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ABSTRACT

Fos and Jun are transcription factors that heterodimerize to form AP-1, a transcriptional 

activator complex.  They are two among many important candidate immediate early 

genes long hypothesized to function as transcriptional gatekeepers between the short-term 

and long-term modifications of synaptic efficacy postulated to underlie learning and 

memory.  In normally active Drosophila motor neurons, overexpression of AP-1, induces 

cAMP- and CREB- dependent forms of synaptic enhancement.  The activities of 

immediate early genes such as fos, jun, and CREB have long been assumed to achieve 

synaptic enhancement by increasing synapse number.  We show that at the Drosophila

neuromuscular junction (NMJ), an AP-1- and CREB- dependent form of presynaptic 

strengthening is mediated by increasing the weights of unitary synapses and not through 

the insertion of additional release sites.  Post-tetanic potentiation (PTP) is reduced at 

these synapses, suggesting that the mechanisms underlying this short-term form of 

synaptic enhancement may be stably recruited by pathways activated downstream of AP-

1 overexpression.  Electrophysiological and FM1-43 based measurements further 

demonstrate that enhanced neurotransmitter release is accompanied by an increase in the 

actively cycling synaptic-vesicle pool at the expense of the reserve pool.  Increases in 

both transmitter release and cycling-pool size are blocked under conditions of CREB 

inhibition arguing that: a) AP-1 and CREB are required for reserve-pool mobilization; 

and b) that sustained reserve pool mobilization may underlie this form of plasticity.  

These findings together suggest transcriptional mechanisms believed to participate in 
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long-term forms of synaptic enhancement may, in some instances, be accomplished by 

the stable recruitment of mechanisms that normally underlie short-term synaptic change.   
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CHAPTER 1:  CELLULAR SUBSTRATES AND MODELS OF
MEMORY

OVERVIEW

The research presented in this dissertation investigates the presynaptic modifications 

introduced by the immediate early genes jun and fos functioning as the heterodimeric AP-

1 complex.  Jun and fos are two among many candidate immediate early genes long 

hypothesized to function as transcriptional gatekeepers between the short-term and long-

term modifications of synaptic efficacy that have been postulated to underlie learning and 

memory.  The activation of immediate early genes is part of a process referred to as 

synaptic consolidation where patterned neural activity leads to enduring changes in 

synaptic efficacy or output (Dudai, 2004; Morgan & Curran, 1991).  In contrast to short-

term modifications, long-term modifications require phases of new gene transcription and 

protein synthesis (Kandel, 2001).  These processes mediate key differences between 

short-term and long-term memory formation. 

My analysis of presynaptic modifications downstream of Fos and Jun overexpression in 

Drosophila motor neurons has identified a form of synaptic enhancement mediated by a 

persistent state of vesicle mobilization.  This result would not have been predicted based 

upon the classic structural hypothesis of persistent memory (Bailey, 2004). Instead, my 

analysis (Chapter Three) suggests that immediate early gene activity at this particular 

synapse may be promoting enhanced neurotransmitter release through properties that 
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have only been studied in the context of short-term forms of synaptic plasticity. No 

framework currently exists whereby this class of mechanism fits into the persistent 

memory literature.  Therefore, this chapter will attempt to build such a framework by first 

exploring what is known about cellular forms of memory in neurons, and then by offering 

evidence suggesting that alternative mechanisms such as this one are not only plausible 

but may be necessary in order to satisfy certain parameters accompanying behavioral 

memory.  My two major objectives therefore are:  first, to describe mechanisms that 

might support forms of persistent memory that are independent of structural remodeling 

and mediated by shifts in pre- and/or post- synaptic efficacy; and second, to discuss 

evidence suggesting presynaptic mechanisms of neurotransmitter release may contribute 

significantly to persistent memory at associative synapses such as CA3-CA1 synapses in 

the hippocampus. 

The first half of Chapter One will review fundamental assumptions that underlie most 

memory research.  This will be followed by a discussion of the types of synaptic 

constituents that are modified or recruited during the induction of short-memory or the 

short-term enhancement of synaptic communication. The second half of this chapter 

explores cellular models of persistent, long-term memory and how synaptic constituents 

might be stably recruited during its encoding. Chapter Two reviews what is known about 

Fos and Jun and their roles in the context of memory storage and synaptic plasticity. 

Chapter Three describes how Fos and Jun transcriptional activity achieves synaptic 

enhancement at Drosophila motor synapses. Chapter Four includes discussions of future 

directions and concluding remarks. 
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FUNDAMENTAL DISCOVERIES AND ASSUMPTIONS IN MEMORY
RESEARCH

Understanding the nature of memory and how it is encoded has been an ardently pursued 

quest of central importance in neuroscience. Memory is defined as the ability to acquire, 

store, and recall information, and in many respects, engenders the sum of our identities 

(Kandel, 2001).  It shapes not only who we are as a product of our pasts, but also 

influences who we will be as our stored memories inform our future actions and 

decisions.  A remarkable biological solution, the ability to store memories of experiences 

confers to all organisms outfitted with nervous systems the ability to flexibly adjust 

behavior in response to complex, ever-changing environments. Research progress into the 

underpinnings of memory has synergistically permitted profound insights into the 

mechanisms and rules governing brain development and activity-dependent wiring of the 

nervous system.  Additionally, it has provided insight into how pathological states such 

as drug addiction arise and might be mitigated (Nestler, 2005). 

Memory can be experimentally isolated and measured by changes in an organism’s 

behavior in response to a stimulus (Ebbinghaus, 1885; Pavlov, 1927).  For example, in 

shock avoidance conditioning, an animal learns that a certain cue is associated with 

shock. The ability of the animal to learn and remember its experience can be measured by 

the number of times it correctly avoids a cue associated with shock. Parameters such as 

the strength of memory can be measured by the length of time that elapses in between 

training and testing and can be correlated to the number of training sessions (Agranoff, 

1967; Sidman, 1953).   
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The theoretical foundations for the modern study of memory were laid down at the 

closing of the 19th century, a time when anatomical and behavioral streams of inquiry 

conducted in parallel began to suggest points of intersection between the two approaches.  

One critical development was the birth of the synaptic plasticity hypothesis traced to the 

Croonian lecture of 1894 by the neuroanatomist Ramón y Cajal who proposed that the 

strength of synaptic connections was not fixed, but plastic and modifiable by neural 

activity (Ramón y Cajal, 1894). Drawing only upon his detailed observations of neural 

architectures from embryos and adult animals, Cajal further posited that the processes 

underlying learning and memory might produce changes in the strength of synaptic 

connections through axonal sprouting or dendritic branching. 

A second critical development during this time period was the birth of the experimental 

study of memory.  German psychologist Hermann Ebbinghaus, using himself as an

experimental subject, developed an approach for the quantitative study of memory using 

2300 nonsense syllables that he could randomly combine to create lists of syllables for 

memorization (Ebbinghaus, 1885).  Reading aloud each syllable list at a rate of 150 items 

per minute, he observed that there was a linear relationship between the number of 

repetitions and the number of syllables he could recall on the next day. Thus, Ebbinghaus 

was able to draw the important conclusion that memories endure on different time scales. 

Some memories are short lived.  Others are long lived.  This led to the conclusion that 

repetition makes memories endure longer (Ebbinghaus, 1885).  



17

Elaborating upon Ebbinghaus’s finding, Georg Müller, a professor at the University of 

Göttingen and his student Alfons Pilzecker adapted Ebbinghaus’s experimental paradigm 

and discovered that memorization of a second list interferes with recall of the first. Thus, 

they inferred that memory traces are vulnerable to interference and subject to erasure 

prior to completing a “consolidation period” during which they are converted into stable 

long-term forms. They integrated this principle into the “perseveration-consolidation 

hypothesis of memory” (Lechner, 1999; Müller, 1900).  The extrapolated intersection 

between these two lines of inquiry was the compelling possibility that changing 

connections between neurons underlies the learning of the lists of nonsense syllables.  

Furthermore, these experiments formally demonstrated that patterned neural activity in 

the form of repetition could increase the lifespan of new memories, and that a mysterious 

consolidation process separated short-term from long-term forms of memory. 

The observation that the developing brain synthesizes protein at extremely high rates led 

to the next major breakthrough in memory research. In the 1960’s, Agranoff, Flexner, 

and others found that short- and long-term memories could be dissected apart from each

other at the cellular level by the requirement for new macromolecular synthesis (i.e. 

mRNA and protein).  They found that formation of long-term memories was blocked by 

injections of protein (puromycin) or RNA (actinomycin D) synthesis inhibitors in mice 

after maze learning paradigms (Flexner, 1963; Flexner, 1967) and shock avoidance 

conditioning in goldfish (Agranoff, 1967; Agranoff & Klinger, 1964).  The requirement 
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for new macromolecular synthesis soon became a general property of long-term memory1

in all experimental organisms studied including fruit flies and honeybees (Tully, 1994; 

Yin, 1994; Wustenberg, 1998), the sea slug Aplysia (Castellucci, 1986; Montarolo, 1986)

birds and crabs (Freeman, 1995; Mileusnic, 1996; Pedreira, 1996; Sandi and Rose, 1997).  

Finally, a new fundamental parameter of memory is suggested by the phenomenon of 

memory reconsolidation. Following up on older, forgotten reports that retrograde amnesia 

of recalled memories could be induced by electroconvulsive shock (Misanin, 1968) or 

intracerebral injections of puromycin (Flexner, 1965), Karim Nader explored the 

possibility that consolidated memories might re-enter states vulnerable to interference 

after recall. To do this, he trained rats with auditory fear conditioning, an amygdala 

dependent paradigm where rats learn to associate a tone with electric footshock 
  

1 Having said this, however, an isolated but disturbing report challenges this long held 
assumption.  Injection of the widely used protein synthesis inhibitor anisomycin (but not 
the drug vehicle itself) into the amygdala induces startlingly large increases (1,000-
17,000%) in the levels of several neurotransmitters including dopamine (DA), 
norepinephrine (NE) and serotonin (as measured by microdialysis) that remain elevated 
for ~1 hour (Canal, 2007).  Mimicking only the norepinephrine spike by injecting a high 
dose of NE into the amygdala prior to training is sufficient to block long-term memory 
formation.  Under conditions attempting to control for aberrant NE release after 
anisomycin injection (via administration of adrenergic antagonists at appropriate 
timepoints), animals do not develop long-term memory (Canal, 2007).  Several caveats 
and clarifications will need to be pursued before any dogma will be overturned by this 
study, but certainly, the possibility that anisomycin causes aberrant neurotransmitter 
release is alarming and will need to be examined in other memory systems and compared 
with other translational inhibitors.   It will also be important to establish whether the 
phenomenon is caused by a specific off-target effect of anisomycin, a general off-target 
effect of all anti-biotic based translational inhibitors, or is a response triggered by large 
scale suppression of protein synthesis.  Development and use of genetic tools to 
reversibly and acutely inactivate translation in a spatially restricted manner may have to 
be developed to fully resolve the issue.(Canal, 2007)
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(unconditioned stimulus or US) and forms a fear memory.  After a single, tone-shock 

pairing, rats will freeze upon the presentation of the tone (CS) alone.  The freezing 

behavior is an observable measure of the fear memory and can endure for the lifetime of 

the animal.  Presentation of the tone alone cues the animal to recall or “reactivate” the 

memory.   

Regardless of whether the memory was reactivated 1 day or 14 days after training, 

injection of the protein synthesis inhibitor anisomycin (and not a vehicle) directly into a 

rat’s amygdala resulted in erasure of the memory in a CS-dependent manner.  If the tone 

was not presented prior to anisomycin injection, then the fear memory remained intact 

(Nader, 2000).  Furthermore, if the animal learns to associate shock with two different 

tones (tone 1, tone2), and hears tone 1 prior to anisomycin injection, only the fear 

memory for tone 1 is erased while its fear memory for tone 2 remains intact (Debiec, 

2006).  The discovery that persistent memory is vulnerable to interference after 

reactivation has been found to be generalizable to different forms of memory dependent 

on different brain areas including motor memory in the motor cortex (Kleim, 2003), drug 

addiction memory in the striatum (Lee, 2005; Lee, 2006) and spatial memory in the 

hippocampus (Debiec, 2002; Morris, 2006).  Additionally, the phenomenon has been 

observed in other organisms including crabs (Pedreira, 2002) and C. elegans (Rose & 

Rankin, 2006).  
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Interestingly, Nader’s revitalization of this experimental phenomenon is predated by 

reports in the psychology literature that human memory is easily corrupted by suggestive 

statements that can plant false memories — findings that have had deep and far-ranging 

implications from our legal system to psychoanalytical practice (Gentner & Loftus, 1979; 

Loftus, 2003; Loftus, 1978).  If the mechanism of this corruptibility can be traced to a 

protein synthesis dependent requirement for reconsolidation2, it would indicate that the 

cellular processes underlying memory storage are themselves far more dynamic and 

ongoing than previously thought.  It also poses a challenge for future models of memory 

by adding an additional set of constraints would need to be accounted for.  

In summary, the most important and general parameters describing memory storage 

might be encapsulated as follows (Dudai, 2004): 

1. Memory is mediated by synaptic changes.

2. Short-term memory may be elicited by massed training and requires the action of 
protein kinases and calcium entry.

3. Long-term memory may be elicited by spaced training and exhibits additional 
requirements such as new macromolecular synthesis. 

4. Memories are vulnerable to interference until they undergo consolidation.

5. Upon reactivation, memories re-enter a state in which they are vulnerable to 
interference unless they are successfully reconsolidated.  

  
2 The Canal et al.. study authors also directly challenge the hypothesis that additional 
rounds of protein synthesis  are required for memory reconsolidation.  They propose that 
amnesia caused by administration of anisomycin after memory retrieval is due to 
excessive release of norepinephrine (Canal, 2007). If this finding is confirmed, one 
cannot help but be tempted to wonder whether there are commonalities between this 
newly described phenomenon and the effects of electroconvulsive shock.  
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The first four fundamental assumptions have been instrumental in developing cellular 

models describing how memory might be encoded at the molecular level.  The progress 

made towards articulating how neural and molecular substrates work together to encode 

memory has been aided by advances in other areas of science and technology including:  

the genome sequencing of organisms such as Drosophila and mice, advances in optical 

imaging techniques and non-invasive imaging, and advances in describing molecular 

components of the synaptic machinery

CELLULAR SUBSTRATES AND MODELS FOR SHORT-TERM MEMORY

Behavioral memory might be viewed as an emergent property of the interactions between 

different brain areas that, in turn, are composed of many different types of interconnected 

neurons (reviewed by Dudai, 2004).  As the neuron is the fundamental unit of brain 

circuits, one very successful but highly reductionistic strategy applied to the study of 

memory depends on the assumption that many key properties of behavioral memory can 

be recapitulated at the cellular level.  Referred to as cellular models of memory, cellular 

phenomenon of enhanced communication between neurons follow many of the same 

rules as behavioral memory (described in the previous section).  Cellular models of 

memory alone cannot satisfyingly explain all aspects of memory itself.  However, many 

molecular regulators discovered by exploring cellular models have been shown to 

directly impact behavioral memory in a manner that is often consistent with their role at 

the cellular level. Thus, the following sections will illustrate how reductionistic 

approaches have yielded extremely useful ways of understanding how cellular substrates 
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might be orchestrated to encode cellular memory in a way that is meaningful to an entire 

system.

Two important examples of cellular memory models are long-term potentiation (LTP) 

and long-term facilitation (LTF). Bliss and Lømo first discovered long-term potentiation 

in the hippocampus in 1973.  In their original protocol, they reported that repetitive 

stimulation of perforant path fibers innervating granule cells in the dentate area led to a 

significant enhancement of field potentials (increased EPSP amplitudes or reduced 

latency of the population spike) among neurons in this circuit (Bliss & Lømo, 1973).  

They concluded that their findings suggested “a) an increase in the efficiency of synaptic 

transmission at the perforant path synapses or b) an increase in the excitability of the 

granule cell population.”  Since, then, various forms of this protocol have been applied to 

other synapses in the other brain areas and found to elicit very similar responses.  

Furthermore, it was later discovered that the duration of the potentiation was modulated 

by the type of induction protocol in a manner that paralleled the duration of memories 

induced by massed or spaced behavioral paradigms (Racine, 1995; Reymann, 1985).  A 

single burst of tetanic stimulation like massed behavioral training led to a short-term form 

of LTP or early LTP (E-LTP) while spaced bouts of repeated tetani elicited a form of 

LTP that endured on longer time scales (L-LTP).  Also in a manner similar to long-term 

memory, L-LTP was discovered to require transcription and translation while E-LTP did 

not (Frey, 1988; Krug, 1984; Nguyen, 1994).  
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Long-term facilitation is another cellular model for memory derived from behavioral 

studies of the Aplysia gill withdrawal reflex. The simple sensorimotor circuit underlying 

the gill withdrawal reflex is a response that can be elicited by a tap to the animal’s 

siphon.  If a siphon tap is paired with a tail shock, the sea slug’s gill exhibits sensitization 

of the reflex and will retain the gill in a withdrawn state for longer durations (Castellucci 

& Kandel, 1976).   Subsequent taps show the gill response remains sensitized for several 

minutes to hours longer depending on the spacing and number of rapidly delivered 

pairings of stimuli.   The persistence of this sensitized response requires protein synthesis 

and transcription.  Aplysia cell cultures of a single sensory neuron synapsing onto a single 

motor neuron can recapitulate many properties of this behavioral sensitization.  A few 

repetitive pulses of serotonin onto sensory neuron presynaptic terminals induce an early 

form of long-term facilitation (E-LTF) that endures in culture for several minutes to 

hours.  Spaced repetitive pulses of serotonin, however, induce a late form of long-term 

presynaptic facilitation (L-LTF) that endures in culture for several days, and like the 

long-term behavioral sensitization, shares a requirement for transcription and translation.  

In summary, by studying cellular models, one key advance made was learning that the 

process of transcription and translation not only divided short- and long-term behavioral 

memory, but also seemed to divide short- and long-term enhancements of synaptic 

communication at the cellular level. With this theoretical scaffold in place, efforts to 

identify what physical substrates were altered in the early and late forms of cellular 

memory have been productive.  In the next section, I will briefly describe chemical 
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synaptic neurotransmission followed by key findings on the molecular basis of short-term 

memory before moving on to molecular models of long-term memory. 

1.1  How cells communicate in the brain:  Synapses

Cellular memory is a general concept that does not necessarily pertain only to neurons.  

Neurons, however, unlike other cell types, are equipped with additional cellular structures 

that enable them to communicate with each other in a fast, unique and specific way.  

These sites of communication, termed synapses, contain additional substrates of cellular 

memoSry that are not broadly applicable to other cell types.

Chemical synaptic neurotransmission is the means by which two neurons communicate 

with one another using a neurotransmitter that is released into the synaptic cleft from one 

neuron and received by postsynaptic neurotransmitter receptors at another neuron.  This 

highly regulated process is initiated by the arrival of an action potential at the presynaptic 

nerve terminal3 which triggers the opening of voltage-gated calcium channels clustered 

near vesicle docking and release sites called active zones.  Calcium acts as a signal by 

which a calcium sensor stimulates vesicle fusion and thus secretion of the vesicle 

contents into the synaptic cleft.  Thereafter, the vesicle must be endocytosed, refilled with 

neurotransmitter, and returned to the vesicle pool for reuse.  

  
3 Presynaptic nerve terminal, varicosity, bouton, axon terminals are interchangeable terms 
used in reference to the synaptic morphological structures housing neurotransmitter 
release machinery and sites of vesicle exocytosis.
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In the next section, I’ll review some basic features of chemical synaptic 

neurotransmission that are amenable to recruitment as instruments of plastic change, 

especially in the context of short-term memory.  

1.2  How cellular communication is enhanced in the brain:  Synaptic plasticity

Classic cellular models of memory share the common assumption that memory can be 

encoded and represented by an enhancement of communication between neurons.  

Because chemical synaptic transmission occurs at sites with pre- and post-synaptic 

components, the efficiency of synaptic transmission can be increased by enhancing the 

function of pre- and postsynaptic components.  

Three general parameters have been historically described to influence synaptic strength:  

the number of release sites (N), the probability of release at each release site (p), and 

quantal size (q) (Bekkers & Stevens, 1990; Del Castillo & Katz, 1954).   Classic work 

describing the quantal nature of synaptic transmission at the vertebrate neuromuscular 

junction set the number of quanta released equal to N*p  (Del Castillo & Katz, 1954).   

Increases in either N or p could increase synaptic strength by influencing the total number 

of quanta released from the presynaptic machinery.  Shifts in N may be achieved through 

the addition of new release sites or through mechanisms that activate silent synapses 

(defined as synapses that either lack presynaptic machinery but carry opposing receptors, 

or carry presynaptic machinery and NMDA receptors, but lack AMPA receptors).  

Changes in q can have several contributions including changes in the postsynaptic 
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receptor response, changes in the amount of neurotransmitter packed into single vesicles 

or changes in the size of the fusion pore (addressed towards the end of this section).  

In short, processes that enhance neurotransmitter release or enhance the postsynaptic 

response to neurotransmitter contribute to memory.  These processes are not necessarily 

mutually exclusive and may indeed be put together in many combinations. 

1.3 Presynaptic targets underlying short-term synaptic plasticity:  Forms of 
 synaptic enhancement

Short-term synaptic plasticity (enhancement or depression) refers to changes in synaptic 

efficacy that do not require new macromolecular synthesis and typically last anywhere 

from the milliseconds to several minutes time scale (e.g. E-LTF, E-LTP).  Short-term 

plasticity is often considered the cellular correlate of short-term memory.  Forms of 

presynaptic plasticity correlated with short-term memory manifest through changes in the 

total probability of neurotransmitter release from the presynaptic neuron – an 

enhancement of existing synapses – while forms of presynaptic plasticity underlying 

long-term memory have largely been hypothesized to be restricted to the domain of 

increased synapse number.

Short-term enhancement of neurotransmitter release from the presynaptic terminal 

exhibits gradedness and can be discretely classified according to the duration of the 

enhancement and intensity of the stimulus. Most enhancements can be explained by 

elevations in intracellular calcium—an idea that is referred to as the “residual Ca2+
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hypothesis”—and has been substantiated by experimental approaches that change 

external Ca2+ (Katz & Miledi, 1968; Rosenthal, 1969),  manipulate [Ca2+]i  with caged 

compounds (Delaney, 1989; Mulkey & Zucker, 1992; Regehr, 1997; Regehr, 1989; 

Regehr & Tank, 1991), and track [Ca2+]i  fluorometric indicators (Delaney, 1989; Mulkey 

& Zucker, 1992).   Facilitation is a simple form of synaptic enhancement that decays on 

the milliseconds time scale.  It is often seen with paired stimuli delivered within 25-

100ms apart from each other, where neurotransmitter release in response to the second 

stimulus is greater than the response to the first (Zucker & Regehr, 2002).  The facilitated 

second response is due to residual calcium that has not been entirely cleared away by the 

time the second action potential arrives at the presynaptic terminal and is modulated by 

different types of calcium binding proteins that are located in calcium microdomains 

surrounding release sites (Blatow, 2003).  

Augmentation and post-tetanic potentiation (PTP) are longer forms of synaptic 

enhancement that are induced by brief periods of tetanic stimulation at high frequency.  

Augmentation4 , as defined and studied by vertebrate and crayfish5 NMJ physiologists, 

  
4 Augmentation, as used by Drosophila NMJ physiologists, refers to the increase in 
response amplitude during a high frequency train (Broadie, 1997; Griffith & Budnik, 
2006).  Regardless of terminology, what matters is that the rising phase of the response 
during the stimulus train reflects an accruing summation of residual calcium from several 
potential sources including the voltage gated calcium channels, the Na+/ Ca2+ exchanger, 
mitochondrial calcium stores, and possibly the endoplasmic reticulum. The contributions 
of these sources to mechanisms of short-term enhancement have not been systematically 
worked out yet at the Drosophila neuromuscular junction.  A reasonable starting model, 
however, might be drawn from studies of short-term plasticity at other synapses--such as 
the ones described in this section. 
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can be elicited by a few seconds of high frequency stimulation6  (Kamiya & Zucker, 

1994), decays within seconds (Magleby & Zengel, 1976; Wojtowicz & Atwood, 1985), 

and is considered to be a  form of enhancement intermediate between facilitation and PTP 

(reviewed in Zucker & Regehr, 2002).   Post-tetanic potentiation is elicited by one to a 

few minutes of high frequency stimulation7 (Kamiya & Zucker, 1994) and characterized 

by an enhancement of synaptic transmission after the tetanic stimulation that typically 

decays after several minutes. Whether all synapses exhibit both augmentation and PTP 

isn’t clear, and the boundaries between the two need better definition.  At the crayfish 

NMJ, however, the two forms can be distinguished with the use of caged Ca2+ chelators 

(e.g.EGTA, BAPTA).  Augmentation in this preparation is immediately abolished by 

flash-induced uncaging of a Ca2+ chelator while PTP is only temporarily blocked and 

eventually recovers (Kamiya & Zucker, 1994). This suggests that both phenomena are 

dependent on elevated Ca2+ levels but differ in the principally contributing sources of 

Ca2+.

Two plausible mechanisms may significantly contribute to the residual Ca2+ levels 

underlying augmentation and/or PTP:  slowed or reversed activity of the plasmalemmal 

    
5 Augmentation is also referred to as Phase I of long-term facilitation at the crayfish 
NMJ.  PTP is referred to as Phase II in the same context (Delaney, 1989; Wojtowicz & 
Atwood, 1985).

6 For example, augmentation can be elicited at  crayfish NMJ with 50Hz, 4s stimulation 
(Kamiya & Zucker, 1994).

7 For example, PTP at crayfish NMJ can be elicited with 50Hz, 5 min stimulation 
(Kamiya and Zucker, 1994).
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Na+/Ca2+ exchanger  (Mulkey & Zucker, 1992; Regehr, 1997; Zhong, 2001) and slow 

Ca2+ release from mitochondrial stores (Tang & Zucker, 1997).  The electrogenic Na+/ 

Ca2+ exchanger trades 3 Na+ for 1 Ca2+.  It has a greater preference for extruding Ca2+ 

from the cell but its function is reversible such that it exchanges Na+ to import Ca2+ into 

the cell.   Under tetanic conditions, the accumulation of Na+ ions disrupts the Na+

gradient, slows down the activity of the exchanger, and may thus reverse exchanger 

activity such that Ca2+ enters the cell.  Pharmacological inhibition of the plasmalemmal 

but not the mitochondrial Na+/ Ca2+ exchanger, has indeed been demonstrated to block 

augmentation and PTP (Tang & Zucker, 1997).  However, one study describes a unique 

form of potentiation mediated by the mitochondrial Na+/Ca2+ exchanger that doesn’t 

require Ca2 entry (Yang, 2003) — an illustration of the diversity of mechanisms that can 

contribute to short-term enhancement in different synapses.

A second source of residual Ca2+ hypothesized to contribute to PTP is the slow release of 

Ca2+ from mitochondrial stores.  Studies using pharmacological inhibitors of 

mitochondrial Ca2+ release, Ca2+ uptake or mitochondrial membrane potential found 

reductions in PTP (Storozhuk, 2005; Tang & Zucker, 1997).  At the calyx of Held, 

mitochondria have been demonstrated to play a significant role in the uptake of Ca2+

when the Na+/Ca2+ exchanger is saturated (Kim, 2005).   This is consistent with models 

of augmentation and PTP at the crayfish NMJ that suggest augmentation is due to 

slowing of Na+/ Ca2+ exchanger activity, and that PTP is the result of slow Ca2+ release 

from mitochondrial Ca2+ stores (reviewed in Zucker & Regehr, 2002).  The functional 
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interleaving between the Na+/Ca2+ exchanger and mitochondria illustrates the complex 

dynamics of various Ca2+ extrusion mechanisms and their often underappreciated role for 

synaptic plasticity.

Finally, the form of short-term memory that permits a memory to persist on the minutes 

to hours time scale is dependent upon the activation of key kinases such as protein kinase 

A (PKA) and Ca2+-calmodulin-dependent protein kinase II (CaMKII).  Thus, the 

arguably most important class of mechanisms in the context of short-term memory is 

mediated by post-translational modifications of target proteins (e.g. phosphorylation) via 

the activation of signaling transduction cascades.  Phosphorylation of both pre- and post-

synaptic targets has been demonstrated to enhance synaptic efficacy on short time scales.   

At Aplysia sensorimotor synapses, presynaptic cAMP-PKA signaling upon activation of 

serotonin receptors is both necessary and sufficient for a form of synaptic enhancement 

that lasts from minutes to hours (Brunelli, 1976; Castellucci, 1980; Castellucci, 1982; 

Cedar, 1972; Siegelbaum, 1982).  PKA is also required for presynaptic E-LTP expression 

at hippocampal mossy fiber synapses.  This form of presynaptic E-LTP occludes paired-

pulse facilitation and is believed to depend on modulation of presynaptic constituents that 

affect synaptic strength (Huang & Kandel, 1996; Huang, 1994).     

Focusing first on the presynaptic compartment, how might kinase-dependent pathways 

increase presynaptic strength?  Presynaptic plasticity ultimately manifests itself directly 

through changes in the probability of neurotransmitter release from the presynaptic 

neuron.  Increased presynaptic efficacy can be mostly accounted for by two mechanisms:  
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enhanced vesicle fusion probability per synapse or increased total synapse number.  

Increased synapse number can be described as an increase in the total number of release 

sites/active zones and can in some cases be correlated with the appearance of additional 

varicosities.  The enhanced fusion probability could be further broken down into the 

following major components: the size or duration of the calcium current, size of the 

readily releasable pool, or changes in calcium cooperativity. Additional mechanisms, 

whose molecular regulation at this point are not well understood, involve the presynaptic 

regulation of quantal size either through the amount of neurotransmitter loaded into the 

vesicle, the size of the vesicle, or the size/duration of the fusion pore.

1.3a  Presynaptic targets underlying short-term synaptic plasticity:  Intrinsic
 membrane excitability and the calcium current

As calcium entry is a key regulatory step in the triggering of neurotransmitter release, any 

mechanism that prolongs the duration or magnitude of the calcium current will inevitably 

contribute towards increasing release probability and synaptic efficacy.  Increasing 

membrane excitability was among the first mechanisms identified to increase the 

probability of release from presynaptic terminals.  In Aplysia, for example, repeated 

pulses of serotonin, which leads to G-protein activation of the cAMP-PKA (protein 

kinase A) signal transduction cascade, or injection of the PKA catalytic subunit itself 

were both sufficient to close single potassium channels underlying the S type- K+ current 

and reduce a transient K+ current IKV (Siegelbaum, 1982).  This reduction is mediated by 

PKA-dependent modulation of potassium channels and indirectly functions to prolong 

duration of the calcium current (Eliot, 1993) and thus enhances neurotransmitter release.
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Surprisingly, despite textbook descriptions of presynaptic calcium channel 

phosphorylation by PKA or PKC as a mechanism for the short-term enhancement of 

neurotransmitter release in neurons (Braha, 1993, Kandel, 2000), evidence for this is 

indirect at best and far from conclusive or satisfactory.  In dendrites, the phosphorylation 

of L-type calcium channels by PKA has been robustly demonstrated to facilitate calcium 

entry through modulation of the α1c subunit of the calcium channel which has a 

predominantly dendritic localization (Bourinet, 1994).  Yet despite evidence for PKA and 

depolarization induced phosphorylation of hippocampally-derived• α1b and α1e subunits, 

which exhibit presynaptic/dendritic and somatic/dendritic localization patterns 

respectively, evidence demonstrating that these particular modifications lead to 

facilitation has yet to materialize (Hell, 1995).

A better supported mechanism for the modulation of presynaptic calcium channel 

function, in the context of short-term facilitation, is through relief from Gβγ subunit tonic 

inhibition.  In many contexts such as the autoregulatory or heterosynaptic activation of 

GABAB, adenosine A1, serotonin, muscarinic, opioid, and dopamine receptors, G protein 

coupled receptor signaling (GPCR) leads to inhibition of N-type and P/Q type voltage 

gated calcium channels (VGCCs) which are localized to presynaptic termini and regulate 

neurotransmitter release (Tedford & Zamponi, 2006).  The inhibition is mediated by 

interactions between Gβγ and the linker region between domains I and II of the α1 

subunit’s amino terminus.  It also uniformly exhibits sensitivity to pertussis toxin, and 

thus, is likely to be mediated through Gο or Gi/ Gβγ complexes.  Most importantly, Gβγ
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presynaptic inhibition is transiently relieved by repetitive stimulation or prepulse 

depolarization, thereby enabling the emergence of short-term facilitation in cultured 

hippocampal neurons (Brody & Yue, 2000; Currie & Fox, 2002).  The molecular 

mechanisms controlling Gβγ inhibition of VGCCs is unknown at this point, but 

interactions with the synaptic vesicle protein cysteine string protein (csp) are 

hypothesized to be important in this capacity (Magga, 2000).

1.3b  Presynaptic targets underlying short-term synaptic plasticity:  Size of Readily 
 Releasable Pool: 

The readily releasable pool of synaptic vesicles (RRP) is defined as those vesicles that 

have already attained fusion competency and only await the calcium signal before they 

complete the fusion process.  The size of this pool is considered a critical measure and 

component of release probability, because it reflects the maximum number of vesicles 

that are immediately available to release neurotransmitter when an action potential enters 

the presynaptic terminal.  Current models of vesicle pools (Figure 1.1) within presynaptic 

terminals describe the existence of at least 2 additional pools that feed into the RRP 

(reviewed in Rizzoli & Betz, 2005):  the reserve pool (RP) and the exo/endo cycling pool 

(ECP).

The reserve pool is considered a depot for vesicles that are not in active use during basal 

synaptic transmission (reviewed in Rizzoli & Betz, 2005).  In synapses across many 

species, vesicles in this pool are tethered to the actin cytoskeleton through an interaction 

with synapsin.  
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Figure 1.1:  Model illustrating the relationships between reserve pool (RP), 
exo/endo cycling pool (ECP) and the readily releasable pool (RRP) of synaptic 
vesicles.  (adapted from Rizzoli & Betz 2005).

Cytoskeletal tethering maintains the reserve pool in an immobile state that needs to be 

changed under conditions of high frequency stimulation (Kuromi & Kidokoro, 1998).  

The accumulation of presynaptic calcium during high frequency stimulation is believed 

to activate cAMP-PKA and/or CaMKII signaling leading to synapsin cleavage and actin 

remodeling, which then permits mobilization of reserve pool vesicles into the ECP 

(Hosaka, 1999; Menegon, 2006).  Consistent with this model is data from the Drosophila 

neuromuscular junction (NMJ) demonstrating that disruption of actin dynamics with 

inhibitors such as cytochalasin D (which blocks both polymerization and 

depolymerization) causes the RP to diminish in the absence of high frequency stimulation 
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(Kuromi & Kidokoro, 1998).   Also, injection of synapsin antibodies results in loss of the 

reserve pool of vesicles at both mouse and Aplysia synapses (Humeau, 2001; Pieribone, 

1995). Similarly, Drosophila synapsin knockout mutants have an expanded ECP but 

very little evidence of a reserve pool (Akbergenova & Bykhovskaia in preparation).  

However, experimental data from the frog NMJ and cultured hippocampal synapses call 

into question certain aspects of this mobilization model (Gaffield, 2006; Jordan, 2005; 

Sankaranarayanan, 2003; Shtrahman, 2005).  In these studies, application of actin 

depolymerizing agents did not cause observable increases in RP vesicle mobility.  In 

contrast, application of okadaic acid, a phosphatase inhibitor believed to promote 

phosphorylation of synapsin, led to significant increases in RP mobility.  These findings 

contradict the assumption that synapsins tether RP vesicles to an actin cytoskeleton by 

showing that disruption of actin polymerization does not increase vesicle mobility as one 

might expect.  Instead, a different model suggests that vesicles may mobilize through free 

diffusion (Gaffield, 2006).  At the frog NMJ, vesicles in the recycling pool are not 

clustered near the presynaptic membrane (as the above cartoon suggests), but rather are 

scattered throughout an entire cluster of vesicles (Rizzoli & Betz, 2004).  One might 

imagine that vesicles on the surface of a vesicle cluster are the least densely packed and 

therefore most mobile and easily “peeled” away.  Vesicles towards the center (i.e. more 

densely packed areas) are less mobile.  High frequency activity could thus free densely 

packed internal vesicles by peeling away vesicles on the surface of the cluster.  

Therefore, by reducing the density of vesicle packing, one could increase vesicle mobility 
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in a manner that is not necessarily mediated by disruption of an actin cytoskeletal tether 

(Gaffield, 2006).  

Also, at the Drosophila neuromuscular junction, the myosin light chain appears  to 

represent an additional regulatory step in the delivery of RP vesicles to the ECP via the 

actin cytoskeleton (Verstreken, 2005).  Mutations resulting in loss of mitochondria from 

presynaptic terminals lead to loss of fidelity in synaptic neurotransmission under high 

frequency stimulation conditions (Guo, 2005; Verstreken, 2005).  Mitochondrial 

generation of ATP as a source of energy for the myosin light chain kinase is one 

proposed reason for this defect. However, the requirement for myosin light chain kinase 

mediated delivery of RP vesicles to the ECP, possibly via actin-based transport, may not 

be universal since it does not appear to be a regulatory step in mammalian hippocampal 

synapses (Tokuoka & Goda, 2006). 

The exo/endo cycling pool is thought to contain vesicles that directly feed into the RRP 

and sustain release at low to moderate stimulation frequencies (Rizzoli & Betz, 2005).  

Vesicles exocytosed from this pool are recycled and used to refill the ECP.   Vesicles in 

the ECP enter the RRP by undergoing a docking and priming step.  The docking step 

brings these vesicles to the presynaptic active zone.  The priming step completes the 

maturation of vesicles to fusion competence by promoting the formation of trans-SNARE 

complexes (reviewed by Rizo & Sudhof, 2002).  The SNARE core complex is a parallel 

four helix bundle comprised of SNARE motifs from the synaptic vesicle protein 
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synaptobrevin and its plasma membrane targets syntaxin and SNAP-25 (reviewed by 

Rizo & Sudhof, 2002).  

The yeast sec1p homologue, unc-18/munc-18-1 is believed to be a critical regulator of 

vesicle docking (Rizo & Sudhof, 2002; Voets, 2001; Weimer, 2003).  Like their yeast 

counterpart, the Drosophila (Rop), C. elegans (unc-18) and mouse (munc18-1) forms of 

sec1p are required for normal vesicle exocytosis (Voets, 2001; Weimer, 2003). Although 

unc-18/munc18-1 biochemically interacts with syntaxin ,  EM data demonstrate that it is 

critical for normal vesicle docking as the number of morphologically docked vesicles is 

severely decreased at unc-18/munc18-1 mutant synapses.  Since syntaxin expression 

levels and localization are normal in these mutants,unc-18/munc18-1 appears to function 

upstream of SNARE complex assembly (Weimer, 2003).  The molecular mechanisms 

underlying its regulation are unclear, but its interactions with the cytoskeletal scaffolding 

protein MINT are hypothesized to be one putative mechanism by which vesicle docking 

may be modulated. 

More is understood about proteins directly involved in the regulation of the RRP size 

downstream of the docking step. The munc 13 protein family localizes to active zones 

and is comprised of 3 different genes in mammals (munc 13-1, 13-2, 13-3) that exhibit 

very different brain expression patterns and confer different short-term plasticity 

properties (Rosenmund, 2002).  Munc 13-3 is found only in the cerebellum; munc 13-2 

and munc 13-1 are both widely expressed throughout the brain.  Hippocampal synapses 
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that normally express munc 13-1 depress in response to high frequency stimulation.  

Those that express munc13-2 normally augment in response to high frequency 

stimulation.  If munc13-1 is replaced with munc13-2, synapses will assume the munc13-2 

augmentation phenotype. A couple molecular mechanisms (at least) appear to 

significantly contribute to the regulation of munc13s and, thus, regulate vesicle priming.  

Munc 13's are the main DAG/phorbol ester receptors mediating augmentation in 

hippocampal neurons (Rhee, 2002).  Interference with the DAG binding site blocks 

expansion of the RRP downstream of phorbol ester application.  Also, munc13s  

positively regulate RRP size via interactions with calmodulin (CaM) in a calcium 

dependent manner (Junge, 2004).  Disrupting formation of a CaM/Munc13 complex 

impairs activity-dependent modulation of the RRP under augmenting conditions.   

Furthermore, defective synaptic exocytosis in unc 13 mutants (C. elegans) is rescued by 

an open form of syntaxin, suggesting unc13/munc13 promote vesicle priming by 

relieving inhibition on syntaxin opening during the SNARE complex assembly 

(Richmond, 2001). 

Recent progress has also identified putative PKA targets that regulate synaptic efficacy 

through regulation of the readily releasable pool size.  The most remarkable of these is 

arguably RIM, a Rab3GTPase-Interacting Molecule that is found only at the active zone.  

Behaviorally, RIM1a knockout mice exhibit severe defects in long-term, contextual fear 

conditioning as well as spatial learning and memory but are indistinguishable from 

control animals in measures of motor control and anxiety (Powell, 2004).  Studies using 
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hippocampal and cerebellar tissue slices from mice with mutations in different parts of 

RIM1a, indicate that PKA phosphorylation of an N-terminal site in RIM1a is required for 

induction of presynaptic LTP at both the mossy fiber synapses of the hippocampus and 

the parallel fibers of the cerebellum (Castillo, 2002; Lonart, 2003).  Additionally, detailed 

studies of autaptic neurons from RIM1a knockout mice demonstrate that loss of RIM1a 

causes a 50% reduction in the size of the readily releasable pool (RRP) without changes 

in synapse number, the postsynaptic response, calcium sensitivity of release, spontaneous 

release, vesicle recycling, or the RRP refilling rate (Calakos, 2004).  The primary defect 

was traced to the priming step of docked vesicles.  The kinetics of priming were normal 

but the total number of vesicles that were successively primed after docking decreased, 

thus explaining the 50% reduction in the RRP.  Similar to munc-13 mutants, defective 

synaptic exocytosis in rim mutants (C. elegans) is also rescued by an open form of 

syntaxin.  This scenario is consistent with its putative role in vesicle priming upstream of 

SNARE complex assembly (Koushika, 2001).  

SNAP-25 (synaptosome associated protein of 25kDa) is a key component of the SNARE 

complex, sits in the plasma membrane, and is essential for synaptic vesicle exocytosis.  

Two isoforms appear to both be important for vesicle priming—SNAP-25a and SNAP-

25b (Sorensen, 2003).  Double knockouts of both isoforms lead to synapses with no 

vesicle priming but persistent vesicle docking.  SNAP-25a is abundant in the embryonic 

mouse brain and adult neurosecretory neurons, while SNAP-25b is the dominant form in 

the central nervous system after birth and during synaptogenesis.  Overexpression of 
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SNAP-25b leads to a larger primed vesicle pool than overexpression of SNAP-25a 

(Sorensen, 2003).  Modulation of SNAP-25 by PKA or PKC phosphorylation may be 

important mechanisms for short-term plasticity.  Mutating either the SNAP-25 PKA or 

PKC phosphorylation sites reduces RRP size in chromaffin granule cells (Nagy, 2002; 

Nagy, 2004).  However, there is no evidence yet that mutating SNAP-25’s PKA or PKC 

sites to constitutively phosphorylated forms is sufficient to increase RRP size.

1.3c  Presynaptic targets underlying short-term synaptic plasticity:  Quantal size

Quantal size is another parameter that may be altered through activity-dependent changes 

of synaptic strength.  Quantal size can be presynaptically controlled by the amount of 

neurotransmitter packed into a vesicle, the size of the vesicle, and the size/duration of the 

fusion pore.  Postsynaptically, quantal size can be controlled by the affinity and 

conductance of the neurotransmitter receptor.  An early phase of experience-dependent 

plasticity, induced by increased larval crawling activity) has been shown to augment 

transmission by a mechanism that initially increases quantal size at the Drosophila

neuromuscular junction (NMJ (Schuster, 2006). Such alterations in quantal size could be 

mediated by regulation of the neurotransmitter transporter (e.g. vesicular glutamate 

transporter or vglut) responsible for loading neurotransmitter into the vesicle.   In 

hippocampal neurons, homeostatic changes in quantal size are accompanied by changes 

in expression levels of vglut1 (Wilson, 2005). Also, overexpression of vglut is sufficient 

to increase quantal size at the Drosophila larval NMJ (Daniels, 2004).  However, 

decreasing quantal size is not likely to be mediated by a vglut-dependent mechanism as 
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loss-of-function vglut mutant studies suggest a single transporter is sufficient to fill a 

single neurotransmitter vesicle (Daniels, 2006). 

The vesicle fusion pore is another presynaptic regulation point for quantal size.  In CNS 

synapses, where the number of vesicles is limited while synapses must sustain high 

frequency firing, a clathrin-dependent mechanism of vesicle recycling would be too slow 

to support the high frequency firing for extended periods of time/on a physiologically 

relevant time scale (Liu, 2003).  Therefore, one proposed mechanism to solve this 

dilemma is a kiss and run mode of vesicle fusion that would release neurotransmitter 

while keeping the vesicle intact (Aravanis, 2003; Pyle, 2000).  In this mode of vesicle 

cycling, quantal size could be regulated by the duration of the fusion pore open time and 

the rate of neurotransmitter release (proportional to fusion pore conductance).  These 

properties in turn may be points of modulation for presynaptic plasticity.   The fusion 

pore conductance may be the more important target since the duration of fusion pore 

opening (tens to hundreds of milliseconds for shortest observed fusion pore durations) is 

still longer than the time necessary for neurotransmitter release, even for the narrowest 

fusion pore (Liu, 2003).  Accordingly, a fast pore conductance might be one mechanism 

by which presynaptic plasticity could be augmented.  

In conclusion, short-term enhancement of presynaptic strength may be achieved through 

mechanisms that enhance the probability of vesicle fusion at individual release sites or 

through presynaptic changes in quantal size. However, presynaptic variables such as the 



42

readily releasable pool, presynaptic membrane excitability, or quantal size are not yet part 

of the dominant memory literature.  Outside of Aplysia sensorimotor synapses and a few 

studies of hippocampal mossy fiber synapses, presynaptic mechanisms of plasticity have 

not been a major focus in current models of LTP or memory formation.  In the aftermath 

of acrimonious debates over whether the locus for LTP at CA3-CA1 synapses is 

presynaptic postsynaptic or both, the presynaptic terminal was dismissed by many groups 

as a critical locus for memory storage (Lauri, 2007).    A substantial amount of 

information about presynaptic mechanisms of plasticity have come out of studies using 

easily isolated synapses such as the Calyx of Held, the Drosophila neuromuscular 

junction, chromaffin granule cells, or cultured autaptic neurons.  These experimental 

models rely on assaying changes in synaptic neurotransmission before or after a genetic 

manipulation and are not typically studied in the context of LTP.  In contrast, a 

substantial amount of our understanding of postsynaptic mechanisms of synaptic 

enhancement has come from studies of LTP at CA3-CA1 synapses in hippocampal slices.  

For this reason, I will restrict my discussion of short-term enhancement of postsynaptic 

strength in this next section to the body of literature concerning the regulation of AMPA 

and NMDA receptors in the context of E-LTP.  

1.4  Postsynaptic targets of short-term plasticity

Excitatory synaptic neurotransmission in the mammalian brain is chiefly mediated by 

ionotropic glutamate receptors of which there are three classes:  NMDA, kainate, and 

AMPA receptors.   AMPA receptors mediate ongoing synaptic transmission and are 
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composed of tetrameric assemblies of the subunits GluR1-4.  Most AMPARs at 

excitatory synapses contain the GluR2 subunit, and thus permit a depolarizing Na+ but no 

Ca2+ influx.  NMDA receptors, on the other hand, are calcium permeable.  A magnesium 

block, which is only removed in the presence of both postsynaptic depolarization and

glutamate binding induced by presynaptic release, gates calcium influx through NMDA 

receptors.  Therefore, NMDA receptors function as coincidence detectors and gate the 

induction of plastic changes mediated by downstream calcium dependent signaling 

cascades and kinase activities (e.g. PKA, ERK, CaMKII).   Kinase activity, in turn, can 

target important modulators of the postsynaptic response such as AMPA receptors 

(Derkach, 1999a), L-type calcium channels (Bourinet, 1994; Hoogland & Saggau, 2004), 

NMDA receptors (Skeberdis, 2006) and facilitate their currents.

1.4a  Postsynaptic targets of plasticity:  AMPA receptors

Increases in postsynaptic strength associated with E-LTP induction are, in the prevailing 

view, believed to be dependent -on AMPA receptor subunit trafficking (Malinow, 2003).    

Mature hippocampal CA3-CA1 synapses carry AMPA receptors predominantly 

composed of GluR1/2 or Glur2/3 subunits. GluR2 and GluR3 subunits are constitutively 

removed or added in the basal state.  GluR1 subunit insertion, however, is highly 

regulated, and GFP tagged GluR1 subunits have been observed to insert into spines in 

response to tetanic stimulation (Malinow, 2003; Shi, 2001; Shi, 1999). The model for 

LTP championed by Malinow’s group suggests an increase in postsynaptic strength is 

mostly achieved by increasing postsynaptic receptor number.  This increase is maintained 
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when complexes formed by the insertion of new GluR1/GluR2 AMPA receptors into the 

postsynaptic scaffold are later replaced by GluR2/GluR3 receptors in a constitutive 

manner to maintain increased synaptic strength (Malinow & Malenka, 2002). 

Several caveats accompany the first inception of Malinow’s model and beg for 

resolution.  One caveat is that LTP at CA3-CA1 synapses is accompanied by a decrease 

in the number of failures, which according to Bernard Katz’s quantal hypothesis is due to 

a presynaptic change in release efficacy (Bekkers & Stevens, 1990).  Malinow reconciles 

this finding with his model by citing the discovery of silent synapses, a parameter that 

lies outside the boundary conditions of the quantal hypothesis (Malinow, 2003).  Silent 

synapses are identified as either those dendritic spines with NMDA receptors but no 

AMPA receptors or presynaptic varicosities lacking vesicles. A high proportion of CA3-

CA1 synapses have been detected to be functionally silent.  Prior to LTP induction, these 

synapses are associated with cells that lack stimulus-induced excitatory currents (EPSCs) 

when held at resting membrane potential (-60 mV) but yield EPSCs at positive holding 

potentials simulating postsynaptic depolarization (+30-+60 mV) that are blocked by the 

NMDAR antagonist D-APV (Malinow & Malenka, 2002).  In this population, the 

induction of LTP leads to the rapid generation of AMPA receptor mediated currents 

caused by rapid insertion of AMPA receptors.  Therefore, the decrease in failures can be 

explained by the activation of silent synapses in response to repetitive tetani.  However, 

silent synapses appear to be features of immature brains as they are abundant in newborn 
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animals and disappear as animals approach maturity-- very few synapses in older animals 

lack AMPA receptors (Nusser, 1998; Petralia, 1999; Racca, 2000).

A second caveat comes from studies using both hippocampal cultured neurons and slices 

which demonstrate that variability in EPSC amplitudes in response to stimulation is 

principally due to variations in released glutamate concentration in the synaptic cleft and 

NOT due to a variability in the postsynaptic response (Ishikawa, 2002; Liu, 1999; 

McAllister & Stevens, 2000).  Stimulation of single presynaptic terminal in hippocampal 

neurons typically yields EPSCs of high variability.  This variability could be due to

differences in amount of glutamate released or differences in receptor activation due to 

receptor desensitization, receptor insertion or degradation, or receptor dephosphorylation 

or phosphorylation.  Focal glutamate application at individual postsynaptic sites yields 

currents with little variability.   Therefore, it is unlikely that the source of variability is 

due to postsynaptic receptor dynamics.  Thus, there is no support for the theoretical 

assumption that AMPA receptors are saturated in the hippocampus; in fact the 

experimental evidence shows that most synaptic volleys at individual hippocampal 

synapses do not maximally stimulate the present population of AMPA receptors.  If this 

is true, then the upregulation of AMPA receptors as a mechanism for persistent 

enhancement of synaptic transmission at CA3-CA1 synapses does make little sense 

unless there are concomitant increases in release probability from the presynaptic 

terminal.  The only way that the rapid upregulation of AMPA receptors could 

independently enhance synaptic transmission (outside of silent synapses which aren't 
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sufficient in numbers to account for all instances of LTP) is if their channel conductances 

upon glutamate binding were somehow enhanced.  

New evidence suggests that the latter may indeed be the case for early LTP.  It appears 

that a significant proportion of AMPA receptors that are upregulated in the first 25 

minutes after E-LTP induction may be GluR1 homomers (Plant, 2006). GluR1 homomers 

exhibit pronounced inward rectification due to a voltage-dependent block of their channel 

pore by endogenous polyamines.  Before LTP induction, AMPAR EPSCs do not exhibit 

inward rectification during basal synaptic transmission (in cells voltage clamped at –

70mV).  Up to 25 minutes after LTP induction, inward EPSC appear to be enhanced 

while outward NMDA currents (seen when cells are voltage clamped at +40mV) do not 

change from pre-LTP levels — suggesting that LTP is initially accompanied by a 

transient addition of GluR2-lacking AMPA receptors which are then gradually replaced 

by GluR2 containing AMPARs (Plant, 2006).  Furthermore, application of 

philanthotoxin, a polyamine toxin that only blocks GluR2-lacking AMPA receptors and 

does not affect basal synaptic transmission in excitatory hippocampal neurons, 

completely reverses expression of E-LTP when applied a few minutes after LTP is 

successfully induced (Plant, 2006).   

The significance of this finding lies in the fact that non-GluR2 containing AMPA 

receptors, such as GluR1 homomers, exhibit higher open probability and channel 

conductance than GluR2 containing receptors.  Most importantly, GluR2 lacking AMPA 

receptors are calcium permeable, unlike GluR2 containing AMPA receptors.  
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Furthermore, GluR1 subunit phosphorylation by CaMKII leads only to enhanced channel 

conductance when GluR1 is in its homomeric form but not when it is complexed with 

GluR2.   Thus, this suggests a compelling model where enhanced calcium permeability 

and synaptic neurotransmission through the transient insertion of GluR1 homomers may 

be the underlying basis of E-LTP at CA3-CA1 synapses (Plant, 2006).  Additionally, this 

may be a necessary step for the initiation of events leading to late LTP maintenance.  

Since this shift in AMPA receptor composition is temporary, it leaves some uncertainty 

as to how increased numbers of AMPA receptors contribute to the maintenance of a 

potentiated state – a caveat that requires further testing

Unresolved but worth mentioning is another line of questioning pursuing the possibility 

that ambient glutamate levels at the synaptic cleft might be higher than previously 

thought (Le Meur, 2007).  If this is the case, then the degree of AMPA receptor 

occupancy could indeed be saturated by presynaptic release.  Thus, enhanced calcium 

permeability through  GluR1 homomers and high ambient glutamate levels  would better 

support a scenario where AMPA receptor upregulation is sufficient for enhancing 

synaptic release but do not necessarily preclude the possibility of enhanced presynaptic 

release.  

1.4b  Postsynaptic targets of plasticity:  NMDA receptors

In addition to serving as coincidence detectors, the potentiation of NMDA currents also 

contributes in varying degrees to LTP in a manner that is dependent upon the animals’ 
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developmental stage and the induction mechanism.  First reported in 1991, it has long 

been known that NMDA receptor currents potentiate in response to tetanic stimulation in 

the presence of AMPA and GABA blockers (Bashir, 1991). Furthermore, there appears to 

be different types of LTP exhibiting enhanced NMDA receptor currents. LTP induced by 

pairing pre- and postsynaptic firing of layer 5 neocortical excitatory synapses (slices, 2 

wk old rat, visual cortex) is due to (Smith & McMahon, 2005, 2006) early increases in 

AMPA currents and 30-60 minute delayed increases in NMDA EPSCs (Watt, 2004).  

Also, in a model for estrogen replacement therapy in post-menopausal women, 

application of estradiol induces a different form of LTP in ovariectomized (1 week old, 

hippocampus CA1) female rats, which initially exhibit high NMDA:AMPA ratios (Smith 

& McMahon, 2005, 2006).  The significant and early increase in NMDA currents is 

dependent upon NR2B subunit function and is eventually followed by a delayed 

potentiation in AMPA. These last two forms of LTP initially begin with a significant shift 

in the NMDA:AMPA current ratio that eventually balances out when a delayed 

potentiation in either the NMDA or AMPA current manifests. 

The molecular details of these last two phenomenon have yet to be fleshed out. While 

studies of AMPA receptor subunit trafficking and regulation have blazed ahead, parallel 

efforts in understanding NMDA receptor subunit trafficking and regulation have lagged 

somewhat behind.   In addition to the formal possibility of increased glutamate release, 

NMDA receptor currents can be also be potentiated through the insertion of additional 

NMDA receptors, the phosphorylation of NMDA receptor subunits and/or the switching 

out of NMDA receptor subunits.  The examples reviewed in this section illustrate the 
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diverse mechanisms that may contribute to the potentiation of NMDA receptor currents 

in the context of learning and memory and LTP.

One important regulator of NMDA receptor function is PKA.  PKA has been shown to 

directly enhance calcium permeability of NMDA receptors in dendritic spines of both 

cultured hippocampal neurons and slices (Skeberdis, 2006).    Src tyrosine kinases and 

protein kinase C (PKC) are another set of important regulators of NMDA receptor 

function (Lu, 1998).   At CA3-CA1 hippocampal synapses of young rodents, application 

of metabotropic glutamate receptor (mGLuR) agonists induces a form of LTP that 

occludes LTP induced by high frequency tetanic stimulation.   NMDA receptor EPSCs 

increase as a direct result of signaling through these G-protein coupled receptors by a 

mechanism that recruits the Src tyrosine kinase Fyn, downstream of PKC (Lu, 1998).  

Patch clamp recordings from recombinant NR1: NR2B proteins expressed in HEK cell 

lines suggest that the phosphorylation of tyrosine residues found in the long cytoplasmic 

tail of NR2B (a distinguishing characteristic of NR2 subunits) contributes to potentiation 

of NMDA currents by changing channel gating properties (Nakazawa, 2006).  However, 

recombinant protein studies using non-native cell lines are plagued by recapitulating 

native folding of the protein and the lack of scaffolding in which the receptor is normally 

embedded. 

Indeed, results from a recent knock-in mouse study of a mutant whose endogenous NR2b 

gene was replaced by one that carries a non-phosphorylatable tyrosine residue at a key 
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site [Tyr-1472 (Y) → Phe-1472 (F)] suggest that the functional importance of these 

tyrosine phosphorylation sites in regulating NMDA currents may be irrelevant in vivo.  

NR2B Y1472F knockin adult mice show severe impairments in auditory fear 

conditioning both 1 hour and 24 hours after training, but interestingly appear to exhibit 

normal hippocampal dependent spatial memory (Nakazawa, 2006).  Induction of 

amygdalar LTP in slices from these mice is also impaired.  Surprisingly, immuno-EM 

data showed localization of NR2B Y1472F complexes was severely disrupted, suggesting 

that this modification may play an important function in promoting stabilizing 

interactions between the elements of the postsynaptic scaffolding networks and NMDA

receptor complexes (Nakazawa, 2006). 

In immature brains, NMDA receptors are principally composed of  NR1:NR2B 

complexes and are believed to be replaced with  NR1:NR2A as animals age8 . The 

significance of the developmental switch lies in the different properties of the NR2A and 

NR2B subunits.  The NR1:NR2A receptor complex has greater channel open probability, 

more prominent Ca2+ dependent desensitization, a lower affinity for glutamate and faster 

kinetics, than the NR1:NR2B complexes.  Therefore, the NR2A subunit may confer to 

NMDARs a better ability to filter incoming information than the NR2B subunit—a 

property that may be important for maintaining stability and consistent with the NR2A 

  
8 The knock-in mouse data from the Nakazawa study suggests this is not a hard and fast 
rule as their evidence suggests NR1:NR2B subunits mediate contextual fear conditioning 
in the adult amygdala.
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subunit’s upregulation towards the end of the critical period in the visual cortex*.  The 

difference in affinity for CaMKII between the two subunits also has been demonstrated to 

play a major role in the differences between potentiation and currents mediated by 

NR1:NR2B and NR1:NR2A receptors (Barria & Malinow, 2005).  CaMKII exhibits 

greater affinity for NR2B than NR2A.  This interaction may be the underlying reason 

why the potentiation factor is greater in hippocampal slices with mostly NR2B containing 

receptors  (Barria & Malinow, 2005).   Transfection of hippocampal slices with an NR2A 

subunit engineered to have a higher CaMKII affinity is sufficient to increase the LTP 

potentiation factor to a level that resembles NR1:NR2B mediated LTP (Barria & 

Malinow, 2005).  

The importance of NMDA receptor potentiation may be even more critical as animals 

age.  At least one study using adult rat CA1 hippocampal tissue, reports significant 

increases in surface expression of NR1:NR2A receptors but not of AMPA receptors 

(Grosshans, 2002).  This rapid and persistent upregulation of NR1:NR2A receptors to the

  
*Olfactory rule learning, where rodents learn to associate a particular odor with reward, is 
associated with an NMDAR dependent form of plasticity.  Once the rodent has acquired 
the rule, it can quickly apply it to new sets of odors (pair learning) using a cellular 
mechanism that is NMDAR independent.  Rule learning, itself, is accompanied by a 
process that switches out NR2B with NR2A containing NMDARs in the juvenile rodent 
piriform cortex.  If NR2A function is  pharmacologically blocked, the learning still 
occurs but proceeds much more slowly.    This is a clear example of NMDA receptor 
subunit switching as a mechanism of memory that parallels the NMDA receptor subunit 
switching aspect of visual cortex development.  Its interpretation is, however, not 
straighforward and does not necessarily correlate with enhanced NMDA receptor 
currents.  The authors of the study propose that learning-induced switching of NMDAR 
composition may be important for maintaining the rule memory by constraining 
subsequent synaptic plasticity (Quinlan, 2004). 
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cell surface in response to LTP inducing stimuli is dependent on PKC and Src tyrosine 

kinase activities (Grosshans, 2002).  Together, this data lends additional support for the 

possibility that phosphorylation of NR2A or NR2B subunits may be critical for 

promoting interactions with the postsynaptic cytoskeletal networks.  

In conclusion, two postsynaptic targets for increasing synaptic efficacy are AMPA and

NMDA receptors.  The LTP literature proposes that increases in AMPA receptors 

underlie the synaptic enhancement seen at CA3-CA1 synapses after LTP induction.  

However, this model would only work if silent synapses were an abundant property of 

most brains and not restricted to immature brains.   Other properties such as shifts in 

AMPA receptor composition, or post-translational modifications of NMDA currents 

might be another set of solutions that could enhance the postsynaptic response.

CELLULAR SUBSTRATES AND MODELS FOR  PERSISTENT MEMORY

Cellular models for the physical basis of long-term memory storage widely embrace the 

dogma that enduring synaptic modifications underlie persistent forms of memory.  The 

process by which a newly induced synaptic potentiation shifts from a temporary to more 

stable form is often referred to as synaptic consolidation.  Systems consolidation, which 

takes a broader view of memory at the level of circuits of interconnected neurons, 

describes how various anatomically distinct brain compartments such as the amygdala, 

hippocampus, striatum, and neocortex in mammals, or the mushroom bodies and antennal 

lobes in insects, play distinct roles both functionally and temporally in the encoding of 
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memories. In contrast, synaptic consolidation operates on a faster time scale and 

describes the types of synaptic changes that might occur within neurons populating each 

of the recruited memory systems (Dudai, 2004).  It describes how a neuron might make 

enduring alterations in its synaptic output or connections. 

Why would this enduring alterations in neuronal synaptic output or morphological 

structure be necessary?  First of all, the processes that underlie short-term synaptic 

enhancement and short-term memory depend upon a recent presentation of the stimulus.  

This is due to a causal effect between a strong stimulus presentation and calcium entry 

(Connor, 1988; Delaney, 1989; Regehr & Tank, 1990).  Secondly, sustained calcium 

entry launches a number of signal transduction cascades that enhance functions of key 

synaptic substrates both pre- and post- synaptically, mostly through the activities of 

kinases like PKA, ERK, and CaMKII target and (Bito, 1996; Ghirardi, 1992; Malinow, 

1988; Trudeau, 1996).  Kinase activation, however, is always opposed and kept in check 

by phosphatase activity.  Temporarily high levels of calcium entry tip the balance in 

favor of key kinases so that LTP or LTF may be launched (Genoux, 2002; Lisman & 

Zhabotinsky, 2001; Malleret, 2001; Zhou, 2003). However, a weak stimulus presentation 

such as low frequency stimulation tips the balance in favor of key phosphatases and 

promotes processes that oppose LTP called long-term depression (LTD).  Furthermore, 

random spontaneous activity is also capable of degrading LTP. For example, studies of 

LTP in the tadpole optic tectum or rat hippocampus demonstrate that the mere process of 

looking or exploring new spaces generates random activity patterns that can depotentiate 
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and erase LTP (Xu, 1998; Zhou, 2003).  So, in order to become stable, cellular memory  

must have a way to recruit and sustain a molecular mechanism for storing memory that is 

resistant to degradation due to entropic processes.  A stimulus strong enough to launch 

key transcriptional and translational processes promotes the encoding of a cellular 

memory that endures on long time scales even in the absence of the encoding stimulus.  

The presumption here is that something generated by transcription and translation is 

important for driving cellular memory into stable, noise-resistant states.  

What might be generated by activity-induced transcription and translation?  For many 

decades, the answer was broadly believed to lie in new synaptic growth and the 

incorporation of new synapses (Bailey, 1996). This idea continues to be explored and 

pursued.  However, as I hope the discussion in this next section will illustrate, the 

exploration of other aspects of cellular memory is yielding a more flexible picture of how 

information is stored in the brain.  In the cerebellum, for example, the maintenance but 

not the induction of cerebellar long-term depression (LTD) is abolished in mice carrying 

loss-of-function mutations in Ca2+/calmodulin-dependent protein kinase IV (CaMKIV).  

These mice exhibit impairments in memory for increasing the gain of a vestibulo-ocular 

reflex (VOR) that is elicited with high frequency stimulation. However, they appear to 

have perfectly intact abilities to store memories of reductions in VOR gain or increases in 

VOR elicited with low frequency stimulation.  These findings inspired the authors to 

propose that cerebellar motor memories might engage a combinatorial selection of

plasticity mechanisms that are task-selective and sensitive to the specific training
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conditions or contexts by which a memory is encoded (Boyden, 2006).

An interesting perspective published by Fusi and Abbot proposes a cascade model for 

synaptically stored memories which theorizes that memory might recruit many different 

forms of plasticity, not just the morphological kind, in an effort to dynamically store 

information while still being able to add or revise information as new things are learned.  

The stronger a memory is encoded, the deeper it will be embedded into the cascades of 

plasticity mechanisms until it reaches a state where it becomes increasingly invulnerable 

to erasure (Fusi & Abbott, 2007; Fusi, 2005).  In this section, I will discuss both the 

dominant structural and several alternative but less well-explored models of persistent 

memory.  Altogether, these points will illustrate real biological mechanisms that could be 

combinatorially put together to produce graded representations of persistent memory.  

1.5  Models for  persistent memory:  The structural hypothesis of persistent memory

The dominant model for the physical basis of long-term memory storage is that new 

memories are created by synaptic remodeling and growth. It is often credited to Ramón y 

Cajal who formally introduced the possibility that axonal sprouting or dendritic 

branching could serve as the physical basis for encoding memories (Ramón y Cajal, 

1894).  The theorist Donald O. Hebb added to this notion by postulating that short-term 

memory processes could act as a bridge until longer term synaptic remodeling could 

occur and permit a more permanent and stable encoding of the memory (Hebb, 1949).  
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How could synaptic remodeling serve as a mechanism for storing memory?  Persistent 

memory encoded by stable changes to a neuron's morphological structure could work in a 

couple of fundamentally distinct ways that are not necessarily mutually exclusive:  

weight plasticity and wiring plasticity (Chklovskii, 2004).  The types of structural and 

functional changes underlying weight plasticity are the best explored and easiest to 

understand.  Growth of existing synaptic connections can strengthen them through the 

insertion of additional release sites, insertion of additional receptors (only really useful if 

receptors in the basal state are saturated), or any number of changes to the shape of a 

dendritic spine that would enhance its calcium buffering properties and thus indirectly 

enhance its membrane excitability.   This change in weight due to structural remodeling 

may be referred to as structural weight plasticity where fewer spines or varicosities 

indicate a weaker connection between two neurons.  Functional weight plasticity might 

be the outcome of post-translational modifications of any number of the pre- and 

postsynaptic constituents that contribute to short-term plasticity (discussed earlier).  

Wiring plasticity, on the other hand, describes changes in connectivity.  For example, 

neurons that were not connected before may now be weakly or strongly connected while 

their connections with other partners are lost.  Persistent memory, therefore, might 

involve a process that does not only strengthen existing connections between two neurons 

per se, but builds and destroys connections to changes in the way neurons are wired 

together.  Shifts in connectivity have already been described in the context of lost limbs 

and the subsequent remodeling of the somatosensory cortex (Merzenich, 1984; Florence, 
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1998). However, thinking about it in terms of persistent memory remains a relatively 

unexplored notion perhaps because the technical hurdles are clearly higher.  As a model 

for memory, shifts in connectivity are theoretically interesting, because it would be 

another way for two pre-existing representations that have no real reason to be linked 

together (e.g. a pair of wings and a horse) to then combine and form a larger 

representation (e.g. a winged horse).  It would also be a reasonable way to imagine how 

information is updated or corrected (e.g. blue cloud to white cloud).

1.5a  Structural models for  persistent memory:  Presynaptic structural remodeling
 and the  Aplysia model

Studies of the Aplysia gill withdrawal reflex have been instrumental in making critical 

inroads in building cellular level models of persistent memory. The behavioral long-term 

sensitization of the gill withdrawal reflex, unlike the short-term form of the memory, lasts 

for weeks and is accompanied by morphological changes in the presynaptic terminals of 

the interneuron controlling the gill motor neuron.  In the cellular LTF model of this 

behavior, a specific time course of events appears to follow late-LTF induction.   EM 

images of synapses from trained animals reveal that in its early phase, LTF is 

accompanied by an increase in the size of the docked vesicle pool on a time course 

consistent with changes in measurable short-term enhancement.  Within 24 hours after 

growth of new terminal varicosities, the docked vesicle pool returned to basal levels 

(Bailey & Chen, 1989).   Time-lapse imaging of these changes in a cultured neuron 

system over a period of several days reveal that initially empty varicosities (lacking 

vesicles) begin to fill with vesicles soon after serotonin stimulation of a cultured 
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sensorimotor synapse (Kim, 2003).  After the activation of silent synapses, new 

varicosities were detected to form de novo over the course of 2 days, and a small 

proportion started to fill with vesicles.  After a couple days, only a fraction of these new 

varicosities became functional, as determined by the presence of vesicle recycling.  The 

time course of synaptic growth coincides with the time course of the behavioral and 

synaptic sensitization. 

Growth and sensitization at these terminals are blocked by protein synthesis. In the 

Aplysia sensorimotor circuit, serotonin pulses activate cdc42, a GTPase regulator of the 

actin cytoskeleton in varicosities synapsing onto the motor neuron.  When cdc42 is 

mutated and overexpressed in a dominant negative form, both synaptic growth and the 

facilitation of synaptic strength are blocked (Udo, 2005). Thus, at least in culture, 

synaptic consolidation of long-term facilitation is dependent upon the ability of the 

terminals to reorganize the actin cytoskeleton—a finding that supports synaptic 

remodeling as being an essential component required for the ability of terminals to 

express the long-term form of facilitation.  

1.5b  Structural models for  persistent memory:  Postsynaptic structural growth and 
 remodeling

Demonstrating that structural growth underlies persistent memory, even in “simple” 

brains like that of the fruit fly, is no trivial task.  Even in a simple reflex circuit such as 

the sensorimotor synapses underlying gill withdrawal in Aplysia, the final proof remains 

unconquered --blocking the late but not early form of the behavior by directly and acutely 
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blocking synaptic remodeling and insertion of new release sites. One of the great hurdles 

for achieving this goal in the central nervous system is developing the ability to 

unambiguously identify and examine and eventually manipulate synapses participating in 

any given memory trace in behaving animals. Another challenge in verifying the 

structural hypothesis of persistent memory is demonstrating new morphological growth 

reflects the magnitude of changes in synaptic strength associated with a memory.  In 

simple culture systems such as the one used in the Udo et al. Aplysia study, this is 

relatively easily addressed, because the synapses involved are readily identifiable.  

Surmounting this requirement in vivo, however, has been challenging.

Given that the ultimate experiment is not yet achievable, and that the ability to 

unambiguously identify synapses encoding a specific memory trace is not yet fully 

realized, the next best thing has been to examine cellular models such as LTP.  

Morphological changes correlated with the late phase of LTP would support the theory 

that structural change underlies persistent behavioral memory.  LTP is widely believed to 

be induced and maintained through postsynaptic changes in hippocampal synapses such 

as CA3-CA1.  Therefore, many studies pursuing questions regarding the physical basis of 

persistent memory have focused on major postsynaptic morphological structures such as 

dendritic spines, which house much of the postsynaptic neurotransmitter receptors and 

their associated structural scaffolding.  The earliest tactics induced LTP in hippocampal 

slices, and then used EM analysis to estimate the total number of synapses in a given area 

(Chang & Greenough, 1984; Desmond & Levy, 1986; Fifkova & Van Harreveld, 1977; 
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Moser, 1994).  Results from this approach were conflicting: some reported increases 

while others saw no change, some reported spine enlargement while others did not.  The 

arrival of serial section electron microscopy (SSEM) removed some of the ambiguity due 

to the introduction of unbiased sampling techniques and data based on 3D reconstructed 

synapses.  However, as the examples I describe in detail next show, even with the 

technical improvements from SSEM, controversy still abounds.  After reviewing the 

dense and confusing literature, one cannot conclude with any degree of certainty or 

satisfaction that an “increased synapse number” is the best way to describe how memory 

is encoded or represented.  

The first set of ideas about how persistent memory (as represented by L-LTP) physically 

manifested in the hippocampus proposed that the upregulation of AMPA receptor 

complexes underlying L-LTP would eventually be followed by spine splitting.  The steps 

in between AMPA receptor upregulation and the proposed spine splitting in particular or 

general postsynaptic remodeling were never clear.  In one oft-cited SSEM study (Toni, 

1999), organotypic rat hippocampal slices received theta burst stimulation (TBS)9 from 

electrodes inserted into the dentate gyrus and were then serially sectioned to examine 

changes in spine density (Toni, 1999).   The analysis was restricted to activated synapses 

identified by calcium precipitates that had accumulated in CA1 dendritic spines following 

high-frequency stimulation. Two hours after stimulation, the proportion of axon terminals 
  

9 Theta burst stimulation (TBS) is a pattern of five bursts of stimulation at 5 Hz, each 
burst composed of four pulses at 100 Hz, repeated twice at a 10-s interval.  TBS mimics 
the theta frequency endogenously generated in the hippocampus when it is theoretically 
believed to be in the process of encoding a memory.
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in contact with multiple spines (perforated synapses) increases dramatically—a finding 

that from the EM analysis was due to spines arising from the same dendrite and could be 

reversed with NMDA receptor blockade.  Toni et al. concluded from these findings that 

LTP enhances synaptic efficacy through spine splitting. 

In direct competition with the split spine hypothesis, a different model suggests that the 

additional spines come from the maturation of filopodia that emerged de novo in response 

to stimulation. This model came from another SSEM slice study that was essentially 

conducted in a manner identical to the Toni et al.. study except in its approach to the 

analysis and interpretation of the data (Fiala, 2002). Surprisingly, Fiala strongly disputed  

the previous split spine interpretation by arguing that all boutons found in contact with 

multiple dendrites could not have arisen from a spine splitting mechanism because: 1) 

lateral movement of splitting spines could not have occurred due to stable structures such 

as mature axons running in between them.  2)  If truly the hallmark of synapses 

strengthened by experience, this class of spines should accumulate as networks further 

mature. As a consequence, intermediate structures of partially split spines sharing the 

same bouton should be represented in the spine populations analyzed; no such 

intermediate has ever been identified (Fiala, 2002; Sorra & Harris, 1998). 

Whether the mechanism of spine generation (i.e. split spines or de novo synthesis) bears 

any importance in the final computational properties of the network is unclear.  However, 

the refutation of the classic split spine model corroborates with data from 2-photon time-
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lapse imaging studies observing spine changes in response to stimulation at earlier time 

points.

In vitro two-photon confocal microscopy was used to track real time morphological 

changes after a focal region within a hippocampal slice was tetanically stimulated (Engert 

& Bonhoeffer, 1999; Maletic-Savatic, 1999).  Within 40 minutes post stimulation, de 

novo filopodial protrusions or elongation of existing spines were reported to correlate 

sharply with potentiation in a manner that could be blocked by NMDA receptor blockers.  

Growth began after a brief delay post-tetanus and continued on for 40 minutes.  

Interestingly, there appeared to be a correlated disappearance of spines from control, 

unstimulated sites (Engert & Bonhoeffer, 1999; Maletic-Savatic, 1999).  Without SSEM 

or other functional imaging, it wasn’t possible to conclude from the 2-photon studies 

whether any of the new protrusions were functional.  However, taken together with the 

Harris SSEM study, de novo spine synthesis via early filopodial protrusion is the more 

likely mechanism to generate new spines underlying memory consolidation. 

While both studies report an increase in a class of multiple dendritic spines associated 

with a bouton after LTP induction, their conclusion does not necessarily offer 

incontrovertible support for the synaptic growth hypothesis.  First, not all filopodial 

protrusions mature later into functionally active spines (Holtmaat, 2005).  Second, the 

early appearance of filopodia draws into question just how sharply new spines correlate 

with memory consolidation per se, as it precedes the known time course of late LTP’s 
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dependence on protein synthesis.  This suggests that morphological growth may not be 

solely a function of consolidation since actin polymerization driving filopodial growth 

happens very quickly.  Third, only a certain class of spines appears to increase, which are 

multiple dendritic spines associated with a bouton. The total number of spines does not.  

This suggests that the loss of spines may be just as important as the addition of spines in 

the encoding of a memory.  Fourth, other morphological features besides spine number 

also appear to accompany LTP induced changes such as spine enlargement and the 

lengthening of spine necks (Yuste & Bonhoeffer, 2001).  
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1.6  Models for persistent memory:  Memory as connectivity

A theoretically important contribution offered by the filopodial mechanism is that 

changes in synaptic connectivity may be an important component of memory 

consolidation, an idea which diverges sharply from the split spine model.  Unlike split 

spines, filopodia have the capability of sampling the environment and locate active 

varicosities to form new synapses (Fiala, 1998; Harris, 1999).  Thus, filopodia permit the 

possibility to connect neurons that were not connected before, providing a mean to 

increase the degree of connectivity.  A split spine model would not be able to do this. The 

filopodial protrusions seen after tetanic stimulation represent an ideal mechanism by 

which an axon could be stimulated to connect with a new postsynaptic partner without 

breaking old connections.  A filopodial mechanism could fit known time courses of 

synaptic consolidation, if one views the initial actin polymerization process as a response 

to initial calcium entry 

The filopodial maturation idea is supported by results from a heroic SSEM study looking 

at in vivo correlates to LTP (Geinisman, 2001; Geinisman, 1993; Geinisman, 1991; 

Geinisman, 1996; Geinisman, 2000).  After implanting electrodes that could deliver high 

frequency stimulation to the rat medial perforant pathway over the course of 4 days, the 

hippocampus was collected for serial EM sections an hour after the final stimulation.  

Upon this manipulation, again, no change in total number of synapses could be detected. 

Interestingly, spine number increased slightly in the layer receiving inputs from the 

perforant pathway and slightly decreased in the middle molecular layer, a layer used as 
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an internal control where potentiation due to tetanic stimulation was not expected to 

manifest. This finding is consistent with the Engert and Bonhoeffer study (Engert & 

Bonhoeffer, 1999).  Two weeks after tetanic stimulation, typically the maintenance phase 

of LTP, again no changes in total synapse number or absolute spine number could be 

measured.

Additional studies by Geinisman inducing hippocampal plasticity with a trace eyeblink 

conditioning task10 found similar morphological changes in the rabbit hippocampus, 

demonstrating that changes in synaptic strength due to a LTP stimulation mimicked 

changes elicited by a behavioral paradigm (Geinisman, 2001; Geinisman, 2000).  

Geinisman concluded from these studies that the memory trace was likely to be a change 

in the synaptic connectivity of the hippocampus rather than by generation of new 

synapses per se, such that circuits underlying a specific behavior were strengthened at the 

expense of other circuits whose coding of information was unspecified. 

In vivo two-photon work paralleling the slice LTP induction experiments and 

Geinisman’s animal studies have not yet been conducted.  However, experience-

dependent changes in the neocortex due to loss of sensory input seem to mirror changes 

due to potentiation, at least, to the extent that the appearance/retraction of spines are 

detected as cortical circuits reorganize.  In a separate study by Holtmaat et al.., 

morphological changes in the barrel cortex after whisker trimming in a mouse were 
  

10 A hippocampal dependent task where an animal learns to associate a tone with an air-
puff to the eye, and thus blinks when it hears the tone.
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tracked in vivo with two-photon imaging over several days (Holtmaat, 2006; Holtmaat, 

2005; Knott, 2006).  The loss of sensory input initiated a number of changes including 

the disappearance of persistent spines and the appearance of new filopodia, which have 

been observed to precede the appearance of mature dendritic spines and are hypothesized 

to be their structural precursors (Jontes, 2000).  Only those spines that persisted for 4 

days or more were actually found to form fully functioning synapses as demonstrated 

with SSEM.  

Work by Harris suggests that the appearance of spines could potentially be due to loss of 

sensory input in a manner that might be consistent with a homeostatic response (Kirov, 

1999).  This conclusion is drawn from observations that spine densities of samples taken 

from fixed hippocampal slices are considerably higher than those of hippocampal slices 

taken from brains fixed before being removed from the animal. Three possibilities can 

explain the data from the pattern observed in vivo in the Holtmaat study: 1) spine 

formation and loss might be driven by a homeostatic response reorganizing the 

neocortical circuit to accommodate loss of sensory input; 2) spine formation and loss 

might be driven by activity due to the loss of inhibitory inputs formerly driven by the 

missing whiskers and thus increased overall activity from the remaining whiskers or 3) a 

combination of scenarios 1 and 2.  Therefore, the precise rule or set of rules governing 

the conditions under which filopodia and spines appear or don’t appear are not clearcut.  

Both activity and loss of activity seem to drive their formation and disappearance in ways 

that, on the surface, do not seem distinguishable. 
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While morphological changes clearly have been documented in association with 

experience-dependent plasticity, these changes cannot be conclusively fit into a 

framework where more growth necessarily equates memory.  One cannot exclude the 

possibility that a shift in connectivity, growth in some places, accompanied by loss in 

other places, is a more accurate way to describe how some regions of the brain encode 

memory.  Thus, weight plasticity and wiring plasticity, two broad forms of plasticity that 

represent two ends of a spectrum of morphological possibilities, might be useful ways to 

classify the cellular basis of persistent memory. 

How these ideas apply towards describing the physical basis of memory storage remains 

largely in the realm of theory.  Chklovskii reviews and leverages 3 salient pieces of 

information about the nature of information processing in the brain  into a theoretical 

framework and unifies them into a workable model (Varshney, 2006):

1. Synaptic connectivity is sparse in the brain and the probability of two randomly 
selected pairs of neurons being synaptically connected is very low.

2. Central synapses are noisy in that neurotransmission can fail and that EPSP 
amplitudes are variable from trial to trial.

3. Although most synaptic weights are weak, the weight distribution is still fairly 
broad and has a notable tail of stronger connections.  

He writes that if one assumes volume in the brain is a limited resource, there is an 

empirical relationship between volume and synaptic weight.   If one increases synaptic 

weight, by increasing the signal to noise ratio in fundamentally “noisy” central synapses, 

one does so at the expense of brain volume.  Changes in synaptic weight are achieved 

morphologically in his model and include the expansion of a synapse volume that he 



68

defines as the combined volumes of the spine head and the presynaptic varicosity. This 

type of weight plasticity change may principally represent the mechanism by which a 

heavily used area like the hippocampus might operate because as a multimodal 

association area it must maximize existing synapses.  

In contrast, an area like the cortex might get by with encoding information through 

wiring plasticity at the expense of a good signal to noise ratio because information in 

auditory, visual, somatosensory cortex might only need to be connected to multimodal 

areas like the prefrontal cortex or hippocampus which could then focus the strength of 

these associations locally (Chklovskii, 2004; Varshney, 2006).  These ideas are 

interesting but might be extended by considering the possibility that the signal to noise 

ratio in wiring plasticity could be increased through the recruitment of changes in 

presynaptic release efficacy or changes in the postsynaptic membrane excitability that 

may not necessarily increase synapse volume.  Alternative or complementary models that 

might enable enduring shifts in presynaptic release efficacy or postsynaptic membrane 

excitability are explored in the next sections.

1.7  Alternate models for persistent memory

While the work in this dissertation does not directly explore the physical basis of 

persistent memory per se, it does explore a fundamental question related to it:   If 

persistent memory is dependent upon gene transcription and protein synthesis, what is 

downstream of these processes?   The immediate early genes fos and jun were among the
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first genes found to be upregulated in neurons after activity induction in different 

contexts and required for certain forms of long-term memory (Abraham, 1991; Anokhin 

& Rose, 1991; Grimm, 1997; Guzowski, 2002; He, 2002; Lamprecht & Dudai, 1996; 

Morrow, 1999; Yasoshima, 2006).  Additionally, another important transcriptional 

regulator of memory, cAMP responsive element binding protein (CREB), has been 

demonstrated in many organisms to be an essential requirement for long-term memory 

formation in a broader range of memory paradigms (Bourtchuladze, 1994; Kaang, 1993; 

Yin, 1994).  

A reductionist approach would first ask whether a form of synaptic enhancement could 

be elicited by simply overexpressing these genes.  If so, a follow-up question would be:  

what changed?  In the experiments described in this dissertation, I asked this question and 

found that ectopic overexpression of Fos and Jun in Drosophila motor neurons leads to a 

form of synaptic enhancement that doesn’t fit the classic structural hypothesis of 

persistent memory (Chapter Three).  While, the Drosophila larval neuromuscular 

junction isn’t embedded in a circuit that “learns” in any classical or conventional sense, it 

does share certain features with other synapses that have been demonstrated to play a role 

in learning and memory.  First, it is an excitatory glutamatergic synapse (Jan & Jan, 

1976).  Second, it responds in conserved ways to signaling pathways such as the cAMP-

PKA pathway in a manner that parallels the response seen in other memory synapses 

(Davis, 1996; Zhong, 1992).  At this synapse, I deduced a form of synaptic enhancement 

that is correlated tightly with a short-term plasticity mechanism (Chapter Three).  
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The question this finding compels me to pose is whether a wider context exists in the 

memory literature for an alternative, non-structural mechanism.  The alternate models 

explored in the next few sections, I feel, address this in a manner that should not be seen 

as mutually exclusive with classic structural mechanisms.  These alternative models are 

also of broader interest, because they address a fundamental problem that a single 

mechanism such as pre- or post- synaptic structural remodeling may not satisfy in a 

cellular model.  Short-term mechanisms of synaptic enhancement (discussed earlier) are 

graded, in that multiple forms can be elicited that last for varied durations:  paired pulse 

facilitation, augmentation, post-tetanic potentiation, and short-term memory.  The 

parameters underlying the differences between these mechanisms are relatively well 

understood.  

Long-term memory, in a slightly different manner, appears to be graded as well.  Its 

levels of gradation, however, are not necessarily defined by its duration, but by its 

resistance to interference.  The phenomenon of memory reconsolidation highlights one 

way in which consolidated memories can re-enter a state of vulnerability after 

reactivation.  A re-activated memory trace is vulnerable to not only protein synthesis 

inhibitors, but to NMDA receptor inhibitors as well (Przybyslawski & Sara, 1997; 

Suzuki, 2004; Torras-Garcia, 2005).  

Overtraining an animal moves long-term memories into a deeper form of storage that is 

resistant to all these forms of interference upon reactivation (Suzuki, 2004).  Why?  One 
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possible explanation may lie in a difference between the extent to which the memory is 

distributed across other brain areas,  a systems level explanation.  For example, storage of 

hippocampal-dependent memories has been theorized to move over time from the 

hippocampus to the neocortex (McClelland, 1995)11.  Might there be a cellular 

complement as well?  Are there complementary cellular mechanisms by which persistent 

memory might be stored in a graded manner?  Many forms of fear memory require only 

one trial for an animal to develop a long-term fear memory that endures for months, if not 

years.  Overtraining may embed this enduring memory deeper into a cellular cascade of 

mechanisms.  If a structural explanation were the sole mechanism by which persistent 

memory was encoded, then it would predict that overtrained memories would be 

accompanied by even more synapses than before—i.e. more of the same.  If that were the 

case, and reactivated memories can be erased by various forms of interference, why 

would overtrained memories not also be wiped out?  Thus, one might suspect that a one 

mechanism model for persistent memory storage wouldn’t be able to distinguish between 

persistent memories that are and are not vulnerable to interference upon reactivation.

Finally, investigations of persistent memory using cellular models such as L-LTP have 

uncovered many different forms that can be classified by their induction mechanisms.  

Theta-burst stimulation, for example, induces a form of late LTP in hippocampal circuits 

that is dependent upon brain-derived neurotrophic factor (BDNF) release (Korte, 1998; 

Patterson, 2001; Pang, 2004; Barco, 2005).  In contrast, the expression of L-LTP induced 
  

11 For fear memory, this isn’t necessarily true as damage to the basolateral amygdala 
erases fear memory-- even those produced by overtraining (Maren, 1998).
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by 4 trains of 100 Hz stimulation is BDNF-independent (Patterson, 2001).  Furthermore, 

evidence for presynaptic enhancement seems to accompany high intensity stimulation 

patterns but not others reviewed in (Lisman & Raghavachari, 2006).  This suggests that 

this system might be amenable to graded storage at the cellular level, although 

experiments to classify them according to their resistance to interference have not been 

done.  

1.8 The Structural Hypothesis and Local Protein Synthesis

Why might protein synthesis be required for memory consolidation and reconsolidation 

and what would this have to do with persistent memory?   The discovery of synaptically 

localized ribosomes at the bases of dendritic spines offered the memory research field a 

mechanism by which synapse specificity in encoding a memory could be achieved 

(Steward & Fass, 1983).   One hallmark of behavioral and cellular memory is that protein 

synthesis is required in order for short-term memories or short-term synaptic 

enhancements to consolidate into more stable long-term forms.   Synaptic proteins are 

constantly turned over and must continuously be replaced. Local translation could serve 

as a mechanism by which synaptic state changes could be secured and maintained at 

specifically modified sites.  Therefore, changes in the regulation of local protein synthesis 

may play a continued role in the maintenance of a memory.  

Consistent with this hypothesis is work showing spine enlargement is a recurring 

morphological change associated with late LTP (Desmond & Levy, 1986; Fifkova & Van 
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Harreveld, 1977).   EM studies of hippocampal synapses indicate that 12% of all 

dendritic spines show the presence of ribosome granules, a likely marker for an actively 

translating dendritic spine.  After LTP, 39% of all dendritic spines appear to contain 

ribosome granules, which preferentially localize to spines with enlarged postsynaptic 

densities (Bourne, 2007; Ostroff, 2002).  Consistent with this interpretation is work 

coming from Michael Ehler’s group indicating that postsynaptic spines can rapidly 

enlarge through a mechanism involving insertion of entire AMPA receptor-containing

endosomes into the postsynaptic membrane.  Additionally, rapidly growing spines locally 

accumulate components of the protein synthesis machinery at their base, including 

ribosomes and Golgi complexes (Horton, 2005; Park, 2004; Park, 2006; Steward & Falk, 

1985).  One prominent idea is that the state of a potentiated spine is maintained after the 

induction phase through local protein synthesis mechanisms. How might this be 

achieved?

The “synaptic tag and capture” model was first drawn from a hippocampal slice study 

that separately stimulated two independent Schaffer collateral inputs into the same CA1 

region of the hippocampus (Frey & Morris, 1997).  When one set of synapses experiences 

strong tetanic stimulation (L-LTP inducing stimuli), and a second set of synapses 

experiences weaker tetanic stimulation (E-LTP inducing stimuli) within a 1 hour time 

window before or after the initial stimulus, then both sets will express L-LTP (Frey & 

Morris, 1997).  The term “synaptic capture” refers to the ability of the second set of 

synapses to “capture” and express L-LTP in response to an E-LTP induction protocol 
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under these circumstances.   Applying protein synthesis inhibitors to the first set of 

synapses prevented the ability of the weakly stimulated second set of synapses to 

“capture” L-LTP.  Application of protein synthesis inhibitors directly to the second set of 

synapses, however, did not block their ability to capture LTP from the first strongly 

stimulated set.  These findings were interpreted to suggest that a local “synaptic tag” (an 

unknown molecule that is activated by either weak or strong tetanizing stimuli) must 

encode a record of that synapse’s activation history, which is then used to direct the 

acquisition of newly synthesized proteins from the first set of strongly tetanized synapses.  

Similar findings were described in studies using a bifurcated Aplysia sensory neuron 

culture system that had two axon branches from the same sensory neuron targeting two 

different motor neurons (Martin, 1997).  In this system, synapse-specific facilitation and 

synaptic capture were observed to persist for at least 3-4 days.  The Aplysia studies also 

extended the hippocampus findings by showing that synaptic capture was independent of 

protein synthesis up to 24 hours post induction but becomes dependent on protein 

synthesis by 72 hrs—a time course which could reflect normal protein turn-over rates 

(Casadio, 1999).  Thus, the maintenance and persistence of synaptic capture were 

concluded to require local protein synthesis.  

What is the nature of the synaptic tag and how is it relevant to persistent memory?  One 

idea pursued by Kandel’s group was the possibility that a persistently activated synaptic 

tag could be influencing the local protein synthesis machinery to maintain synapse-

specific facilitation and capture (Si, 2003a; Si, 2003b).  The ideal molecule would a) be 
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present at local synapses, b) be activated under both strong and weak induction protocols, 

c) be able to exert regulatory influence over local mRNA translation, d) be required for 

the maintenance of synaptic facilitation and e) carry a putative mechanism by which it 

could retain a persistently activated state. One candidate molecule found to exhibit these 

properties was the cytoplasmic polyadenylation element binding protein (CPEB) (Si, 

2003a; Si, 2003b). 

CPEB is locally upregulated via protein synthesis in stimulated sensory neurites in 

response to a single pulse or chronic dose of serotonin. It is known to play a critical role 

in mRNA translation12 , and in the Aplysia study its induction correlated with actin 

mRNA upregulation.  Introduction of a CPEB antisense oligonucleotide into isolated 

synapses blocked the maintenance but not capture of long-term facilitation (Si, 2003a; Si, 

2003b). Most dramatically, CPEB contains putative prion sequences that in vitro were 

shown to be effective in helping maintain the protein in an activated state and be able to 

convert inactive CPEB proteins into active ones.  While the model is compelling and 

interesting, no definitive experiment directly links prion-like activities of CPEB with the 

maintenance phase of synaptic facilitation.  It also remains unclear whether the time 
  

12Many synaptically localized mRNAs lie dormant until their 3’UTR tails undergo a 
polyadenylation step.   In a model originally derived from studies of Xenopus oocyte 
mRNA regulation, polyadenylation leads to the release of interactions between Maskin 
and eIF4E and CPEB which contribute towards keeping dormant mRNA in a locked, 
untranslated state.  In hippocampal cultured neurons, NMDA receptor activation has been 
demonstrated, via an aurora kinase, to induce phosphorylation of CPEBs associated with 
CPE sequences on dormant mRNAs.  This CPEB modification enables the recruitment of 
polyadenylation machinery and the subsequent polyadenylation of mRNA tails.  As a 
result, maskin dissociates from eIF4E, permitting the eIF4G/eIF4E interaction that leads 
to proper assembly of the translation initiation complex (Huang, 2002).
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course of its upregulation matches the time course of synaptic capture’s transition from 

being independent to being dependent on protein synthesis .  

Another unclear aspect of this model is whether a persistently activated CPEB is 

compatible with other models incorporating translational regulators of persistent memory.  

Translational activation and suppression of different mRNA subsets may be required in 

the same cell for memory formation.   Work from Nahum Sonenberg's lab suggest that 

mechanisms repressing translation of certain mRNAs may be as equally important as 

those activating mRNA translation in the encoding of persistent memory (Costa-Mattioli, 

2007).  

ATF4, a potent repressor of CREB-mediated late-LTP, is suppressed upon 

dephosphorylation of the alpha subunit of the translation initiation factor eIF2 at the level 

of mRNA translation.  Paradoxically, dephosphorylation of eIF2alpha (eIF2a) also 

promotes general translation (Costa-Mattioli, 2007).    Heterozygous mice (eIF2a+/S51A) 

carrying one copy of an unphosphorylatable form of eIF2alpha, exhibit enhanced 

performance in several behavioral tests of long-term memory (LTM) including contextual 

fear memory, spatial memory, and conditioned taste aversion.  The threshold for the 

induction of late-LTP was discovered to be reduced in hippocampal slices from these 

mice such that a single 100Hz train of stimulation was sufficient to induce late-LTP in 

eIF2a+/S51A mice but only E-LTP in control mice (Costa-Mattioli, 2007).  Conversely, 

increasing levels of phosphorylated eIF2a, with the application of a potent inhibitor of 
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eIF2a dephosphorylation (Sal003), prevents induction of L-LTP and severely impairs 

mouse performance on several tests of behavioral memory. This effect appears 

predominantly mediated by eIF2 alpha’s influence on ATF4 and not general translation, 

because L-LTP formation was NOT blocked with application of the inhibitor to ATF4-/-

slices or injected into ATF4-/- mice.  While the study doesn’t explore whether the mRNA 

is locally translated in dendrites or regulated within the soma, its findings clearly 

demonstrate that the transcriptional cascade is partly regulated through active repression 

at the translational level (Costa-Mattioli, 2007).

1.9  Alternate models for  persistent memory:  Shifts in kinase-phosphatase balance

The vulnerability of short-term memory, E-LTF or E-LTP to random activity and 

interference lies in the balanced equilibrium between kinase-phosphatase activities.  One

alternative mechanism that could feasibly promote persistent memory in a manner 

independent from local protein synthesis and structural mechanisms might be to 

persistently shift this balance in favor of kinase activity.  This type of shift might also 

serve as a mechanism for recruiting kinases typically discussed in the context of short-

term enhancement (e.g. increases in the RRP or membrane excitability) or during the 

induction phases of LTP.  Shifting the kinase-phosphatase equilibrium in favor of kinases 

can happen in two general ways:  augment kinase activity or shut down phosphatase 

activity.  Persistent kinase activity has been demonstrated in serine/threonine protein 

kinases such as calcium/calmodulin–dependent protein kinase II (CaMKII), protein 

kinase A (PKA), and protein kinase C (PKC).  
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1.9a  Atypical PKC

One recent study that supports the idea of persistent kinase activity in the storage of 

behavioral memory shows persistent PKC activity is continuously required in order to 

maintain conditioned taste aversion memory (CTA)13 in the insular cortex (Reut Shema, 

2007).  Protein kinase C (PKC) is a family of conventional, novel, and atypical14

isozymes that are characterized by the presence of regulatory and catalytic subunits.  

Release of the catalytic subunit from regulatory inhibition through DAG, Ca2+, or PIP3 

signaling, allows this kinase to assume an active form (reviewed in Hirai & Chida, 2003).  

LTP induction protocols, upregulation of DAG, or phorbol esters have been shown to 

induce PKC activation and shift its distribution towards the plasma membrane (Kraft & 

Anderson, 1983; Sacktor, 1993).

In addition to this level of regulation, one form of an atypical PKC ζ • (aPKCζ •), protein 

kinase M zeta (PKMζ) has been shown to increase and persist during the maintenance 

phase of LTP fraction (Sacktor, 1993; Serrano, 2005).  PKMζ •is a constitutively active 

fragment produced by proteolytic cleavage between the N terminal regulatory and C 

  
13 In conditioned taste aversion training, an animal learns to associate a specific food item 
with nausea (usually induced with lithium chloride injection) (Buresova, 1978; Smith, 
1964).  The insular cortex is a structure shown to be important for the consolidation, 
storage and extinction of CTA memory.

14 All three types of PKC share a requirement for a phosphtidylserine cofactor.  
Conventional PKC (cPKC) isotypes require diacylgylcerol (DAG) and calcium for 
optimum activity.  Novel PKC (nPKC) isotypes also require DAG but are calcium 
independent.  Atypical PKC (aPKC) isotypes are independent of both DAG and calcium 
and may be activated through interactions with PI-3,4,5-trisphosphate (PIP3) PIP3 
signaling (reviewed in Hirai & Chida, 2003).
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terminal catalytic domain of aPKCζ • (Inoue, 1977).  Additionally, there is some evidence 

that the PKMζ catalytic subunit might also be synthesized from a truncated mRNA that 

lacks sequences for the regulatory subunit (Hernandez, 2003).  Not only has its activity 

been demonstrated  to be both sufficient and necessary for late-LTP in the hippocampus 

(Ling, 2002), PKCζ •/PKMζ has also been implicated in a wide number of synaptic 

effects including enhancing the firing rate of dopaminergic neurons (Hopf, 2005), 

increasing numbers of AMPA receptors (Ling, 2006), and promoting microtubule 

stabilization (Ruiz-Canada, 2004).  Of great interest is the recent discovery that after any 

given time point post-CTA training, the introduction of a PKMζ •inhibitor into the insular 

cortex erases the stored associative memory in a manner that does not interfere with an 

animal’s ability to form a short-lived taste memory.  This form of erasure appears to be 

independent of whether the memory is retrieved as well as the number of training trials.  

Additionally, it appears to be independent of the unconditioned stimulus as the inhibitor 

will also erase taste memory associated with a second flavor (Reut Shema, 2007).   

Furthermore, a study of olfactory avoidance conditioning in Drosophila corroborates 

aspects of this study by demonstrating expression of the fly homolog of PKMζ enhances 

olfactory memory while its inhibition blocks memory without affecting learning (Drier, 

2002).   Together, these studies suggest a persistently activated kinase may be an integral 

component of the stored memory itself.  The authors of the CTA study speculate that 

PKMζ may be important for maintaining structural changes, but as PKMζ •has other 

targets, persistent enhancement of synaptic efficacy should not be excluded from the 

ramifications of this work (Reut Shema, 2007).
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1.9b  CaMKII and PP1

Another kinase/phosphatase balance that might be tipped to promote persistent memory 

storage is the relationship between CaMKII and protein phosphatase 1 (PP1).  CaMKII is 

a multifunctional serine/threonine kinase that is highly abundant throughout the nervous 

system including dendritic spines. Each of its 8-12 subunits contains an autoregulatory, 

catalytic, and association domains.   In turn, each subunit is activated upon binding to 

Ca2+/ calmodulin (CaM), a step that relieves the inhibition from the autoregulatory 

domain and frees the catalytic site.   The binding of Ca2+/calmodulin not only activates 

the subunit but also exposes a Thr286/287 phosphorylation site (Thr286 in the alpha 

isoform, Thr287 in other isoforms)  on the autoregulatory domain (reviewed in Griffith, 

2004; Lisman, 2002).  When exposed, this site may subsequently be phosphorylated by 

adjacent subunits.  Thr286/287 phosphorylation prevents the autoregulatory domain from 

re-inhibiting the catalytic site even after Ca2+/calmodulin dissociates.  The enzyme then 

becomes autonomously activated and can continue to phosphorylate its myriad target 

substrates/functions (e.g. ion channels, NMDA receptors, AMPA receptors, etc.) even 

after Ca2+ levels fall.  In this capacity, CaMKII exhibits ideal properties of a persistent 

memory molecule.  It is both sufficient and necessary for LTP induction and expression 

and required for behavioral memory.  Furthermore, it remains activated for at least one 

hour after LTP induction (Fukunaga, 1993).  Its activity is held in check by the actions of 

protein phosphatases 1 (PP1) or 2B (PP2B or calcineurin) (Lisman and Zhabotinsky, 

2001).  
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Under resting conditions, CaMKII exhibits robust F-actin bundling properties (Okamoto, 

2007).  Upon calcium elevation due to NMDA receptor activation, phosphorylation of the 

kinase disrupts its associations with actin, thus freeing actin to participate in filopodial 

protrusions. The kinase translocates and heavily accumulates in the PSD in association 

with NMDA receptors — a physical interaction that promotes autophosphorylation of 

CaMKII by increasing the affinity of calmodulin for the enzyme (Bayer, 2001). 

Furthermore, when bound to the PSD, CaMKII  is resistant to dephosphorylation by 

calcineurin (PP2B), which can only act on the soluble form of the enzyme (Strack, 1997).  

Thus, CaMKII’s activity is kept in check only by protein phosphatase 1 (PP1) which also 

localizes to the PSD.  

According to biochemical modeling from Lisman’s group and in vitro data from 

Schulman’s group, CaMKII activity exhibits bistable switch properties when bound to the 

PSD with PP1 (Bradshaw, 2003; Miller, 2005).  Under low calcium conditions, PP1’s 

dephosphorylating activities prevent CaMKII from persistent autophosphorylation 

(Lisman, 2002).  Under higher calcium conditions, however, PP1 activity is easily 

saturated (and outpaced) by the autophosphorylating activities of the CaMKII 

holoenzyme.  As a consequence, a significant proportion of the CaMKII population 

enters a persistent autocatalytic state whose duration is exponentially prolonged in direct 

relation to the number of holoenzymes that are present (Miller, 2005).  Several pieces of 

experimental evidence support the plausibility of Lisman’s persistent CaMKII model of 

memory.  First, CaMKII mRNA has been demonstrated to be locally translated in 
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response to activity.  Local translation may serve as an activity-dependent mechanism by 

which the number of holoenzymes present is increased.   Second, several modifications 

described in previous sections significantly increase calcium permeability in the 

postsynaptic compartment, and thus might contribute toward maintaining a higher 

calcium state, including the incorporation of GluR1 homomers, delayed increases in the 

NMDA EPSC component, and/or changes in spine structure that slow down calcium 

diffusion out of the dendritic microdomain.  Third, two studies have successfully 

demonstrated that LTP maintenance is abolished with the use of CaMKII inhibitors 

(Feng, 1995; Sanhueza, 2007).  However, the critical test of this model is still shy of 

robust confirmation as use of different CaMKII inhibitors yield conflicting results 

(Malinow, 1989; Otmakhov, 1997). Lisman postulates that dephosphorylation of 

CaMKII may be delayed as the application of H7, a general kinase inhibitor, 

dephosphorylates other kinases but not PSD-bound CaMKII (Gardoni, 2001).  

Furthermore, what precisely the enzyme would be doing in a persistently activated state 

is unclear.  Both structural and functional possibilities have been hypothesized based 

upon CaMKII’s actin bundling properties and ability to persistently phosphorylate and 

enhance the conductances of targets such as GluR1 (Barria, 1997; Derkach, 1999b).

1.10  Alternate models for persistent memory:  Epigenetic mechanisms

A relatively new line of research looking at how epigenetic mechanisms are recruited 

during learning and memory offers a third class of putative mechanisms that may prove 

to be important for the storage of permanent memory.  The two general mechanisms by 
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which DNA is epigenetically regulated are through DNA methylation and chromatin

condensation (reviewed in Levenson & Sweat, 2006).  Both processes function to silence 

genes in ways that are not mutually exclusive.

1.10a  DNA Methylation:

DNA methylation is a transcriptional silencing mechanism that targets CpG 

dinucleotides—i.e. cytosine bases that are immediately followed by a guanine. These 

dinucleotides are often found in CpG islands, repetitive stretches of CpG dinucleotides 

preceding the promoters of genes in many organisms (mammals, plants—in Drosophila

methylation sites look slightly different).  A class of DNA methyltransferases (DNMT) 

catalyzes the transfer of a methyl group onto the 5 position of the pyrimidine ring of a 

cytosine residue.  This covalent modification produces transcriptional silencing by 

preventing the binding of transcription factors and by permitting the recruitment of 

methyl-CpG binding proteins that promote repressive chromatin remodeling activities.  

The activities of DNA demethylases can reverse these modifications (reviewed in 

Levenson & Sweatt, 2006).  

As a mechanism for cellular memory, DNA methylation is highly attractive because of its 

documented robustness and stability in cellular memory from many developmental 

contexts, including the phenomenon of genomic imprinting where offspring can inherit 

the methylation patterns of a parent due to incomplete erasure of those patterns during 

gametogenesis.  The now classic agouti mouse is such a case where offspring carry a 
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gene that specifies a yellow coat color but express a brown coat due to an epigenetic 

inheritance of methylated sequences that shuts down coat color expression (Michaud, 

1994; Morgan, 1999).  The nutritional experience of the mother is recorded in the DNA 

because what she eats influences the degree of methylation subsequently inherited by her 

offspring such that a yellow mother can give birth to brown pups who by virtue of their 

genetic makeup should have also have been yellow (Wolff, 1998).  

Once believed to be most active during early stages of development, DNMT mRNA and 

enzymatic activity in post-mitotic neurons of the adult nervous system is unexpectedly 

high, a discovery that has spurred efforts to explore its contributions to memory (Brooks, 

1996; Feng, 2005; Goto, 1994; Monk, 1987).  A recent study published by Sweatt 

successfully demonstrates that during contextual fear conditioning, DNMT3a and DNMT 

3b mRNA are upregulated in the amygdala and that DNMT inhibitors appear to block the 

encoding/storage of fear memory.  Furthermore, CpG sequences regulating protein 

phosphatase 1 are methylated immediately after training and PP1 expression is 

subsequently downregulated (Miller and Sweatt, 2007).  As discussed in the previous 

section, the hypothesized imbalance between PP1 and CaMKII activity in persistent 

memory makes this finding extremely interesting as support for Lisman's CaMKII 

bistability model.  Unfortunately, however, the methylation pattern disappears 24 hours 

after training (Miller and Sweatt, 2007).
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At this point, one cannot completely rule out the possibility that long lasting methylation 

(or demethylation) of other sequences may in some cases make a significant contribution 

towards the encoding of persistent memories. Also, while one trial of contextual fear 

conditioning is sufficient to induce a memory that endures for months in rodent models, 

this memory can be erased if the protein synthesis inhibitor anisomycin is injected into 

the amygdala soon after its recall (Nader, 2000).  However, overtraining of contextual 

fear conditioning is resistant to anisomycin-induced amnesia (Suzuki, 2004).  It would be 

worth exploring whether DNA methylation of PP1 may be long lasting under overtrained 

conditions in certain regions of the brain.

1.10b  Chromatin Condensation

Nuclear DNA is not naked but associated to various levels with chromatin in the 

interphase of the cell cycle and during DNA replication (reviewed in Colvis, 2005; 

Levenson and Sweatt, 2006)..  Chromatin is assembled from arrays of nucleoprotein 

complexes termed nucleosomes that essentially contain DNA wound around an octamer 

of histone proteins (2 each of histones H2A, H2B, H3, and H4).  This tertiary DNA 

structure serves to both compact genetic material into a small space and adds another 

level of transcriptional regulation that controls how physically accessible regions of the 

DNA are to the transcriptional machinery.  Chromatin structure is influenced by a 

number of histone modifications (e.g. methylation, ubiqutinylation, phosphorylation).  

The best studied class of histone modifications is acetylation.  Any combination of these 

modifications can be made to histones in tandem and result in varying degrees of gene 
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activation, an idea that is referred to as the histone code.   Histone acetyltransferases 

(HATs) loosen the chromatin structure by catalyzing the addition of acetyl groups to H3 

or H4 histone tails.  This disrupts histone interactions with DNA and serves to relax the 

chromatin structure making DNA more accessible to the transcriptional machinery.  

Histone deacetylases (HDACs) catalyze the removal of acetyl groups from histones, thus 

shutting down gene transcription from stretches of the DNA by promoting chromatin 

condensation.   Thus, by acting on histones associated with gene promoters, HATs and 

HDACs can increase or decrease gene expression and may serve as an additional 

epigenetic mechanism for persistently modifying cellular processes as a means of 

encoding memory (reviewed in Colvis, 2005; Levenson and Sweatt, 2006).

Cocaine addiction, and the subsequent neural changes producing the drug craving 

associated with it, is an example of a long-term memory whose persistence may be partly 

attributed to persistent modifications in chromatin structure.  An acute intraperitoneal 

injection of cocaine leads to the upregulation of key mRNAs and proteins in the rat 

striatum—a structure whose circuits are critically altered by drug induced plasticity 

including the immediate early genes c-fos and fosB.  However, chronic administration of 

cocaine is associated with distinctly different mRNA and protein profiles including the 

upregulation of a powerful neurotrophin called brain derived neurotrophic factor (BDNF) 

(Horger, 1999; Le Foll, 2005; Graham, 2007), a kinase Cdk5 (Bibb, 2001), and delta 

FosB, a truncated isoform of FosB (Hope, 1994).  Interfering with the expression or 

function of these molecular targets has in previous work been shown to modulate certain 
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aspects of cocaine-induced striatal plasticity and behavioral measures of drug addiction 

(reviewed by Hyman, 2006; Nestler, 2005).

Within 30 minutes after cocaine administration to a naïve rat, upregulation of c-Fos and 

FosB mRNA tightly correlates with the phosphoacetylation of H4 histones associated 

with the promoters of these immediate early genes (IEGs) (Kumar, 2005).  With chronic 

cocaine dosage, the c-fos gene eventually ceases being transcribed under chronic 

conditions, a state that is again closely paralleled by the lack of acetylation at the c-fos

promoter.  Furthermore, under chronic cocaine conditions, the acetylation pattern of the 

fosB promoter switches from acetylation of H4 to H3.  The biochemical significance of 

this switch is unclear but appears to follow a consistent pattern.  Other genes (e.g. BDNF, 

cdk5) that are upregulated in the striatum only after chronic but not acute cocaine 

administration also show H3 acetylation patterns in their promoters.  Furthermore, when 

cocaine is withheld from the animals, BDNF and cdk5 promoters both show sustained H3 

acetylation patterns at least 24 hours after the last dosage, while FosB acetylation 

disappears.  In the absence of cocaine, this chromatin remodeling pattern endures for up 

to a week at the BDNF locus at which point its acetylation state was detected to increase, 

while at cdk5 it began to recover to normal acetylation levels (Kumar, 2005).  Whether 

this is directly associated with a drug memory or part of some other mechanism like 

homeostasis is debatable and cannot be determined from the present data. However, it 
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does represent the first long-term modification of the chromatin structure correlated with 

drug induced plasticity15. 

The contribution of epigenetic mechanisms to persistent memory can be anything from 

the mundane to the profound.  On one level, there is the possibility that the mechanics of 

transcription simply require portions of the DNA to be unwound and rewound at 

appropriate times to tightly regulate when certain genes are transcribed.  Thus, one 

wouldn't expect modifications in this case to be enduring.  In other cases, epigenetic 

modifications have the potential to be enduring in nature, especially, if they are applied in 

a combinatorial fashion (e.g. acetylation and methylation).  The same epigenetic 

mechanisms used to lock in a cell’s identity after differentiation  (reviewed by Reik, 

2007) could be conscripted for use in encoding plastic memories. However, the 

seemingly global effect of such a mechanism on all the synapses of a neuron may restrict 

cell types and types of memory for which it would be a plausible option.    One might 

predict that it would be associated with deeply rooted memories that are least vulnerable 

to interference. 

  
15 Behavioral measures of drug addiction such as increases in locomotor activity and 
preferences for environments associated with drug reward also (conditioned place 
preference), also respond to manipulations with histone acetyltransferase activities.   
HDAC inhibitors, which promote HAT activities, did not change either global levels of 
histone acetylation or locomotor activity when administered alone.  When administered 
in combination with cocaine, however, HDAC inhibitors increased histone acetylation of 
target genes, doubled rats’ locomotor responses to cocaine and enhanced rat performance 
in a conditioned place preference tests.  Overexpression of HDAC, which opposes HAT 
activity,  dramatically reverses these phenotypes . (Kumar, 2005).
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1.11  Alternate models for persistent memory:  Why the presynaptic terminal still 
matters in persistent memory models

A final class of mechanism that may significantly contribute to memory is not a 

“mechanism” per se but an important set of substrates that have historically been 

dismissed as sites of modifications underlying persistent memory.  The presynaptic 

terminal is often dismissed as a potential storage site of memory, because it has not been 

in a position to receive associative inputs in the relatively few synapses that have thus far 

been studied in detail,.  Also, the overwhelming evidence at the heavily studied CA3-

CA1 synapses of the hippocampus, which are often considered model synapses for 

associative memory storage, has demonstrated that post-synaptic changes are essential for 

the expression of late-LTP.  

I highlight now work that strongly suggests presynaptic release efficacy may be modified 

to keep pace with changes in postsynaptic spine densities and upregulation of AMPA 

receptors terminals or in some cases, modified in response to associative inputs.   Earlier, 

I discussed two points that call into question the dismissal of the presynaptic locus as a 

major contributor to LTP at CA3-CA1 hippocampal synapses (i.e. AMPA receptor 

saturation and changes in the probability of release).  In addition, studies of BDNF-

dependent potentiation in the hippocampus offer perhaps the most direct evidence that the 

presynaptic terminii of CA3-CA1 synapses are modified in cellular models of persistent 

memory.  BDNF’s properties are remarkable in that it is an endogenously produced 

molecule whose application to neurons or slices is sufficient to induce LTP.  Studies 

blocking BDNF using antibodies against it or against its receptor, TrkB, have shown that 
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BDNF is specifically required for expression of late-LTP in the hippocampus (Bramham 

& Messaoudi, 2005; Kang, 1997; Korte, 1998; Messaoudi, 2002).  Recent evidence 

demonstrates that one trial aversive learning paradigms require BDNF activity by 12 

hours after training in order for the memory to remain stable at day 7 (Bekinschtein, 

2007). Furthermore, BDNF dependent potentiation can be elicited through a stimulation 

protocol that involves a train of theta-bursts.   As mentioned earlier, theta-burst 

stimulation mimics the theta frequency endogenously generated in the hippocampus 

when it is theoretically believed to be in the process of encoding a memory.

Several lines of evidence implicate BDNF in the induction of presynaptic changes in 

probability of release.  BDNF application has been demonstrated to occlude PPF, 

increase the size of cycling pool and the number of docked vesicles in EM images of 

Schaffer collateral synapses (Kang, 1997; Messaoudi, 2002; Pozzo-Miller, 1999).  Also, 

BDNF-dependent theta burst stimulation leads to increases in FM1-43 dye unloading 

from potentiated CA3 presynaptic terminals (Zakharenko, 2003).  All of these findings 

are consistent with increases in presynaptic release probability and strongly suggest that a 

presynaptic locus must contribute to this form of late LTP.  These changes are likely due 

to presynaptic release of BDNF, as loss of theta burst LTP in BDNF knockout mice can 

be rescued when the BDNF transgene is reintroduced into presynaptic CA3 neurons (but 

not in the postsynaptic CA1 neuron) (Zakharenko, 2003).  Thus, these findings together

support a role for presynaptic modifications in the late phases of long-term potentiation 

and in associative memory.
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Second, the postsynaptic overexpression of postsynaptic density protein 95 (PSD-95), a 

cytoskeletal scaffolding protein, has been demonstrated to be sufficient for induction of a 

form of LTP that is mediated by AMPA receptor upregulation.  Recent work now offers 

compelling evidence for changes in presynaptic release probability downstream of 

postsynaptic density overexpression.  PSD-95 overexpression in CA1 (postsynaptic) 

terminals reduces paired pulse facilitation ratio (PPF); conversely, PSD-95 RNAi 

increases the PPF ratio.  This finding cannot be explained by activation of silent synapses 

but strongly supports a model where changes in presynaptic release probability are 

retrogradely induced downstream of PSD overexpression.  What might be the underlying 

mechanism for this remarkable retrograde control over presynaptic release probability?  

In studies of synaptogenesis, the application of neuroligin, an adhesion molecule induces 

the insertion of new and functional release sites.  This occurs through transsynaptic 

interactions between its extracellular domain and its binding partner, the beta neurexin 

receptor, (Futai, 2007b).  

Outside of the developmental context, PSD-95 directly interacts with neuroligin in the 

postsynaptic domain (Figure 1).  Through this interaction, its overexpression is 

positioned to influence the presynaptic domain by promoting neuroligin-beta neurexin 

complex formation.  Indeed, Hayashi’s group was able to demonstrate transfection with 

beta neurexin-RNAi or neuroligin-RNAi constructs abolished the influence of PSD-95 

expression on the PPF ratio.  The model currently being explored is that recruitment of 

beta neurexin signaling ultimately recruits elements of the presynaptic machinery through 
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interactions between beta neurexin’s cytoplasmic tail and a Ca2+/calmodulin-dependent 

serine protein kinase (CASK). One possible scenario is that CASK through its 

interactions with the scaffolding protein MINT (Figure 1.2), could ultimately affect 

release probability through its interactions with MUNC-18, a vesicle docking regulatory 

protein (Futai, 2007a).

Finally, not only might presynaptic changes in release efficacy be recruited in a 

retrograde manner, but they may also be induced through an associative form of 

plasticity.  While presynaptic forms of LTP, defined principally by their independence of

NMDA receptors, have been detected at many loci in the brain including mossy fiber 

synapses (Zalutsky & Nicoll, 1990) and corticothalamic synapses (Castro-Alamancos & 

Calcagnotto, 1999),  these forms of plasticity are not believed to be associative in nature.  

Recently, however, Humeau et al.have reported an NMDA receptor-dependent 

presynaptic locus for LTP in cortical afferents synapsing onto lateral amygdala projection

neurons. This plasticity is associative in nature because stimulation of both converging 

cortical and thalamic afferents is required for its induction.  However, it does not

potentiate thalamic afferents, and it does not require postsynaptic depolarization of the

lateral amygdala neuron. Thus, associativity occurs through the merging of information

coming from the cortex and thalamus through the presynaptic potentiation of cortical 

afferents.  This allows the regulation of  lateral amygdala neuron activity in an input 

specific manner (Humeau, 2003).  
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Figure 1.2:  Molecular interactions from PSD-95 in the postsynaptic terminal to 
Munc18 in the presynaptic terminal via neuroligin-beta neurexin interactions.  
(from Dean & Dresbach 2006)

A unified model for LTP at CA3-CA1 synapses recently published by Lisman and 

Raghavachari similarly makes the unorthodox proposal that modifications in presynaptic 

release efficacy may accompany certain forms of LTP at CA3-CA1 hippocampal 

synapses.  They point out that the two strongest arguments against this suggestion: 1) the 

lack of increase in glial transporter glutamate currents after LTP induction ((Luscher, 

2000) and 2) the lack of changes in the probability of release in some forms of LTP 

studied (Kauer, 1988; Manabe & Nicoll, 1994) could be reconciled if one considered that 

the time points at which glial currents have been studied have always been too early to 
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see changes associated with late LTP.  Also, forms of late-LTP associated with intense 

induction parameters such as theta burst stimulation appear to be accompanied by 

changes in the probability of release while lower intensity stimulation parameters have 

not (Bashir, 1991; Lisman & Raghavachari, 2006).   

Thus, the evidence at large does not exclude a scenario where changes in presynaptic 

release efficacy may accompany the consolidated state.  Synaptic remodeling alone may 

not be sufficient to describe the entire cascade of alterations that underlie memory storage 

in neural circuits. The evidence for postsynaptic functional and structural contributions 

at the level of spine formation, shifts in connectivity, and AMPA receptor trafficking to 

long-term memory formation carries great weight.  This, however, may not be the entire 

picture. The studies discussed in this section have reinvigorated efforts for looking more 

closely at how presynaptic mechanisms might be recruited in the physical creation of the 

memory trace.  Thus, presynaptic mechanisms of enhancing release probability may 

indeed be important contributors to long-term memory storage and not merely within the 

domain of short-term plasticity even at classic synapses such as CA3-CA1 in the 

hippocampus.

1.12  CONCLUSIONS:

In conclusion, short-term synaptic enhancement, a cellular correlate of short-term 

memory, has been demonstrated to be mediated by post-translational modifications (i.e. 

phosphorylation) to pre- and post-synaptic constituents that lead to increased presynaptic 
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release probability or increase postsynaptic responses.  In contrast, long-term synaptic 

enhancement, a cellular correlate for long-term memory, is posited to be the result of 

structural remodeling and new postsynaptic growth via mechanisms involving local 

protein synthesis.  I hoped to illustrate how this answer might be incomplete in the face 

of evidence suggesting that persistent memory is both graded and modifiable upon recall.  

Epigenetic mechanisms, shifts in kinase-phosphatase equilibria, and recruitment of the 

presynaptic substrates are three major mechanisms that may offer alternative or 

complementary solutions to the problem of how cellular memory might be persistently 

encoded in neurons.  Furthermore, these mechanisms are poised to recruit non-structural 

pathways that could enhance synaptic strength by changing release probability or 

receptor conductances.  For example, a permanent shutdown of phosphatase transcription 

through persistent epigenetic modifications might be an enduring way to shift the kinase-

phosphatase balance in favor of kinase activity.  This type of modification might only 

accompany deeply embedded memories as it could affect all synapses associated with a 

single neuron.  One might also create graded persistent memory in a scenario where the 

postsynaptic compartment retrogradely recruits and enhances presynaptic release 

probability for those memories with especially strong encoding stimuli.  None of these 

possibilities should be considered mutually exclusive with structural mechanisms, but 

rather might be seen as options for the combinatorial representation of persistent 

memories.
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CHAPTER 2:  FUNCTIONS OF FOS AND JUN IN SYNAPTIC
PLASTICITY

2.1  Introduction

Stimulus-transcriptional coupling in neurons was first described nearly a quarter century 

ago by Morgan, Curran, Greenberg, and others who discovered that mRNAs for fos and 

jun were consistently upregulated in PC12 cells in response to KCl depolarization, 

trophic factors, and other stimuli (Greenberg, 1986; Morgan & Curran, 1991; Sassone-

Corsi, 1989; Sheng, 1988).  After treatment with neurotrophic factors such as nerve 

growth factor (NGF), PC12 cell lines grow extensive neuritic arborizations and assume 

the identity of a sympathetic neuron.  The application of NGF launches the genetic 

program for this transformation (partly) by inducing the expression of immediate early 

gene (IEG) mRNAs for fos and jun, which transcriptionally gate the neuronal 

differentiation process (Kruijer, 1985; Muller, 1984; Sassone-Corsi, 1989).  

Fos and Jun are transcription factors that heterodimerize to form AP-1, a 

transcriptional activator complex demonstrated to regulate genetic programs underlying a 

diverse range of processes including long-term memory formation (Abraham & Bear, 

1996; Abraham, 1991; Anokhin & Rose, 1991; Brennan, 1992), apoptosis (Marti, 1994; 

Sikora, 1993), axonal regeneration (Dragunow, 1992; Leah, 1991), dorsal closure in 

Drosophila embryos--a process that bears meaningful parallels with wound healing--

(Riesgo-Escovar & Hafen, 1997) and tumorigenesis (Curran, 1983; Rauscher, 1988).  

These complexes typically have heterogeneous compositions, drawing upon members of 
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the Fos and Jun families of transcription factors, and recognize the AP-1 regulatory DNA 

site 5’ GAG/CTCA 3’ present in many gene promoters (Allegretto, 1990; Morgan & 

Curran, 1991; Smeal, 1989). The genetic programs launched downstream of AP-1 

activity are specified by factors such as the forms of Fos and/or Jun involved, tissue type, 

environmental context, and/or developmental stage (Kockel, 2001; Morgan & Curran, 

1991).    In mammals, the Fos proteins can only dimerize with members of the Jun family 

(Gentz, 1989; O'Shea, 1989; Sellers & Struhl, 1989).  In contrast, the Jun proteins can 

either homodimerize or heterodimerize with other transcription factors such as Fos or 

members of ATF/CREB families (Benbrook & Jones, 1990; Hai & Curran, 1991; 

Ransone, 1990; Weiss, 1990).   Thus, analysis of AP-1 function in mammals becomes 

overwhelmingly complicated as there are several members of both the Fos (c-Fos, FosB, 

Fra-1, Fra-2) and Jun (c-Jun, JunB, JunD) nuclear phosphoprotein families that are 

potentially interchangeable in a context-specific manner (Morgan & Curran, 1991).

In Drosophila, however, the matter is highly simplified as only one member of the fos

and jun families respectively are known to exist:  kayak (D-fos) and jra (D-jun)  (Kockel, 

2001; Perkins, 1988).  D-Fos and D-Jun share extensive functional and structural 

similarities with their mammalian counterparts, and like them, are induced in response to 

a wide variety of stimuli including neuronal depolarization (Cherry, 2006).  Unlike 

mammalian forms of Fos,  Drosophila Fos have the ability to homodimerize with each 

other, but their affinity for AP-1 binding sites are at least 10-fold weaker than Fos-Jun 

heterodimers  (Kockel, 2001).   The 5’untranslated regions (UTRs) in mammalian fos
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promoters harbor two functionally important enhancer elements:  the serum response 

element (SRE:  CCA/T6GG) and the cAMP responsive element (CRE) that are 

differentially regulated by various signaling cascades (Sheng, 1988).     SRE sites link 

both fos and jun regulation to a broad array of cellular signaling mechanisms including 

receptor tyrosine kinase signaling and PKC signaling, but not PKA.  Found only in fos, 

CRE sites link regulation of this IEG to calcium entry through L-type voltage-gated 

calcium channels and are believed to be recruited by CREB (Sheng, 1988).  

Regulatory elements such as SREs and CREs confer both specificity and flexibility in the 

expression of Fos and Jun and may be used in different combinations to generate a larger 

range of outputs. Enhancer sequences with similar functional homologies in D-fos and 

D-jun have not been identified but likely exist based on studies demonstrating different 

signaling cascades coregulate levels of D-Fos and D-Jun together or separately in a 

manner reminiscent of their mammalian homologues (Herdegen, 1993; Kaminska, 1994; 

Peunova & Enikolopov, 1993).  For example, activation of receptor tyrosine kinase 

pathways positively regulate both D-fos and D-jun, while the activation of CRE mediates 

positive regulation of only D-fos transcription but not D-jun (Xia & Goldstein, 1999).

Immediate early gene activation is a highly gated process that is unlocked only by events 

that activate and recruit key signal transduction cascades such as those involving MAP 

kinase cascades, receptor tyrosine cascades, and others.  Both Drosophila and 

mammalian fos mRNA expression exhibits both stringent gating and transient expression 
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(Kockel, 2001; Morgan & Curran, 1991; Wisden, 1990; Xia & Goldstein, 1999).  Jun, on 

the other hand, is often expressed at low basal levels in regions like the hippocampus and 

other tissues.  Strong stimulation can lead to increases in both fos and jun mRNA, but

because Jun appears to be available with basal activity, Fos is often considered to play a 

more instructive role in dictating which processes are launched by AP-1 activity.  

Because the upregulation of fos and jun mRNA or protein is highly gated and requires 

certain significant levels of activity, immediate early gene expression as a method for 

identifying neurons activated in certain behavioral paradigms has been widely utilized in 

neuroscience.  

Robust upregulation of fos and jun mRNAs has been detected in various contexts like the 

visual cortex in newborn animals upon eye opening to seizure activity in the 

hippocampus in response to electroconvulsive shock or kainic acid injection (Morgan & 

Curran, 1991).  In the context of learning and memory, however, the correlation between 

fos or jun upregulation and long-term memory formation or long-term potentiation (LTP) 

remains controversial. Some groups report positive correlations between fos and/or jun 

expression after memory training in rodents or LTP induction (Abraham, 1991; Cole, 

1989).  Other groups vehemently dispute these claims (Dragunow, 1989; Jeffery, 1990; 

Wisden, 1990).  Close examination of what appears to be a confusing and disorganized 

literature, however, yields an interesting pattern that may help explain these seemingly 

conflicting results.  
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2.2  Fos, Jun and L-LTE/L-LTP

Worley et al. (1993) sought to resolve the discrepancies in the literature regarding 

whether LTP inducing stimulation correlated with Fos and Jun mRNA upregulation.  He 

designed his experiment with the intention of avoiding two potential confounds that often 

appeared in previous studies :  1) the dampening effects of anesthetics on transcription 

factor responses 2) the rapid NMDA receptor-dependent induction of transcription factors 

in response to acute brain injury from electrode insertion (Worley, 1993).  His 

experimental approach avoided these pitfalls by chronically implanting stimulating and 

recording electrodes into the rodent hippocampus and waiting for them to recover from 

surgery before beginning stimulation.  The rats did not require anesthetics while they 

received hippocampal LTP stimulation, and they had been given several weeks to recover 

from surgery so that little IEG expression from acute brain injury was likely to confound 

the data.  The responses of a suite of IEGs including c-fos, c-jun, and junB to one of two 

stimulation paradigms were then studied with in situ mRNA hybridization (to look at 

mRNA upregulation) and immunohistochemistry (to observe protein levels).  

The 10 LTE (long-term enhancement) stimulation paradigm (10 repetitions of a 20msec 

train at 400Hz) did not lead to any increases in c-fos or c-jun mRNA or protein.  This 

paradigm leads to a form of LTP that persists for at least 3 days in behaving rodents 

(Barnes, 1994). The 50 LTE paradigm (50 repetitions instead of 10), however, correlated 

with robust upregulation of both c-fos and c-jun, as well as junB mRNA when applied to 

rats chronically implanted with stimulating and recording electrodes (Worley, 1993).  
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The 50 LTE paradigm also elicits a form of LTP that persists for at least 3 days, and 

surprisingly, decays at the exact same rate as the form of LTP elicited by the 10 LTE 

paradigm (Worley, 1993).  

Therefore, Worley et al. were able to draw two interesting conclusions from the study 

regarding fos and jun IEG induction in the hippocampus:  First, with technical matters 

accounted for, the discordance in the LTP literature regarding correlations between LTP 

and IEG induction could be explained by data showing Fos and Jun induction have higher 

thresholds of activation than other IEGs like zif268 (aka NGFI-A, Krox-24, egr-1, TIS-

8).  Second, because the 10 LTE paradigm elicits a persistent form of LTP that is 

indistinguishable from the type generated by the 50 LTE protocol, LTP is already 

saturated by the 10 LTE paradigm.  Therefore, fos and jun induction do not correlate with 

the 3 day enhancement.  Based on these results, Worley et al. drew into question the 

assumption that Fos and Jun gate genetic programs required to produce late forms of 

hippocampal-dependent LTP, and by extension, hippocampal long-term memory. 

However, LTP and behavioral memory are two very different phenomenon.  As a cellular 

model of memory, LTP beautifully captures many important aspects of behavioral 

memory such as a dependence on new transcription and protein synthesis (and molecules 

that regulate these processes) for a long lasting form of the memory.  Yet, one should 

always keep in mind that it remains only a model and is limited in its ability to capture all 

aspects of behavioral memory.  Other parameters that surely contribute to behavioral 
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memory such as the way different excitatory and inhibitory elements of a circuit interact, 

the way different neural systems interact, and even the role of sleep in memory remain 

outside the scope of the LTP model.  Therefore, as the next section will illustrate, a 

negative correlation between LTP and AP-1 expression does not completely preclude fos 

and jun from an important role in memory—especially in the face of evidence that these 

transcriptional regulators are required for the formation of behavioral memory.  If one 

establishes causality in the absence of correlation, then it should draw into question the 

assumptions underlying what constitutes a correlation.

2.3  Are Fos and Jun required for long-term memory? 

The RNA antisense technique has allowed memory researchers to progress from 

correlative observations to experiments that try to establish causality between IEG 

induction and memory by knocking down mRNA for fos or jun (Grimm, 1997; 

Guzowski, 2002; He, 2002; Lamprecht & Dudai, 1996; Mileusnic, 1996; Tischmeyer, 

1994; Yasoshima, 2006).  This class of experiments has yielded four lines of evidence 

that strongly support the importance of AP-1 in the context of learning and memory.  

First, antisense fos injection into the hippocampus blocks long-term spatial memory after 

water maze training (Guzowski, 2002).  However, Guzowski notes in his paper that the 

training paradigm was extremely important.  Injection of antisense fos prior to training 

substantially blocks memory when trials are separated by 2 hours.  However, trials that 

are separated by 20 minutes elicit a form of spatial long-term memory that is not 
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compromised by antisense fos injection.  Fos’s properties are markedly different from the 

IEG arc, which encodes a cytoskeletal protein involved in membrane trafficking 

(Chowdhury, 2006).  Injection of arc antisense robustly blocks long-term memory 

formed by trials delivered 20 minutes apart and arc mRNA upregulation and dendritic 

localization are tightly coupled to behavioral transitions during this training paradigm 

(Guzowski, 2000; Guzowski, 1999; Guzowski, 2006).  Guzowski postulated that Fos may 

have a greater role in generating a metaplastic state where Fos might be important in 

“priming” synapses for the arrival of future stimuli – thereby altering their plasticity and 

responsiveness to future events.  The term metaplasticity refers to the “plasticity of 

synaptic plasticity” (Abraham & Bear, 1996) and is one way to describe how the activity 

history of a set of synapses determines its responsiveness to subsequent stimuli.  In this 

scenario, AP-1’s role in memory formation could be viewed more as permissive rather 

than instructive.  

Second, antisense c-fos injection into the amygdala or insular cortex (gustatory 

processing) impaired memory storage but not the acquisition (i.e. learning) of 

conditioned taste aversion memory in rodents (Lamprecht & Dudai, 1996; Yasoshima, 

2006).  In this amygdala-dependent form of memory, rats learn to associate a specific 

food item with nausea (usually induced with lithium chloride injection) (Buresova, 1978; 

Smith, 1964).   Increasing trials in conditioned taste aversion learning increases levels of 

Fos immunoreactivity in relevant brain areas such as the amygdala (Navarro, 2000).  
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Third, antisense c-fos injection into the rodent prefrontal cortex blocks expression of 

contextual fear conditioning but not its acquisition (Morrow, 1999) . In this amygdala-

dependent form of memory, rats are conditioned to fear a neutral tone by pairing the tone 

with a mild footshock (Dexter & Merrill, 1969; Selden, 1991).  Rats are then observed for 

amount of time spent freezing when later re-exposed to the tone without the footshock.  

During acquisition of this behavior, Fos immunoreactivity increases significantly in the 

prefrontal cortex but seems to be required only for the consolidation of the memory and 

not its acquisition (Morrow, 1999).  

Fourth, injection of antisense oligonucleotides against c-fos or c-jun into a rodent 

hippocampus impaired the animal’s ability to recall a brightness discrimination memory 

the next day (Grimm, 1997; Tischmeyer, 1994).  In this task, animals must learn and 

remember whether a dark alley or bright alley in a Y maze is associated with footshock.  

While c-fos mRNA levels rise in the hippocampus after training, c-jun mRNA levels 

remain constant in the cortex (Grimm & Tischmeyer, 1997; Tischmeyer, 1990).  These 

studies together suggest that transient c-fos upregulation leads to transient AP-1 complex 

formation when c-Fos heterodimerizes with chronically present c-Jun in the hippocampus 

(although one cannot rule out the possibility that c-jun translation rates are increased in 

this context as well).  

Contextual fear conditioning, conditioned taste aversion, and brightness discrimination 

require amygdala function for their expression (Rudy, 2004; Welzl, 2001).  One 
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interesting trend is the strong correlation between aversive stimuli and Fos expression, as 

well as the requirement for fos induction in order for aversion-based memory to undergo 

consolidation.  One possibility, consistent with Guzowski’s ideas about Fos’s potential 

role in metaplasticity, is that Fos may be more likely to be recruited and required for the 

consolidation of stronger forms of memory.  Stimuli that lead to powerful, emotion laden 

forms of memory such as contextual fear conditioning—a memory that often remains 

with an animal for the duration of its life after only a single trial—might at some level 

resemble the 50 LTE stimulation paradigm used in the Worley study.  Thus, one potential 

role for AP-1 in memory is to serve as a gate for a form of metaplasticity that may be 

more efficient in perhaps recruiting a larger network for storing memory, or perhaps 

transferring memory with greater efficiency to storage sites in the neocortex.

Data from one-trial inhibitory avoidance memory studies are consistent with this 

speculative line of thought.  In this amygdala-dependent paradigm, an animal learns in a 

single trial that when it steps down from a platform onto a grid, it will receive a shock—

and retains the memory for a week or more.  The administration of a shock stimulus, 

alone, is sufficient to detectably upregulate fos mRNA in the animal’s hippocampus 

(Cammarota, 2000).  When shock is associated with the grid below the platform, fos

mRNA levels in the hippocampus increase even more substantially.  This form of 

memory has been shown to require a second consolidation phase roughly 12 hours after 

training in order for the memory to remain intact at day 7—but not at day 3 post-training.  

At this 12 hour time point, BDNF and c-Fos levels rise substantially in the hippocampus; 
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furthermore, blocking BDNF function disrupts both the 7 day memory AND c-fos 

upregulation (Bekinschtein, 2007).  Thus, the timing of Fos upregulation here is 

consistent with a phase in consolidation that leads to a stronger form of memory.  

Past inconsistencies in the literature might  be accounted for by a model where Fos and 

Jun are most effectively recruited by exceptionally strong stimuli such as 50 LTE or 

aversive stimuli like footshock or nausea—or by training paradigms that space trials to 

coincide with when c-Fos mRNA becomes available (2 hours) as a protein and thus can 

be additively recruited with each trial (Guzowski, 2002).   Therefore, shock paired with 

context may hold higher salience for the animal, and it is in this capacity AP-1 may be 

especially active in long-term memory formation.

2.4  The role of Fos and Jun at the level of the synapse

How might Fos and Jun expression change synaptic function to permit metaplastic states 

in brain areas like the hippocampus?  Currently no work from mammalian systems has 

attempted to identify the synaptic substrates underlying the output effects of Fos and Jun 

at the synapse.  In Drosophila, however, several studies establish AP-1’s role as a major 

regulator of activity induced plasticity at the synaptic as well as behavioral level (Cherry, 

2006; Kim, in preparation; Pimental, in preparation; Sanyal, 2003; Sanyal, 2002).  A 

subset of these studies takes advantage of the Drosophila larval neuromuscular junction 

(NMJ) as a model system for studying in vivo presynaptic substrates mediating Fos- and 

Jun-dependent synaptic enhancement.  The Drosophila larval NMJ is a glutamatergic 
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synapse that exhibits a 10-fold increase in the number of presynaptic terminal boutons 

and a 100-fold increase in its target muscle area as the animal transitions from its first to 

third larval instar (Schuster, 1996a).  The developmental strengthening of the  NMJ  

shares with other models of synaptic plasticity requirements for both electrical activity 

and key molecular regulators such as the transcription factor CREB,  the adhesion 

molecule fasciclin II and the secondary messenger protein kinase A (PKA) (Davis, 1996; 

Schuster, 1996b).  Indeed, the animal’s central pattern generator produces spaced 

intraburst firing frequencies of 50 to well over 100Hz  (Barclay, 2002), immediately 

inviting comparison between the spaced high frequency stimulation paradigms used to 

induce presynaptic LTP in the mossy fiber pathway of the hippocampus.  Drosophila as a 

genetic model organism permits tremendous flexibility in the study of the molecular 

requirements for synaptic change.  Due to the easy accessibility, identification, and 

stereotyped growth patterns of this glutamatergic synapse (Jan & Jan, 1976b), it is 

possible to also study in vivo and in great detail both the morphological and functional 

changes that are often associated with the late phases of LTP/LTF(Bailey, 2004; Davis, 

1996; Engert & Bonhoeffer, 1999; Schuster, 1996b; Toni, 1999) .  

2.5 The roles of Fos and Jun at the presynaptic terminal

At the larval NMJ, in vivo overexpression of the transcription factors Fos and Jun, which 

together comprise the AP-1 activator complex, is sufficient to induce increases in 

synaptic strength (Sanyal, 2002).  This synaptic enhancement is accompanied by 

increases in quantal content and varicosity number in a manner that is dependent upon 
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overexpression of both Fos and Jun together.  Fos or Jun overexpression independent of 

the other does not accomplish this (Sanyal, 2002). Furthermore, in this system, AP-1 

appears to control a greater range of outputs than CREB.  CREB inhibition in an AP-1 

background blocks enhancement of synaptic strength at the NMJ, but does not impact 

varicosity number.  Similarly, overexpression of the cAMP phosphodiesterase (encoded 

by the gene dunce) in an AP-1overexpressing background also leads to reductions in 

synaptic strength but not morphology (Sanyal, 2002).  Conversely, blocking either Fos or 

Jun activity with dominant-negative constructs that remove activation domains within 

these transcription factors, but maintain the DNA binding domain, leads to severe 

reductions in quantal content and varicosity 

The work described here goes further into the nature of transcriptionally driven 

parameters modulating synaptic strength at the Drosophila NMJ.  Surprisingly, in a 

manner unlike long-term facilitation in Aplysia sensorimotor synapses, transcriptionally 

driven changes in synaptic strength by AP-1 are not mediated by insertion of additional 

release sites (Bailey & Chen, 1989; Bailey, 2004; Chen, 2007; Kim, 2003).  Rather, it 

appears AP-1 activity directly or indirectly leads to changes in the distribution of vesicles 

in the presynaptic terminal.  In AP-1 overexpressing motor terminals, the cycling pool of 

vesicles has been significantly expanded at the expense of the reserve pool.  Thus, each 

release site is conferred a higher average probability of release (Kim, in preparation).
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2.6  The roles of Fos and Jun in postsynaptic structural remodeling and growth

The motor neurons innervating the larval NMJ are now amenable to in vivo analysis of 

dendritic arborization patterns (Cherry, 2006).  Using a clonal analysis technique to 

optically isolate the dendritic arbors of the RP2 motor neuron in vivo, Cherry (2006) has 

been able to demonstrate that AP-1 is critical for activity-dependent increases in dendritic 

arbor volume. Overexpression of AP-1 increases the volume of the dendritic arbor in 

single RP2 motor neurons.  AP-1 overexpression phenocopies the effects of increasing 

the membrane excitability of these neurons by driving expression of EKI, a transgene 

encoding dominant-negative subunits of the Shaker potassium channel and ether-a go-go 

voltage-gated K+ channels (Mosca, 2005).   This result supports a model where AP-1 is 

recruited in an activity-dependent manner to drive changes in dendritic morphology.  

Consistent with this model is the finding that blocking AP-1 with a dominant-negative 

form of Fos (FBZ) downstream of EKI driven increases in membrane excitability blocks 

activity driven increases in dendritic arbor volume  (Cherry, 2006).  

In a cultured Drosophila motor neuron system, studies of changes in neurite length and 

branch number in response to activity mirror the in vivo effects of AP-1 on dendritic 

morphology (Cherry, 2006).  A particularly interesting finding from Cherry’s (2006) 

cultured motor neuron data is preliminary data suggesting basal neurite outgrowth is 

dependent upon Fos, but not Jun.  The overexpression of Fos and Jun together enhance 

basal neurite outgrowth, but only blocking Fos, not Jun, with their respective dominant-

negative form robustly inhibits neurite growth enhancement in vitro.  Activity-dependent 
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growth, on the other hand, via high K+ depolarization, appears to require both Fos and 

Jun (i.e. AP-1heterodimers).  Both FBZ and JBZ, dominant-negative constructs for Fos 

and Jun respectively, prevent neuritic outgrowth in response to high K+ depolarization.  

AP-1 heterodimers, thus, appear to transcriptionally gate activity-dependent increases in 

neurite outgrowth.  Whether AP-1 Fos homodimers, in contrast, may be critical for 

driving cell autonomous programs promoting basal neurite outgrowth is a possibility that 

awaits further confirmation (Cherry, 2006).  

If confirmed, the importance of Fos on basal dendritic growth in vitro resonates loosely 

with a recent report from Collins et al. (2006) that implicates Fos, but not Jun, 

downstream of synaptic growth pathway under inhibitory control by the E3 ubiquitin 

ligase, highwire. Loss of highwire function releases inhibition on a MAPK signaling 

pathway that requires Fos to drive a pathway promoting synaptic growth. This form of 

synaptic growth is fundamentally different, or gated differently, from the form of 

synaptic growth that leads to increased varicosity number in AP-1 motor terminals.  AP-

1-dependent increases in varicosity number require both Fos and Jun and cannot be 

sufficiently driven by either one on its own (Sanyal, 2002). 

2.7  The roles of Fos and Jun in behavioral central adaptation:  

At the behavioral level, AP-1 activity plays an important role in adaptation at the level of 

the antennal lobe.  After chronic exposure to a noxious odorant, benzaldehyde, soon after 

eclosion, young adult flies exhibit behavioral adaptation and no longer seem to be able to 
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distinguish between the noxious odorant and air (Devaud, 2001).  This adaptation occurs 

upstream of the olfactory sensory neuron, as electroantennograms exhibit normal 

responses to the odorant (Devaud, 2001).  Reductions in glomerular volume in a subset of 

glomeruli accompanies the behavioral adaptation (Devaud, 2001; Pimental, manuscript in 

preparation) These reductions, interestingly, occur in glomeruli that are not necessarily 

associated with odorant receptor neurons directly stimulated by benzaldehyde (Devaud, 

2001; Pimental, manuscript in preparation). Pan-neural expression of Fos-RNAi or FBZ 

blocks both the behavioral adaptation and correlated structural changes downstream of 

chronic benzaldehyde exposure (Pimental, manuscript in preparation).  The underlying 

rules and principles guiding olfactory circuit structural remodeling in this paradigm are of 

great interest and relevance.

2.8  Concluding Remarks

In conclusion, Fos and Jun in the context of mammalian learning and memory seem 

robustly involved in the encoding of emotionally salient forms of memory or information 

with strong stimulus inputs.  How AP-1 transcriptional activity transforms neurons at the 

cellular level in order to do this, and how this process is different from other types of 

molecular mechanisms underlying implicit memory or other less emotionally powerful 

memories poses an intriguing puzzle.  The study of Drosophila AP-1 function in the 

nervous system has been able to demonstrate direct causality between AP-1 activity and 

dendritic structural remodeling and presynaptic strengthening.  How these 

transcriptionally driven alterations parlay into behavioral change is something that is 
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beginning to be worked out at the network level by studying the Drosophila olfactory 

circuit and behavioral adaptation.  Integrating information about AP-1’s effects in the 

postsynaptic and presynaptic domains within the olfactory circuit, may bring us closer to 

understanding how this molecular mechanism leads to the encoding of emotionally 

salient memories within the human mind.  
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CHAPTER 3:  POTENTIATION OF INDIVIDUAL RELEASE SITES
UNDERLIES AP-1 AND CREB-DEPENDENT SYNAPTIC

STRENGTHENING IN DROSOPHILA MOTOR SYNAPSES

3.1  Abstract
Short-term enhancement of transmitter release is achieved by increased efficacy of 

unitary synapses; in contrast, long-term forms of enhancement, which require nuclear 

gene expression, are thought to be mediated by the addition of new synapses (Bailey, 

2004; Dudai, 2004; Kandel, 2001).  In normally active Drosophila motor neurons, 

overexpression of AP-1, a heterodimer of the immediate early genes, fos and jun, induces 

cAMP- and CREB- dependent forms of synaptic enhancement (Sanyal, 2002).  We show 

that at the Drosophila neuromuscular junction (NMJ), an AP-1- and CREB- dependent 

form of presynaptic strengthening is mediated by increasing the weights of unitary 

synapses and not through the insertion of additional release sites.  Post-tetanic 

potentiation (PTP), but not paired-pulse facilitation (PPF), is reduced at these synapses, 

suggesting that this process is occluded by mechanisms downstream of AP-1 

overexpression.  Electrophysiological and FM1-43 based measurements further 

demonstrate that enhanced neurotransmitter release is accompanied by an increase in the 

actively cycling synaptic-vesicle pool at the expense of the reserve pool.  Increases in 

both transmitter release and cycling-pool size are blocked under conditions of CREB 

inhibition arguing that: a) AP-1 and CREB are required for reserve-pool mobilization; 

and b) that sustained reserve pool mobilization may mediate this form of plasticity.  

These findings together suggest transcriptional mechanisms believed to participate in 
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long-term forms of synaptic enhancement may, in some instances, be accomplished by 

stable recruitment of mechanisms that normally underlie short-term synaptic change.   

3.2  Introduction

Understanding how memory is physically encoded and represented in the brain remains a 

problem of central importance in neuroscience.  Behavioral studies across different 

species including Drosophila (Tully, 1994; Yin, 1994), rodent (Flexner, 1963; Flexner, 

1967), Aplysia (Montarolo, 1986), and chick (Mileusnic, 1996) demonstrate that new 

macromolecular synthesis is a key requirement for transforming transient memory states 

into more robust forms that persist over hours, days, and weeks.  These enduring 

behavioral modifications are widely believed to depend upon persistent modifications in 

synaptic strength.  

The consolidation of behavioral and synaptic strength modifications appears to be gated 

at the transcriptional level by transcription factors such as CREB, Fos, and Jun which, in 

many instances, are required for consolidation and maintenance of long-term memory but 

not necessarily its acquisition (Bourtchuladze, 1994; Dragunow, 1996; He, 2002; Kida, 

2002; Lamprecht & Dudai, 1996; Mileusnic, 1996; Morrow, 1999; Tischmeyer, 1994; 

Yasoshima, 2006).  Precisely how these transcription factors transform neuronal strength 

into something more enduring remains a mystery whose solutions will serve as a critical 

links to our understanding of how memory might be physically represented. 
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The Drosophila larval neuromuscular junction (NMJ) is a glutamatergic synapse that 

exhibits a 10-fold increase in the number of presynaptic terminal boutons and a 100-fold 

increase in its target muscle area as the animal transitions from its first to third larval 

instar (Schuster, 1996a).  Like other models of synaptic plasticity, this developmental 

strengthening of the NMJ is influenced by electrical activity and key molecular regulators 

such as the transcription factor CREB (Davis, 1996; Sanyal, 2002), the adhesion 

molecule fasciclin II (Schuster, 1996a, b) and cAMP-PKA signaling (Davis, 1996; 

Sanyal, 2002; Zhong, 1992; Zhong & Wu, 1991).  Drosophila, as a genetic model 

organism, permits tremendous flexibility in the study of the molecular requirements for 

synaptic change.  Due to the easy accessibility, identification, and stereotyped growth 

patterns of this glutamatergic synapse (Jan & Jan, 1976b), it is possible to also study in 

vivo and in great detail both the morphological and functional changes that are often 

associated with cellular models of memory such as long term facilitation (LTF).  

At Drosophila motor terminals, neural overexpression of an AP-1 activator complex 

composed of Fos and Jun leads to presynaptic increases in the size and strength of 

glutamatergic motor terminals in a manner that is dependent upon CREB activation.  

While AP-1 overexpression increases both quantal content and varicosity number, 

blocking its activity with dominant negative forms of Fos (FBZ) or Jun (JBZ) leads to 

significant decreases in quantal content and varicosity number (Sanyal, 2003; Sanyal, 

2002).  Furthermore, AP-1 appears to require the conserved cAMP-PKA-CREB pathway 

to increase synaptic strength.  Inhibition of CREB or overexpression of a cAMP 
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phosphodiesterase, which catalyzes the degradation of cAMP, blocks the synaptic 

enhancement induced by AP-1 overexpression but leaves the expansion of the 

presynaptic arbor intact (Sanyal, 2002).  

We sought to understand precisely which presynaptic substrates were being recruited to 

modify synaptic strength downstream of this transcriptional activator complex.  Studies 

of long-term forms of presynaptic plasticity, such as late long-term facilitation (L-LTF) 

in Aplysia sensorimotor synapses (Bailey & Chen, 1988, 1989; Bailey, 1992; Kim, 2003)

have led to a model in which persistent synaptic weight increases are achieved and 

maintained through the generation of new stable synapses and synaptic 

growth/remodeling rather than enhanced release efficacy of individual synapses.   

However, not all persistent forms of synaptic enhancement can be accounted for by 

increases in synapse number (Geinisman, 1996; Sorra & Harris, 1998); and the model 

and its generality are poorly established (Dudai, 2004).

From a theoretical standpoint, two divergent possibilities can explain enhanced 

presynaptic modifications in synaptic strength —changes in the number of release sites 

(N) and changes in the probability of release (p).  Transcriptional activity, therefore, 

could either increase the number of release sites or increase the strength of unitary 

synapses through any number of mechanisms that impact the probability of release at 

unitary synapses.  Current models of long-term enhancement relegate changes in 

probability of release to the context of short-term plasticity, only.  We demonstrate here 
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that a short-term form of plasticity appears to be stably recruited by transcriptional 

activity to modify synaptic strength and that the activity of transcription factors, in our 

example, alters p at the expense of N.   

3.3  Results

Previous studies of Fos and Jun, which together comprise the AP-1 activator complex, at 

the Drosophila larval NMJ demonstrated that their in vivo overexpression enhances 

presynaptic output from motor terminals in a manner that is accompanied by an increase 

in bouton number (Sanyal, 2002).  Consistent with conclusions from previous voltage-

clamp analyses, failure frequency and current clamp analyses (Figure 3.1) of motor 

terminal responses demonstrate AP-1 overexpression leads to an increase in the number 

of quanta released in response to nerve stimulation.  At 0.3mM Ca2+, frequencies of 

failure events are reduced in AP-1 synapses (C155: 0.53 ± 0.02; C155-AP-1: 0.33 ± 0.03, 

p<0.0001).  Therefore, quantal content (m = ln [number of events/number failures]) is 

approximately doubled in motor synapses from AP-1 animals (Figure 3.1A-B:  

mC155=0.64 ± 0.04; mC155; AP-1=1.32 ± 0.14; p< 0.0001).  Similar results are obtained 

under non-failure conditions where quantal content is calculated by m = EPSP/mEPSP 

(Figure 3.1C-D:  0.5mM Ca2+:  mC155 = 9.22 ± 1.60, mC155; AP-1 21.28 ± 3.62; p = 0.005).  

As neither quantal size nor muscle size (Figure 3.2 A-B) is augmented by AP-1 

overexpression, a presynaptic locus for synaptic enhancement completely accounts for 

the measured synaptic strengthening.  
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With requirements for activity induced gene expression and protein synthesis, synaptic 

consolidation is correlated with the activation of silent synapses and/or synaptic 

remodeling events that result in the insertion of new release sites.  To determine whether 

AP-1-mediated increases in synaptic strength could occur through the insertion of 

additional release sites, we labeled and quantified all the release sites per neuromuscular 

junction using antibodies against the Drosophila CAST/ERC homolog, Bruchpilot (Brp), 

and a spot identification and analysis algorithm (see Materials and Methods).  

Surprisingly, we found that the total number of release sites (per NMJ) is decreased by 

21% in AP-1 synapses (Figure 3.3A-B:  C155:  1524 ± 29, n = 18; C155; AP-1:  1201 ± 

40, n = 12; P <<0.0000005).  Thus, increased release site number fails to correlate with 

enhanced transmitter release from an AP-1- and CREB- dependent form of synaptic 

enhancement.  Increases in release site size or altered architecture are unlikely to 

contribute towards synaptic enhancement based on two criteria.  First, the average Brp 

spot size and brightness, as measured by quantitative fluorescence, were not measurably 

altered by AP-1 (Figure 3.3C -D: C155:  7127 ± 222 a.u.; C155; AP-1: 6919 ± 206 a.u., 

n.s.).  Second, EM analyses of AP-1 and control synapses also indicated unchanged 

length of electron dense membrane (Figure 3.3E-F: C155:  872+/-212 nm; AP1: 843 ± 

264 nm, ns).  We also observed that, despite a 30% increase in number of presynaptic 

varicosities (Figure 3.4A: C155: 245 ± 9, n=18; C155; AP-1: 322 ±17, n-12; p<0.0005; 

see also Sanyal et al., 2002), release-site density is held relatively constant in AP-1 

terminals.  In AP-1 overexpressing motor synapses, terminal varicosity size scales down 

with release site number (Figure 3.4B).
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The postsynaptic response is a function of quantal size (q), probability of release (p), and 

the number of release sites (N). In the case of AP-1, neither quantal size nor release site 

number correlate positively with the synaptic enhancement caused by Fos and Jun 

transcriptional activity in motor neurons.  We, therefore, conclude that the two-fold 

synaptic enhancement caused by AP-1 activity is solely explained by a change in p at 

individual release sites.  And, as there are 21% fewer active zones participating, we 

estimate that the probability of release is increased slightly greater than two-fold on 

average at unitary synapses.  

Changes in the probability of release have been intensely studied principally in the 

context of short-term plasticity mechanisms.  Synaptic consolidation is suggested to be 

distinguished from synaptic acquisition by a shift from changes in p or q to changes in N.  

To the best of our knowledge, our study is the first to demonstrate immediate early gene 

activity directly leads to changes in the probability of release.  

If AP-1 overexpression leads to changes in the probability of release, we reasoned that 

short-term plasticity should be occluded at these motor terminals.  An increase in N 

(assuming release site spacing is not altered) should not significantly alter the ability of 

the synapse to facilitate or potentiate in response to short term plasticity stimulation 

paradigms.  This is because short-term forms of enhancement on the millisecond to 

minutes time scale are due to properties such as effects of residual calcium on vesicle 

fusion probability at individual release sites (Zucker & Regehr, 2002).   If changes in the 
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probability of release underlie AP-1-dependent form of synaptic enhancement, then the 

same substrates recruited by short-term plasticity mechanisms may be shared by 

processes downstream of AP-1 transcriptional activity.  To test this prediction, we 

measured both paired pulse facilitation (PPF) and post-tetanic potentiation (PTP) in 

control and AP-1 synapses.  Surprisingly, at interstimulus intervals (ISI) of 25ms, 50ms, 

100ms, and 1000ms, the paired pulse ratio (PPR) exhibited by control and AP-1 motor

terminal did not differ significantly from each other during recordings using 0.15mM 

Ca2+ HL3.1 saline (Figure 3.5A-B, Table 1). 

Table 3.1

Paired pulse ratios [(P2-P1)/P1]

ISI (ms) genotype:  
C155

genotype:
C155; AP-1

p-value
(Student t-test)

25 1.25 ± 0.14 1.35 ± 0.2 0.70
50 0.96 ± 0.32 1.01 ± 0.26 0.85
100 0.88 ± 0.13 0.65 ± 0.08 0.17
1000 0.19 ± 0.06 0.27 ± 0.12 0.59

n = 7 animals of each genotype

Next, we induced PTP by stimulating motor terminals at 10Hz for two minutes using 

0.15mM Ca2+ HL3.1 saline.  This protocol led to a 2.4 fold potentiation in EJP 

amplitude in control animals, but only marginal potentiation in AP-1 motor terminals 

(Figure 3.6: C155: 2.4 ± 0.2, n=4; C155;AP-1: 1.1 ± 0.16, n=5; p = 0.0015).  Occlusion 

of presynaptic short-term plasticity after synaptic strengthening is consistent with our 

hypothesis that individual release sites are already potentiated in AP-1 motor terminals.  
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Furthermore, it is of some interest that one form, PTP, is reduced, while a second form—

PPF—remains unaltered.  We also observe that augmentation during the tetanic 

stimulation is also reduced.  

We next sought to identify the presynaptic mechanism that underlies synaptic 

strengthening in Drosophila motor terminals, and to further assess whether this 

mechanism might also be involved in PTP.  We measured three key parameters that 

influence the probability of neurotransmitter release: a) presynaptic calcium entry; b) 

sensitivity of the exocytotic machinery to calcium; and c) the available pool of synaptic 

vesicles.  

The best-established mechanism for short-term increases in synaptic strength is enhanced 

calcium entry, due to either a decreased potassium conductance (Belardetti, 1986; 

Siegelbaum, 1982) and an increased calcium current (Braha, 1993; Eliot, 1993).  To 

evaluate whether presynaptic calcium entry is enhanced in AP-1 synapses, we used the 

genetically encoded calcium indicator, GcAMP 1.6 (Reiff, 2005) to measure action-

potential evoked calcium entry during high-frequency nerve stimulation in control and 

AP-1 expressing animals (Figure 3.8).  The GcAMP1.6 calcium indicator transgene does 

not alter normal synaptic neurotransmission in either AP-1 or control motor terminals 

(Figure 3.9A).  We observed no increase in calcium entry into presynaptic varicosities of 

AP-1 expressing motor neurons during 40Hz or 80Hz stimulation (Figure 3.8A-F). 

Indeed, while fluorescence changes at the peak plateau were similar to control terminals 
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and fluorescence decay times at 40 Hz were similar, the calcium rise times in AP-1 

terminals were unexpectedly longer (and therefore slower) than in the control(Figure 

3.8A-C: 40Hz rise times: C155: 40Hz: 1.06 ± 0.04 ms; C155; AP-1: 1.21 ± 0.04 ms; p = 

0.008; Figure 3.8D-F: 80 Hz rise times: C155: 0.5 ± 0.03: C155; AP-1:  0.64 ± 0.02; p = 

0.0002) suggesting less calcium enters the presynaptic terminal per action potential. 

C155; AP-1 terminals exhibit fewer active zones in both types of boutons found at the 

neuromuscular junction—type Ib and type Is (Figure 3.9B).  Type Ib boutons originate 

from motor neuron RP3 and are bigger than Type Is, which originate from motor neuron 

6/7 (Atwood, 1993).  Because our measurements are based on changes in average pixel 

intensity per Type Ib bouton, this reduction in the number of active zones per bouton 

might be another explanation for the reduced calcium dependent changes in fluorescence. 

Cacophony, a presynaptic N-type calcium channels important for synaptic transmission, 

colocalizes with the active zone marker Bruchpilot (Kawasaki, 2004; Kittel, 2006).  

Fewer sets of these channels may cause a reduction in the calcium filling rate of 

individual boutons.  However, a bouton area to active zone number plot (Figure 3.4B) 

shows that the total area of the bouton (through an optical section) scales down linearly 

with active zone number in C155; AP-1 terminals.  So even though calcium filling rate is 

lower per bouton in C155; AP-1 terminals, the total volume it is filling is also lower such 

that the total time it takes to completely fill a bouton with calcium might not be 

significantly different between C155 and C155; AP-1 terminals.  Indeed, our rough 

estimates based on average Type Ib bouton surface area and number of release sites, 
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suggest that under equivalent calcium entry conditions, the rise times for AP-1 should 

have been faster than the control  (refer materials and methods for further explanation).  

Slowed calcium entry in AP-1 boutons might also be explained by faster rates of calcium 

extrusion which could lead to slower rates of intracellular calcium ion accumulation.  

However, the decay of the AP-1 trace does not support this as it reaches baseline later 

than the control trace.  (Figure 3.8B, E).  

While the mechanism underlying this slight reduction in calcium entry to AP-1 terminals 

is not apparent from these experiments, our observations establish that increased calcium 

entry is not the mechanism for AP-1's effect on transmitter release. We cannot determine 

from the data, however, whether the slight reduction in calcium entry is due to an 

increase in basal calcium levels which might cause a reduction in the calcium ion driving 

force, reduced probability of calcium channel opening, or reduced channel conductance. 

Also of interest, is the increase in the peak plateau at 80Hz stimulation in AP-1 

overexpressing motor terminals (Figure 3.8D-E).  As the GcAMP1.6 calcium indicator 

exhibits linear fluorescence properties in a relatively narrow range of intracellular 

calcium concentrations, we cannot exclude the possibility that the increase in the peak 

plateau is an artifact of GcAMP1.6 fluorescence responding to intracellular calcium 

concentrations outside of its linear range.  Also, as we do not know whether the basal

intracellular calcium levels are equivalent in the control and AP-1 motor terminals, we 
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cannot be certain that absolute intracellular calcium levels are actually higher in response 

to 80Hz stimulation in AP-1 synapses.  The interpretation of this result will require the 

use of ratiometric calcium indicators such as fura-2 to further understand the 

phenomenon. However, we can report with some degree of confidence that increased 

calcium entry is unlikely to be a contributing factor in the enhanced synaptic efficacy 

exhibited by AP-1 motor terminals in response to a single action potential.

An alternative mechanism to enhance transmitter release is to increase sensitivity of the 

exocytotic machinery to free calcium; such a mechanism has been proposed to explain 

the enhancing effect of phorbol esters on synaptic release at the Calyx of Held (Lou, 

2005).  The slope of a curve plotting the log of calcium concentration against the log of 

transmitter release provides a measure of the Ca2+ sensitivity of the calcium sensor(s) 

that regulate transmitter release (Dodge & Rahamimoff, 1967).  Although transmitter 

release itself was higher in AP-1 synapses at all calcium concentrations tested, the 

calcium dependence of transmitter release was not significantly altered by AP-1 

expression (Figure 3.7:  Slopes: C155 = 4.6; C155; AP-1 = 4.3).  Taken together with 

data in Figure 3.8, these observations indicate that AP-1 increases release probability at 

individual release sites through a mechanism independent of presynaptic calcium entry 

and calcium sensitivity of transmitter release. 

The last major parameter that influences and often correlates with increases in quantal 

content is the pool of vesicles available for release.  Two distinct synaptic-vesicle pools 
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have been described at this synapse: an actively cycling pool of vesicles that contributes 

to transmitter release at low to moderate rates of nerve stimulation (e.g. 3Hz), and a 

reserve pool of vesicles that is mobilized during high frequency stimulation (>10Hz) 

(Kuromi & Kidokoro, 1998).  We used electrophysiological and optical methods to ask 

whether the actively cycling pool of synaptic vesicles is larger in AP-1 mutants.  At 

synapses stimulated continuously at 3Hz in the presence of bafilomycin, which 

pharmacologically blocks the refilling of vesicles with neurotransmitter(Floor, 1990; 

Kuromi & Kidokoro, 2000), the total number of quanta released provides an estimate of 

the size of the actively cycling pool.   Figure 3.10 shows that AP-1 synapses allow a 

substantially larger number of quanta to be released before the cycling pool is depleted of 

neurotransmitter.  (Figure 3.10A-B, E:  C155:  29983 ± 3602; C155; AP-1:  49857± 4391 

quanta, n=6; quanta, n=6; p=0.0057).   

To determine whether this increase in the actively cycling pool reflected mobilization 

from the reserve pool, we compared measurements of the total vesicle pool in control and 

AP-1 synapses.  Nerve stimulation at 10Hz in 1mM Ca2+ mobilizes both cycling and 

reserve pools.  Under these conditions, when stimulated to the point of vesicle depletion 

in the presence of bafilomycin, a statistically significant difference was not detected in 

the number of quanta released from control and AP-1 synapses.  (Figure 3.10 C-D, F:  

C155: 68281 ± 5341, n=9; C155; AP-1:  59349 ± 3989, n=8; p=0.2).  Thus, it appears 

this form of synaptic enhancement is associated with an expansion of the actively cycling 
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synaptic-vesicle pool at the expense of the reserve pool, rather than an increase in the 

total number of synaptic vesicles.  

We confirmed that vesicle pool mobilization accompanies AP-1 synaptic strengthening 

by using optical measurements of styryl dye uptake to independently estimate the sizes of 

active, total and reserve synaptic vesicles at the level of individual varicosities.  

Consistent with predictions from the electrophysiological measurements, varicosities at 

AP-1 synapses were more brightly labeled than control synapses stimulated at 3 Hz 

stimulation for 7 minutes, indicating a larger actively cycling vesicle pool (Figure 3.11A:  

C155:  215.6 ± 9.7, 40 boutons; C155; AP-1: 277.2 ± 12.9, 56 boutons; P=0.00025). In 

contrast, both control and AP-1 terminals were labeled to very similar levels when 

stimulated at 30Hz for 7 minutes, conditions that should label both active and reserve 

vesicle pools [Figure 3.11B: (30Hz load: C155 349.5 ± 18; C155; AP-1 322.0±16.3;  

p=0.28)].  Thus, the total number of synaptic vesicles is similar in control and AP-1 

synapses.   

If the cycling pool is expanded while the total pool size remains constant, then the reserve 

pool should be smaller in AP-1 terminals.  To directly estimate of the size of the reserve 

pool relative to control terminals, we loaded the total vesicle pool by stimulating control 

and AP-1 terminals at 30Hz for 7 minutes in the presence of FM1-43.  We next unloaded

only the cycling pool by releasing the dye at a frequency of 3hz for 7 minutes. Under 

these conditions which label the residual, reserve-vesicle pool, AP-1 nerve terminals are 
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dimly labeled compared to the control (Figure 3.11B:  C155:  215.0 ± 13.0, 29 boutons; 

C155; AP-1: 161.9 ± 13.0; 35 boutons; p=0.0059)].  Thus, three independent lines of data 

establish that AP-1 increases the actively cycling vesicle pool by partially mobilizing the 

reserve pool of synaptic vesicles.   

Reserve pool mobilization at the Drosophila neuromuscular junction has been 

demonstrated to be dependent upon the function of myosin light chain kinase which 

delivers freed vesicles along microtubules closer to release sites (Verstreken, 2005).  We 

hypothesized that blocking RP mobilization with the myosin light chain kinase inhibitor 

ML-7 should also block post-tetanic potentiation if reserve pool mobilization truly 

underlies this phenomenon.  By incubating motor terminals in 15uM ML-7 (diluted in 

HL3 saline) and again applying the PTP protocol as described above, we found that 

blocking reserve pool mobilization indeed blocks the expression of post-tetanic 

potentiation (Figure 3.12).   

Taken together, all of the above experiments establish AP-1 driven enhancement of 

unitary synapses is accompanied by an expansion of the cycling pool of vesicles through 

reserve pool mobilization.  To what extent does reserve pool mobilization account for the 

observed increases in synaptic strength? To address this question, we first examined how 

CREB inhibition, which blocks AP-1 mediated synaptic increases in synaptic strength 

(Sanyal, 2002), influences the size of the actively cycling pool in AP-1 expressing motor 

neurons.   
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The CREB gene locus encodes at least two known isoforms of CREB.  One form, 

CREB2b functions as a competitive inhibitor for CRE binding sites while the other 

isoform, CREB2a, functions as a transcriptional activator (Yin, 1995a; Yin, 1994; Yin, 

1995b).  Under the control of a heat-shock promoter, CREB2b, an inhibitory form of 

CREB,  blocked both AP-1 dependent increases in quantal content (Sanyal, 2002) sand 

the expansion of the cycling pool(Figure 3.13A; Fluorescence intensity after 3Hz loading: 

C155; hs-CREB2b: 40.7 ± 2.2, N=146 boutons; C155; hs-CREB2b,AP-1:  37.7 ± 1.5, 

N=175 boutons; Fluorescence intensity after high-K+ unloading C155; hs-CREB2b:  13.2 

± 1.05, n=163 and C155; hs-CREB2b,AP-1:  12 ± 0.8, n=142 boutons respectively).   

Signaling through cAMP-PKA mediated pathways is critical for the form of enhancement 

induced by AP-1 and CREB transcriptional activities (Sanyal, 2002).  Overexpression of 

the cAMP-phosphodiesterase encoded by the dunce gene blocks AP-1 dependent 

increases in synaptic strength.  Furthermore, cAMP-PKA signaling has been 

demonstrated to be required for mobilization of the reserve pool (Kuromi & Kidokoro, 

2000). Based on this previous work, we explored the possibility that chronically active 

cAMP-PKA signaling mechanisms might underlie certain aspects of AP-1 mediated 

enhancement of unitary synapses. By incubating motor terminals in a bath containing the 

drug SQ22,356, we acutely blocked adenylyl cyclase activity and examined whether this 

reversed the chronic state of reserve mobilization exhibited in AP-1 motor synapses.  We 

found the increase in the cycling pool at the expense of the reserve pool is reversed with 

the acute blockade of adenylyl cyclase (Figure 3.13B: 30Hz load:  C155: 37.7 ± 1.2, 
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C155; AP-1: 35.5 ± 1.1, p = 0.20; after drug incubation—3hz unload:  C155:  20.0 ± 6.8, 

C155; AP-1:  18.5 ± 0.8 p = 0.23).  These data suggest that adenylyl cyclase activity is 

fueling reserve pool mobilization through PKA activation. 

One possible target of PKA activity that may contribute towards reserve pool 

mobilization is the synaptic vesicle protein synapsin.  PKA activity is believed to lead to 

synapsin cleavage, an event that then permits mobility of vesicles in the reserve pool by 

presumably freeing them from a cytoskeletal tether.  Double immunolabeling with 

antibodies recognizing Drosophila vglut, a vesicular glutamate transporter, and synapsin 

reveal no differences between control and AP-1 in vglut levels.  However, reductions in 

levels of synapsin in AP-1 (Figure 3.14) were detected.  This finding is consistent with a 

model where synapsin downregulation, degradation, and/or constitutive cleavage by 

cAMP-PKA dependent processes may contribute towards the expansion of the ECP 

through early mobilization of the reserve pool in AP-1 motor terminals.   
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3.4  Discussion

The immediate early genes fos and jun have been suggested to play important roles in the 

consolidation of many forms of memory in vertebrate systems.  We demonstrate here that 

fos and jun transcriptional activity enhances synaptic strength via a mechanism that 

increases the release efficacy of unitary synapses and not through insertion of additional 

release sites. Of the presynaptic parameters examined, the only parameter that correlated 

with the AP-1 dependent increases in synaptic strength was an increase in the cycling 

vesicle pool size.  Four lines of evidence support a model where vesicle mobilization 

during synaptic enhancement represents stable recruitment of a mechanism transiently 

recruited for post-tetanic potentiation.  First, PTP is reduced in AP-1 synapses, 

suggesting a common presynaptic substrate for synaptic enhancement and PTP are 

shared.  Second, CREB inhibition in AP-1 expressing motor neurons, not only blocks 

synaptic strengthening, but also blocks reserve pool mobilization, thereby tightening the 

correlation between the synaptic strengthening, reserve pool mobilization, and 

transcriptional activity.  Third, the size of the exo-endo cycling pool is acutely reduced in 

AP-1 overexpressing synapses when adenylyl cyclase is pharmacologically inhibited.  

This suggests that ongoing activity of cAMP-PKA signaling may mediate the 

mobilization of the reserve pool in a manner that is consistent with previously published 

analyses of Drosophila dunce mutants.  Dunce mutants, which exhibit enhanced cAMP-

PKA signaling due to a mutation in the cAMP phosphodiesterase gene, also exhibit an 

augmented cycling pool (Kuromi & Kidokoro, 2000), reduced PTP, and synaptic 

enhancement (Zhong & Wu, 1991).  Finally, the expression of PTP not only requires 
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prolonged 10Hz stimulation, a frequency known to transiently mobilize the reserve pool 

of synaptic vesicles, but is also blocked by the myosin light chain kinase inhibitor, a 

pharmacological inhibitor of vesicle pool mobilization.  Therefore, reserve pool 

mobilization may represent one downstream presynaptic substrate shared and recruited 

by both AP-1- and PTP- dependent mechanisms.

3.4a  Regulatory mechanisms downstream of AP-1 activity

Genes controlling synaptic strength downstream of AP-1 and CREB transcriptional 

activity are of great interest as it remains unclear precisely how persistent memory is 

achieved at the cellular level.  One underlying motivation driving this study was an 

interest in deducing the nature of AP-1 target genes from our analysis of C155; AP-1 

motor terminals.  We have established a strong correlation between reserve pool 

mobilization and increased quantal content at C155; AP-1 synapses.  However, whether 

reserve pool mobilization is directly causal to increased quantal content remains 

unestablished by this work and is a topic for further study.  An alternate scenario to a 

causal relationship between reserve pool mobilization and increased release probability is 

one where reserve pool mobilization is an indirect by-product of downstream 

mechanisms that independently enhances vesicle docking and priming at C155; AP-1 

motor terminals. Persistent kinase activity may be one way this scenario could be 

achieved.  The results of our FM1-43 experiments with the adenylyl cyclase inhibitor, 

SQ22,536 suggest that persistent PKA activity might be one candidate kinase important 

in this capacity.  A systematic investigation of PKA and other candidate kinase regulators 



132

such as CaMKII is warranted to further narrow down regulatory targets acting 

downstream of AP-1.

Another class of regulatory mechanism that may warrant further investigation are routes 

of calcium signaling and storage that contribute to PTP expression.  In our study, PTP 

and augmentation are both reduced in C155; AP-1 motor terminals.  The interpretation of 

PTP reduction in C155; AP-1 terminals isn’t entirely straightforward, however.  The 

precise point at which PTP is occluded in AP-1 terminals is not clear, because during 

high frequency stimulation presynaptic terminal responses do not augment.  During the 

stimulus train, at least two processes—facilitation and PTP—underlie the tetanic 

augmentation of the response.  In crayfish motor terminals, two mechanisms contribute to 

PTP—a reduction or reversal of plasmalemmal Na/Ca2+ exchanger activity (Delaney, 

1989; Mulkey & Zucker, 1992) and slow release of calcium from mitochondrial stores 

(Tang & Zucker, 1997; Zhong, 2001).  Lack of augmentation during the tetanic train 

may, therefore, be due to either changes in the initiation of PTP (e.g. accumulation of 

sufficient calcium into internal calcium stores) or the expression of PTP (e.g. leaking of 

residual calcium that enhances probability of release).  We cannot conclusively 

distinguish between these two scenarios from our data, especially in light of a small 

detectable reduction in calcium entry in C155; AP-1 terminals relative to the C155 

control.  However, it is unlikely a step that sequesters calcium into internal stores is 

slowed down in C155; AP-1 terminals.  In crayfish motor terminals, it has been 

demonstrated that pharmacological inhibitors of mitochondrial calcium uptake leads to 
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increased augmentation and absent PTP—due to increased accumulation of calcium in 

the cytosol (Tang & Zucker, 1997).  Since facilitation does not appear detectably 

different in C155; AP-1 motor terminals, this suggests the occlusion of PTP at the level 

of its expression may be the most parsimonious explanation.  

Finally, as we are dealing with chronic overexpression of AP-1, we cannot rule out the 

additional but less appealing possibility that this particular set of differences may 

represent an amalgam of secondary changes that are not directly caused by AP-1 

overexpression per se.  Therefore, from this analysis alone, further work will be required 

to distinguish between three scenarios to understand the relationship between AP-1 and 

its reduced PTP phenotype: an occlusion at the level of PTP initiation, PTP expression, or 

compensatory changes that are only indirectly related to AP-1 activity.  

3.4b  A homeostatic mechanism accompanies AP-1-dependent synaptic   
enhancement 

Results from studies using chronic genetic manipulations are often accompanied by 

compensatory or secondary alterations.  Some observations in our study may reflect 

compensatory changes that are consistent with a homeostatic response—a well-

documented phenomenon at the Drosophila neuromuscular junction (Davis, 2006; Davis, 

1998; Petersen, 1997; Stewart, 1996).  For example, overexpression of the vesicular 

glutamate transporter, vglut, leads to increases in quantal size.  This alteration is 

accompanied by a decrease in quantal content but a relatively unchanged total EJP 

amplitude (Daniels, 2004).  Similarly, the dunce mutation, which features enhanced 
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cAMP-PKA signaling and enhanced synaptic strength, is accompanied by increases in 

K+ channel currents in cultured motor neurons (Alshuaib & Mathew, 1998) and in the 

post-synaptic muscle (Delgado, 1991; Zhong & Wu, 1993).  The combination of reduced 

release site number and reduced calcium entry in AP-1 mutants may reflect a set of 

compensatory responses that serve to mitigate the effects of enhanced synaptic 

transmission.  The alternative, but less attractive, possibility is that each genetic 

manipulation results in co-regulating all the observed effects through direct mechanisms.  

For example, downstream effectors targeted by AP-1 may both directly downregulate 

active zone number and mobilize the reserve pool.

To explore which model would best explain the reduction in active zone number, we 

reduced glutamate release from the presynaptic terminal by introducing a vglut-/-

mutation which decreases overall glutamate release due to severe reduction in levels of 

the vesicular glutamate transporter.  This mutation substantially increases the number of 

empty vesicles lacking glutamate but leaves quantal size intact as a single transporter is 

sufficient to adequately fill a single vesicle (Daniels, 2006).  We hypothesized that if AP-

1 was directly reducing active zone number, then active zone number should remain 

unchanged in a vglut-/- background.  However, if the reduction in active zone number was 

responding to glutamate release, then active zone number should be restored in a vglut-/-

background.  We found that, indeed, active zone number shifts back to control levels 

when synaptic strength is reduced with this manipulation, thus offering support for the 

homeostatic regulation model (Figure 3.15A).
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Also, AP-1 synaptic enhancement is blocked by expression of hs-CREB2b, a transgene 

expressing the inhibitory isoform of CREB under the control of a heat shock promoter 

(Yin, 1994). Active zone numbers were restored to control values when CREB activity is 

blocked downstream of AP-1 activity, but blocking CREB itself does not reduce active 

zone number (Figure 3.15A).  Interestingly, blocking endogenous AP-1 activity with the 

Fos dominant transgene, FBZ, reduces active zone number even further (Figure 3.15B).  

Blocking AP-1 activity with FBZ decreases both synaptic strength and bouton number 

(Sanyal, 2002). The reductions we observe in active zone number are consistent with 

these results.  Enhancing AP-1 activity through its overexpression leads to increases in 

synaptic strength and bouton number, but a paradoxical decrease in active zone number.  

From these facts together, we tentatively conclude that a) CREB in motor neurons does 

not specify increases in release site number, but rather, may be more important for 

increasing probability of release and b) that AP-1 does not play an instructive role in the 

regulation of active zone number.  The data suggests that mechanisms downstream of 

AP-1 are required for establishing release site number, but that the exact number is 

flexible and subject to local, synapse specific regulation.  These data, also suggest that

the initial decline is likely to be part of an aggressive homeostatic response mechanism 

well documented to co-regulate NMJ strength in parallel with activity dependent 

strengthening mechanisms at Drosophila motor terminals.  
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3.5  Conclusion

This study finds that gene transcriptional networks may achieve persistent modifications 

in synaptic transmission by stably recruiting mechanisms typically described only in the 

context of short-term plasticity.  Indeed, forms of late-LTP that are dependent upon 

BDNF, a well known Fos activator, tightly correlate with increases in the docked vesicle 

pool, expansion of the cycling pool and are accompanied by loss of short-term plasticity 

properties (Tyler & Pozzo-Miller, 2001; Tyler, 2006; Zakharenko, 2003).  Fos 

upregulation and reserve pool mobilization also have been reported to be observed in the 

striatum of rats addicted to cocaine (Venton, 2006).  Thus changes in synaptic efficacy 

could plausibly contribute to persistent forms of memory in different contexts in the 

nervous system.  This is the first report, however, of a CREB-dependent mechanism 

driving changes in the probability of release. We think the findings of this study broaden 

the range of possibilities one might consider as outputs of gene transcriptional and 

protein synthesis phases in memory storage. 
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3.6  Materials and methods

3.6a  Electrophysiology

For physiological recordings, larvae were dissected in ice-cold calcium free 

haemolymph-like saline.  Intracellular recordings from muscle 6 of abdominal segments 

2 or 3 of wandering third instar larvae were collected using sharp microelectrodes (50-

75MΩ •) pulled from borosilicate capillary tubes (OD 1.5mm, ID 0.84mm) filled with a 

1:1 mixture of 3MKAc:3MKCl.  Signals were amplified with Axoclamp 9.0, digitized in 

Digidata 1350, and recorded with pClamp 9.2.  Recordings were done in either HL3 or 

HL3.1 as indicated with indicated calcium concentrations.  Signals were collected in 

pClamp 9.2 and analyses performed Clampfit 9.2. Recording were not used for analysis 

if -60 mV >Vm > -90 mV or if muscle input resistance was less than 5MΩ.  Recordings 

were excluded if Rin or Vm changed by more than 20%. Bafilomycin (Baf) in DMSO 

stock solution and SQ, 22,536 (Sigma) were prepared as stock solutions (Baf, 1uM 

DMSO; SQ22,536, 10 mM in H2O, ML-7 in DMSO (all drugs were from Sigma) and 

diluted in HL3 saline to the indicated concentration (see text). Quantal content was 

calculated for each individual recording by calculating the average EPSP/average mEPSP  

Quantal content was also calculated by the method of failures according to ln N/n0, 

where N = trials and n0 is the number of failures.  Quantal contents calculated for each 

recording were then averaged across animals for a given genotype.  ECP pool size was 

estimated by fitting synaptic depression data for each 3 Hz recording with an exponential 

decay curve.  The first derivative of each exponential equation was taken to determine the 

time point at which vesicles in the ECP have been depleted.  The area under the synaptic 
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depression curve up to this time point was then integrated (with each delta t = 0.33 sec, 

stimulation was delivered at 3Hz) to obtain the ECP pool estimate. The remainder of the 

curve represents a slow withdrawal of vesicles from the RP after the ECP has been 

depleted.  The synaptic depression curves obtained at 30Hz stimulation frequency were 

also integrated to estimate the total size of the RP.

3.6b  Immunocytochemistry and antibodies

Third instar larvae were cut open along the dorsal midline and filleted out on a sylgard 

plate in Ca2+ free HL3 saline.  The ventral nerve cord, trachea, and digestive tracts were 

removed and the dissected preparations were fixed in 3.5 % paraformaldehyde solution 

for 10 minutes. Bouton number in segment A2 was assessed by counting DSYT2 (from 

H. Bellen) immunoreactive varicosities on muscles 6 and 7. Muscle surface areas were 

not significantly different in all genotypes analyzed.  The monoclonal antibody, BRP, 

was used as a presynaptic release site marker in the analysis for estimating active zone 

number (Kittel, 2006; Wagh, 2006).   Larval preparations were blocked for 1 hour in 

blocking solution (triton x, goat serum) and after several washes, incubated overnight 

with 1:50 BRP monoclonal antibody; 1:2500 vglut polyclonal antibody; 1:10 monoclonal 

synapsin antibody and 1:100 polyclonal rabbit anti-synaptotagmin.  NMJs at muscle 6/7 

in segment A2 were imaged from each animal on a Nikon laser confocal microscope at 

100x 3.6 zoom in stack of 0.5um thick sections.  This resolution proved to be optimal for 

use with the spot detection software.  The entire nmj could thus be imaged in 10-15 
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overlapping images at high resolutions.  The counting process was automated using 

Progenesis 2D gel spot counting software. 

3.6c  Electron microscopy

Filleted larvae were washed briefly in 0.1M PIPES buffer and fixed in 2.5% 

glutaraldehyde + 1.6% formaldehyde + 0.5% Picric acid in PIPES (pH 7.4) for 1 hr at 

room temperature. Larvae were then unpinned from their dishes and transferred to glass 

vials containing PIPES buffer. Following 3 x 10 min washes in PIPES, larvae were post-

fixed in 1% osmium tetroxide in PIPES for 30 min, and washed in PIPES for 10 min and 

overnight at 4oC. Larvae were then washed in distilled water for 10 min, 10% acetone for 

2 min, and block stained in 2% aqueous uranyl acetate for 1 hr. Larvae were dehydrated 

through an ethanol series, washed twice in propylene oxide and infiltrated with 25% 

EMBED resin + 75% propylene oxide for 4 hrs and a 75%/25% mix overnight and in 

100% resin for 4 hrs and overnight. Larvae were flat embedded in fresh resin between 

aclar sheets for 36 hrs at 70oC. Embedded larvae were trimmed to body segment 3 and 

were mounted on blank resin stubs. Semi-thin (1.5 µm) sections were cut to orient fibers 

6-7 and ultrathin (100nm) sections were cut on an Ultratome microtome, using a diamond 

knife, to obtain serial series of type 1b and 1s boutons. Sections were mounted on 

formvar coated slot grids and stained with 2% lead citrate for 2 mins. Sections were 

viewed in a JEOL 1200 CX electron microscope operated at 80kV. Images were 

captured using a Gatan digital camera and converted to Tiff files for analysis. Series 
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through synapse T bar regions were analysed for length of electron dense regions using 

Image J software.

3.6d  Calcium imaging

Larvae were dissected as described in the immunocytochemistry section.  GcAMP1.6-

expressing motor terminals were bathed in 1mM Ca2+ HL6 saline (Macleod, 2002) with 

glutamate (7mM) to reduce muscle contractility.  Nerves were stimulated from a glass 

suction electrode (Grass stimulator) and application of current pulses time locked to CCD 

image acquisition (CoolSnap camera and MetaView software; Visitron systems, 

Puchheim, Germany).  The temporal order of applied stimulus paradigms (40 and 80 Hz) 

was changed randomly.  In all experiments, images of motor terminals in muscles 6/7 

were acquired at a rate of 10 Hz with exposure times of 50ms.  Samples were excited at 

470nm with a Q480LP and a HQ535/50 band pass.  Images were analyzed using ImageJ.  

Image pixel intensity values were corrected for photobleaching which has nonlinear 

trajectory in GcAMP-1.6 and normalized to the baseline.  Rising phases of calcium 

indicator response curves were fit with the Hill equation. Resulting equations were 

solved with Mathematica software for time points corresponding to 10% and 90% peak 

fluorescence and used to calculate rise times.

3.6e  Simplified description of relationship between bouton size and calcium filling 
 rate

If we oversimplify a bouton to be a sphere being uniformly filled with volume of 

calcium:
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Area of bouton at widest cross section = Areacircle = πr2

Average Ib  AC155 = 10.1 ± 0.8

Average Ib  AC155; AP-1 = 8.0 ± 0.6

p = 0.037

V = average volume of bouton = Volumesphere = 4/3 πr3 

Average Ib  VC155 = 56

Average Ib  VC155; AP-1 = 25

N = number of sets of calcium channels (or active zones) per bouton

Average Ib  NC155 = 17.7 ± 1.0

Average Ib  NC155; AP-1 = 10.5± 0.9

p <<<0.000001

Tfill = total time it takes to completely fill a bouton with calcium at a given extracellular 

calcium concentration.

dV/dt = calcium filling rate of each set of calcium channels.  

If we start with a highly oversimplified scenario where the calcium filling rate (dV/dt) is 

equivalent among calcium channels clustered around active zones between the two 

genotypes:

Tfill = V/ [N (dV/dt)]

TC155 = 3.15/ (dV/dt)]

TC155; AP-1 = 2.4/ (dV/dt)]
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From the above relationship, if V/N is equivalent between genotypes, the total time it 

takes to fill a bouton with a certain concentration of calcium should also be equivalent 

under conditions where filling rate is identical between control and experimental animals.  

The measurements collected for N and A for control and experimental animals indicate 

that under conditions where dV/dt are equivalent between the genotypes, it actually 

should take less time to fill a C155; AP-1 Type Ib bouton with a given calcium 

concentration.  Thus, if dV/dt were equivalent between control and experimental 

terminals, we should have seen shorter rise times in the C155; AP-1 terminals in our 

GcAMP1.6 experiments.  Instead, our experimental data indicates rise times in C155; 

AP-1 terminals are greater than the rise times observed in control terminals.  Therefore, it 

is highly likely that calcium entry is indeed significantly reduced in AP-1 terminals.

3.6f  FM1-43 imaging

The composition of normal saline as follows (in mM): NaCl, 130; sucrose, 36; KCl, 5; 

MgCl2, 2; CaCl2, 2; and HEPES, 5. Glutamate (8mM) was added to the solution to 

prevent muscle contraction at high frequency stimulation. The pH of the solution was 

adjusted to 7.2. For Ca-free saline, CaCl2 was replaced by 2mM MgCl2 and 0.5 mM 

EGTA was added in normal saline. The high K containing solution contained 90mM 

KCl in which NaCl was reduced to equivalent amount.  The nerve innervating muscle 6/7 

of A2 or A3 hemisegment was stimulated (3ms pulse duration, 6V) in normal saline 

containing glutamate (8mM) and FM1-43 (5µM) at 3 Hz or 30 Hz for 7 minutes using a 

glass suction electrode. The preparations were washed for 15 minutes in calcium free 
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saline and then imaged. For unloading FM1-43 nerves were restimulated in high 

potassium solution for 5 minutes or at 3 Hz for 7 min in normal saline without FM1-43.  

FM1-43 loaded and unloaded preparations were visualized and imaged on an upright 

fluorescence microscope (Axioscope 2 FS Plus, Zeiss) equipped with cooled charged-

couple device array (Cascade:512B camera; Roper scientific)  and 40X, 0.80 NA water 

immersion objective lens (Carl Zeiss). Samples were excited with 480nm using a 175 

Watt xenon arc lamp (Lambda DG-4, Sutter Instrument)) and the wavelength between 

506 and 565nm was collected (filter set 41001, chroma technology). Images were 

acquired, stored and processed using Metamorph software (Meta Imaging series software, 

Molecular devices).  The average fluorescence intensity around individual bouton was 

calculated by subtracting the background fluorescence of a region close to the bouton 

from the total average fluorescence around the bouton. Four to ten type I boutons were 

selected for analysis in each preparation. 

3.6g  Drosophila strains and genetic controls

The following strains were used in our analyses: control (Oregon R; D. Brower); Gal4-

responsive UAS-fos, UAS-jun, transgenes (M. Bienz); hs-Creb2b (J. Yin and T. Tully); 

neural Gal4 line, C155 (C. Goodman); UAS-G-cAMP 1.6 (D.Reiff). Experimental female 

larvae were selected from crosses between virgin females homozygous for UAS 

transgenes and males homozygous for the Gal4 driver; controls consisted of the Gal4 

driver outcrossed to the Oregon-R line.  Activity of the heat shock CREB-blocker 

transgene, hs-Creb2b, was induced as described previously. 
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3.7 Figures and Figure Legends

Figure 3.1  

Induction of the AP-1 heterodimer (Fos and Jun) leads to increased synaptic strength.

A) Distribution of motor terminal responses to stimulation under low release probability 

conditions (0.3mM Ca2+HL3)  from individual C155 control (left) and C155; AP-1 

(right) larvae.  C155; AP-1 motor synapses exhibit lower failure frequencies under 

these conditions than the C155 control. (C155: 0.53 ± 0.02; C155; AP-1: 0.33 ± 

0.03, p<0.0001, n=8).

B) Failure analysis confirms a presynaptic locus for the increase in synaptic strength 

resulting from AP-1 induction.  Quantal content, m = ln (total number of 

events/failures):  C155:  0.64 ± 0.04; C155; AP-1: 1.32 ± 0.14; p<0.0001, n=8).  

C) Traces depicting sample EPSP amplitudes from individual C155 control and C155; 

AP-1 larvae. Intracellular muscle recordings were collected in 0.5mM Ca2+ HL3 

saline.

D) Quantal content (m = EPSP/mEPSP), as estimated by a second independent method 

of measurement, is significantly greater in C155; AP-1 motor terminals:  C155, m = 

9.2 ± 1.6 quanta; C155; AP-1, m = 21.3 ± 3.6 quanta; p =0.005, n=7.    
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Figure 3.1
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Figure 3.2

Quantal size and muscle size are unaffected by AP-1 overexpression.

A) A cumulative plot of quantal size from C155 and C155; AP-1 motor terminals 

indicates quantal size is not a contributing parameter to increases in synaptic strength 

after AP-1 induction. Average mEPSP amplitude ± SEM:  C155:  1.04±0.09 mV; 

C155; AP-1: 0.91±0.06 mV, p=0.3, n=9 animals each genotype.

B) Muscle surface area is not affected by presynaptic AP-1 overexpression.  Muscles 6/7 

were imaged at 20X with DIC imaging.  Surface areas were estimated with ImageJ 

software.  Average values ± SEM were as follows: C155: 96,826 ± 5276 mm2; C155; 

AP-1: 96,096 ± 3708 mm2; p=0.7.
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Figure 3.2
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Figure 3.3  

Synapse number does not account for increased synaptic strength after induction of Fos 
and Jun.

A) Larval motor terminals immunostained with the active zone marker Bruchpilot.  

Individual release sites were quantified with automated spot analysis software 

Progenesis.  Yellow outlines delineate boundaries of each identified spot.  

B) Total number of release sites is decreased by 21% in AP-1 synapses:  (C155:  1524 ± 

29, n= 18; C155; AP-1:  1201 ± 40, n = 12; P < 0.0000005).  

C) Spot intensity and surface areas were used to obtain peak volume measurements.  

D) Average peak volumes between C155 and C155; AP-1 release sites are not 

significantly different. (C155:  7127 ± 222; C155; AP-1: 6919 ± 206; ns).  

E) Electron micrographs of synapses from a wild-type and AP-1 motor terminal.  Scale 

bar = 200nm. 

F) The average length of electron dense membrane accompanying each T-bar is not 

significantly different between AP-1 and wild-type motor synapses.  
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Figure 3.3
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Figure 3.4  

Bouton number increases in AP-1 motor terminals, however average active zone numbers 
decrease in both Is and Ib boutons.

A) Synaptotagmin positive varicosities were counted across genotypes.  AP-1 motor 

terminals exhibited roughly 30% more varicosities than WT.  Average varicosity 

number ± SEM: C155: 247 ± 9, n=18; C155; AP-1, n=12:  322 ± 17, p = 0.0002.

B) Boutons surface area scales linearly with active zone number suggesting that active 

zone spacing is not different between AP-1 and WT animals.  
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Figure 3.4
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Figure 3.5  

C155 and C155; AP-1 do not exhibit differences in paired pulse ratios.  

A) Traces from individual C155 or C155; AP-1 larval muscle recordings depicting 

facilitated motor responses to paired stimulus pulses delivered 50 milliseconds apart.  

B) Graph showing average motor terminal responses to paired pulse stimuli of different 

inter-stimulus intervals (ISI):  25ms, 50ms, 100ms, 1000ms.  C155 and C155; AP-1 

animals exhibit similar levels of facilitation—as measured by the paired pulse ratio 

(PPR).  PPR = (P2-P1)/P1 where P2 = amplitude of response to second pulse; P1 = 

amplitude of response to first pulse (n = 8 larvae for each genotype).  See Table 3.1 

for actual values.  
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Figure 3.5
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Figure 3.6 

Expression of post-tetanic potentiation is occluded after Fos, Jun induction.

10Hz stimulation for 2 minutes leads to a short term form of facilitation in C155 control 

motor terminals.  While facilitation, as measured by PPF (Figure 3.5), does not appear

different from controls in C155; AP-1 terminals, PTP is reduced or occluded:  C155:  2.4 

± 0.2, n=4; C155; AP-1:  1.1 ± 0.16, n=5; p = 0.0015.
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Figure 3.6
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Figure 3.7 

Calcium sensitivity is not significantly different between C155 and C155; AP-1 
terminals.   

Recordings were performed at indicated calcium concentrations in HL3 saline (0.3mM 

Ca2+, 0.4mM Ca2+, 0.5mM Ca2+).  Slopes indicate C155 and C155; AP-1 motor 

responses exhibit similar calcium cooperativity (C155, n = 4.6; C155; AP-1, n = 4.3).



157

Figure 3.7
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Figure 3.8

Increased calcium entry does not account for observed facilitation in C155; AP-1 
terminals.

A) Examples of changes in fluorescence intensity over time in response to 40Hz 

stimulation in C155; GcAMP1.6 (top row) and C155; AP-1, GcAMP1.6 (bottom row) 

boutons in response to 40Hz stimulation.  

B) Average changes in fluorescence in response to 40Hz stimulation were measured 

using the fluorescent calcium indicator transgene GcAMP 1.6 which was expressed in 

the background of C155 and C155; AP-1 motor terminals. 

C) Average rise times of C155; AP-1 responses are slightly longer, indicating that 

calcium entry may be slightly lower in these terminals. 

D) Examples of changes in fluorescence intensity over time in response to 80Hz 

stimulation in C155; GcAMP1.6 (top row) and C155; AP-1, GcAMP1.6 (bottom row) 

motor terminals in response to 40Hz stimulation.  

E) Average changes in fluorescence in C155 and C155; AP-1 motor terminals in

response to 80Hz stimulation.

F) Longer average rise times are more pronounced in C155; AP-1 terminals stimulated 

at 80Hz.  



159

Figure 3.8
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Figure 3.9

Control Experiments for calcium imaging data.

A) GcAMP 1.6 expression does not change increased relative strength of AP-1 terminals 

relative to WT.  Recordings of evoked responses in C155; GcAMP1.6 and C155; AP-

1, GcAMP1.6 larval NMJs at muscle 6/7 in segment A2.  Recordings were done in 

0.7mM Ca2+ HL3 and show average EPSP amplitude in AP-1 larvae is still larger, 

even with GcAMP1.6 co-expression. This suggests calcium buffering capacities of 

the transgenic calcium indicator do not interfere measurably with synaptic 

transmission and are not likely to be expressed at significantly different levels in the 

two different genetic backgrounds.    

B) Both Ib and Is bouton types show decreases in the average number of active zones 

housed by individual varicosities.  Average number of active zones ± SEM per Type 

Ib bouton:  C155: 17.7± 1.0; C155; AP-1: 10.5 ± 0.9; p<<0.0001. Average number 

of active zones ± SEM per Type Is bouton:  C155: 4.9±0.3; C155; AP-1: 3.5 ± 0.3; p 

<0.007.
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Figure 3.9
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Figure 3.10  

AP-1 induction transcriptionally leads to expansion of cycling vesicle pool at the expense 
of the reserve pool.  

A) Time course of synaptic depression in motor terminals stimulated at 3Hz in the 

presence of 1uM bafilomycin to deplete the exo/endo cycling pool (ECP). 

B) Bar graph shows cycling pool of vesicles is significantly expanded after AP-1 

induction.  

C) Time course of synaptic depression in motor terminals stimulated at 10Hz in the 

presence of 1uM bafilomycin to deplete the total pool of vesicles.   

D) Bar graph shows total pool of vesicles is not significantly different between the two 

genotypes. 

E) Cumulative plot for Figure 10A illustrates that the total number of quanta released in 

AP-1 motor terminals at the low stimulation frequency of 3 Hz is significantly larger, 

consistent with the conclusion that the ECP size expands downstream of AP-1 

transcriptional activity.

F) Cumulative plot for Figure 10C shows that the ECP pool is depleted earlier in AP-1 

motor terminals than in wild-type although the total pool size is not significantly 

larger.  The kinetics of vesicle depletion also appears to be faster overall in AP-1 

motor terminals and it appears to follow a double (rather than single as seen in WT) 

exponential rate of release.
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Figure 3.10:
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Figure 3.11

Optical imaging of vesicle recycling with the styryl dye FM1-43 confirms AP-1 activity 
leads to an expansion of the cycling vesicle pool at the expense of the reserve pool.

A) Diagram of the protocol for labeling of ECP pool.  Synapses were stimulated in 5uM 

FM1-43 for 7min at 3Hz.  Preparations were washed with zero Ca2+ saline and 

imaged.  ECP cycling pool of vesicles is significantly larger in C155; AP-1  motor 

terminals.

B) Protocol for optical measurement of the total and reserve pool of vesicles. Bar graph 

(white) shows total pool of vesicles is not significantly different between genotypes.  

The reserve pool of vesicles represented by the black bars, however, is significantly 

reduced in C155; AP-1 motor terminals.   
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Figure 3.11
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Figure 3.12

Inhibition of reserve pool mobilization with an MLCK inhibitor reduces PTP in C155 
synapses.  

Larval recording preparations were incubated for 10 minutes in HL3 with 15µM ML-7, a 

myosin light chain kinase inhibitor.  A significant reduction is visible at C155 terminals 

in both augmentation of the response during the high frequency train and PTP.



167

Figure 3.12
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Figure 3.13  

CREB and cAMP signaling are required downstream of AP-1 for reserve pool 
mobilization.

A) Protocol is same as described in 6a.  ECP pool was loaded with FM1-43 with 3hz 

stimulation for 7 minutes. 

B) Blocking CREB activity with the hs-CREB2b transgene downstream of AP-1 reduces 

ECP back down to wild-type levels. 

C) Protocol is same as described in Figure 6g.  

D) Acutely blocking the adenylyl cyclase downstream of AP-1 leads to restoration of RP 

and back down to wild type levels.   
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Figure 3.13
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Figure 3.14

Synapsin levels appear to be reduced in AP-1 motor synapses.

Double immunolabeling with antibodies recognizing Drosophila vglut, a vesicular 

glutamate transporter, and synapsin reveal no differences between WT and AP-1 in vglut 

but reductions in levels of synapsin in AP-1.  This finding is consistent with a model 

where synapsin downregulation, degradation, and/or constitutive cleavage by cAMP-

PKA dependent processes may contribute towards the expansion of the ECP through 

early mobilization of the reserve pool in AP-1 motor terminals.  
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Figure 3.14
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Figure 3.15

A homeostatic mechanism controls release site number.

A) Release site number is restored to control levels when CREB is blocked downstream 

of AP-1 induction or when glutamate release is reduced with the use of a vglut 

mutation in an AP-1 background.  These results are consistent with a model where 

homeostatic mechanisms downregulate active zone number in response to increased 

quantal content (and therefore muscle excitation).  Average number of NC82 

immunopositive puncta ± SEM:  C155 (hs alone): 1608± 75, C155; AP-1 (hs alone): 

1187± 52, p = 0.001; C155; hs-CREB2b: 1644 ± 73, C155; AP-1, hs-CREB2b: 1513 

± 73, p=0.3; C155; vglut1/2: 1528± 67, C155; AP-1, vglut1/2: 1500± 15, p=0.7. 

B) AP-1 may be required for normal release site number but may not specify release site

number in an instructive manner.  Average release site number ± SEM:  C155:  1525 

± 30; C155; AP-1: 1200 ± 40; C155; Fbz: 1058 ± 39, p<<0.00001.  Average bouton 

number ± SEM: C155:  249 ± 17; C155; AP-1:  322 ± 17, p=0.00025; C155; Fbz: 

121 ±7, p<<0.00001.
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Figure 3.15
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CHAPTER 4:  CONCLUDING REMARKS

The most important conclusion we’ve been able to draw from this work is that immediate 

early gene activity can change synaptic strength via mechanisms previously described 

only in the context of short term facilitation.  Modern memory research continues to 

distinguish long term memory from short term memory by its requirement for new 

transcription and translation.  As discussed in the first chapter of this dissertation, the 

synaptic growth hypothesis has served as the predominant model for synaptic 

consolidation and--by inference--memory consolidation.  Therefore, the activities of 

immediate early genes such as fos, jun, and CREB have long been assumed to drive 

synaptic growth processes, because they have (as discussed in Chapter 2) been 

demonstrated to be required for long term memory but not short term memory.  

We sought to verify whether the increased number of varicosities observed in AP-1 

motor terminals (Sanyal et al. 2002) reflected a direct correlation with an increase in 

release site number.  As discussed in Chapter 3, we discovered these two parameters were 

unexpectedly anti-correlated between WT and AP-1 motor terminals.  This finding forced 

us to consider the possibility that AP-1 activity drives synaptic facilitation via a 

mechanism independent of synaptic growth and that AP-1 motor terminals produce 

greater synaptic output with fewer release sites.  Thus the only reasonable conclusion one 

might draw from the data is that each AP-1 release site must be relatively potentiated, on 

average, relative to the “average” release site in wild-type synapses.
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This result is surprising but timely given the rise of new models (described in Chapter 1) 

describing how diverse mechanisms of plasticity may be combinatorially utilized to 

encode different forms of persistent memory.  A class of presynaptic plasticity 

mechanisms, typically studied in the context of short term presynaptic facilitation, had 

been largely discarded in the memory consolidation literature.  The kinase cascades 

demonstrated to target and modify the activity of presynaptic substrates (such as those 

described in Chapter 1) are chronically opposed and balanced by the actions of 

phosphatases.  Presynaptic changes that are quickly recruited through biochemical 

cascades were theoretically considered far too labile to support persistent changes in 

synaptic efficacy.  

Yet, the BDNF literature (Chapter 1), new findings from Yasunori Hayashi’s group 

(Chapter 1), and the work in this dissertation (Chapter 3), together suggest that the stable 

recruitment of short term plasticity mechanisms should be reconsidered and reevaluated 

as viable mechanisms underlying long term information storage in the nervous system.  

At this point in time, we can only speculate how this might be achieved in a manner that 

is independent of biochemical cascades and/or resistant to the action of phosphatases and 

other negative biochemical regulators of facilitation (Chapter 1).  Identifying the 

intermediate step by which AP-1 is directly or indirectly inducing reserve pool 

mobilization is, therefore, the next logical step in identifying potential mechanisms by 

which short term plasticity is stably recruited via gene expression.  
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