-gated calcium channels (Yuste et al., 1999; Reid et al., 2001), the size of
EPSCaT could be altered by a modulation of postsynaptic calcium channel activity
and/or back propagating action potentials (Yuste et al., 1999), thus, cannot faithfully
represent the quanta of neurotransmitter release presynaptically. The main drawback of
this approach is that the signal again arises from postsynaptic activity making it difficult
to exclude with certainty contributions due to postsynaptic alterations.

1.1.2 Evidence measured/obtained from the presynaptic side
Given the limitations of inferring presynaptic changes through a “readout” by the
postsynaptic apparatus, newer methods have been developed to allow direct
measurement of presynaptic neurotransmitter release. Early approaches used
fluorescent lipophilic dyes (FM dyes) to image the activity of this vesicle population
(Stanton et al., 2001; Zakharenko et al., 2001). PHluorins--pH-sensitive GFP molecules-linked to synaptic vesicle proteins (Miesenbock et al., 1998), were later employed to
address the same question (Bayazitov et al., 2007).
1.1.2.1 FM dyes
FM dyes were first developed by Fei Mao (hence, FM) to image synaptic vesicle
recycling (Betz et al., 1992). These dyes are not fluorescent in aqueous solutions but
become fluorescent in lipids, yet they cannot move across membranes. Thus, once the
dye molecule is loaded into a synaptic vesicle, it can only escape and lose its
fluorescence by exocytosis of the vesicle. Through examination of the destaining (loss of
fluorescence) rate of FM dye, scientists are able to assay exocytosis thus infer release
probability at single synapses (Zakharenko et al., 2001).
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Applying these methods to study long-term plasticity, it was found that the
destaining rate of FM dye was different before and after LTP and LTD induction at CA3CA1 synapses in hippocampal slices (Stanton et al., 2001; Zakharenko et al., 2001;
Zakharenko et al., 2002; Zakharenko et al., 2003; Stanton et al., 2005).
While the application of the FM assay was a big step forward for directly
monitoring the presynaptic component, several practical limitations prevent their
widespread utility in studying the mechanisms of long-term synaptic plasticity. To assess
vesicle release, FM dyes have to be first loaded into vesicles by endocytosis and go
through the vesicle cycle. The sorting and distribution of loaded vesicles into different
vesicle pools (e.g. reserved pool vs readily releasable pool) may artificially alter the
destaining rate (Maeno-Hikichi et al., 2011). Second, FM dyes require a few seconds to
diffuse away from synaptic vesicles, and their destaining rate fails to reflect vesicle
exocytosis in the case of rapid vesicle recycling (Maeno-Hikichi et al., 2011). Third, FM
dyes cannot be used for continuous monitoring of presynaptic function, because the dye
is lost to the extracellular medium upon exocytosis. Instead, for experiments studying
long-term plasticity, the loading procedure is repeated.
The loading protocol (typically 10 Hz trains for several minutes, (Zakharenko et
al., 2001)), however, may induce its own plasticity, possibly occluding further plasticity.
For example, mossy fiber-CA3 synapses are modified by such activity (Nicoll and
Schmitz, 2005). This drawback further limits the application of FM assay to the study of
presynaptic expression mechanisms in other brain regions.
1.1.2.2 PHluorins
PHluorins are pH-sensitive GFP molecules that lose fluorescence as pH
decreases. Exploiting the fact that synaptic vesicles maintain their lumen at a low pH,
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Miesenböck et al. (1998) linked pHluorins to a vesicle membrane protein to report
transmission at individual presynaptic boutons. SynaptopHluorin (spH), a fusion protein
of VAMP2/synaptobrevin and pHluorin, exhibits little fluorescence inside acidic synaptic
vesicles, but increases its fluorescence when the synaptic vesicle lumen is exposed to
the extracellular space during exocytosis. The spH then becomes internalized and reincorporated into synaptic vesicle membranes during the process of endocytosis, and
fluorescence is again quenched with synaptic vesicle re-acidification (Sankaranarayanan
et al., 2000).
The pHluorin-based indicators are genetically encoded, and mice models
expressing these indicators have been developed (Araki et al., 2005; Li et al., 2005;
Tabares et al., 2007). Using a mouse model that expresses spH in CA3 pyramidal cells,
Bayazitov et al. (2007) monitored presynaptic vesicle exocytosis for several hours, while
simultaneously measuring postsynaptic potentials. Evidence for a change in presynaptic
activity was inferred if there was a difference between the relationship of the recorded
postsynaptic potential and the peak spH fluorescence at an individual bouton in
response to a test stimulus train (10Hz for 5 sec) during the course of the experiment.
Using this approach, Bayazitov et al. concluded that CA3-CA1 LTP induced by 200Hz
tetanization or theta-burst stimulation consisted of slow presynaptic and fast
postsynaptic components. Enhancement of postsynaptic function was rapid (around 1
minute), whereas changes in peak spH fluorescence in response to the test train
increased gradually and stabilized approximately 90 minutes after induction. These
experiments provide evidence that both presynaptic and postsynaptic modifications can
be involved in the expression of LTP, albeit at different time scales.
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One limitation of this approach is the inability to monitor a single release event at
a time. Due to the low signal-to-noise ratio of spH, a “test” train is necessary to evoke
detectable fluorescence changes. These changes represent a population of vesicles
undergoing exocytosis during the train, and inference is based upon their collective
behavior. Since a train of stimulus is used, short-term plasticity may be induced.
Therefore, this method cannot distinguish whether release probability or short-term
plasticity is altered.
Newer generation pHluorins appear to be overcoming this obstacle. PHluorins
have been fused to two other synaptic vesicle proteins, vGluT1 and synaptophysin
(Voglmaier et al., 2006; Granseth et al., 2006). These proteins both demonstrate
significantly lower surface expression and enhanced signal-to-noise ratio relative to
synaptopHluorin (Balaji and Ryan 2007; Zhu et al., 2009). Both proteins have been
proven useful for detecting single release events in cultured neurons (Balaji and Ryan
2007; Matz et al., 2010). With the combination of plasmid- or viral-mediated expression
and multiphoton laser scanning microscopy, vGluT-pHluorin and/or synaptophysinpHluorin could be adopted to examine single vesicle release in slices, providing direct
information about release probability continuously under a long-term plasticity paradigm.

It is clear that none of the current methodologies can stand alone to illustrate
presynaptic changes during long-term plasticity. However, with a combination of several
methods, scientists are able to identify a presynaptic expression locus for many
synapses during long-term plasticity (Table 1).
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Table 1: Presynaptic long-term plasticity is a widespread phenomenon in the brain
Brain Region

Synapses

E/I*

LTP/LTD

LTP
Mossy fiber-CA3
synapses

E
LTD/de-potentiation

LTD
Mossy fiberinterneuron synapses

E
De-depression**
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Hippocampus
LTP
CA3-CA1 Schaffer
collateral synapse

E
LTD

Interneuron-CA1
synapse

I

Methods
CV analysis (Hirata et al., 1991; Xiang et al., 1994)
Failure rate (Xiang et al., 1994; Maccaferri et al., 1998)
PPR (Zalutsky and Nicoll 1990; Xiang et al., 1994)
MK801 blockade (Weisskopf and Nicoll 1995)
EPSCaT (Reid et al., 2004)
CV analysis (Domenici et al., 1998; Huang et al., 2002)
Failure rate (Domenici et al., 1998; Maccaferri et al., 1998; Huang et al.,
2002)
MK801 blockade (Huang et al., 2002)
CV analysis (Lei and McBain 2004; Pelkey et al., 2005)
Failure rate (Pelkey et al., 2005)
PPR (Lei and McBain 2004; Pelkey et al., 2005)
CV analysis (Pelkey et al., 2005)
Failure rate (Pelkey et al., 2005)
PPR (Pelkey et al., 2005)
CV analysis (Sokolov et al., 2002)
Failure rate (Malinow 1991)
EPSCaT (Emptage et al., 2003)
FM dye (Zakharenko et al., 2002)
spH (Bayazitov et al., 2007)
CV analysis (Fitzjohn et al., 2001)
Failure rate (Fitzjohn et al., 2001)
PPR (Fitzjohn et al., 2001; Faas et al., 2002)
FMdye (Zakharenko et al., 2002)

eCB-LTD
(immature hippocampus)

CV analysis (Yasuda et al., 2008)

eCB-LTDi, heterosynaptic
(Schaffer collateral input)

Failure rate (Chevaleyre et al., 2007)
Mini analysis (Chevaleyre et al., 2007)
PPR (Chevaleyre and Castillo 2003; Chevaleyre and Castillo 2007)

Brain Region

Cerebellum

Thalamus

Amygdala
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Striatum
Nucleus
Accumbens

Cortex

Synapses
Parallel fiber-Purkinje
cell synapses
Parallel fiber-stellate
cell synapses

E/I*

LTP/LTD

E

LTP

E

eCB-LTD

Stellate cell-stellate
cell synapses

I

LTP, heterosynaptic
(parallel fiber input)

Cortical-thalamic
synapses

E

LTP

Cortical-lateral
amygdala synapse

E

LTP, homosynaptic and
heterosynaptic (thalamic
input)

E

LTP

I

eCB-LTDi, heterosynaptic

E

eCB-LTD

I

eCB-LTDi, heterosynaptic

Mini analysis (Adermark et al., 2009)

E

LTD (pre mGluR2/3 LTD
and eCB-LTD)

L5-L5, visual cortex

E

eCB-LTD

Mini analysis (Robbe et al., 2002a; Robbe et al., 2002b)
PPR (Robbe et al., 2002a)
CV analysis (Sjöström et al., 2003; Sjöström et al., 2004)
PPR (Sjöström et al., 2004),

L4-L2/3,
somatosensory
cortex

E

eCB-LTD

PPR (Bender and Bender el al 2006)

L2/3-L6, prefrontal
cortex

E

eCB-LTD

CV analysis (Lafourcade et al., 2007)
Mini analysis (Lafourcade et al., 2007)

Thalamic-lateral
amygdala synapse
Inhibitory synapses in
basolateral nucleus
Excitatory synapses
onto MSNs
Inhibitory synapses
onto MSNS
Excitatory synapses
onto MSNs

Methods
CV analysis (Bender et al., 2009)
PPR (Salin et al., 1996; Bender et al., 2009)
Failure rate (Soler-Llavina and Sabatini, 2006)
PPR (Soler-Llavina and Sabatini, 2006)
CV analysis (Lachamp et al., 2009)
Failure rate (Lachamp et al., 2009)
Mini analysis (Lachamp et al., 2009)
PPR (Lachamp et al., 2009)
PPR (Alamancos and Calcagnotto 1999)
CV analysis (Tsvetkov et al., 2002; Humeau et al., 2003)
Failure rate (Tsvetkov et al., 2002)
PPR (Huang and Kandel 1998; Tsvetkov et al., 2002; Humeau et al., 2003)
Failure rate (Shin et al., 2010)
PPR (Shin et al., 2010)
Mini analysis (Azad et al., 2004)
PPR (Marsicano et al., 2002)
PPR (Gerdeman et al., 2002; Kreitzer and Malenka 2005)

Brain Region

Ventral
tegmental area

Dorsal cochlear
nucleus
Superior
colliculus

Synapses
Excitatory synapses
onto dopamine
neurons
Inhibitory synapses
onto dopamine
neurons
Excitatory synapses
onto Cartwell cells
Cortical-tectal
inhibitory synapses

E/I*

LTP/LTD

E

eCB-LTD

I

eCB-LTDi, heterosynaptic

E

eCB-LTD

I

eCB-LTDi, heterosynaptic

Methods
CV analysis (Haj-Dahmane and Shen 2010)
Failure rate (Haj-Dahmane and Shen 2010)
Mini analysis (Pan et al., 2008)
CV analysis (Tzounopoulos et al., 2007)
PPR (Tzounopoulos et al., 2007)
PPR (Henneberger et al., 2007)

* E: excitatory; I: inhibitory
** De-depression at mossy fiber-interneuron synapses can only occur after expression of LTD and internalization of surface mGluR7b receptors. In
naïve slices, LTP cannot be induced at these synapses.
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1.2 Forms of presynaptic long-term plasticity
In this section, I will introduce the particular synapses at which presynaptic forms
of long-term plasticity have been documented. I will review the evidence that supports a
presynaptic expression locus, as well as what is known about the induction mechanisms
and functional significance of presynaptic long-term plasticity at these synapses.

1.2.1 Presynaptically induced and expressed long-term plasticity
Hebbian forms of synaptic plasticity, wherein repeated activation of the
postsynaptic neuron by a presynaptic input strengthens the efficacy of this input, are well
described and have an intuitive appeal as to their role in learning. However, not all forms
of long-term synaptic plasticity have properties consistent with Hebbian learning, in
which signalling events of the postsynaptic neuron upon repeated stimulation are critical
for induction of plasticity. For example, when long-term synaptic plasticity is both
induced and expressed at the presynaptic terminal, Hebbian rules are violated. In these
forms of plasticity, activation of the presynaptic neuron may alter the synaptic weight at
all of its postsynaptic contacts, independent of postsynaptic coordinated activity. In this
type of plasticity, the signaling efficacy of one presynaptic neuron may be increased
relative to other presynaptic neurons. These forms of plasticity may be important for
efficient circuit re-organization.
1.2.1.1 LTP and LTD at hippocampal mossy fiber-CA3 synapses
Mossy fiber synapses—the synapses between the axons of dentate granule cells and
the proximal apical dendrites of CA3 pyramidal neurons—were the first synapses at
which presynaptic long-term plasticity was described (for review, see (Nicoll and Schmitz
21

2005)). Both LTP and LTD of mossy fiber-CA3 synapses are accompanied by a change
in release probability (Pr), as evidenced by quantal analysis, MK801 blockade of NMDA
receptor-mediated current and paired-pulse ratio data (Hirata et al., 1991; Xiang et al.,
1994; Weisskopf and Nicoll 1995; Domenici et al., 1998; Maccaferri et al., 1998). In
addition to an increase in synaptic release probability, data from EPSCaTs imaged in
slice cultures show that presynaptic unsilencing and an increase in quantal content may
also occur (Reid et al., 2004). A presynaptic de-potentiation following LTP has also been
described at these synapses and appears to follow a process similar to that involved in
LTD (Tzounopoulos et al., 1998; Huang and Chen et al., 2002).
Induction of long-term plasticity at these synapses requires action potential firing
and calcium influx at the granule cell soma (Barnes et al., 2010), and calcium entry
through calcium channels at the presynaptic terminal (Castillo et al., 1994; Domenici et
al., 1998; Tzounopoulos et al., 1998; Kobayashi et al., 1999). LTP at these synapses
can be induced with relatively weak high frequency stimulation (HFS; 25 Hz for 5 sec, or
100Hz for 1 sec) (for review, see (Nicoll and Schmitz 2005)). Although no specific type of
calcium channel is indispensable for plasticity induction (Castillo et al., 1994; Breustedt
et al., 2003), the threshold for LTP induction is lowered by activation of R-type calcium
channels (Breustedt et al., 2003; Dietrich et al., 2003) or presynaptic kainate receptors
(Bortolotto et al., 2005; Pinheiro et al., 2007). LTD induction (1 Hz 10 min) requires
activation of type II metabotropic glutamate receptors, mGluR 2/3, at presynaptic
terminals (Yokoi et al., 1996; Tzounopoulos et al., 1998; Huang et al., 1999; Nicholls et
al., 2006). However, two features that are commonly involved in postsynaptic forms of
long-term plasticity, postsynaptic calcium influx and ionotropic glutamate receptor activity
(NMDA- and AMPA-type receptors) are not required (Harris and Cotman 1986; Zalutsky
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and Nicoll 1990; Castillo et al., 1994; Langdon et al., 1995; Kobayashi et al., 1996;
Tzounopoulos et al., 1998; Kobayashi et al., 1999; Mellor and Nicoll 2001).
Besides the presynaptically induced and expressed form of LTP described
above, the mossy fiber-CA3 synapses have also been reported to undergo spike-timingdependent LTP, which can be induced by brief HFS (15 bursts of seven 100Hz stimuli
repeated every 5 s) and concurrent postsynaptic depolarization (Kapur et al., 1998), and
LTP selectively expressed by NMDA receptors, which can be induced by HFS (25Hz 1
sec) and concurrent postsynaptic depolarization (Kwon and Castillo 2008). Both forms of
LTP require postsynaptic calcium rise during induction (Jaffe and Johnston 1990; Urban
and Barrionuevo 1996; Kapur et al., 1998; Sokolov et al., 2003; Kwon and Castillo 2008;
Rebola et al., 2008). After potentiation of NMDA receptors, these synapse become
capable of expressing NMDAR-dependent LTP of AMPA receptors (Rebola et al., 2011).
The detailed mechanisms for these forms of LTP are beyond the scope of the current
review, which focuses on presynaptic forms of long-term plasticity. However, these
observations demonstrate that even within a given synapse type, experimental
conditions and induction protocols may elicit mechanistically distinct forms of long-term
plasticity – such findings have been recapitulated in diverse brain circuits.
1.2.1.2 LTP at cerebellar parallel fiber-Purkinje cell synapses
Cerebellar parallel fibers are the axon fibers from cerebellar granule cells that
synapse onto cerebellar Purkinje cells. The strength of these synapses is dynamically
regulated, and multiple forms of plasticity are required for motor learning (Boyden et al.,
2006). The parallel fiber-Purkinje synapses exhibit a presynaptic LTP similar to that of
the hippocampal mossy fiber-CA3 synapses (Salin et al., 1996). This presynaptic LTP is
expressed by an increase in neurotransmitter release, as evidenced by a reduction in
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synaptic failure rates and a decrease in PPR (Salin et al., 1996; Bender et al., 2009).
This increase in neurotransmitter release is also associated with an increase in quantal
content, potentially indicating a shift from single to multi-vesicular release (Bender el al
2009). This LTP can be induced presynaptically by brief repeative stimulation (8Hz 15
sec); it is resistant to glutamate receptor antagonists and calcium chelation at
postsynaptic Purkinje cells, but requires presynaptic calcium influx (Salin et al., 1996).
1.2.1.3 LTP at cortico-thalamic synapses
The thalamus and neocortex are two highly organized and complex brain
structures that work in concert with each other. A majority of afferents to the neocortex
originate in the thalamus, and in return, the neocortex has massive connectivity to the
thalamus through corticothalamic synapses. This loop is critical for motor function and is
also considered as an important means for cortico-cortical communication (Guillery and
Sherman 2002). At the glutamatergic synapses between corticothalamic fibers and the
ventrobasal thalamus, LTP can be induced presynaptically without postsynaptic
activation, in the presence of AMPA-R and NMDA-R antagonists by 6 trains of 100
pulses at 10 Hz with a 10 sec-interval between each train (Castro-Alamancos and
Calcagnotto 1999). This LTP is expressed presynaptically, and has been shown to be
associated with a decrease in PPR, and resistant to glutamate receptor antagonists
(Castro-Alamancos and Calcagnotto 1999).
1.2.1.4 Presynaptic mGluR2/3-mediated LTD
As mentioned earlier, activation of presynaptic mGluR2/3 is involved in LTD at
the hippocampal mossy fiber-CA3 synapses (Tzounopoulos et al., 1998). This
involvement is also observed in LTD at the nucleus accumbens synapses (Robbe et al.,
2002b). Bath application of mGluR2/3 specific agonist, L-CCG-1 or LY354740, is
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capable to depress transmission and occlude further tetanus-induced LTD at both
synapses, suggesting that activation of type II mGluRs at the presynaptic terminals is
sufficient for the induction of LTD (Tzounopoulos et al., 1998; Robbe et al., 2002a).
These types of LTD are presynaptically expressed, as evidenced by an increased PPR
and a decreased miniature EPSC frequency at both synapses (Tzounopoulos et al.,
1998; Robbe et al., 2002a,b).

1.2.2 Presynaptically expressed long-term plasticity with
postsynaptic induction (Hebbian learning)
1.2.2.1 LTP and LTD at hippocampal CA3-CA1 synapses
The most extensively studied synapse in the brain, the hippocampal CA3-CA1
Schaffer collateral-commissural synapse displays multiple forms of long-term plasticity.
At this synapse, LTP can be readily induced in juvenile and adult animals with a variety
of induction protocols, such as 50Hz, 100Hz and 200Hz train stimulation (tetanus). It is
found that LTP in adult animals induced with a single 50Hz or 100Hz tetanus requires
activation of NMDA receptors and postsynaptic calcium influx, and is expressed primarily
by an addition of surface AMPA receptors to the postsynaptic spines (see Nicoll and
Malenka 1999; Malinow et al., 2000 for review). However, LTP induced with 200Hz or
multiple trains of 100Hz tetanus involves an additional presynaptic component
(Zakharenko et al., 2002; Bayazitov et al., 2007). This presynaptic component is
evidenced by an accelerated rate of FM dye destaining (Zakharenko et al., 2002) and an
enhanced synapto-pHluorin signal after LTP (Bayazitov et al., 2007), supplemented by a
decrease in both CV2 and PPR, and a reduction in failure rate at the single synapse level
((Malinow 1991; Sokolov et al., 2002; Emptage et al., 2003), but see (Nicoll and Malenka
1999)). A presynaptically expressed CA3-CA1 LTP is also observed in neonatal animals
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(P6 rats) with presynaptic and postsynaptic pairing protocols; this LTP is associated with
a decrease in failure rate and PPR in the majority of neurons (Palmer et al., 2004).
Besides LTP, the CA3-CA1 synapse can also undergo compound LTD with both
presynaptic and postsynaptic expression, for example, mGluR-LTD. Postsynaptic
activation of group 1 mGluR, either by its selective agonist DHPG or by appropriate
synaptic stimulation (paired pulse at 1Hz), leads to postsynaptic and presynaptic
changes that reduce the efficacy of the CA3-CA1 synapses—a rapid removal of surface
AMPARs postsynaptically (Snyder el al 2001; Xiao et al., 2001), and a reduction in
presynaptic vesicle release suggested by a slower rate of FM dye destaining, an
increase in failure rate and an increase in both CV2 and PPR (Fitzjohn et al., 2001; Faas
et al., 2002; Zakharenko et al., 2002).
Although the exact retrograde signal at this synapse has not yet been identified,
these Hebbian forms of compound long-term plasticity ensure effective modulation of
synaptic strength--the degree of modulation is magnified with both pre- and postsynapse potentiating (or depressing) together.
1.2.2.2 Endocannabinoid-mediated LTD
Retrograde signaling can be achieved by the diffusion of small molecules
released from postsynaptic spines. One such example is endocannabinoid (eCB).
Retrograde signaling by eCB has become a heated topic in the past decade, and
multiple excellent reviews have covered various aspects of this signaling pathway (Alger
2002; Freund et al., 2003; Gerdeman and Lovinger 2003; Chevaleyre et al., 2006;
Lovinger 2008; Heifets and Castillo 2009; Kano et al., 2009). eCB-mediated presynaptic
LTD has been reported in many other brain regions, such as the striatum (Gerdeman et
al., 2002; Kreitzer and Malenka 2005; Shen et al., 2008), the nucleus accumbens
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(Robbe et al., 2002b; Mato et al., 2008), amygdala (Marsicano et al., 2002; Huang et al.,
2003; Azad et al., 2004), hippocampus (Chevaleyre and Castillo 2003; Chevaleyre and
Castillo 2007; Yasuda et al., 2008), cerebellum (Soler-Llavina and Sabatini 2006), visual
cortex (Sjöström et al., 2003; Sjöström et al., 2004; Crozier et al., 2007), somatosensory
cortex (Bender and Bender et al., 2006; Li and Bender et al., 2009), prefrontal cortex
(Lafourcade et al., 2007), ventral tegmental area (VTA)(Pan and Hillard et al., 2008; HajDahmane and Shen 2010), hypothalamus (Kuzmiski et al., 2009), brain stem
(Tzounopoulos et al., 2007) and superior colliculus (Henneberger et al., 2007).
In general, eCB-LTD requires the production of eCB from the postsynaptic
neuron. However, the exact induction mechanisms differ widely across examples of
eCB-LTD. These differences include different involvements of postsynaptic receptors
and kinases for eCB production, as well as a requirement for various patterns of
presynaptic activities besides activation of type 1 cannabinoid receptor (CB1R) in
different neurons. For a detailed description of the induction mechanism in various
synapses, please refer to two elegant reviews on the topic (Gerdeman and Lovinger
2003; Heifets and Castillo 2009).
Upon activation of the CB1R at the presynaptic terminals, eCB-LTD is expressed
as an overall decrease in neurotransmitter release, suggested by decreased frequency
of strontium evoked quantal synaptic response, increased PPR, increased CV2, and
increased failure rate upon minimal stimulation (Gerdeman et al., 2002; Robbe et al.,
2002b; Huang et al., 2003; Chevaleyre and Castillo 2003; Sjöström et al., 2003; Bender
et al., 2006; Soler-Llavina and Sabatini 2006; Lafourcade et al., 2007; Tzounopoulos et
al., 2007; Pan et al., 2008; Yasuda et al., 2008; Kuzmiski et al., 2009; Haj-Dahmane and
Shen 2010).
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Not all forms of eCB-LTD are homo-synaptic. eCB-mediated hetero-synaptic LTD
is observed at GABAergic synapses in hippocampus, striatum frontal cortex, VTA and
superior colliculus, from eCB spillover from nearby glutamatergic synapses expressing
homo-synaptic LTD (Chevaleyre and Castillo 2003; Henneberger et al., 2007; Pan et al.,
2008; Adermark et al., 2009; Chiu et al., 2010). These hetero-synaptic forms of eCBLTD do not require the activation of presynaptic GABAergic neurons during induction,
thus, not following the Hebbian rule. Both homo- and hetero-synaptic eCB-LTD are
important for normal brain functions and behaviors, and are implicated in disease
models (Marsicano et al., 2002; Crozier et al., 2007) (Kuzmiski et al., 2009; Li and
Bender et al., 2009; Lerner et al., 2010; Zhang and Alger 2010).

1.2.3 Presynaptic NMDAR-dependent homo- and hetero-synaptic
long-term plasticity
Yet again, not all forms of synaptic plasticity are homo-synaptic. Hetero-synaptic
long-term plasticity, the induction of which requires activity of other synapses, may result
from diffusible molecules binding to receptors at the presynaptic terminal. These
diffusible molecules can be released from postsynaptic neuron, such as
endocannabinoids; they can also be glutamate released from nearby presynaptic
terminals, as in presynaptic NMDAR dependent LTP. Hetero-synaptic LTD at inhibitory
neurons may be involved in regulation of excitability and shifting the circuit balance for
excitatory and inhibitory inputs (Chevaleyre and Castillo 2003). Hetero-synaptic NMDAR
dependent LTP can serve as a simultaneously detector for two different inputs, alter their
relative strength and how the postsynaptic neurons integrate information from different
sources.
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1.2.3.1 LTP at cortical afferents to the lateral amygdala
Lateral amygdala receives input from both the cortex and thalamus, and is
considered as the brain region mediating emotional responses, especially fear
associated learning and memory (LeDoux 2000). Cortical afferents to the lateral
amygdala can undergo both a homo-synaptic and a hetero-synaptic LTP. The homosynaptic form requires calcium influx through L-type calcium channel at the postsynaptic
terminals, as well as activation of NMDA receptors (Huang and Kandel 1998; Tsvetkov
et al., 2002). The hetero-synaptic form requires activation of presynaptic NMDA
receptors and presynaptic calcium influx in the cortical afferents at the same time, which
is achieved only with simultaneous activations of both cortical and thalamic afferents, or
upon a puff-application of NMDA coincident with train stimulation of cortical afferents
(Humeau et al., 2003). Though induced differently, both forms of LTP occlude each
other, and are expressed presynaptically as an increase in neurotransmitter release, as
evidenced by a decrease in PPR, CV2 and a reduction in failure rate under minimal
stimulation (Huang and Kandel 1998; Tsvetkov et al., 2002; Humeau et al., 2003). Both
forms of LTP and corresponding presynaptic changes are occluded after fear
conditioning, suggesting that presynaptically expressed LTP at the cortical afferents may
underlie conditioned fear responses (Tsvetkov et al., 2002; Humeau et al., 2003).
1.2.3.2 LTP at cerebellar stellate cell-stellate cell synapses
In the cerebellum, stellate cells form inhibitory synapses onto Purkinje cells,
regulating the synaptic integration properties as well as the timing and firing frequencies
of Purkinje cells (Häusser and Clark 1997). Stellate cells are also connected to each
other via inhibitory synapses and form an inhibitory network (Mann-Metzer and Yarom
1999). A hetero-synaptic form of LTP has been recently reported at the stellate cell29

stellate cell synapses (Lachamp et al., 2009). At these inhibitory synapses, NMDA
receptors are present at the presynaptic terminals and can be activated by glutamate
released from parallel fibers (Glitsch and Marty 1999; Liu and Lachamp 2006). Activation
of presynaptic NMDA receptors by tetanus of the parallel fibers (trains of four pulses at
100 Hz repeated 5 or 15 times at 1 Hz) or by brief applications of NMDA greatly
potentiates transmission at these synapses (Lachamp et al., 2009). This potentiation is
due to an increase in GABA release, as evidenced by a reduction in PPR, CV2, failure
rate under minimal stimulation, as well as an increased frequency of miniature IPSCs
(Lachamp et al., 2009). Importantly, this LTP can be induced without the firing of
presynaptic stellate cell (Lachamp et al., 2009). This presynaptic LTP may be utilized by
the inhibitory network to sense and balance excessive excitation in the circuit.

1.2.4 Presynaptic long-term plasticity depending on past experience
Past experience matters. At the synaptic level, synaptic activities may regulate
receptor compositions at the surface. Some presynaptic surface receptors gate the
ability of that synapse to express certain forms of long-term plasticity. By altering
presynaptic receptor compositions, past experience can be integrated into the present
decision for long-term plasticity. This state-dependent integration may underlie
hierarchical information process and memory.
1.2.4.1 LTD and de-depresssion at hippocampal mossy fiber-interneuron
synapses
Besides CA3 pyramidal neurons, mossy fibers also synapse onto CA3 stratum
lucidum interneurons (SLIN). Unlike mossy fiber synapses that are large (~3-8 µm in
diameter) with multiple release sites (Rollenhagen and Lübke 2010), mossy fiber-SLIN
synapses are small terminations (~1 µm) of numerous fine filopodia radiated from mossy
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fiber boutons (Ascady et al., 1998). After HFS of mossy fiber inputs (100 Hz for 1 sec,
repeated three times at an interval of 10 sec), which produces presynaptic LTP in the
CA3 pyramidal synapses, SLIN with calcium-permeable AMPA receptors exhibits LTD
presynaptically, as a reduction in release probability (Lei and McBain 2004; Pelkey et al.,
2005). This presynaptically expressed LTD follows a Hebbian learning role--it requires
calcium influx through postsynaptic AMPA receptors and activation of presynaptic
mGluR7b receptors (Laezza et al., 1999; Pelkey et al., 2005).
Upon activation, presynaptic mGluR7b are internalized. Without surface
mGluR7b, the same synapses would exhibit de-depression with a second train of HFS.
Although not a mechanistic reversal of LTD, de-depression is induced presynaptically
and expressed as an increase in neurotransmitter release (Pelkey et al., 2005; Pelkey et
al., 2008).
The ability of the mossy fiber-SLIN filopodia synapses to undergo presynaptic
LTD and meta-plasticity may allow for profound and rapid state-dependent control of
feed-forward inhibition in the hippocampal network, and is implicated in spatial and
temporal information processing (Kullmann and Lamsa 2008; McBain and Kauer 2009).
1.2.4.2 Hierarchical LTP at the thalamic afferents to the lateral amygdala
While LTP in cortical input to lateral amygdala is expressed presynaptically, LTP
in the thalamic afferents was thought to be expressed postsynaptically, through AMPA
receptor trafficking at the stimulated synapses (Humeau et al., 2005; Rumpel et al.,
2005). A recent study, however, showed that the thalamic afferents can also undergo
presynaptic LTP, as evidenced by a reduction in PPR as well as a reduction in failure
rate under minimal stimulation (Shin et al., 2010). Unlike the presynaptically expressed
LTP in the cortical afferents, this presynaptic LTP at the thalamic afferents does not
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require calcium influx into the postsynaptic amygdala neurons, nor activation of
NMDARs or mGluRs. Instead, it requires activation of the presynaptic kainate receptors
as well as calcium influx into the presynaptic terminals, thus, induced presynaptically.
Interesting, contrary to the hippocampal CA3-CA1 synapses where pre- and post- LTP
can be expressed simultaneously, presynaptic LTP at the thalamic input is suppressed
when the same synapse expresses LTP postsynaptically. This suppression requires
activation of postsynaptic mGluRs together with depolarization of the postsynaptic
neuron, and is mediated by postsynaptically released endocannabinoid activating CB1
receptors at the thalamic afferents. When the CB1 receptors are blocked, the
presynaptically induced and expressed form of LTP at the thalamic input is unmasked,
therefore, can be expressed simultaneously with the better-studied postsynaptic LTP at
these synapses.
As mentioned earlier, the thalamic afferents to the lateral amygdala are involved in fearassociated learning and thought to convey acoustic information of the conditioned
stimulus during acoustic fear conditioning (Pitkänen et al., 1997). The ability of these
synapses to undergo distinct forms of long-term plasticity in a hierarchical order may
provide the amygdala with more computational power to integrate past experience and
establish hierarchy of memories of different biological consequences, ensuring that a
conditioned stimulus is associated with the most harmful event and that more aversive
outcomes produce stronger memories (Pitkänen et al., 1997; Shin et al., 2010).

1.3 Expression mechanisms
The molecular mechanisms underlying presynaptically expressed long-term plasticity
and its maintenance have been a focus in the field for decades. It was recognized early
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on that the cAMP/PKA pathway is required for mossy fiber LTP, in guinea pigs
(Weisskopf et al., 1994), rats (Huang et al., 1994) and mice (Huang et al., 1995). Here, I
review evidence for the involvement of the cAMP/PKA pathway for various forms of
presynaptically expressed LTP, and the notion that a shift in the balance of kinase and
phosphatase activity underlies presynaptically expressed LTD. I then review what
processes downstream of, or in parallel with, these signaling pathway can account for
the long-term alteration of neurotransmitter release. Changes in neurotransmitter release
can result from modifications of the release machinery, alterations in calcium influx
through voltage-gated calcium channel, as wells as changes in excitability of the
presynaptic afferents.

1.3.1 cAMP/PKA cascade in presynaptically expressed long-term
plasticity
1.3.1.1 cAMP/PKA cascade in presynaptically expressed LTP
The first evidence for enhanced cAMP/PKA signaling in presynaptic LTP comes
from the hippocampal mossy fiber-CA3 synapses. In guinea pigs, Weisskopf et al.
(1994) discovered that brief application of the adenylyl cyclase activator, forskolin,
increased basal transmission at the mossy fiber synapses long-lastingly, and occluded
electrically stimulated presynaptic LTP. Sp-cAMPs, analogs of cAMP that activate PKA,
also enhanced basal transmission long-lastingly by brief application, which was again
occluded by previous application by forskolin. These findings indicated that brief
elevation of PKA activity might be sufficient for mossy fiber LTP. Weisskopf et al. (1994)
further established the necessity of the cAMP/PKA cascade by using three different PKA
inhibitors. Blockers of the catalytic subunit of PKA, KT5720 and H-89, as well as an
inhibitor of the regulatory subunit, Rp-cAMPs, all antagonized mossy fiber LTP, without
33

any effect on basal transmission. These effects were located to the presynaptic terminal
by a reduction of PPF accompanying forskolin-enhanced transmission, as well as the
fact that postsynaptic responses to iontophoretic pulse of glutamate remained constant.
Together, these results suggested that a brief elevation of cAMP causes persistent
increase in neurotransmitter release and that PKA activation is an essential step in
mossy fiber LTP (Weisskopf et al., 1994). Similar results were observed at hippocampal
mossy fiber-CA3 synapses in rats and mice (Huang et al., 1994; Spillane et al., 1995;
Castillo et al., 1997).
The cAMP/PKA pathway is involved in presynaptically expressed LTP of many
synapses in various brain regions. Forskolin was shown to enhance basal
neurotransmitter release and occluded LTP at the cerebellar parallel fiber-Purkinje cell
synapses, the corticothalamic synapses, the cortical afferents to the lateral amygdala, as
well as the inhibitory synapses between cerebellar stellate cell. Similarly, LTP at these
synapses were blocked by PKA inhibitor Rp-cAMPs. These results suggested that
cAMP/PKA activation underlies presynaptically expressed LTP (Salin et al., 1996; Huang
and Kandel 1998; Castro-Alamancos and Calcagnotto 1999; Huang et al., 2005;
Lachamp et al., 2009).
Interestingly, the cAMP/PKA pathway also functions at the hippocampal mossy
fiber-interneuron synapses, but only under certain conditions. As reviewed earlier, these
synapses undergo presynaptic LTD when presynaptic mGluR7b receptors are at the
surface, but exhibit de-depression once those receptors are internalized (Pelkey et al.,
2008). Besides gating the direction of presynaptic plasticity, surface mGluR7b also gates
the sensitivity to cAMP and PKA. When mGluR7b were at the surface, forskolin had no
effect on basal transmission. Only after mGluR7b were internalized, could forskolin
34

enhance basal transmission. While the adenylyl cyclase inhibitor DDOA or the PKA
inhibitor H-89 did not affect mGluR7b mediated presynaptic depression, both drugs
abolished subsequent de-depression after mGluR7b internalization. In all, these results
showed that, following internalization of presynaptic surface mGluR7 receptors, the
cAMP/PKA pathway is involved in presynaptic de-depression at the hippocampal mossy
fiber-interneuron synapses (Pelkey et al., 2008).
One note about the forskolin effect of enhancing transmission is that, although
this phenomenon completely occluded subsequent tetanus-induced LTP, tetanusinduced LTP only partially reduced the enhancement by brief application of forskolin
(Weisskopf et al., 1994). This observation can be readily explained if there are multiple
degrees of potentiation and heterogeneous induction threshold for different afferents,
such that not all electrically tetanized synapses are potentiated to their maximum.
Alternatively, it is possible that the application of forskolin has activated the cAMP/PKA
pathway so much that multiple mechanisms are recruited to enhance neurotransmitter
release, some of which are not normally engaged by tetanus or under physiological
conditions. Therefore, one has to be cautious when interpreting agonist/antagonistinduced versus tetanus-induced long-term plasticity.
Besides drug applications, the requirement of the cAMP/PKA pathway for
presynaptic LTP is also shown by studies using mice lacking adenylyl cyclase or PKA. In
the type-1 adenylyl cyclase knockout mouse, hippocampal mossy fiber LTP was
selectively impaired, leaving the prefrontal pathway LTP and the Schaffer collateral LTP
intact (Villacres et al., 1998). In this mouse, high concentration of forskolin was still
capable of enhancing transmission, suggesting that downstream signaling of cAMP was
intact. In the PKA knockout mouse, both electrically stimulated mossy fiber LTP and
35

forskolin enhanced synaptic transmission were abolished, confirming the essential role
of cAMP/PKA signaling in presynaptically expressed LTP (Huang et al., 1995).
1.3.1.2 Reduction of cAMP/PKA activity in presynaptically expressed LTD
cAMP/PKA activity is suggested to be down-regulated in presynaptically
expressed LTD at the hippocampal mossy fiber-CA3 synapses (Tzounopoulos et al.,
1998), the hippocampal interneuron-pyramidal cell synapses (Chevaleyre et al., 2007),
the nucleus accumbens synapses (Robbe et al., 2002a; Mato et al., 2008), and
excitatory synapses onto dopamine neurons in the ventral tegmental area (HajDahmane and Shen 2010). PKA inhibitor, KT5720, H-89 or PKI has been shown to
occlude tetanus-induced or pharmacologically-induced LTD by suppressing basal
transmission at the nucleus accumbens synapses and the hippocampal interneuronpyramidal cell synapses (Robbe et al., 2002a; Chevaleyre et al., 2007; Mato et al.,
2008). The down-regulation of PKA is localized to the presynaptic neuron by the fact that
neither basal transmission nor LTD was altered when a membrane impermeable form of
PKI was delivered to the postsynaptic cell via the recording pipette, excluding the
involvement of postsynaptic PKA (Chevaleyre et al., 2007).
Interestingly, presynaptic LTD at these three synapses requires activation of Gprotein coupled receptors, mGluR2/3s or CB1Rs. At the nucleus accumbens synapses,
where both receptors are present at the presynaptic terminals, mGluR2/3-LTD and eCBLTD mutually occlude, suggesting that both forms of presynaptic LTD share a common
mechanism (Mato et al., 2005). Indeed, both receptors are coupled to GαI; the αi effector
limb of both signaling cascade inhibits adenylyl cyclase activity thus the cAMP/PKA
pathway (Pin and Duvoisin 1995; Childers and Deadwyler 1996). The involvement of
Gαi-coupled receptors and their down-regulations of the adenylyl cyclase activity further
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suggest that presynaptic LTD may be expressed through a reduction in the cAMP/PKA
kinase activity.
Brief activation of CB1R alone is not sufficient to induce presynaptic LTD,
suggesting that other signaling pathways might be involved besides a reduction in the
cAMP/PKA kinase activity (Gerdeman et al., 2002; Heifets et al., 2008; Heifets and
Castillo 2009; Lovinger 2010). At the hippocampal interneuron-pyramidal cell synapses,
Heifets et al. (2008) found that, calcineurin, a calcium-activated phosphatase, is required
for eCB-LTD. This finding supports a model where the balance of kinase and
phosphatase activity is shifted in presynaptically expressed long-term plasticity.
The involvement of the cAMP/PKA pathway in presynaptically expressed longterm plasticity has been firmly established in the last decade. However, the downstream
effector has not yet been fully identified. Two presynaptic proteins, synapsin and
rabphilin, both phosphorylated by PKA, are not required in presynaptic long-term
plasticity (Spillane et al., 1995; Lonart and Sudhof 1998; Hosaka et al., 1999; Schlüter et
al., 1999). Another PKA substrate at the presynaptic terminal, RIM1α, is required for
many forms of presynaptic long-term plasticity (reviewed in the next section). However,
in the RIM1α knockout mouse, despite the lack of mossy fiber LTP, basal transmission
can still be enhanced by forskolin, suggesting that PKA may function in parallel with
RIM1α (Castillo et al., 2002). Furthermore, a PKA phosphorylation site of RIM1α, Serine
413, shown to be necessary for presynaptic LTP in a cerebellar culture model, has been
shown not required for presynaptic long-term plasticity in acute brain slices, both in a
knockin model and an acute in vivo rescue model (Lonart et al., 2003; Kaeser et al.,
2008; Yang and Calakos 2010). To date, the PKA targets underlying presynaptic longterm plasticity remain to be elucidated.
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1.3.2 Presynaptic long-term plasticity expressed as changes in the
release machinery
Vesicle exocytosis is tightly regulated at the presynaptic terminal; the release
machinery and its modulators are believed to be responsible for plastic changes in
neurotransmitter release (Sudhof 2004; Garcia-Junco-Clemente et al., 2005; Heifets and
Castillo 2008). In this section, I will discuss putative molecular targets in the synaptic
vesicle cycles important for presynaptic expressed long-term plasticity.
1.3.2.1 RIM1α
RIM1α is a presynaptic scaffolding protein at the active zone; it binds to many
molecules involved in neurotransmitter release, such as Munc13, active zone proteins
essential for vesicle priming, synaptotagmin1, calcium sensors for fast synchronous
release, Rab3, GTPase associated with synaptic vesicles, and voltage-gated calcium
channles (VGCCs)(Fig. 2)(Fischer von Mollard et al., 1991; Wang et al., 1997; Betz et
al., 2001; Coppola et al., 2001; Wang et al., 2001; Ohtsuka et al., 2002; Schoch et al.,
2002; Sun et al., 2003; Kiyonaka et al., 2007; Deng et al., 2011; Han et al., 2011; Kaeser
et al., 2011). RIM1α has been shown to be required for presynaptic LTP at hippocampal
mossy fiber-CA3 synapses, Schaffer collateral-CA1 synapses, cerebellar parallel fiber
synapses, cortical lateral amygdala synapses, as well as presynaptic LTD at inhibitory
synapses in hippocampus, in basolateral amygdala, and at cerebellar stellate cell
synapses (Castillo et al., 2002; Huang et al., 2005; Chevaleyre et al., 2007; Fourcaudot
et al., 2008; Lachamp et al., 2009). Interestingly, while deleting RIM1α abolishes
presynaptic LTD at inhibitory synapses, RIM1α deletion enhances presynaptic LTD at
hippocampal mossy fiber-CA3 synapses (Castillo et al., 2002). These observations
indicate that RIM1α may have different functions at excitatory and inhibitory synapses.
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Nevertheless, changes in the release machinery via RIM1α may be a general
mechanism underlying presynaptically expressed long-term plasticity.
RIM1α has been shown to promote vesicle priming thereby enhancing
neurotransmitter release (Calakos et al., 2004; Deng et al., 2011). Recent studies also
showed that RIM1α interacts with VGCCs, affecting their kinetics, their targeting to the
presynaptic terminals and their coupling to synaptic vesicles (Kiyonaka et al., 2007;
Deng et al., 2011; Han et al., 2011; Kaeser et al., 2011). Since RIM1α binds to many
presynaptic proteins with different roles in vesicle exocytosis, it is not clear which
interaction is responsible for presynaptic long-term plasticity. Studies to clarify the roles
of binding partner(s) of RIM1α and corresponding cellular processes in presynaptic longterm plasticity are warranted as undertaken here.

1.3.2.2 Rab3A
Rab3A is a small GTPase located on synaptic vesicles. Rab3A cycles between
the GDP-bound inactive form and GTP-bound active form, and this change in activity is
associated with the synaptic vesicle cycle at presynaptic terminals (Fischer von Mollard
et al., 1991; Sudhof 2004). Rab3A was found to modulate the basic release machinery;
deleting Rab3A or interfering with its normal cycle of GTP/GDP exchange reduced the
size of evoked excitatory postsynaptic currents (EPSC) and altered short-term plasticity
(Castillo et al., 1997; Yamaguchi et al., 2002; Schluter et al., 2004; Sakane et al., 2006;
Schluter et al., 2006). Rab3 proteins were also implicated in active zone dynamics; at
Drosophila neuromuscular junction, Rab3 deletion resulted in a lot of presynaptic
terminals lacking active zone proteins and calcium channels, whereas late addition of
Rab3 rapidly reverse the phenotype (Graf et al., 2009). Rab3A deletion abolished both
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presynaptic LTP and LTD at hippocampal mossy fiber-CA3 synapses, as well as
presynaptic LTP at cortical–lateral amygdala synapses and late phase LTP at CA3-CA1
synapses (Castillo et al., 1997; Tzounopoulos et al., 1998; Huang et al., 2005). Whether
Rab3A is required for presynaptic long-term plasticity at inhibitory synapses has not yet
been investigated.
Due to its interaction with RIM1α and their dual requirement for presynaptic LTP
at excitatory synapses, Rab3A is believed to function together with RIM1α during
presynaptic long-term plasticity (Sudhof 2004; García-Junco-Clemente et al., 2005)
(Kaeser and Kwon and Chiu et al., 2008). However, Rab3A knockout mice and RIM1α
knockout mice display different presynaptic LTD phenotypes at hippocampal mossy
fiber-CA3 synapses, suggesting that Rab3A and RIM1α may play different roles. It has
been recently shown that Rab3 proteins can rapidly recruit presynaptic proteins to active
zones (Graf et al., 2009); these findings raise the possibility that Rab3A may also
regulate the distribution of release machinery during presynaptic long-term plasticity.
1.3.2.3 Munc13
Munc13 proteins are active zone proteins required for vesicle priming (Augustin
et al., 1999). In the absence of full-length Munc13 proteins (Munc13-1 and Munc13-2
double KO mice), no vesicle priming was detected in hippocampal excitatory synapses
of autaptic cultured pyramidal neurons, resulting in a complete loss of spontaneous and
evoked synaptic transmission (Varoqueaux et al., 2002). Munc13 proteins have multiple
functional domains. Current evidence supports an essential role for the MUN domain in
vesicle priming (Basu et al., 2005; Stevens et al., 2005), a regulatory role for the C2A
domain in vesicle priming (Betz et al., 2001; Deng et al., 2011), and roles for the C2
domains, C1 domain, and calmodulin (CaM)-binding sequence in short-term synaptic
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plasticity (Junge et al., 2004; Basu et al., 2007; Shin et al., 2010). The C2A domain
Munc13 interacts with RIM1α; disruption of this interaction resulted in autoinhibitory
homo-dimerization of Munc13, which reduced the size of RRP and evoked EPSC in
cultured neurons (Betz et al., 2001; Deng et al., 2011). These observations suggest that
the molecular state of Munc13-1 and/or its interaction with RIM1α could potentially be
regulated to support presynaptic long-term plasticity. Unfortunately, deleting Munc13-1
completely abolishes neurotransmitter release (Varoqueaux et al., 2002), making it
difficult to investigate the role of Munc13-1 in presynaptic long-term plasticity.

The synaptic vesicle cycle is tightly regulated at each step (Sudhof 2004). It is a
challenging task to elucidate the complete set of key players for presynaptically
expressed long-term plasticity (García-Junco-Clemente et al., 2005). Although recent
studies have advanced our knowledge of how presynaptic molecular networks promote
different physiological outputs, it is still not clear which are the critical protein interactions
or crucial steps in the vesicle cycle underlying presynaptic long-term plasticity. Specific
alterations of the release machinery during long-term plasticity remain to be investigated.

1.3.3 Presynaptic long-term plasticity expressed as changes in
calcium transients through voltage-gated calcium channels
(VGCCs)
Calcium influx through VGCCs is an essential step in triggering fast synchronous
neurotransmitter release. It has been shown that the magnitude and duration of the
calcium transients as well as the basal intracellular calcium concentration greatly shape
release probability (Sudhof 2004; Neher and Sakaba 2008). Therefore, factors affecting
intracellular calcium concentration can be dynamically regulated to mediate a change in
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neurotransmitter release. Such factors include the open probability and open duration of
VGCCs, the intracellular calcium stores, and the calcium buffers that shape the calcium
microdomains. To date, only the calcium transients and the functions of VGCCs have
been studied in the expression of presynaptic long-term plasticity.
At nucleus accumbens synapses, where mGluR2/3- and eCB-LTD are present
and may both function through suppression of the cAMP/PKA pathway, P/Q-type
VGCCs are selectively inhibited to reduce neurotransmission in presynaptic LTD. At the
plateau phase of agonist-induced mGluR2/3-LTD, the relative contributions of P/Q-type
VGCC to field excitatory post-synaptic potentials were greatly reduced (Robbe et al.,
2002a). Further, blockade of P/Q-type throughout the experiment, but not L- or N-type
VGCCs, occluded agonist-induced mGluR2/3-LTD and tetanus-induced eCB-LTD
(Robbe et al., 2002a; Mato et al., 2008). These findings indicate that presynaptic LTD in
the nucleus accumbens is expressed by inhibition of P/Q-type VGCCs.
Selective inhibition of P/Q-type VGCC has also been reported in presynaptic LTD
at the mossy fiber-stratum lucidum interneuron synapses. At these synapses, calcium
transient is reduced after HFS-induced LTD; this reduction is due to a reduction of
calcium influx through the P/Q-type VGCCs, as shown by pharmacology experiments
(Pelkey et al., 2006).
Presynaptic LTP, however, is not associated with an enhanced function of
VGCCs. Multiple groups have shown with different calcium indicators that, calcium
transients were unaltered at the mossy fiber bouton after LTP expression (Regehr and
Tank 1991; Kamiya et al., 2002; Quinta-Ferreira and Matias 2004; Pelkey et al., 2006).
At the mossy fiber-stratum lucidum interneuron synapses, where LTD results from a
reduction in calcium influx, de-depression or LTP of the same synapse does not involve
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a reversal increase of the calcium transient, suggesting that LTP and LTD are not mere
reciprocals of each other mechanistically (Pelkey et al., 2008). This observation also
excludes the slight possibility that none of the calcium indicator was sensitive enough to
detect a change in calcium transients before and after long-term plasticity, confirming
that regulation of calcium transient is not involved in presynaptic LTP.

1.3.4 Presynaptic long-term plasticity expressed as changes in
presynaptic excitability
Changes in presynaptic excitability as an expression mechanism for presynaptic
long-term plasticity is suggested by a recent study examining the developing
hippocampus of rats (Yasuda et al., 2008). At postnatal days 2-10, eCB-mediated
heterosynaptic LTD was observed in CA3-CA1 synapses. This depression was
associated with a decrease in fiber volley amplitude. Inhibition of potassium channels,
major regulators for excitability, blocked fiber volley depression and synaptic depression.
These results suggest that synaptic depression in developing hippocampus may be
secondary to a reduction of presynaptic excitability. Interestingly, both fiber volley
depression and synaptic depression were abolished by bath application of forskolin,
suggesting that the cAMP/PKA signaling cascade may be involved in regulating
excitability in early development (Yasuda et al., 2008). These findings reinforce the idea
that ion channel properties influence neurotransmitter release, and suggest that
regulation of ion channels beside the voltage-gated calcium channels may contribute to
presynaptic long-term plasticity.
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1.4 Technical difficulity in studying presynaptic long-term
plasticity
The technical difficulity I face when studying presynaptic LTP is due to the fact
that synaptic activities are measured by postsynaptic electric response (Fig. 3A), which
render manipulation of postsynaptic proteins in electrophysiology experiments
significantly easier than manipulation of presynaptic proteins. To study postsynaptic
protein functions, one can express exogenous protein mutant together with a marker,
and use the marker to identify manipulated neurons; every synapses of the postsynaptic
neuron with the marker expresses the exogeneous protein and the electrophysiological
signal comes purely from manipulated synapses (Fig. 3B). However, if only a subset of
presynaptic neurons is manipulated, only a small and unknown percentage of synaptic
inputs recorded are from synapses expressing mutant proteins (Fig. 3C), making it
difficult to detect any significant manipulations. This difficulty can be overcome by
generation of knockout or knockin mice, yet this approach is costly, time intensive and
cannot distinguish whether an alteration is due to acute or developmental effects.
Therefore, I developed a novel platform to perform robust acute genetic manipulation of
synapses that express presynaptic LTP. Such a platform is described in Chapter 2 and
is used for the dissertation work.
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Figure 3: Presynaptic protein function in synaptic plasticity
is difficult to study via fast genetic manipulations
A, synaptic activities are measured postsynaptically via electrophysiology. B, marker
identification of genetically manipulated postsynaptic neurons ensures that all synapses
assayed by electrophysiological recordings express the mutant proteins. C, for
presynaptic protein manipulation, the percentage of manipulated synapses contributing
to the electrophysiological signal is small and unknown.
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2 Acute in vivo genetic rescue demonstrates that
phosphorylation of RIM1α serine 413 is not required
for mossy fiber LTP
2.1 Introduction
Synaptic plasticity, the modulation of synaptic efficacy, has long been considered
to be a primary neural mechanism for learning and memory (Kandel 2001; Fusi et al.,
2005). Synaptic plasticity may be expressed either presynaptically, through changes in
neurotransmitter release, or postsynaptically, through alterations in neurotransmitter
receptor activity or localization. Many forms of presynaptic long term plasticity require
signaling through cyclic AMP and cAMP-dependent protein kinase A (PKA) (Huang et
al., 1994; Weisskopf et al., 1994, 1995; Tzounopoulos et al., 1998; Villacres et al., 1998;
Nguyen and Woo 2003, Chevaleyre et al., 2007). In addition to PKA signaling, a
requirement for the presynaptic proteins, Rab3a and RIM1α, has also been
demonstrated (Castillo et al., 1997; Castillo et al., 2002; Chevaleyre et al., 2007;
Fourcaudot et al., 2008). Yet how the activities of these components are orchestrated to
produce long lasting changes in synaptic efficacy remains poorly understood.
RIM1α is an active zone scaffold protein that binds to many presynaptic proteins
involved in neurotransmitter release and synapse formation (Wang et al., 1997, 2000,
2002; Zhen and Jin 1999; Betz et al., 2001; Coppola et al., 2001; Wang et al., 2001;
Ohtsuka et al., 2002; Schoch et al., 2002; Sun et al., 2003; Kiyonaka et al., 2007).
RIM1α has been shown to be required for PKA-dependent, presynaptic LTP at
hippocampal mossy fiber synapses, cerebellar parallel fiber synapses (Castillo et al.,
2002) and cortical-lateral amygdala synapses (Fourcaudot et al., 2008), as well as PKAdependent, presynaptic LTD at hippocampal inhibitory synapses (Chevaleyre et al.,
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2007). Because RIM1α contains PKA phosphorylation sites, it has been proposed to be
the downstream effector of PKA signaling in presynaptic long-term plasticity (Lonart el
al., 2003; Sudhof 2004). This hypothesis was strengthened by the observation that
acutely expressing RIM1α with a mutated PKA phosphorylation site failed to restore
presynaptic LTP to RIM1α-/- neurons and suppressed LTP in wild-type neurons that were
cultured from embryonic cerebellum (Lonart et al., 2003). However, examination of a
knockin mouse with this same mutation (S413A) failed to find any defects in presynaptic
LTP, either at parallel fiber or mossy fiber synapses (Kaeser et al., 2008). These
conflicting results raise concerns that the expression of presynaptic LTP in the knockin
mouse may have resulted from developmental compensation and/or that the results from
cultured neurons may not accurately reflect in vivo mechanisms.
Therefore, we sought to address the role of PKA-mediated phosphorylation of
serine 413 in mfLTP by means of acute genetic manipulation in the mature brain. Here
we describe a method to reconstitute mfLTP de novo by genetically manipulating
hippocampal granule cells in the adult brain through in vivo viral injection. Our approach
bypasses the issue of developmental compensation inherent to knockin strategies and
avoids concerns about ex vivo neuronal differentiation, synapse development and
connectivity that are raised by cultured neuron preparations. We demonstrate that
mfLTP can be acutely restored in RIM1α-/- mice when RIM1α is expressed only briefly in
the mature brain, indicating that RIM1α is not required during the major developmental
period of synapse formation for its role in mfLTP. We further show that phosphorylation
of RIM1α serine 413 is not required to acutely restore mfLTP in the mature, developed
brain.
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2.2 Materials and Methods
2.2.1 Plasmids and concentrated Sindbis virus preparation
Rat RIM1α cDNA was kindly provided by Dr. Thomas Sudhof and contains the
Δ83-105 splice variant at splice site A (Wang et al., 1997; Lonart et al., 2003). RIM1α
cDNA was subcloned into the pSINrep (nsP2S726) vector (provided by Dr. Pavel Osten
(Kim et al., 2004)). An internal ribosomal entry sequence (IRES) and EGFP cDNA were
subcloned from pSR5I2E (Marie et al., 2005) and inserted 3’ of the RIM1α cDNA.
Missense mutations were introduced using the Quikchange site-directed mutagenesis kit
(Stratagene). Recombinant Sindbis virus was generated according to the manufacturer’s
instructions (Invitrogen, Carlsbad, CA). In vitro transcription was performed using
Ambion mMESSAGE mMACHINE SP6 kit (Applied Biosystems/Ambion, Austin, TX) and
products were electroporated into BHK21 cells. Recombinant viral particles were
harvested 60-72 hr after electroporation, purified by centrifugation at 3,000 rpm
(Marathon 22K centrifuge, Fisher Scientific, Pittsburgh, PA), and concentrated by ultracentrifugation at 100K × g (Beckman L8M ultracentrifuge, Beckman Coulter, Inc.,
Fullerton, CA). The pellet was re-suspended in PBS. Viral titers were estimated to be 0.5
- 1 x 106 TU/µl for all viruses as detected by EGFP fluorescence following HEK cell
infection. Control virus expressed only EGFP downstream of the IRES sequence. Test
viruses expressed RIM1α cDNA upstream of the IRES sequence and EGFP. Viral
identities were unknown to the investigator during in vivo injection, data acquisition and
analysis.
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2.2.2 Stereotaxic injection
All surgeries were done in accordance with guidelines for humane care and
handling of rodents and with approval from our institutional IACUC. To reduce
procedural variability, surgeries were performed on batches of 4 to 10 mice at a time.
Four-week-old mice were anesthetized with avertin (2-2-2 tribromoethanol)
intraperitoneally and placed in a stereotaxic mouse head holder (David Kopf
Instruments, Tujunga, CA). Fifty nanoliters of concentrated nsP2S726 modified Sindbis
virus were injected (flow rate of 23 nl/sec) into the dentate gyrus of the hippocampus
bilaterally at 6 different depths. The initial injection coordinates relative to bregma were
anterior 1.95 mm, mediolateral 1.2 mm, dorsoventral 2.00 mm. Additional 50 nl injections
occurred each 0.05 mm during withdrawal of the injection cannula. Virus was delivered
using Nanoject II (Drummond Scientific, Broomall, PA) and the cannula remained at
each location for 1 minute following each injection.
RIM1α-/- mice were obtained as previously described (Schoch et al., 2002) and
backcrossed to c57/Bl6 at least six times prior to use. To further reduce genetic
background variability, experiments testing viral effect on mfLTP in RIM1α-/- mice were
performed on littermates. Littermate RIM1α-/- mice were obtained from RIM1α-/- x
RIM1α-/- or RIM1α-/- x RIM1α+/- breedings so that sufficient numbers (i.e.>1) of RIM1α-/mice could be obtained per litter. All homozygote parents of experimental subjects were
obtained from the breeding colony that was maintained exclusively by RIM1α+/1 x
RIM1α+/- matings. Experiments testing the effect of control EGFP virus infection on
mfLTP in wild type mice were performed on wild type mice obtained from RIM1α+/- x
RIM1α+/- breedings.
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2.2.3 Electrophysiology
Four to seven days after viral injection, acute transverse hippocampal slices (300
µm thick) from virus-injected mice were prepared and used for experiments. Infected
slices were selected for use in experimental recordings by the presence of EGFP
fluorescence detectable in more than half of the area of the dentate gyrus viewed in the
horizontal plane (Fig. 8B). Recordings were done in normal aCSF containing (in mM):
119 NaCl, 2.5 KCl, 1.3 MgSO4, 2.5 CaCl2, 1.0 NaH2PO4, 26.2 NaHCO3 and 10 Dglucose, saturated with 95% O2 and 5% CO2 and perfused at 2 ml/minute. A monopolar
stimulation electrode with 2M NaCl was placed in a region of stratum granulosum with
EGFP fluorescence. Mossy fiber responses were monitored at room temperature by
extracellular field potentials (fEPSPs) from the stratum lucidum in the CA3 area at a
frequency of 0.05 Hz unless otherwise indicated. Baseline stimulation was adjusted to
yield fEPSP responses between 0.4 and 0.7 mV. The average stimulus intensity was
0.33 ± 0.03 mA for control EGFP viral slices and 0.29 ± 0.03 mA for test RIM viruses (p
= 0.18). Mossy fiber contribution to the field potentials was confirmed at the end of each
experiment by sensitivity to pharmacological blockade by 3 µM DCG-IV, a group II
metabotropic glutamate receptor agonist that selectively suppresses mossy fiber
synaptic transmission (Nicoll and Schmitz 2005; Gibson et al.,, 2005). Data were
included only if the remaining response was less than 10% of the initial baseline
response. Mossy fiber LTP was induced by a single tetanus (25 Hz for 5s) in the
presence of an NMDA-type antagonist (50 mM APV) during tetanic induction as
previously described (Castillo et al., 2002). Mossy fiber LTP is reported as the average
fEPSP amplitude during the period 50-60 min. post-tetanus relative to the baseline
period (10 min. prior to tetanus). Data were acquired at 10 kHz and filtered at 1 kHz.
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2.2.4 Immunohistochemistry
RIM1α-/- mice infected with RIM1α-IRES-EGFP virus were sacrificed four days
after in vivo injection and perfused with ice-cold PBS and 4% paraformaldehyde (PFA).
Hippocampi were fixed overnight in 4% PFA. Transverse hippocampal slices (50 µm)
were cut on a Leica vibratome. Slices were incubated with RIM mouse monoclonal
antibody (product no. 610907, 1:1000, BD Transduction Laboratory) for 36 h at 4oC.
Slices were incubated with secondary antibody, Alexa 568 goat anti-mouse IgG (1:800,
Invitrogen) for 2 h at room temperature. Slices were Hoechst stained (2 µM) for 10 min
before final PBS wash and mounting. Images were obtained with a Zeiss LSM510
inverted confocal microscope. Excitation wavelengths were 405 nm (Hoechst) and 561
nm (anti-RIM, Alexa 568). Immunostaining of uninfected RIM1α-/- mice was performed as
a control for antibody specificity (Fig. 6). Figures 4A, 5A and 5B were taken with a 10X
objective and a focal plane of 10 µm. Figures 4B, 4C, and 5C-F were taken with a 40X
oil objective and a focal plane of 1 µm. Infectivity rates were evaluated in confocal
images taken from slices in which a minimum of 50% of the dentate gyrus showed
dense RIM immunostaining as assessed using epifluorescent imaging to correlate with
slices that would be selected for electrophysiological recordings (Fig. 5A). Infectivity was
calculated as the percentage of Hoechst stain signal in the dentate gyrus that had RIM
immunostaining (Fig. 5C). Infectivity ranged from 57-92% (74% ± 4%; 8 slices, 3
hippocampi) in 10 µm thick optical sections and 30-68% (50% ± 3%, 18 images, 3
hippocampi) in 1 µm thick optical sections.

2.2.5 Data Analysis
All summary data are presented as mean ± S.E.M. as a percentage of the
baseline. To avoid false-positives from multiple testing, repeated measure ANOVA and
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Kruskal-Wallis test were performed on all data from different groups (66 slices total, 7
groups, p < 10-3 for both tests). Subsequent ad hoc comparisons were performed using
Student’s t-test and Wilcoxon rank order test. Both tests yielded similar conclusions. For
brevity, only results from student’s t-test are presented. In all figures, an asterisk (*)
indicates p-value < 0.05, exact values are stated in text.

Figure 4: Modified Sindbis virus has reduced toxicity
Live cell phase contrast and fluorescent images of cultured hippocampal neurons
infected with unmodified or modified nsP2S726 Sindbis virus as indicated. Scale bar is 50
µm. Unmodified Sindbis viral infection kills nearly all neurons by 7 days after infection;
both phase contrast image (H) and fluorescent image (G) showed only cell debris. In
contrast, neurons infected with nsP2S726 modified Sindbis virus showed normal
morphology (J) and EGFP expression (I) 7 days after infection. Images were taken with
20X objective.
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Figure 5: High infectivity of modified Sindbis virus
RIM immunostaining in hippocampus of RIM1α-/- mice following infection with RIM1αIRES-EGFP nsP2S726 modified Sindbis virus demonstrates high infectivity. (A) Low
magnification image of transverse hippocampal slice. Scale bar is 200 µm. (B, C) High
magnification images of transverse hippocampal slices. Scale bar is 20 µm. (B) CA3
region. (C) Granule cells of the dentate gyrus. Hoechst staining (blue), RIM
immunostaining (red). DG, dentate gyrus. MFT, mossy fiber tract.
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Figure 6: Lack of RIM immunostaining in hippocampus of RIM1α KO mice
demonstrates antibody specificity
(A, B) Low magnification image of transverse hippocampal slice. Scale bar is 200 µm.
(C-F) High magnification images of transverse hippocampal slices. Scale bar is 20 µm.
(C, D) CA3 region. (E, F) Granule cells of the dentate gyrus. Hoechst staining (blue),
RIM immunostaining (red). DG, dentate gyrus. MFT, mossy fiber tract.

2.3 Results
2.3.1 Acute expression of RIM1α in RIM1α-/- mice restores mossy
fiber LTP
To acutely rescue mfLTP in RIM1α-/- mice, we took advantage of the high
infectivity and low toxicity of an nsP2S726 mutant Sindbis virus. The S726 mutation of the
nsP2 protein impairs the ability of the virus to shut down host protein synthesis and has
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markedly reduced toxicity (Fig. 4; Dryga et al., 1997; Jeromin et al., 2003; Kim et al.,
2004). In order to manipulate synapses in the most physiological setting, virus was
delivered to the dentate gyrus of 4-week-old mice by in vivo stereotaxic injection. We
observed that nsP2S726 Sindbis virus had a very high infectivity of granule cells (30-92%,
Fig. 5C) such that we could routinely visualize EGFP fluorescence in greater than half of
the area of the dentate gyrus (viewed in the horizontal plane of acute transverse
hippocampal slices) (Fig. 8B). We reasoned that this high degree of infectivity should
produce a detectable effect at the population level; therefore, we chose to monitor
synaptic responses using field excitatory postsynaptic potentials (fEPSP). In this way,
variability related to uncertain connectivity of any individual postsynaptic cell was
minimized. To decrease variation due to degree of infection, only slices with greater than
50% of the dentate gyrus fluorescent were used for recording.
In RIM1α-/- slices infected with the control EGFP virus, mossy fiber fEPSP
responses displayed characteristic properties of short-term plasticity and sensitivity to
the group II metabotropic glutamate receptor agonist, DCG-IV, and were similar to those
observed in non-injected control slices (Fig. 6A,B). Similarly, infection by the control
EGFP virus did not alter synaptic responses in RIM1α-/- slices following the mfLTP
induction protocol, nor did it impair the degree of potentiation in RIM1α+/+ slices (Fig.
7C,D). These findings indicate that the in vivo viral manipulation of hippocampal granule
cells does not significantly alter mossy fiber responses.
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Figure 7: Mossy fiber response properties are normal in slices infected with
modified Sindbis virus
(A) Virally infected RIM1α-/- slices exhibit similar paired-pulse facilitation as RIM1α-/slices without in vivo injection. (B) Virally infected RIM1α-/- slices show marked frequency
facilitation and sensitivity to DCG-IV, similar to RIM1α-/- slices without in vivo injection.
Sample sizes for A, B were: RIM1α-/- (mice without in vivo injection) 4 slices/3 mice;
EGFP (RIM1α-/- mice infected with EGFP virus) 11 slices/3 mice. Horizontal bar indicates
stimulation frequency and period of drug application. (C) Virally infected slices
expressing EGFP exhibit similar mfLTP as slices from RIM1α+/+ and RIM1α-/- mice
without in vivo injection. Traces are from periods immediately before (solid trace) and 60
min after (dashed trace) tetanus. (D) Mean level of mfLTP measured from 50-60 min
after tetanus. Sample sizes for C, D were: RIM1α-/- 6 slices/3 mice; EGFP in RIM1α-/- 12
slices/5 mice; RIM1α+/+ 7 slices/6 mice; EGFP in RIM1α+/+ 6 slices/3 mice.
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We next examined whether acute expression of RIM1α in hippocampal granule
cells in the mature brain was able to rescue mfLTP in RIM1α-/- mice. Following mfLTP
induction, evoked mossy fiber responses from slices expressing RIM1α exhibited longlasting potentiation of fEPSPs (Fig. 8C,D and Fig. 9, RIM1α 135 ± 6%, 11 slices/7 mice).
In contrast, slices expressing the EGFP control virus failed to exhibit appreciable mfLTP
(EGFP 114 ± 4%, 12 slices/5 mice; p = 0.009 RIM1α vs. EGFP in RIM1α-/- slices). The
average percentage of mfLTP after RIM virus infection in RIM1α-/- slices is approximately
70% of that observed in wildtype RIM1α+/+ slices (Figure 7C,D; EGFP in RIM1α+/+ slices
151 ± 6%, 6 slices/3 mice; p = 0.096 RIM1α in RIM1α-/- slices vs. EGFP in RIM1α+/+
slices). This is not surprising given that the extracellular field potentials represent activity
from a population average of infected and uninfected cells. However, it is notable that,
in some experiments, we do obtain mfLTP values comparable to the highest noted in
wildtype recordings suggesting that it is possible to rescue to wildtype levels.
We next evaluated whether acute expression of RIM1α altered short-term
plasticity of mossy fiber synapses. We found no significant changes in paired-pulse
ratios, frequency facilitation or sensitivity to DCG-IV as a result of acute RIM1α
expression (Fig. 8E, F). These findings in conjunction with a previous study which
demonstrated that embryonic deletion of RIM1α did not change mossy fiber short-term
plasticity (Castillo et al., 2002) suggest that RIM1α plays a significant role in long-term
but not short-term plasticity at these synapses.
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Figure 8: Postnatal viral-mediated expression of RIM1α rescues mossy
fiber LTP in RIM1α KO mice, without altering short-term plasticity
(A) Schematic representation of the experimental strategy. (B) Representative example
of an acute hippocampal slice expressing EGFP, illuminated by both epifluorescent and
white light. Scale bar is 500 µm. (C) Summary of mfLTP experiments in hippocampal
slices. Example traces are an average of 3 responses obtained over a minute from
periods immediately before (solid trace) and 60 min after (dashed trace) tetanus. (D)
Mean level of mfLTP measured from 50-60 min after tetanus. Sample sizes for C, D
were: EGFP in RIM1α-/- mice 12 slices/5 mice; RIM1α in RIM1α-/- mice 11 slices/7 mice;
EGFP in RIM1α+/+ mice 6 slices/3 mice. (E) RIM1α-/- slices expressing RIM1α exhibit
similar paired-pulse facilitation to those expressing control EGFP virus. (F) RIM1α-/slices expressing RIM1α show marked frequency facilitation and sensitivity to DCG-IV,
similar to RIM1α-/- slices expressing EGFP alone. Sample sizes for E and F were: EGFP
11 slices/3 mice; RIM1α 9 slices/3 mice. Horizontal bar indicates stimulation frequency
and period of drug application. DG, dentate gyrus. MFT, mossy fiber tract.

Figure 9: Example mfLTP experiment from RIM1α KO slice infected with
virus expressing RIM1α and EGFP
Horizontal bar indicates the period of drug application. Sample fEPSP traces were taken
at the times indicated. FV, fiber volley. HFS, high frequency stimulation (25 Hz for 5 sec)
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2.3.2 The phosphorylation site-deficient mutant of RIM1α rescues
mossy fiber LTP in RIM1α-/- mice
Using this acute, in vivo rescue approach, we examined the role of RIM1α serine
413 phosphorylation in mfLTP. A serine to alanine substitution at amino acid 413 was
made to prevent phosphorylation at this site, as had been done in previous studies
(Lonart et al., 2003; Kaeser et al., 2008). Following S413A mutant RIM1α viral infection,
robust mfLTP could still be observed (Fig. 10, 145 ± 7%, 12 slices/5 mice; p = 0.001
compared to EGFP; p = 0.28 compared to RIM1α). These results indicate that acute
expression of either S413A mutant or wild type RIM1α in hippocampal granule cells can
restore mfLTP in young adult RIM1α-/- mice.

Figure 10: Postnatal viral-mediated expression of S413A mutant RIM1α
rescues mfLTP in RIM1α KO mice
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2.3.3 The enhanced-14-3-3-binding mutant of RIM1α does not
occlude LTP at mossy fiber synapses in RIM1α-/- mice
It has been proposed that phosphoserine-dependent binding of 14-3-3 proteins to
RIM1α at the S413 residue is also required for the expression of presynaptic LTP. In
support of this idea, a V415P mutation of RIM1α, which markedly enhances phosphoserine 413 binding to 14-3-3 proteins in vitro, has been shown to enhance basal release
and occlude LTP in cerebellar cultures from RIM1α-/- mice (Simsek-duran et al., 2004).
These observations provide a second opportunity to test the relevance of S413
phosphorylation in our in vivo rescue platform. In contrast to the cerebellar culture
results, acute in vivo expression of V415P mutant RIM1α was able to rescue mfLTP (Fig.
11, 149 ± 10%, 12 slices/7 mice; p = 0.004 compared to EGFP; p = 0.25 compared to
RIM1α). Thus, two distinct mutations that interfere with phosphoserine-dependent
signaling of RIM1α at the S413 site demonstrate that this is not a requirement for the
expression of presynaptic LTP at mossy fiber synapses.
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Figure 11: Postnatal viral-mediated expression of the enhanced 14-3-3
binding mutant V415P of RIM1α rescues mfLTP in RIM1α KO mice

2.4 Discussion
In contrast to the ease of manipulation and advances in understanding
postsynaptic physiology enabled by acute genetic manipulation of postsynaptic proteins
(Pettit et al., 1994; Lissin et al., 1998; Takahashi et al., 2003), similar investigations of
presynaptic physiology have been far more limited. Unlike the study of postsynaptic
proteins, where one can directly patch on a neuron that expresses a fluorescent marker
indicating infection and modification of all postsynaptic sites, acute manipulation of
presynaptic proteins is limited by technical hurdles related to the often sparse and
variable connectivity of genetically modified inputs to postsynaptic cells. Previous
methods for overcoming this limitation have included using paired recordings of pre- and
post-synaptic cells (Lonart et al., 2003; Wimmer et al., 2004), autaptic cultured neurons
in which a single cell synapses only with itself (Rhee et al., 2002), and herpes viral
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infection of rat granule cells to inhibit mfLTP (Dumas et al., 1999). However, these
methodologies present significant limitations. First, not all brain circuits have sufficient
connectivity in brain slices to make paired recordings feasible, as is the case between
the dentate gyrus and CA3 (Nicoll and Schmitz 2005). Second, culture models raise the
possibility of divergence from in vivo mechanisms. Third, few viruses can achieve both
the high infectivity and low toxicity necessary to overcome issues raised by low or
variable connectivity of genetically modified inputs. As a result, most studies
investigating the molecular mechanisms of presynaptic LTP have relied upon the
generation of transgenic mouse models (Villacres et al., 1998; Castillo et al., 1997, 2002;
Kaeser et al., 2008) - an approach that is costly, time-intensive, and makes it difficult to
distinguish direct effects from those resulting from developmental compensation. Here
we provide a novel approach for investigating the molecular mechanisms of presynaptic
LTP that circumvents many of these limitations.
In this study, we have, for the first time, acutely reconstituted mfLTP in the
mature brain of a mutant mouse that normally lacks this form of LTP. We employed the
RIM1α-/- genetic background in these studies because to date, the mechanism by which
RIM1α is required for mfLTP is unknown. RIM1α interacts with many presynaptic
proteins that each could potentially be involved in mediating presynaptic long-term
plasticity. For example, the interaction with α-liprin, a protein involved in active zone
organization (Zhen and Jin, 1999), suggests that RIM1α may play a role in synapse
formation. Because acute expression of RIM1α in the mature brain can restore mfLTP,
our results suggest that a role for RIM1α in synapse development is unlikely to underlie
its requirement for mfLTP.
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We also used this approach to test whether there was evidence to support the
idea that S413 of RIM1α serves as a phosphorylation-dependent switch required for the
expression of presynaptic LTP. This idea gained support from a series of studies that
acutely rescued LTP in cerebellar cultures prepared from embryonic RIM1α-/- mice
(Lonart et al., 2003; Simsek-duran et al., 2004). However, in contrast to this idea, both
cerebellar parallel fiber and hippocampal mossy fiber LTP were intact in the genetic
knockin mouse, which contained an S413A mutation in the RIM1 gene (Kaeser et al.,
2008). Here we show that two mutations interfering with the phosphorylation-dependent
signaling of RIM1α serine 413 (S413A and V415P) are both capable of restoring
presynaptic LTP acutely using intact, post-development brain circuitry. These findings
are in agreement with the S413A knockin mouse study and bypass concerns about
developmental compensation.
Several differences remain between the two acute genetic rescue approaches
that might account for the divergent results. For example, plasticity mechanisms might
be different between cerebellar granule cell-Purkinje cell synapses and hippocampal
mossy fiber synapses; although in brain slice studies, parallel fiber and mossy fiber LTP
appear to have shared mechanisms and the S413A knockin mutation left LTP intact at
both of these sites (Nicoll and Schmitz 2005; Kaeser et al., 2008). Alternatively, plasticity
mechanisms might differ between neurons cultured from embryonic tissue and those
from intact adult brain slices. Lastly, mechanisms responsible for the divergent results
might engage in the one-day window between the time of the cultured neuron
observations (20 - 54 hrs) and our mfLTP recording period (4 - 7 days).
In summary, we show for the first time that mfLTP can be reconstituted de novo
in the mature brain of mice normally lacking this form of plasticity. Our results
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demonstrate that the role of RIM1α in mfLTP is not due to a requirement for RIM1α
during the major period of brain development. Using this acute rescue approach, we
provide two lines of evidence that phosphorylation of RIM1α S413 is not required for
mfLTP, indicating that the mechanism for the requirement of PKA in presynaptic LTP is
still unknown. Our approach provides a useful tool in the otherwise limited
armamentarium to pursue this question as well as investigate more generally the
mechanisms of presynaptic long-term plasticity.
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3 Munc13-1 is required for long-term potentiation
3.1 Introduction
Neurotransmitter release via synaptic vesicle exocytosis is a central event in
neuronal communication. It is restricted spatially to presynaptic active zones
(Rosenmund et al., 2003; Sudhof, 2004). Active zone proteins organize the docking and
priming of synaptic vesicles, and mediate activity-dependent changes of release in shortand long-term forms of synaptic plasticity (García-Junco-Clemente et al., 2005; Rizo and
Rosenmund, 2008).
Munc13 proteins are a family of active zone proteins (Munc13-1, Munc13-2,
Munc13-3 and Munc13-4). Munc13 proteins are required for neurotransmission; in the
absence of Munc13 proteins, there is a complete loss of spontaneous and evoked
synaptic transmission (Augustin et al., 1999; Rosenmund et al., 2002; Varoqueaux et al.,
2002). The roles of Munc13-1 and 13-2 in basal release properties and short-term
synaptic plasticity have been extensively studied. Current evidence supports an
essential role for the MUN domain in vesicle priming (Basu et al., 2005; Stevens et al.,
2005), a regulatory role for the C2A domain in vesicle priming (Betz et al., 2001; Deng et
al., 2011), and roles for the C2 domains, C1 domain, and calmodulin (CaM)-binding
sequence in short-term synaptic plasticity (Junge et al., 2004; Basu et al., 2007; Shin et
al., 2010). The contributions of Munc13 proteins to long-term forms of synaptic plasticity
are much less studied. Munc13-2 knockout mice have normal long-term presynaptic
plasticity at mossy fiber synapses in the hippocampus (Breustedt et al., 2010). However,
the involvement of Munc13-1, the major Munc13 protein in the brain, in long-term
presynaptic plasticity has not yet been tested.
Presynaptic forms of long-term plasticity are widely expressed throughout the
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brain, having been described in regions such as the cortex, cerebellum, hippocampus,
thalamus, amygdala and striatum (García-Junco-Clemente et al., 2005; Heifets and
Castillo, 2009). Presynaptic long-term potentiation (LTP) is associated with an increase
in release probability (Weisskopf and Nicoll, 1995; Salin et al., 1996), but further
understanding of the cellular basis for this change in release probability is not known. At
the molecular level, presynaptic LTP is known to require protein kinase A, the synaptic
vesicle protein, Rab3A, and the active zone protein, RIM1α (Huang et al., 1994;
Weisskopf et al., 1994; Castillo et al., 1997, 2002; Villacres et al., 1998; Fourcaudot et
al., 2008). RIM1α binds to the N-terminal C2A domain of Munc13 (Betz et al., 2001;
Dulubova et al., 2005) and can regulate priming through this interaction (Deng et al.,
2011). In this study, we investigated whether Munc13 and its interaction with RIM1α are
involved in presynaptic LTP.
To do this, we took advantage of an approach we recently developed to probe
the molecular mechanisms of presynaptic LTP (Yang and Calakos, 2010). We acutely
expressed proteins in hippocampal granule cells using in vivo viral-mediated gene
delivery and monitored the effects on mossy fiber LTP (mfLTP), a well-characterized
form of presynaptic LTP (Nicoll and Schmitz, 2005). We show that disruption of Munc131 function, by expressing either the RIM-binding domain of Munc13-1 or a RIM1α protein
that does not bind Munc13, inhibits mfLTP. Furthermore, disruption of RIM1α’s ability to
bind Munc13 also disrupts RIM1α’s ability to rescue mfLTP in RIM1α knockout (KO)
mice. These results identify for the first time, a role for Munc13 proteins in presynaptic
LTP and further show that an interaction between Munc13-1 and RIM1α underlies the
requirement for Munc13-1 in mfLTP.
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3.2 Materials and Methods
3.2.1 Plasmids and virus preparation.
Rat RIM1α cDNA was kindly provided by Dr. Thomas Sudhof (Stanford
University, Palo Alto, CA) and contains the Δ83-105 splice variant at splice site A (Wang
et al., 1997; Lonart et al., 2003). Rat Munc13-1 cDNA was kindly provided by Dr.
Christian Rosenmund (Universitätsmedizin Berlin, Berlin, Germany)(Betz et al., 2001).
Missense mutations (K144/146E) of RIM1α cDNA were introduced using the
Quikchange site-directed mutagenesis kit (Agilent Technologies Inc., Santa Clara, CA)
according to the manufacturer’s instructions. RIM1α mutations were introduced to the
cDNA in a shuttle vector prior to subcloning into the pSINrep (nsP2S726) vector (kindly
provided by Dr. Pavel Osten) (Kim et al., 2004). The N-terminal fragment of Munc13-1
(a.a. 1 – 451) was amplified from the full-length Munc13-1 cDNA with PCR and
subcloned into the pSINrep (nsP2S726) vector. An internal ribosomal entry sequence
(IRES) and EGFP cDNA were subcloned from pSR5I2E (Marie et al., 2005) and inserted
3’ of the synaptic protein cDNAs. Concentrated Sindbis viruses were generated as
previously described (Yang and Calakos, 2010). Control virus expressed only EGFP
downstream of the IRES sequence. Test viruses expressed synaptic protein cDNA
upstream of the IRES and EGFP sequences. Viral identities were unknown to the
investigator during in vivo injection, data acquisition and analysis.

3.2.2 Mice.
RIM1α-/- mice were generously provided by Dr. Thomas Sudhof (Stanford
University, Palo Alto, CA). Mice were generated and colony maintained as previously
described (Schoch et al., 2002; Yang and Calakos 2010). Wild-type mice were obtained
from RIM1α+/+ x RIM1α+/+ or RIM1α+/- x RIM1α+/- breeding; RIM1α-/- mice (KO) were
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obtained from RIM1α-/- x RIM1α-/- or RIM1α+/- x RIM1α-/- breeding. All parents of
experimental subjects were obtained from the breeding colony, which was maintained
exclusively by RIM1α+/- x RIM1α+/- mating.

3.2.3 Stereotaxic injection.
Stereotaxic injection was performed as previously described (Yang and Calakos
2010). Briefly, fifty nanoliters of concentrated nsP2S726 modified Sindbis virus were
injected (flow rate of 23 nl/sec) into the dentate gyrus of the hippocampus bilaterally at 6
different depths. The initial injection coordinates relative to bregma were anterior 2.00
mm, mediolateral 1.20 mm, dorsoventral 2.00 mm. Five additional 50 nl injections
occurred each 0.05 mm during withdrawal of the injection cannula. Virus was delivered
using Nanoject II (Drummond Scientific, Broomall, PA) and the cannula remained at
each location for 1 minute following each injection.

3.2.4 Electrophysiology.
Acute transverse hippocampal slices (300 µm) were prepared from mice 2-8
days post-surgery. Infected slices were selected for use if EGFP fluorescence was
detectable in more than half of the area of the dentate gyrus viewed in the horizontal
plane (Yang and Calakos, 2010). External recording solution contained (in mM): 119
NaCl, 2.5 KCl, 1.3 MgSO4, 2.5 CaCl2, 1.0 NaH2PO4, 26.2 NaHCO3 and 10 D-glucose
(saturated with 95% O2 and 5% CO2). Slices were perfused at 2 ml/min at room
temperature during recordings. A monopolar stimulation electrode with 2M NaCl was
placed in a region of stratum granulosum with EGFP fluorescence. Mossy fiber
responses were monitored at room temperature every 20 sec. by extracellular field
potentials (fEPSPs) from the stratum lucidum in the CA3 area, or by NMDA receptormediated excitatory postsynaptic currents (NMDAR-EPSCs) from CA3 pyramidal cells in
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whole-cell configuration at +40 mV in the presence of NBQX (10 µM) and picrotoxin (100
µM). Extracellular recording pipette contained 2M NaCl. Whole-cell recording pipette
internal solution (pH 7.2; 297 mOsm) contained (in mM): 123 caesium gluconate, 10
CsCl, 8 NaCl, 1 CaCl2, 10 EGTA, 10 HEPES, 10 glucose. Baseline stimulation intensity
was adjusted to yield fEPSPs between 0.4 and 0.7 mV or NMDAR-EPSCs between 50
and 300 pA. Mossy fiber contribution to responses was determined at the end of each
experiment by sensitivity to pharmacological blockade by DCG-IV, a group II
metabotropic glutamate receptor agonist that selectively suppresses mossy fiber
synaptic transmission (Kamiya et al., 1996; Nicoll and Schmitz, 2005). Data were
included only if the DCG-IV-insensitive response was less than 10% of the initial
baseline amplitude. Mossy fiber LTP was induced by a single tetanus (25 Hz for 5 s) in
the presence of an NMDA-type glutamate receptor antagonist (50 µM APV) from 5 min.
before to 2 min. following tetanic induction (Castillo et al., 2002). Mossy fiber LTP is
reported as the average fEPSP amplitude during the 50-60 min. post-tetanus period
relative to the 10-munite baseline period. Data were acquired at 10 kHz and filtered at 1
kHz.

3.2.5 Data Analysis.
All summary data are presented as the mean percentage of the baseline. Error
bars and values refer to standard error of the mean (S.E.M.). Degree of mfLTP or STP
does not significantly differ among mice within each viral manipulation (ANOVA), and
results from individual slices were used for subsequent statistical comparisons. ANOVA
tests were performed on manipulations within the same genotype (43 slices, 4 viruses in
RIM1α+/+ mice, p = 0.0008; 29 slices, 3 viruses in RIM1α-/- mice, p = 0.04; mfLTP
experiments) before subsequent ad hoc comparisons with Student’s t-test. P-values
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from Student’s t-test are reported, unless indicated otherwise. In all figures, an asterisk
(*) indicates p-value < 0.05 versus (vs.) EGFP control, exact values are stated in text.

3.3 Results
3.3.1 The 1-451 fragment of Munc13-1 inhibits mossy fiber LTP.
In prior studies, expression of the 1-451 Munc13-1 fragment in autaptic cultured
hippocampal pyramidal neurons reduced synaptic vesicle priming and the amplitude of
evoked excitatory synaptic responses (Betz et al., 2001), demonstrating that this
fragment is biologically active in inhibiting known functions of Munc13. This region of
Munc13-1 includes the C2A domain that confers RIM-binding, but none of the other
defined functional domains (Fig. 12A) (Betz et al., 2001; Basu et al., 2005). To test the
role of Munc13 in mfLTP, we acutely expressed Munc13-1 (1-451) in hippocampal
granule cells of wild-type mice by in vivo injection of a modified Sindbis virus (Kim et al.,
2004) into the dentate gyrus. As previously reported (Yang and Calakos, 2010), we find
that slices expressing control EGFP protein alone exhibit robust mfLTP, measured by
the response 50-60 minutes after induction (Fig. 12C, D) (148 ± 3%, 6 slices/3 mice). In
contrast, expression of Munc13-1 (1-451) significantly impairs mfLTP (Fig. 12C, D) (119
± 6%, 11 slices/4 mice; p = 0.0004 vs. EGFP control). These results identify a role for
Munc13 in mfLTP and support the possibility that this effect might be mediated by its
interaction with RIM.

3.3.2 Munc13-RIM1α interaction is involved in mossy fiber LTP.
Because the N-terminal region of Munc13 has also been reported to associate
with other active zone proteins besides RIM (Wang et al., 2009), we specifically tested
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the significance of the RIM1α-Munc13 interaction for mfLTP. In prior studies, a
K144E/K146E mutation of RIM1α was shown to specifically abolish Munc13 binding
without altering the binding of other proteins known to interact with the N-terminus of
RIMα (Dulubova et al., 2005). Therefore, we tested the effect of expressing mutant
RIM1αK144/146E on mfLTP. Viral-mediated acute expression of mutant RIM1αK144/146E in
hippocampal granule cells of wild-type mice significantly inhibits mfLTP (Fig. 12C,
D)(124 ± 6%, 13 slices/5 mice; p = 0.002 vs. EGFP control). Importantly, similar
expression of wild-type RIM1α protein has no effect on mfLTP (Fig. 12C, D)(151 ± 7%,
13 slices/9 mice; p = 0.72 vs. EGFP, p = 0.006 vs. RIM1αK144/146E). This result indicates
that the observed mfLTP impairment is not due to exogenous, viral-mediated expression
of active zone proteins, but specifically results from disrupting the Munc13-RIM1α
interaction. Thus far, two independent approaches demonstrate a role for Munc13 in
mfLTP. Of note, the degree of mfLTP impairment is similar between slices expressing
Munc13-1 (1-451) and those expressing RIM1αK144/146E (p = 0.61), consistent with the
idea that these two manipulations act through a common mechanism.
Because active zone proteins may alter short-term plasticity and such effects
might occlude mfLTP, we further investigated whether changes in short-term plasticity
were associated with the effect on mfLTP. Acute expression of RIM1αK144/146E in
hippocampal granule cells did not alter paired-pulse ratios of fEPSPs or NMDAR-EPSCs
across a range of inter-stimulus intervals (Fig. 12E, F)(fEPSP p=0.22; NMDAR-EPSC,
p=0.74; ANOVA), frequency facilitation (Fig. 12G)(EGFP, 257±7%; RIM1αK144/146E,
261±16%; p=0.86) or sensitivity to the group II metabotropic glutamate receptor agonist,
DCG-IV (Fig. 12G). These findings demonstrate that impairment of mfLTP by
RIM1αK144/146E is not associated with altered short-term plasticity at mossy fiber
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synapses.

3.3.3 Munc13-RIM1α interaction is required for rescue of mfLTP in
RIM1α -/- mice.
Experiments thus far provide evidence that disruption of the Munc13-RIM1α
interaction in wild-type synapses is sufficient to disrupt mfLTP. In prior studies, we
reconstituted mfLTP in RIM1α KO mice by acutely expressing wild-type RIM1α protein in
the dentate gyrus of young adult mice (Yang and Calakos, 2010). Using this approach,
we now ask whether the interaction of RIM1α with Munc13 is necessary for this
reconstitution. First, we demonstrate that, as previously reported (Yang and Calakos,
2010), acute expression of wild-type RIM1α protein rescues mfLTP, indicated by a
sustained increase in response 50 - 60 minutes after induction (Fig. 13)(RIM1α, 142 ±
9%, 11 slices/6 mice; EGFP control, 117 ± 7%, 8 slices/6 mice; p = 0.036). However, in
similar experiments, when mutant RIM1αK144/146E protein is expressed, this long-lasting
increase in neurotransmission is not observed (Fig. 13)(124 ± 4%, 10 slices/6 mice; p =
0.38 vs. EGFP control). These findings show that an interaction between Munc13 and
RIM1α is required to restore mfLTP.
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Figure 12: Munc13-1 and RIM1α-Munc13-1 interaction are involved in mfLTP
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A, Diagram of full length and mutant Munc13-1 and RIM1α protein domains. CaMb,
calmodulin binding sequence. B, Schematic representation of the experimental strategy.
C, Summary of mfLTP experiments in wild-type hippocampal slices with acute in vivo
viral-mediated expression of proteins. Representative traces are an average of
responses obtained over a one minute period immediately before (solid trace) and 60
min after (dashed trace) tetanus. HFS indicates high frequency stimulation. Bar indicates
period during which APV is present. D, Mean level of mfLTP measured 50-60 min after
tetanus. E, Wild-type hippocampal slices expressing RIM1αK144/146E exhibit similar
paired-pulse facilitation to those expressing control EGFP virus, at interstimulus intervals
ranging from 20-500 ms. Representative traces are an average of five sweeps. F,
Paired-pulse ratio in whole-cell recording of mossy fiber NMDAR-EPSCs at interstimulus
intervals of 40, 100 and 300 ms. Representative traces are an average of ten sweeps.
G, Wild-type hippocampal slices expressing RIM1αK144/146E exhibit similar frequency
facilitation and sensitivity to DCG-IV to those expressing control EGFP virus.
Representative traces are an average of five sweeps. Sample sizes are: C,D
(slices/mice) - EGFP, 6/3; Munc13-1(1-451), 11/4; RIM1αK144/146E, 13/5; RIM1α, 13/9;
E,G (slices/mice) - EGFP, 14/5; RIM1αK144/146E, 11/3; F (cells/mice) - EGFP, 10/5;
RIM1αK144/146E, 7/3.
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Figure 13: Munc13-RIM1α interaction is required for mfLTP rescue in RIM1α KO
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A, Summary of mfLTP experiments in RIM1α KO hippocampal slices with acute in vivo
viral-mediated expression of proteins. Representative traces are an average of three
responses obtained over 1 min from periods immediately before (solid trace) and 60 min
after (dashed trace) tetanus. B, Mean level of mfLTP measured from 50 to 60 min after
tetanus. Sample size are: EGFP, 8 slices/6 mice; RIM1α, 11 slices/6 mice;
RIM1αK144/146E, 10 slices/6 mice. HFS indicates high frequency stimulation. Bar indicates
period during which APV is present in perfusion solution (5 min prior to 2 min after HFS).
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3.4 Discussion
Presynaptic forms of long-term synaptic plasticity are expressed widely
throughout the brain and are likely substrates for learning, memory and adaptive
behaviors. Here we identify for the first time a role for Munc13 proteins in presynaptic
long-term plasticity. Munc13 proteins are well known for their role in vesicle priming
(Rizo and Rosenmund, 2008) and more recent evidence indicates that RIM1α’s
interaction with Munc13 is a key regulator of this process (Deng et al., 2011). Because
our results define a requirement for Munc13’s interaction with RIM1α in mfLTP, our
results also suggest that an alteration of primed vesicles is a likely cellular basis for the
change in presynaptic release probability that underlies mfLTP.
Munc13 proteins are required for making synaptic vesicles competent for
release, a process commonly referred to as “priming” (Augustin et al., 1999). In the
absence of full-length Munc13 proteins (Munc13-1 and Munc13-2 double KO mice), no
vesicle priming was detected in hippocampal excitatory synapses of autaptic cultured
pyramidal neurons (Varoqueaux et al., 2002). A domain sufficient for vesicle priming has
been defined in the C-terminal region of Munc13 (Betz et al., 2001; Basu et al., 2005;
Stevens et al., 2005). Although the N-terminal (1-451) region of Munc13-1 did not have
priming activity (Betz et al., 2001), it may regulate vesicle priming. Expression of the 1451 region in wild-type autaptic cultured pyramidal neurons inhibited vesicle priming
(Betz et al., 2001). RIM proteins are also implicated in vesicle priming, but current data
point to a regulatory rather than essential role. In mice with genetic deletion of full length
RIMs, vesicle priming was reduced at hippocampal excitatory synapses of autaptic
cultured pyramidal neurons (50% reduction in RIM1α KO mice)(Calakos et al., 2004)
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and at inhibitory synapses of cultured hippocampal neurons (70% reduction in RIM1 and
RIM2 double KO mice)(Deng et al., 2011; Kaeser et al., 2011). Most recently, direct
evidence that RIM regulates the amount of vesicle priming and does so through its
interaction with the Munc13 C2A domain has been reported (Deng et al., 2011).
Altogether, these results predict that the RIM1α-Munc13-1 interaction which we
disrupt in the present study might alter the amount of primed vesicles, either basally or
the dynamic regulation thereof. We did not find evidence that vesicle priming was altered
basally because such a disruption would alter short-term plasticity (Zucker and Regehr,
2002) and short-term plasticity was not affected when the RIM1α–Munc13 interaction
was disrupted (Fig. 12E-G). Rather, we observed functional effects of disrupting the
RIM1α–Munc13-1interaction only under conditions where synaptic strength was
dynamically regulated, i.e. in mfLTP. Our results in combination with prior observations
suggest that the role of the RIM1α–Munc13-1 interaction may differ between synapse
types – being important for basal release in pyramidal synapses (Betz et al., 2001) and
long-term plasticity in mossy fiber synapses. Such a possibility is consistent with prior
observations that RIM1α deletion impaired long-term but not short-term plasticity at
mossy fiber synapses (Castillo et al., 2002) yet impaired release probability and shortterm plasticity at pyramidal synapses (Schoch et al., 2002).
Dynamic regulation of the amount of primed vesicles is a plausible mechanism to
achieve the change in synaptic release probability that is associated with presynaptic
LTP (Weisskopf and Nicoll, 1995) because the amount of primed vesicles positively
correlates with synaptic release probability (Dobrunz and Stevens, 1997; Hanse and
Gustafsson, 2001). While plausible, our current results are unable to discriminate
between effects on induction versus expression of LTP, nor are they able to determine
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whether the effects are indeed through the actions of the RIM1α–Munc13-1 interaction
on vesicle priming as opposed to another, as yet undefined, function for this interaction.
Lastly, while one manipulation selectively altered Munc13-1, the RIM1α mutation
disrupts RIM1α binding to both Munc13-1 and Munc13-2 (Dulubova et al., 2005; Deng et
al., 2011). However, the interpretation of our results is facilitated by recent observations
that demonstrate that Munc13-2 does not have a role in LTP at mossy fiber synapses
(Breustedt et al., 2010). In summary, our study clearly defines a role for the RIM1αMunc13-1 interaction in mfLTP. Further testing of the cellular consequences of this
interaction will require technical advances to enable monitoring of primed vesicles in
brain slices and single synaptic release events at mossy fiber terminals.
A separate revealing observation in the present study is that over-expression of
wild-type RIM1α in wild-type neurons neither occludes nor augments mfLTP. The lack of
mfLTP occlusion by RIM1α over-expression supports previous observations that RIM1α
has no significant contribution to basal release properties or short-term plasticity at these
synapses (Castillo et al., 2002; Yang and Calakos, 2010). The lack of mfLTP
augmentation by over-expressing RIM1α in wild-type neurons indicates that protein
levels of RIM1α do not influence the magnitude of mfLTP. This observation suggests
that another constraint for the magnitude of mfLTP exists other than protein expression
levels of RIM1α.
Finally, although presynaptic long-term plasticity is widely expressed, molecular
dissection of mechanisms underlying presynaptic forms has lagged behind the study of
postsynaptic mechanisms for long-term synaptic plasticity, partly owing to technical
challenges. Using an approach that can acutely genetically modify synapses in vivo and
can modify sufficient numbers of presynaptic inputs so that measuring synaptic
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transmission via the postsynaptic response is not significantly confounded by unmodified
inputs, we have been able to identify a new mediator of presynaptic LTP. In the past,
proteins have been implicated in presynaptic plasticity through study of gene knockout
models (Castillo et al., 1997; Villacres et al., 1998; Castillo et al., 2002; Kaeser et al.,
2008; Breustedt et al., 2010) – an approach that is not possible for the study of Munc131 because knockout mice are inviable, and gene deletion eliminates neurotransmission.
Thus, in vivo genetic manipulation of mossy fiber synapses provides a unique
opportunity for interrogating protein functions in presynaptic LTP and reveals in this
study a previously unknown role for Munc13-1 in presynaptic LTP.
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4 RIM1α-Rab3A interaction and RIM2α in presynaptic
LTP
4.1 RIM1α -Rab3A interaction is not necessary for mfLTP
As reviewed earlier, Rab3A is a small GTPase associated with synaptic vesicles.
Rab3A undergoes a cycle of synaptic vesicle association and dissociation in parallel with
vesicle exo- and endocytosis (Fischer von Mollard et al., 1991). Rab3A is attached to
synaptic vesicles in the GTP-bound state; during or after synaptic vesicle fusion, Rab3AGTP is hydrolyzed to Rab3A-GDP and dissociates from synaptic vesicles (reviewed by
Sudhof 2004). Rab3A interacts with RIM1α; similar to the association with synaptic
vesicles, Rab3A only binds to RIM1α in its GTP-bound state. Studies of Rab3A knockout
mice showed that deletion of Rab3A abolishes presynaptic LTP at hippocampal mossy
fiber-CA3 synapses (Castillo et al., 1997). Because Rab3A and RIM1α interacts with
each other and are both required for presynaptic LTP, it has been hypothesized that
RIM1α is required for presynaptic LTP through its interaction with Rab3A (Kaeser and
Sudhof, 2005; Kaeser et al., 2008; Mittelstaedt et al., 2010).
To test this hypothesis, I sought to disrupt RIM1α-Rab3A interaction without
affecting other known protein interactions. The N-terminus of RIM1α mediates two
interactions important for RIM1α protein functions: helix α1 and the SGAWFY sequence
at the end of helix α2 interact with Rab3A in a GTP-dependent manner, and the zincfinger domain interacts with Munc13 (Fig. 2). Although the Rab3A and Munc13 binding
sequence are situated in close proximity to each other, Rab3A and Munc13 binding does
not compete with each other, allowing for the formation of a tripartite Rab3/RIM/Munc13
complex (Dulubova et al., 2005). Deletion or disruption of helix α1 in RIM1α has been
shown to abolish Rab3A binding to the N-terminal regions of RIM1α (Sun et al., 2001;
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Wang et al., 2001); similar disruption in RIM2α, a homolog of RIM1α, does not affect
Munc13 binding (Dulubova et al., 2005). To investigate the role of RIM1α-Rab3A
interaction in presynaptic LTP, I generated a Rab3A-binding-deficient mutant RIM1α by
deleting the helix α1 of RIM1α (RIM1α Δ1-53).
I performed mfLTP rescue experiments in RIM1α KO mice. I found that the
Rab3A-binding deficient mutant RIM1α, RIM1α Δ1-53, is able to restore mfLTP in RIM1α
KO mice (RIM1α Δ1-53, 132 ± 6%, 15 slices/9 mice; EGFP control, 114 ± 3%, 26
slices/13 mice; p = 0.012)(Fig. 14). Furthermore, the degree of mfLTP rescue is not
significantly different between slices expressing wildtype RIM1α protein and slices
expressing mutant RIM1α Δ1-53 protein (RIM1α, 138 ± 5%, 25 slices/14 mice)(Fig. 14).
My results suggest that RIM1α-Rab3A interaction is not necessary for presynaptic LTP.

Figure 14: RIM1α-Rab3A interaction is not necessary for mfLTP
A, Summary of mfLTP experiments in RIM1α KO hippocampal slices with acute in vivo
viral-mediated expression of proteins. B, Mean level of mfLTP measured from 50 to 60
min after tetanus. Sample size are: EGFP, 26 slices/13 mice; RIM1α Δ1-53,15 slices/9
mice; RIM1α, 25 slices/14 mice. HFS indicates high frequency stimulation. Bar indicates
period during which APV is present in perfusion solution (5 min prior to 2 min after HFS).
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Note that some of the slices for the EGFP dataset (20 slices/11 mice) and the RIM1α
dataset (22 slices/13 mice) have been reported in the previous two chapters.
These results showed that, at least in the scenario of over-expression in RIM1α
KO background, RIM1α-Rab3A interaction does not underlie RIM1α’s requirement for
presynaptic LTP. It has been recently reported that Rab3A is involved in dynamic control
of protein compositions at the active zone (Graf et al 2009), therefore, it is possible that,
when RIM1α is not over-expressed, RIM1α-Rab3A interaction is required for presynaptic
LTP by locating a sufficient amout of RIM1α molecules to the active zone. This
requirement for RIM1α protein level at the active zone is overcome by my viral-mediated
over-expression, resulting in mfLTP rescue by the Rab3A-binding-deficient mutant
RIM1α. To conclude that RIM1α-Rab3A interaction does not mediate presynaptic LTP
under physiological conditions, one would have to examine the Rab3A-binding-deficient
mutant RIM1α with an expression level similar to endogeneous RIM1α proteins.
Another major caveat for these findings is the lack of biochemistry supports that
RIM1α-Rab3A interaction is abolished in my RIM1α Δ1-53 mutant. Previous
biochemistry studies investigating this interaction utilized only the N-terminal region of
RIM1α (Sun et al., 2001; Wang et al., 2001); it is possible that the N-terminal region of
RIM1α in the full-length protein may have a different conformation from the region alone,
and that disruption of helix α1 in full-length RIM1α protein does not eliminate RIM1αRab3A interaction completely. Further, the effect of deleting helix α1 on RIM-Munc13
interaction has only been tested in RIM2α (Dulubova et al., 2005), leaving the possibility
that RIM1α-Munc13 interaction might be altered in my mutant, which compensates for
the requirement of RIM1α-Rab3A interaction.
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4.2 RIM2α cannot compensate for RIM1α in presynaptic LTP
RIM2α, the other full-length RIM protein expressed in the mouse brain, includes
a full complement of RIM domains and modification sites (an N-terminal region that
comprises a Rab3-binding sequence and a Munc13-binding zinc-finger; a central PDZdomain; two C-terminal C2 domains and a PxxP sequence between the two C2
domains; PKA phosphorylation sites near the N-terminus and at the C-terminus)(Wang
and Sudhof, 2003). RIM1α and RIM2α are expressed in overlapping but distinct patterns
in the brain, and they compensate each other functionally in regulating basal synaptic
transmission (Schoch et al., 2006). Deletion of RIM2α does not significantly alter basal
release properties and short-term plasticity in hippocampal CA3-CA1 synapses, nor
does it significantly impair presynaptic LTP. However, deletion of both RIM1α and
RIM2α significantly impairs calcium-triggered neurotransmitter release and causes
postnatal death (Schoch et al., 2006). Because RIM2α is expressed in low levels
compared to RIM1α (approximately 10% of RIM1α)(Schoch et al., 2006), lack of RIM2α
may only result in subtle difference not statistically significant with an inadequate N
number, hence the reported absence of electrophysiology phenotype in RIM2α knockout
mice. The low expression level of RIM2α can also explain the lack of compensation of
electrophysiology phenotypes in RIM1α knockout mice.
To investigate whether RIM2α is capable of mediating presynaptic LTP, I
performed mfLTP rescue experiment in RIM1α KO mice by viral-mediated expression of
RIM2α. I reasoned that viral-mediated over-expression of RIM2α will allow sufficient
amount of RIM2α proteins to compensate for RIM1α protein functions, if they are
functionally redundant for presynaptic LTP. Instead, I found no rescue of mfLTP (RIM2α,
114 ± 5%, 15 slices/7 mice; EGFP control, 114 ± 3%, 26 slices/13 mice; p = 0.94)(Fig.
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15), suggesting that RIM2α is not capable of mediating presynaptic LTP in RIM1α
knockout mice.

Figure 15: Over-expressing RIM2α cannot restore mfLTP in RIM1α KO mice

With this experiment, I showed that RIM1α and RIM2α play distinct roles in
presynaptic LTP. This result is surprising, given the structure similarity of RIM1α and
RIM2α and the functionally redundancy of the two proteins in basal neurotransmission.
This result further indicates that these two α-RIM molecules shall be studied individually,
and calls for a separation and distinction of RIM1α and RIM2α in biochemical and
structural analysis for protein interaction of α-RIMs.
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5 Quantitative expression analysis of RIM1α splice
variants in the mouse brain
5.1 Background
RIM (Rab3 interacting molecules) proteins are multi-domain scaffold proteins
important for synaptic transmission. Initially described as putative effectors for synaptic
protein Rab3a (Wang and Okamoto et. al., 1997), RIM proteins bind to a variety of
presynaptic proteins involved in neurotransmitter release and synaptic formation, and
many of these interactions have been shown important for the control of synaptic vesicle
exocytosis (Zheng and Jin 1999; Betz et. al., 2001; Coppola et. al., 2001; Wang et. al.,
2001; Ohtsuka et. al., 2002; Schoch et. al., 2002; Sun et. al., 2003; Kiyonaka et. al.,
2007; Han et. al., 2011; Kaeser et. al., 2011; Deng et. al., 2011)(Fig. 16A). The
mammalian RIM protein family consists seven principal RIM isoforms (RIM1α, RIM1β,
RIM2α, RIM2β, RIM2γ, RIM3γ, RIM4γ) that are encoded by four RIM genes (RIMs 14)(Fig. 16B). RIM1α, the most abundant RIM isoform in the brain, is composed of a
putative Rab3a-binding domain at the N terminus, a Zinc finger domain, a central PDZ
domain, and two C-terminal C2 domains, separated by multiple alternatively spliced
sequences (Wang and Sudhof 2003;Dulubova et. al., 2005) (Fig. 16A).
RIM1α transcripts contain three canonical sites of alternative splicing (Fig. 16A),
one in the putative Rab3a-binding domain at the N terminus and two between the C2A
and C2B domains (referred to as splice site A, B and C, respectively). These splice sites
are conserved in mice, rat and human (Wang and Sudhof 2003).
Alternative splicing events at site A have been shown to be of functional
significance (Fukuda 2004). This site is located in the putative Rab3-binding domain
(Wang and Sudhof 2003)(Fig. 16A) and contains two variable exons that can be
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independently spliced, resulting in four possible splice variants (Fig. 17A). In vitro studies
showed that these splice variants have different affinity for Rab3A binding and distinct
effect on dense-core vesicle exocytosis (Fukuda 2004).
Alternative splicing events at site C is located between the proline-rich (PxxP)
sequence and the C terminal C2B domain (Wang and Sudhof 2003)(Fig. 16A). At this
site, the alternatively spliced sequence is encoded by three separate exons. To maintain
the reading frame, these three exons have to be spliced in or out as a block (Fig. 18A).
The last variable exon (exon 28) includes an alternative splice acceptor site, leading to
the insertion or deletion of a short 9-amino acid residual sequence. Although the
functional significance of splice site C has not yet been reported, this site is only 9 amino
acids downstream of the PxxP sequence. The PxxP sequence is essential for the
interaction with RIM-binding protein (RIM-BP) and indispensible for locating voltagegated calcium channels to the presynaptic terminals (Han et. al., 2011; Kaeser et. al.,
2011). Due to the close proximity of slice site C to the PxxP sequence, it is highly
possible that alternative spliced variants at site C may have different affinity for RIM-BP,
thereby, distinct effects on calcium channel localization and vesicle-calcium channel
association.
Because alternative splicing may alter RIM1α protein function, it is important to
identify the splice variants of RIM1α expressed in vivo and their relative abundance. To
date, alternative splicing at site A has only been looked at qualitatively (Fukuda 2003)
and little is known about alternative splicing at splice site C in rodents. In this study, we
obtained a quantitative view on the spectrum of splice variants of RIM1α in the brain of
C57BL/6 mice, a common in-bred strain of laboratory mice. With reverse transcriptionpolymerase chain reaction (RT-PCR) and quantitative real-time PCR (qRT-PCR), we
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found that all possible splice variants of RIM1α at site A and site C are expressed in the
mouse brain, and their relative abundance does not vary across brain regions. We
further investigate whether alternative splicing of RIM1α is an activity-dependent
process. Using a mice model of status epilepticus (SE), we found that the expression
profile of alternative splice isoforms of RIM1α at both site A and C remains similar when
excessive neuronal activity was triggered.
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Figure 16: RIM protein structure (A), isoforms (B) and RIM1α mRNA (C)
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5.2 Results
5.2.1 RIM1α splice variants at splice site A
To investigate which RIM1α splice variants at site A (between exon 1 and 4) is
expressed in the mouse brain, we first conducted an RT-PCR survey of RIM1α using a
set of primers that recognize sequences upstream and downstream of splice site A, in
exon 1 and exon 4. This primer set can simultaneously amplify all four possible splice
variants at splice site A, resulting in amplicons of different sizes (Fig. 17A, Table 2). With
RNA isolated from cortex and hippocampus from three different C57BL/6 mice, we
observed PCR products of different length (Fig. 17B). We found that, at splice site A, at
least three alternative splice isoforms of RIM1α are expressed, and their relative
abundance is similar across animals. Among these isoforms, the middle-sized product,
which corresponds to two splice variants, ex1,2,4 and ex1,3,4, is most abundant in the
mouse brain, and the short isoform consisting of ex1,4 is least abundant. Due to the
small size difference (12 bp) in the amplicons of splice variants ex1,2,4 and ex1,3,4, we
were unable to separate PCR products from these two splice variants with the same
primer set.
To quantify the relative abundance of RIM1α splice variants at site A, qRT-PCR
analysis was performed, and isoform-specific sets of primers were designed to
recognize the exon junctions of individual alternative splice isoforms (Fig. 17A). Because
alternative splice isoforms of RIM1α at site A had different binding affinity for Rab3A
(Fukuda 2004), it is possible that synapses with different isoforms display different forms
of presynaptic plasticity, which is considered as one of the molecular basis for learning
and memory. To investigate whether learning and memory regulates the expression
profile of RIM1α alternative splice isoforms, three brain regions were examined
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separately--dentate gyrus of the hippocampus where RIM1α is required for presynaptic
long-term plasticity (Castillo et al., 2002) and where adult neurogenesis occurs (Ming
and Song 2005), CA3-CA1 regions of the hippocampus where working memory is
thought to be processed (Bird and Burgess, 2008), and the cortex. Because the relative
abundance of RIM1α alternative splice isoforms at site A is similar across animals, brain
tissues from five C57BL/6 mice were pooled together for qRT-PCR analysis.
With qRT-PCR analysis, we found that all four alternative splice isoforms of
RIM1α at site A were expressed in mice brain. Similar to our RT-PCR results, the
medium-length isoform of RIM1α at site A (ex1,2,4) is most abundant; approximately
60% of RIM1α mRNA in the brain consist of this isoform (Fig. 17C). Further, our results
showed that exon 2 has a great tendency to be spliced into the RIM1α mRNA; RIM1α
splice variants with exon 2 comprised more than 90% of RIM1α mRNA. These patterns
are the same across the three brain regions analyzed.

5.2.2 RIM1α splice variants at splice site C
Alternative splicing of RIM1α at splice site C (between exon 25 and 29)
was investigated with RT-PCR and qRT-PCR. The RT-PCR survey utilized a set of
primers that recognize sequence in exon 25 and 29, upstream and downstream of splice
site C (Fig. 18A). With this primer set, we observed that both the long- and shortalternative splice isoforms of RIM1α at site C are expressed in the mouse brain (Fig.
18B). With isoform-specific primer sets that target exon junction of individual splice
isoforms (Fig. 18A), qRT-PCR analysis revealed that the long isoforms at site C, which
includes exons 26-28, is more abundant (Fig. 18C). For exon 28, both alternative splice
acceptor sites are active in the brain, resulting in two alternative splice isoforms with 27
bp difference at the exon 27 and exon 28 junction (Fig. 18A, C).
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Figure 17: RIM1α splice variants at site A
A, Schematic representation of alternative splice isoforms of mouse RIM1α mRNA at
site A. Arrows indicate splice site A (SSA) primer set in RT-PCR study and isoform
specific primer sets in qRT-PCR study. Primer sequence and location for isoform
specific primer sets are as indicated (Table 2). B, RT-PCR analysis of RIM1α
alternatively splice isoforms at splice site A. C, qRT-PCR analysis of RIM1α alternatively
splice isoforms at splice site A from different brain regions (figure C in courtesy of
Kyung-wha Kim).
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Figure 18: RIM1α splice variants at site C
A, Schematic representation of alternative splice isoforms of mouse RIM1α mRNA at
site C. Arrows indicate splice site C (SSC) primer set in RT-PCR study and isoform
specific primer sets in qRT-PCR study. Primer sequence and location for isoform
specific primer sets are as indicated (Table 2). B, RT-PCR analysis of RIM1α
alternatively splice isoforms at splice site C. C, qRT-PCR analysis of RIM1α alternatively
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splice isoforms at splice site C from different brain regions (figure C in courtesy of
Kyung-wha Kim).

5.2.3 Alternative splicing of RIM1α at site A and site C are not altered
by excessive neuronal activities induced by status epilepticus
Alternative splicing is a tightly regulated yet plastic process; it has been
frequently observed that alternative exon usage changes during development, in cell
differentiation, in apoptosis and in disease models (Stamm et al., 2005). We asked
whether alternative splicing of RIM1α at site A and site C might be dynamically
regulated. To induce excessive neuronal activity and mimic cell differentiation and
apoptosis in the rodent brain, we inflicted status epilepticus (SE), a prolonged seizure
event, in mice. SE has been shown to drive excessive neuronal firing (Zhou et. al.,
2006), to induce mossy fiber sprouting and excessive neurogenesis in hippocampus
dentate gyrus (mimicking cell differentiation)(Sutula et. al., 2002), and to cause cell
death in pyramidal cells of hippocampal CA3-CA1 areas (mimicking apoptosis)(Zhou et.
al., 2006). By examining the expression profile of RIM1α splice variants from cortical,
hippocampal dentate gyrus and hippocampal CA3-CA1 regions of mice brains
experiencing SE, we sought to investigate whether mRNA splicing of RIM1α can be
dynamically regulated.
Similar to control conditions, all possible alternative splice isoforms of
RIM1α at site A and site C are expressed in mice brains after SE treatment. Further,
their expression profiles in the three brain regions investigated are all similar to those
from control conditions (Fig 19). These results suggest that alternative splicing of RIM1α
at site A and site C is not regulated by excessive neuronal activities in SE.
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Figure 19: Relative abundance of RIM1α splice variants is not altered by
excessive neuronal activities induced by status epilepticus.
A: splice site A. B: splice site C. (Figure in courtesy of Kyung-wha Kim)
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5.3 Discussion and Conclusion
RIM1α, the most abundant RIM proteins expressed in the brain, is an integral
component of the presynaptic active zone. Through its interactions with multiple synaptic
proteins, RIM1α modulates synaptic vesicle fusion and short- and long-term forms of
presynaptic plasticity. RIM1α can be alternatively spliced, and different splice variants
have been shown to exert different effects on synaptic vesicle fusion (Fukuda et. al.,
2004). The present study examines quantitatively the splice variants expressed in the
mice brain. We focuses on two splice sites, site A and site C. We find that for both sites,
all possible splice isoforms are present in different brain regions. The relative abundance
of these splice variants does not differ across brain regions. Our results also suggest
that mRNA splicing of RIM1α at splice site A and C is not regulated by neuronal activity,
because their relative abundance remains similar when excessive activity is triggered in
the case of status epilepsy.
Although all possible RIM1α splice isoforms at splice site A and C are expressed
in the brain, they are not expressed at the same level. At splice site A, more than 90% of
RIM1α mRNA in the mouse brain express splice isoforms containing exon 2, indicating
the importance of exon 2 in RIM1α protein function. Interestingly, biochemical studies
showed that RIM1α N-terminus splice isoforms containing exon 2 (ex1,2,4 and
ex1,2,3,4) have a lower binding affinity to Rab3A, when compared to the shortest splice
isoform (ex1,2) at site A (Fukuda 2004). Because RIM1α exon 2 encodes part of the
linker region between the minimal binding domains for Rab3A (helix α1 encoded by exon
1) and Munc13 (Zn finger domain encoded by exon4,5) (Wang and Sudhof 2003), it is
possible that the inclusion of exon 2 may affect Munc13 binding besides Rab3A binding,
and that exon 2 may provide the spatial separation necessary for the formation of a
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tripartite complex of RIM with Rab3A and Munc13 (Dubulova et. al., 2005). Beause exon
2 containing splice isoforms dominate at splice site A, understanding the function of
exon 2 would shed light on how RIM1α binding to Rab3A and/or Munc13 affects shortand long-term synaptic plasticity.
At splice site C, the isoform with exon 28A was present at the highest level in the
mice brain. Both splice isoforms ex28A and ex28B have the same sequence of
additional 489 base pairs making up exons 26, 27, and 28; yet the former with an extra
sequence of 27 base pairs is two- to three-fold more frequent than the latter. The
difference in abundance of various splice isoforms again suggests functional
significance; therefore, it would be interesting to investigate the binding affinities of
different RIM1α splice isoforms at splice site C.
It is of noting that our results of splice isoforms at site A is in disagreement with a
previous study done by Fukuda (2004). Similar to our RT-PCR approach, the Fukuda
study utilized RT-PCR analysis with one primer set to detect all splice isoforms at splice
site A. However, while the present study found that all possible isoforms are expressed
and that isoform with exon1,2,4 is most abundant, the Fukuda (2004) study concluded
that isoform with exon1,3,4 was not detected and isoform with exon1,2,3,4 was most
abundant. These differences may arise from primer design and primer competition in
RT-PCR experiments, and/or difference in mice background and mice age. Besides RTPCR experiment, the present study also utilized isoform specific primers and performed
quantitative real-time analysis; these approaches provide better detection for rare splice
isoforms and more precise quantification.
Alternative splicing of mRNA is an important process to regulate protein functions
(Stamm et. al., 2005). This process has been shown to be tissue specific,
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developmentally regulated and altered in disease states (Stamm et. al., 2005). In the
present study, we investigated whether alternative splicing of RIM1α is brain region
specific and can be dynamically regulated. Instead, we found a similar relative
abundance of splice isoforms across brain regions and conditions, suggesting that
regulation of RIM1α does not happen at the level of mRNA splicing.
In summary, this study is the first quantitative analysis of alternatively spliced
isoforms of RIM1α mRNA in the mice brain. We found that splice isoforms containing
exon 2 at splice site A and splice isoform containing exon 28A at splice site C are the
most abundant splice variants across different brain regions. We further showed that
alternative splicing of RIM1α is not regulated by excess neuronal activity.

5.4 Methods
5.4.1 Animals and Induction of Status Epilepticus (SE)
All animal studies were performed in accordance with guidelines for humane care
and handling of rodents and with approval from Duke Institutional Animal Care and Use
Committee. Three 8-week-old male C57Bl6 mice (25.3 ± 0.6 g) were used for RT-PCR
experiments. Nine 8-week-old male C57Bl6 mice (25.0 ± 2.2 g) were used for qRTPCR/SE experiments.
Status epilepticus was induced with pilocarpine injection. To minimize peripheral
cholinergic effects, mice were administered an intraperitoneal injection (i.p.) of
methylscopolamine at a dose of 1 mg/kg body weight 10–75 min prior to injection of
pilocarpine. Four experimental mice were then injected (i.p.) with a single dose of 300325 mg/kg of pilocarpine (30 mg/ml) in sterile saline vehicle (0.9% NaCl). Five control
mice were administrated a comparable volume (0.1 ml) of saline vehicle. Mice were
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observed for behavioural evidence of seizures, and all four mice with pilocarpine
treatment displayed behavioural manifestations of seizures as described previously
(Jope et. al., 1986). Two to six hours after the onset of SE symptoms, pilocarpine-treated
mice were injected (i.p.) with a single dose of 10 mg/kg of diazephem (5 mg/ml) to
mitigate seizure symptoms. Control mice were also administrated the same dose of
diazephem. RNA was extracted 24 hours after pilocarpine or saline administration.

5.4.2 Total RNA Extraction and first strand cDNA synthesis
Mice were anesthetized with isoflurane and decapitated post-euthanasia. Brain
tissues were dissected on ice and flash frozen in liquid nitrogen. For RT-PCR
experiments, each tissue sample contained cortex and hippocampi from one mouse. For
qRT-PCR/SE experiments, cortex, dentate gyrus and CA3-CA1 area of the
hippocampus were dissected out separately for individual mouse. Total RNA was
extracted from flash-frozen tissue samples with RNeasy® Plus Mini kit (Qiagen) and
treated with RNase-Free DNase Set (Qiagen), according to manufacturer’s instructions.
Equal amount of RNA (1 µg) from each tissue sample were used to synthesize cDNA
with random hexamer primers, using High-Capacity cDNA Reverse Trascription Kits
(Applied Biosystems) or SuperScript™ First-Strand Synthesis System for RT-PCR
(invitrogen™), according to manufacturer’s instruction.

5.4.3 Reverse Transcription Polymerase Chain Reaction (RT-PCR)
and Quantitative Real-time PCR (qRT-PCR)
For RT-PCR experiments, PCR (25 cycles) was conducted in an epgradient
MasterCycler (Eppendorf) using Red-Tag DNA polymerase (Sigma-Aldrich), dNTPs ( 0.4
mM)(VWR), and target specific primers (0.8 µM)(Table 1). Reactions were incubated at
95°C for 5 min, followed by 25 cycles of denaturation (95°C for 30 sec), annealing (64°C
98

for 30 sec), and polymerization (72°C for 90 sec), and a final extension step at 72°C for
10 min. Amplicons were resolved by electrophoresis on a 2.2% agarose gel
electrophoresis.
For qRT-PCR/SE experiments, cDNA samples of the same brain region from
mice receiving the same treatment were pooled together, resulting in six different sample
pools (cortex, CA3-CA1 and dentate gyrus sample pools for control and SE mice). qRTPCR analysis were performed in fast optical 48-well reaction plates using the 7300 RealTime PCR system (Applied Biosystems) according to the manufacturer’s instructions. All
reactions were carried out in quadruplicates for each cDNA sample pool. Reactions
contained 10 µl of Power SYBR® Green PCR Master Mix (Applied Biosystems), 10 ng
cDNA template, 1 µl of each of the 10 µM forward and reverse gene-specific primers
(Table 2) in a final volume of 20 µl.
Reactions were incubated at 95°C for 10 min to activate the AmpliTaq® Gold
DNA polymerase in the Master Mix (Applied Biosystems), followed by 40 cycles of
denaturation (95°C for 15 sec), annealing (51°C for 30 sec), and polymerization (72°C
for 30 sec). SYBR green intensity was measured for each polymerization step.

5.4.4 Quantification of relative abundance of RIM1α splice variants
The cycle threshold (Ct) value is obtained for each reaction with the same
fluorescence threshold. The three Ct values from quadruplicates were averaged for each
condition. The relative abundance of variant transcript at each splice site for each
sample pool was calculated using the 2-ddCt method (Livak and Schmittgen, 2001).
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Table 2: Primers used in analysis of RIM1α alternative splice isoforms
Primer name

Primer sequence

Splice variants
amplified

Amplicon size (bp)

ex1,2,3,4

293

ex1,2,4

224

ex1,3,4

212

ex1,4

143

ex1,2,3,4

93

Splice site A

SSA

5’- ATGGCAGTGATGGACCGGCAGAAGG -3’
5’- TCTTTGTGCTCGCCCTGGTAACGC -3’

ex1,2,3,4

5’- CCATCAACCACCACTGAACA -3’
5’- ATGCAATCTCCAGTTTCT -3’

ex1,2,4

5’- AACCACCACTGAGATTGC -3’
5’- TCGGGGCATCATCTTTGT -3’

ex1,2,4

108

ex1,3,4

5’- GCCATGCTCAAGAACA -3’
5’- ATGCAATCTCCAGTTTCT -3’

ex1,3,4

90

ex1,4

5’- CCATGCTCAAGAGATT -3’
5’- TGTGCTCGCCCTGGTAAC -3’

ex1,4

93

ex28A

662

ex28B

635

Splice site C
SSC

5’- CCGGTCCGAAGCGGCAGTATAGAAC -3’
5’- TTGATGCTGCCATCCGTGGACTCCC -3’

ex25,29

146

ex28A

5’- ATCAGTTCATTTACCCCCAA -3’
5’- TGCCGTCATTGTGCT -3’

ex28A

115

ex28B

5’- GGCAGGATCAGACGGA -3’
5’- CGCTTCTTTCCACCA -3’

ex28B

143

ex25,29

80

ex25,29

5’- GCAGTATAGAACAAGAGTCC -3’
5’- TTCAGCCGCCATTCC -3’
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6 Discussion and future directions
In this dissertation work, I have developed a method to study presynaptic protein
functions and investigated the molecular basis for presynaptic long-term potentiation.
With a combination of sterotaxic injection, viral mediated protein expression and acute
brain slice electrophysiology, I performed structure-function analysis of RIM1α in
presynaptic LTP. I found that 1) priming protein Munc13-1 is required for presynaptic
LTP and RIM1α-Munc13-1 interaction underlies Munc13-1’s requirement (chapter 3); 2)
PKA phosphorylation at RIM1α serine 413 is not required for mossy fiber LTP (chapter
2); 3) RIM1α binding to Rab3A, a small GTPase associated with synaptic vesicles
(Fischer von Mollard et al. 1991; Johnston et al., 1991), is not required for mossy fiber
LTP (chapter 4); 4) RIM2α, the other full-length RIM protein that is highly homologeous
to RIM1α and with similar functional domains and regulatory sequences as RIM1α
(Wang and Sudhof 2003), cannot substitute RIM1α for mossy fiber LTP even when overexpressed (chapter 4). I also performed quantitative analysis of RIM1α splice variants in
the mouse brain, and found the all possible splice variants of RIM1α at splice site A and
splice site C are expressed across different brain regions and conditions.

6.1 A novel platform to study presynaptic long-term plasticity
Long-term synaptic plasticity is one of the cellular mechanisms underlying
learning, memory and adaptive behavior (Kandel, 2001; Fusi et al., 2005). Synaptic
plasticity may be expressed either presynaptically, through changes in neurotransmitter
release, or postsynaptically, through alterations in neurotransmitter receptor activity or
localization. Presynaptic LTP, a form of long-term synaptic plasticity described in many
brain regions (Weisskopf and Nicoll 1994; Salin et al., 1996; Villacres et al., 1998;
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García-Junco-Clemente et al., 2005; Fourcaudot et al., 2008), is expressed as an
increase in neurotransmitter release (Weisskopf and Nicoll 1995; Reid et al., 2004). The
detailed mechanisms underlying this increase in LTP, however, have not yet been fully
investigated.
A technical difficulty limits the investigations into the molecular and cellular
mechanisms for presynaptic LTP. Conventional methods assess synaptic strength via
electrophysiology, which report electric signals from the postsynaptic neurons. When
doing genetic manipulations of presynaptic proteins, if only a subset of presynaptic
neurons is manipulated, then only a small and unknown percentage of synaptic inputs
recorded are from synapses expressing mutant proteins. Previous methods for
overcoming this limitation include using paired recordings of presynaptic and
postsynaptic cells (Lonart et al., 2003; Wimmer et al., 2004; Young and Neher, 2009),
autaptic cultured neurons in which a single cell synapses only with itself (Rhee et al.,
2002), and herpes viral infection of rat granule cells to inhibit mfLTP (Dumas et al.,
1999). However, as discussed in section 2.4, these methodologies present significant
limitations. As a result, most studies investigating the molecular mechanisms of
presynaptic LTP have relied upon the generation of transgenic mouse models (Castillo
et al., 1997, 2002; Villacres et al., 1998; Kaeser et al., 2008)—an approach that is costly,
time-intensive, and limits the number of hypothesis to be tested.
To overcome these limitations, I developed a novel platform for robust acute
genetic manipulation of synapses expressing presynaptic LTP—the mossy fiber-CA3
synapses, as detailed in Chapter 2. First, this platform modifies the majority of synapses
assayed and uses postsynaptic field recordings to avoid performing paired recordings of
pre- and post-synaptic neurons. Second, using in vivo viral injection into young adult
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mice and acute hippocampal slices, results from this platform are in agreement with
those obtained through knockin mouse models (Kaeser et al., 2008; Yang and Calakos
2010), bypassing the concern that culture models may diverge from in vivo mechanisms
as well as the issue of developmental compensation in transgenenic mice model. Third,
the modified Sindbis virus used in this platform achieves the high infectivity, high
expression level and low loxicity necessary for visual identification of infected slices and
reliable assessment of presynaptic LTP. This platform enables testing multiple structurefunction hypotheses relating to presynaptic LTP; I’ve tested 9 different questions in
about three years. Further, this platform is flexible among mouse hosts. This platform
can be used with knockout mouse model lacking presynaptic LTP (e.g. RIM1α); by reintroducing various mutants of the protein absent and examining their rescue effect, I
tested the significance of several protein interactions and modifications of RIM1α in
presynaptic LTP (Chapter 2-4). This platform can also be used in wild-type mice to
interrupt normal functions of existing proteins, especially for those proteins whose
knockout mouse models are not avaible or even viable. The dominant negative
capability of this platform (section 3.3.1 and 3.3.2) is important; with this platform, it is
now possible to perform structure-function analysis of proteins essential for vesicle
release, separate those regulatory domains from the essential domains for exocytosis,
and investigate whether and how this protein is invovled in changing synaptic strength
besides allowing for vesicle release basally. My result with priming protein Munc13-1
(Chapter 3) is one such example. In section 6.3, I’ll discuss some other proteins required
for synaptic vesicle fusion that may potentially mediate presynaptic long-term plasticity.
There remain some limitations with this platform. One limitation is the transient
expression of the exogeneous protein. Because Sindbis virus is a RNA virus that neither
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reverse transcribes nor incorporates into the host genome, its existence is transient in
the host cell. In the current platform, exogeneous protein expression (e.g. EGFP) can be
readily detected from 36 hours to 8 days after in vivo injection. However, beyond 10
days, fluorescent signal cannot be visualized on the recording rig. In order to obtain
sustained protein expression over long periods of time (days to months), I tested my
control construct (-IRES-EGFP) with lentivirus. Unfortunately, I was unable to detect any
fluorescent signal in culture neurons infected with the lentivirus or in acute hippocampal
slices from injected animals, potentially due to the low expression level of lentivirus and
the IRES sequence further reducing translation efficiency (Hellen and Sarnow 2001). It
would be interesting to see whether sustained protein expression at high level could be
achieved by the use of 2A peptide (Szymczak et al., 2004), or through advances in
lentiviral technology. If achieved, the current platform may be extended to test the
behavioral significance of a protein interaction/modification in mossy fiber LTP, and
correlate the behavioral findings with electrophysiological results.
A second limitation of the current platform comes from the fact that overexpression is necessary for visual idenfication of infected slices. The current platform
cannot be used to analyze protein function in presynaptic LTP when expression level is
critical for the normal function of that protein. A simple switch in the viral construct may
help ensure the high EGFP expression level for visual identification with a relatively low
expression level of the protein of interest. It has been reported that construct following
the IRES sequence has a lower translation efficiency (Hellen and Sarnow 2001),
therefore, putting EGFP in front of the IRES sequence may alleviate the problem.
Alternatively, one may use a super bright fluorescent protein, or use a viral construct
with dual promoters for separate control of protein expression levels.
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A third limitation of the current platform is the inability to distinguish whether a
molecule is important for LTP induction or LTP expression. To make this distinction, it
would be desirable to disrupt an interaction or express a mutant protein after LTP is
induced. This may be achieved by designing caged compounds of the protein of interest,
or by tagging the protein of interest with drug-controllable protease and ubiquitin (for the
drug controllable protease idea, see Lin and Tsien 2010).
A fourth limitation of the current platform comes from the fact that 100%
infectivity cannot be achieved. Because not every presynaptic neuron is infected and
genetically manipulated, postsynaptic recordings report an average of manipulated and
un-manipulated synapses. Contaminations from un-manipulated synapses reduce our
ability to assess other physiological phenotypes, for example, whether basal release
properties are altered. Therefore, it would be desirable to detect signals only from the
manipulated synapses.
One approach is to use light and channelrhodopsin to activate only the infected
neurons. Replacing EGFP with channelrhodopsin-YFP (ChR-YFP) in my construct shall
satisfy this purpose. I attempted such an approach in 2008. Unfortunately, the ChR-YFP
I used at that time (humanized channelrhodopsin 2) required a very high expression
level to fire action potentials in hippocampal neurons. I was unable to activate any
dentate granule cell with my modified Sindbis viral construct (-IRES-ChR-YFP).
Another approach is to directly examine vesicle release at the presynaptic
bouton. As reviewed in section 1.1.2.2, synapto-pHluorin has been used to estimate a
change in vesicle release in LTP with a 10Hz train (Bayazitov et al., 2007). Although
synapto-pHluorin may not have the necessary signal-to-noise ratio to detect single
vesicle release (Zhu et al., 2009), newer generations of pHluorins may enable detections
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of vesicle release per action potential at individual synapses (Balaji and Ryan 2007;
Matz et al., 2010). And I would like to use them to report single release events and
release probability in acute hippocampal slices at individual mossy fiber bouton, before
and after presynaptic LTP.
In my preparation, I have tested three different pHluorin constructs, vGlutpHluorin, synaptophysin-pHluorin 2x, and synaptophysin-pHluorin 4x. For the purpose of
further genetic manipulation, pHluorin construct was placed in the position of EGPF,
downstream of the IRES sequence. I find that both vGlut-pHluorin and synaptophysinpHluorin 2x can be used to detect vesicle release per action potential and estimate
release probability at individual mossy fiber bouton.
I consider detecting vesicle release per action potential at individual mossy fiber
bouton an important technological advance in the field. This approach will not only allow
for analysis of only the manipulated synapses in the current platform, but will also enable
analysis of how neurotransmitter release may be enhanced at single synapse level
during presynaptic LTP. Previously, presynaptic LTP has been shown to associate with
an increase in the averaged release probability among many synapses (Weisskopf and
Nicoll 1995), however, the behavior of individual synapses remains unknown. Release
probability is heterogeneous among synapses (Rosenmund et al., 1993); it is possible
that some synapses increase synaptic release by increasing release probability, while
others increase release by switching from single- to multi- vesicular release, or
presynaptic unsilencing. The proposed approach would enable distinction of these
mechanisms at individual synapses, and would also reveal whether the degree of
potentiation may be negatively correlated with basal release probability.
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6.2 Molecular mechanisms of presynaptic LTP
Before this dissertation work, relatively little was known about the molecular
mechanisms of presynaptic LTP. It was known that presynaptic LTP requires protein
kinase A, the synaptic vesicle protein, Rab3A, and the active zone protein, RIM1α
(Huang et al., 1994; Weisskopf et al., 1994; Castillo et al., 1997, 2002; Villacres et al.,
1998; Fourcaudot et al., 2008), yet it was unknown whether there are other molecules
required, or whether these three proteins function in the same pathway. It was
hypothesized that PKA and Rab3A function converged onto RIM1α for presynaptic LTP,
due to the fact that RIM1α can be phosphorylated by PKA and can bind to Rab3A
(Kaeser and Sudhof 2005) (Fig. 20A).
In this work, I investigated the molecular mechanisms for presynaptic LTP using
the aforementioned platform. I discovered that Munc13-1, a priming molecule, is also
required for presynaptic LTP and serves as an effector for RIM1α (Fig. 20B). This is a
brand new finding that a protein required for vesicle release may also be regulated to
change synaptic strength in long-term plasticity. For the first time, Munc13-1 is
implicated in LTP. Munc13-1 is required for vesicle priming (Augustin et al., 1999;
Varoqueaux et al., 2002), therefore, my results suggest for the first time that regulation
of the primed vesicle pool could be the cellular basis for presynaptic LTP. This idea is
further discussed in section 6.4.
I also found phosphorylation of RIM1α serine 413 by PKA is not required for
presynaptic LTP (Fig. 20B). These results resolve a controversy in the field. Because
both RIM1α and PKA are required for presynaptic LTP (Huang et al., 1994; Weisskopf et
al., 1994; Villacres et al., 1998; Castillo et al., 2002; Fourcaudot et al., 2008) and RIM1α
can be phosphorylated by PKA (Lonart et al., 2003), it was hypothesized that RIM1α is
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the PKA target in presynaptic LTP (Fig. 20A; Kaeser and Sudhof 2005). This hypothesis
was supported in a cerebellular culture model of presynaptic LTP, but challenged by a
knockin mouse model (see section 2.4 for detail discussion). Using an acute in vivo
approach, my results are in agreement with the knockin mouse model, which suggest
that the culture model may diverge from in vivo mechanisms. From our data, the PKA
target in presynaptic long-term plasticity remains warranted.
A third important finding in this dissertation work is that RIM1α-Rab3A interaction
is not required for presynaptic LTP. RIM1α and Rab3A bind to each other and are both
required for presynaptic LTP (Castillo et al., 1997, 2002; Wang et al., 1997), therefore, it
was hypothesized that the function of Rab3A in LTP is through RIM1α (Fig. 20A; Kaeser
and Sudhof 2005). This hypothesis, however, was never tested with direct experiments.
Here I provide the first direct evidence for the (in)significance of RIM1α-Rab3A
interaction in presynaptic LTP. While there are caveats to my experiments (see section
4.1 for detail), my results suggest for the first time that RIM1α and Rab3A may be acting
in parallel and unanticipated ways for presynaptic LTP. Further investigation is
necessary to understand the requirement of Rab3A and to detail the molecular basis for
presynaptic long-term plasticity.
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Figure 20: Models for presynaptic LTP
A,old hypothesis for presynaptic LTP. B,updated model for presynaptic LTP by this work

6.3 Future Direction 1--potential candidate molecules for
presynaptic LTP
The finding that Munc13-1 is required for presynaptic LTP opens up a new pool
of candidate molecules for presynaptic LTP. Besides RIM1α, other proteins that regulate
Munc13-1 function may also play a role in presynaptic LTP. Molecules functioning
together with Munc13-1 can also be candidate targets to change synaptic strength in
long-term plasticity.
Besides RIM1α, Munc13-1 binds to Ca2+/CaM through its CaM binding domain,
DAG through its C1 domain and Ca2+ through its C2B domain; these bindings have been
shown to alter short-term plasticity in cultured neurons (Junge et al., 2004; Basu et al.,
2007; Shin et al 2010). Whether these bindings may have any effect in presynaptic longterm plasticity remains to be determined.
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As reviewed earlier, Munc13-1 primes synaptic vesicle via its MUN domain,
which interacts with syntaxin (Basu et al., 2005; Stevens et al., 2005). It has been
recently shown that the MUN domain accelerates opening of syntaxin-1, transiting from
closed syntaxin-1–Munc18-1 complex to the SNARE complex, within which syntaxin-1
takes an open conformation and also binds to Munc18-1, but not transition from
syntaxin-1 alone to the SNARE complex; these results suggest that vesicle priming by
Munc13-1 may be only evidenced in the presence of Munc18-1 (Dulubova et al., 2007;
Shen et al., 2007; Deak et al., 2009; Ma et al., 2011). Mutations in Munc18-1, which
preserve tight binding to closed syntaxin-1 but markedly disrupt Munc18-1 binding to
SNARE complexes with open syntaxin-1, have been shown to reduce the size of the
primed pool (Deak et al., 2009), suggesting that Munc18-1 binding to SNARE complex
may promote vesicle priming. In agreement with this idea, deletion of Munc18-1 leads to
an abrogation of synaptic vesicle release (Verhage et al., 2000). Because of its essential
role in vesicle release and implicated function in vesicle priming, Munc18-1 may be
regulated to promote vesicle release in presynaptic LTP. Further, Munc18-1 has been
shown to have weak interaction with Rab3A (Graham et al., 2007), making it more likely
that Munc18-1 may function in presynaptic long-term plasticity. However, since Munc181 has multiple functions in vesicle docking, priming and vesicle fusion (Lang and Jahn
2008; Rizo and Rosenmund 2008), one has to take cautions when deciding what
interactions of Munc18-1 to disrupt and which residues of Munc18-1 to mutate.

6.4 Vesicle priming as a putative cellular mechanism for
presynaptic long-term plasticity
From the synaptic vesicle cycle, many steps are necessary for vesicle release
and may be the candidate mechanims to regulate presynaptic strength. When an AP
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arrives at the presynaptic terminal, it depolarizes the presynaptic membrane. A critical
step here is the opening of voltage gated calcium channels, which allows calcium influx
(Sudhof 2004; Lisman et al., 2007). The next important step is calcium binding to
calcium sensors on the vesicles, such as synaptotagmin, which then triggers SNARE
dependent fusion of vesicles to the presynaptic membrane (Sudhof 2004; Lisman et al.,
2007). However, not every vesicle is capable of fusion. Fusion events happen
predominately at active zones, and vesicles have to locate to the active zone and
interact with active zone proteins to become fusion-competent. The cellular process for a
vesicle to become release-ready is called priming, a third important step for vesicle
release (Rosenmund and Stevens 1996; Augustin et al., 1999; Varoqueaus et al., 2002;
Deak et al., 2009). A fourth important step to regulate presynaptic strength is the
coupling between calcium channels and primed vesicles, which has been suggested to
be more important than the amount of primed vesicles in controlling synaptic strength at
the calyx of Held synapse (Wadel et al., 2007).
Which of these steps is mediating the long-lasting increase of neurotransmitter
release during presynaptic LTP? To date, only presynaptic calcium transients have been
monitored in presynaptic LTP experiments. It has been shown that, at the hippocampal
mossy fiber-CA3 synapses, presynaptic calcium transients are not altered after LTP
expression (Regehr and Tank 1991; Kamiya et al., 2002; Quinta-Ferreira and Matias
2004; Pelkey et al., 2006). Whether and how the remaining three candidate steps are
invovled in presynaptic LTP is unknown.
In this dissertation work, I identify for the first time a role for priming protein
Munc13 in presynaptic long-term plasticity (Chapter 3). Munc13 is essential for vesicle
priming (Rizo and Rosenmund, 2008) and more recent evidence indicates that RIM1α’s
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interaction with Munc13 is a key regulator of this process (Deng et al., 2011). I find that
disrupting RIM1α-Munc13-1 interaction impairs presynaptic LTP in wildtype mice and
abolishes rescue of presynaptic LTP in RIM1α knockout mice. These results suggest
that enhanced vesicle priming may underlie presynaptic long-term potentiation.
Another cellular mechanism, regulation of coupling between calcium channel and
primed vesicles, is also compatible with the requirement of RIM1α-Munc13-1 interaction
in presynaptic LTP. As reviewed earlier, RIM1α is a presynaptic scaffold protein
interacting with multiple presynaptic molecules (Zheng and Jin 1999; Betz et. al., 2001;
Coppola et. al., 2001; Wang et. al., 2001; Ohtsuka et. al., 2002; Schoch et. al., 2002;
Sun et. al., 2003; Kiyonaka et. al., 2007; Han et. al., 2011; Kaeser et. al., 2011; Deng et.
al., 2011). RIM1α has been shown to interact with calcium channels and is responsible
for targeting P/Q- and N- type calcium channels to the presynaptic terminal (Kiyonaka et
al., 2007; Han et al., 2011; Kaeser et al., 2011). Via its interaction with calcium channels
at its C-terminal and with Munc13-1 at its N-terminal, RIM1α may spatially associate
calcium channels with primed vesicles. Therefore, disrupting RIM1α-Munc13-1
interaction may impair the coupling between calcium channels and primed vesicles,
besides altering the regulation of vesicle priming.
Whether the increase in neurotransmitter release in presynaptic LTP is due to
enhanced vesicle priming or enhanced coupling between primed vesicles and calcium
channels has yet to be determined. Nevertheless, my findings imply that vesicle priming
may be a key cellular process for the dynamic regulation of synaptic strength. It would
be interesting to observe the size of the primed pool during presynaptic LTP and see
how it correlates with release probality or the degree of potentiation.
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6.5 Future direction II--identifying the cellular mechanism(s) for
presynaptic long-term plasticity
6.5.1 Significance of identifying the cellular mechanism(s) for
presynaptic long-term plasticity
Identifying the cellular mechanism(s) for presynaptic long-term plasticity is
important because, 1) it would help us focus on important presynaptic molecules and
critical protein interactions that control and/or regulate synaptic strength, and 2) it may
provide insights for drug development to target a specific cellular process for disease
involving altered presynaptic plasticity.
At the postsynaptic side, the approach to a central cellular mechanism for the
search of important molecules has been proven fruitful. AMPA receptor exo-/endocytosis have been shown to be a key cellular process to regulate postsynaptic strength,
as opposed to lateral diffusion or alteractions of AMPA receptor gating properties (Nicoll
2003; Malenka and Bear 2004; Kerchner and Nicoll 2008). Guided by these findings, a
network of molecules have been found to regulate AMPA receptor exo-/endo-cytosis
under various conditions and contribute to the broad range of postsynaptic neuronal
activity (Lynch 2004; Bourne and Harris 2008; Feng and Zhang 2009). At the
presynaptic side, however, such a cellular process for long-term plasticity has not yet
been identified.
As discussed in section 6.4, my results suggest that vesicle priming may be a
key cellular mechanism for presynaptic LTP. In the following sections, I propose
experiments to directly test this idea and a competing hypothsis that vesicle-calcium
channel coupling is important for altering synaptic strength in LTP.
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6.5.2 Examining vesicle priming at individual synapses before and
after presynaptic long-term plasticity
Vesicle priming has been suggested by my result to be an important cellular
process for presynaptic LTP. Vesicle priming is a biochemical event necessary for the
vesicles to become fusion-competent, thereby, creating the readily releasable pool
(RRP) of vesicles {Rosenmund and Stevens 1996}. Although the exact nature of priming
has not yet been elucidated, the RRP is operationally defined by the application of
hypertonic sucrose in many studies using cultured hippocampal neurons (e.g., see
Rosenmund and Stevens 1996; Betz et al., 2001; Rosenmund et al., 2002; Basu et al.,
2005; Deng et al., 2011), where vesicles in the RRP undergo exocytosis by a calciumindependent nanomechanical mechanism upon application of hypertonic sucrose
{Rosenmund and Stevens 1996}. Sucrose assessment of RRP, however, is not easily
adaptable to examine presynaptic LTP in slice. When performing electrophysiological
recordings and using the electric signal from the postsynaptic neurons to report synaptic
vesicle release, the recorded signal would come from all synapses of the postsynaptic
neuron upon sucrose application, thereby, losing the synapse specificity necessary to
distinguish synapses that undergo LTP versus synapses that are not tetanized.
With the pHluorin approach to look at vesicle release at individual synapses, it is
now possible to assess vesicle priming of specific synapse(s) in slice. Individual synapse
can be identified by the optical signal, and fluorescent changes at individual synapse
upon hypertonic sucrose application can be used to estimate the size of the primed pool
at that synapse. Comparison of the size of the primed pool before and after LTP would
then reveal whether enhanced vesicle priming is the cellular mechanism for presynaptic
LTP.
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Since mossy fiber LTP requires action potential firing and calcium influx into
hippocampal granule cell soma (Barnes et al., 2010), it may be worthwhile to patch onto
infected granule cells. By monitoring the membrane potential of the cell and using
current injection to induce action potential firing and LTP, one can be confident that its
synapses experience the HFS induction protocol. It would be interesting to see whether
synapses from the same dentate granule cell display different degrees of potentiation,
and how that might be correlated to basal release probability. To identify presynaptic
boutons from the recorded granule cell, one would need to fill the cell with a
morphological tracer (e.g. Alexa 594, used in Scott and Rusakov 2006 to identify mossy
fiber boutons in rat hippocampal slices). Besides identifying the connected bouton, the
morphological tracer may also be used to monitor the size of the mossy fiber bouton
during presynaptic LTP.
From the proposed experiments, many relative questions may be answered.
Some interesting questions include, 1) whether release probability is positively
correlated with the size of the primed pool across different synapses, and at an
individual synapse; 2) whether the size of the primed pool is increased in presynaptic
LTP; 3) whether there is structure changes accompanying the increase in release
probability (and the size of the primed pool?) in presynaptic LTP; 4) if the size of the
primed pool is increased after presynaptic LTP, is it an immediate event after HFS or
does it happen later in time corresponding to a sustained increase in vesicle release? I
believe we would gain important insights into regulation of synaptic strength and vesicle
exocytosis by examining the primed pool during LTP.
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6.5.3 Examining the coupling between calcium channel and primed
vesicles at individual synapses
As discussed in section 6.4, my results cannot exclude the possibility that
enhanced vesicle priming underlies the increase in synaptic strength during presynaptic
LTP. The coupling between calcium channels and primed vesicles has been suggested
to be an important mechanism to control synaptic strength basally at the calyx of Held
synapse, more important than the size of the primed pool (Wadel et al., 2007). It was
found that after depletion of releasable vesicles by a train of action potentials, calcium
uncaging at the calyx of Held is still capable to release a large amount of synaptic
vesicles, suggesting that calcium elevation is restricted to a tight spatial nanodomain and
only affects a small population of the primed vesicle pool (Wadel et al., 2007). Because
the calyx of Held is a particularly large synapse with a primed pool tens to hundreds
more than that of a central synapse, these findings may not translate to other synapses.
It would be interesting to examine, at another synapse, the relative importance of the two
mechanisms—the size of the primed pool versus the coupling between calcium channels
and primed vesicles—in controlling synaptic strength basally, as well as before and after
long-term plasticity. These experiments may be possible via the combination of calcium
uncaging and the newer generations of pHluorin to detect single vesicle release. Results
from experiments proposed in this section and the previous section will reveal critical
cellular mechanisms in controlling presynaptic strength basally and those regulating
presynaptic strength dynamically. These findings may provide candidate targets to alter
the efficacy of vesicle release exogenously.
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