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Long-term potentiation (LTP) is the biological basis for learning and memory.  In the 

hippocampus, LTP can be induced readily and maintained for hours to weeks.  The 

persistent phase of LTP in hippocampal CA1 neurons requires protein synthesis.  Some 

mRNAs are transported into dendrites, where an inhibitory complex containing the 

proteins CPEB and 4E-BP1 prevents their translation until intracellular signals cause the 

complex to unbind, allowing protein synthesis to proceed.  Although many dendritic 

mRNAs have been identified, the time course and biochemical mechanism of translation 

initiation remains unclear.  I hypothesized that dendritically repressed mRNAs are 

translated in the dendrites of CA1 neurons following a globally delivered LTP-inducing 

stimulus.  I created a fluorescent reporter molecule and showed that chemical means of 

inducing LTP caused a rapid and transient increase in dendritic protein synthesis, 

dependent on CPEB binding and 4E-BP1 activation, and prevented by NMDA receptor 

antagonists and translation inhibitors anisomycin or rapamycin.  I then focused on the 

spatial profile of translation relative to the site of LTP initiation.  I hypothesized that, 

when a single spine receives a stimulus sufficient to induce late phase LTP, new protein 

and phosphorylated intracellular mediators would be observed only in the stimulated 



spine.  I used microphotolysis of caged glutamate in an attempt to induce spine-specific 

LTP and created a second, novel reporter construct with limited diffusion to test this 

hypothesis.  Unfortunately, these attempts were unsuccessful. Nevertheless, my findings 

support the idea that induction of LTP triggers de-repression of dendritic mRNAs and 

dendritic synthesis of new proteins. 
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CHAPTER ONE: BACKGROUND AND INTRODUCTION OF 

HYPOTHESES 

 

INTRODUCTION 

Learning and memory are critical to human and animal function. The ease with which 

memories can be made and lost, recalled and forgotten, and retained for almost the entire 

lifetime is a testament to the remarkable plasticity of the healthy nervous system.  

Humans and animals rely on their ability to learn and are severely affected when this 

ability is altered.   

In the mammalian brain, the structure underlying the formation of new memories is the 

hippocampus, as illustrated by the case of the famous H.M.  H.M. was a patient with 

untreatable hippocampal epilepsy.  In 1957, he underwent surgery during which the 

hippocampal region was removed bilaterally to stop his seizures. Until this time, the 

function of the hippocampus was unclear, but when H.M. recovered from surgery, he was 

unable to form any new memories.  This patient was extensively studied by psychologist 

Brenda Milner, who met with him for many years.  Although H.M. was able to learn 

some new tasks, particularly those involving motor skills, he was unable to remember 

meeting Dr. Milner or recall having seen a task before.  He was also able to recall 

memories formed prior to his surgery, suggesting that memory storage and recall are 

processes distinct from the initial formation of a new memory.  This work has shown 

vividly that the hippocampus is the site where new declarative memories are formed 
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within the brain, and not where they are stored.  Following this vital discovery, a cellular 

mechanism of memory was sought in the hippocampus.   

 

LONG-TERM POTENTIATION 

The idea that the strength of the connection between two neurons could be specifically 

and permanently altered because of a correlated change in their activity was originally 

put forward by Donald Hebb (1949).  Hebb’s Postulate states that neurons that fire 

simultaneously will become more strongly connected such that the firing of the first cell 

will increase the likelihood of the second cell firing.  This theory became the backbone 

for pioneering work looking to identify the biological basis for learning and memory at 

the level of cells and cellular networks.  Bliss and Lomo (1973), working in the 

laboratory of Per Andersen, recorded field excitatory synaptic potentials in the dentate 

gyrus of the hippocampus evoked by a weak stimulation in its major input pathway, the 

perforant path.  When they delivered a strong burst of stimuli and then continued to 

record the synaptic potentials evoked throughout the field, they found that the responses 

evoked following the same weak stimulation were much larger after the strong burst than 

prior to it; the increase was observed within seconds of the tetanus and maintained for 

several hours.   

The discovery of a biological means by which the connection between two cells could be 

permanently enhanced, which we now call long-term potentiation (LTP), altered the way 

neuronal processes in the brain are viewed (Bliss and Lomo, 1973; Matynia et al., 2002; 

Malenka and Bear, 2004). LTP has since been demonstrated at the other synaptic 

connections in the hippocampus, as well as other brain regions. The major circuit of the 
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hippocampus consists of entorhinal cortex projections to the granule cells of the dentate 

gyrus (Figure 1.1A).  Granule cells then project axons onto CA3 neurons, which 

subsequently project to CA1 neurons via a pathway known as the Schaffer collaterals.  

This CA3 to CA1 synapse will be the primary focus of my thesis, and all experiments 

will examine the postsynaptic CA1 neuron.  The hippocampus also makes an ideal ex 

vivo preparation.  It can be readily removed, and, when transverse slices are prepared, the 

laminar structure and cellular circuitry remains intact and LTP can be induced readily.  

The synapse is the primary site of neuron to neuron communication, and is formed by the 

presynaptic nerve terminal and the dendritic spine.  Neurons contain many thousands of 

spines, each the site of a single presynaptic contact from an axon terminal releasing the 

neurotransmitter glutamate (Figure 1.1B).  Mature spines contain two types of ionotropic 

glutamatergic receptors: AMPA and NMDA, so named for individual agonists of each 

receptor subtype.  AMPA receptors are cationic channels that do not permit the passage 

of calcium ions in CA1 pyramidal cells under most circumstances.  NMDARs pass 

current from any cation, including calcium, but are blocked by a magnesium ion under 

normal conditions.  When the synapse is depolarized, usually by activation of nearby 

AMPARs, the Mg2+ ion is expelled, and calcium can flow through the channel into the 

cell (Figure 1.1B).   

 

LTP INDUCTION AND SYNAPSE SPECIFICITY 

LTP, like memory, consists of at least two distinct processes: induction and maintenance.  

LTP induction is now well understood and there is a consensus about the necessary 
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Figure 1.1. The Hippocampus and a glutamatergic synapse.   

A. The hippocampus has a laminar structure. Glutamatergic axons project from the 

entorhinal cortex (not shown) via the perforant pathway to the dentate gyrus.  

Glutamatergic neurons in the DG send axons to the CA3 region in the mossy fiber 

pathway, and the axons of the glutamatergic CA3 neurons project via the Schaffer 

collateral pathway to the CA1 neurons.  B. Glutamate is released from single vesicles in 

the presynaptic axon terminals.  Glutamate then diffuses through the synaptic cleft and 

activates Ca2+-impermeant AMPA receptors, promoting local depolarization of the spine 

head, thus removing the Mg2+ block and permitting ion flux through the Ca2+-permeable 

NMDAR, allowing for activation of intracellular Ca-dependent signaling and promoting 

potentiation by multiple kinases.   

  



 

Figure 1.1. The Hippocampus and a glutamatergic synapse.  
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conditions.  Following synaptic activity, glutamate is released from the presynaptic 

terminal into the synaptic cleft.  Glutamate binds to synaptic AMPARs, causing current 

to flow through them and locally depolarize the spine head.  If the pattern of activity is 

strong enough, the Mg2+ block in the NMDAR is relieved, permitting Ca2+ to enter the 

spine through NMDA channels.  Ca2+ entry is typically limited to the activated spine 

head (Bloodgood and Sabatini, 2007), although data showing Ca2+-imaging in a single 

activated spine head following LTP induction is limited.  When the local concentration of 

Ca2+ becomes sufficiently elevated, the Ca2+-dependent kinase CaMKII is activated 

locally in the head of the spine. Blocking any of these events, either by genetic 

manipulations or by pharmacological methods, prevents the induction of LTP.   

One aspect of LTP that makes it a strong candidate as a mechanism of learning is that 

induction of LTP is input specific. Due to the laminar structure of the hippocampus and 

its ability to be retained ex vivo, the dendrites of each CA1 neuron are contacted by many 

different axons.  Each axon contacts individual spines of the postsynaptic cell, meaning 

that each axon has a unique subset of connections within the hippocampal slice.  If two 

separate stimulating electrodes are positioned so that they activate two different sets of 

axons converging on the same postsynaptic cell population, a tetanic stimulus applied to 

one pathway will elicit LTP only at the tetanized synapses, and not at the synapses 

formed by the non-tetanized fibers (Andersen et al., 1977).  These results indicated that 

the strength of individual synaptic connections, and thus individual synapses, are being 

continuously refined independently of neighboring connections.  This principle has also 

been tested at the level of the single synapse.   
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Synaptic transmission at the level of a single synapse can be studied using caged 

glutamate, in which chemical modifications are made to glutamate, forming a photolabile 

“cage” around the molecule and rendering it chemically inert.  The glutamate can then be 

released in a small, targeted region by use of a laser to break the chemical bond.  If the 

region activated by the laser is small enough in size, so as to liberate a similar amount of 

glutamate as would be released by a single presynaptic vesicle, and the duration of the 

laser pulse is short enough to allow glutamate to only be released for a time duration 

similar to that of a single presynaptic release event, synaptic transmission can be 

mimicked.  In fact, recent advances have allowed this to be achieved with fairly good 

spatial and temporal fidelity. Exogenous glutamate can activate glutamatergic receptors 

at a single synapse without any activation of neighboring synapses and the time course of 

the currents evoked in the postsynaptic cell fits well with the kinetics of miniature 

synaptic currents.   

The induction and expression of LTP can be studied at the level of single synapses using 

this approach. By delivering the laser pulses in a tetanic pattern, LTP can be induced at a 

single spine (Matsuzaki et al., 2004; Bagal et al., 2005).  Under normal conditions, an 

LTP-inducing activation of a single spine increases the photolysis-evoked EPSP at only 

the stimulated spine, not at neighboring unstimulated spines. However, when one spine 

receives a stimulus sufficient to induce LTP while a nearby spine receives a subthreshold 

stimulus, both spines are potentiated.  This “cross-talk” is most effective when the two 

stimulated spines are <10µm apart. These effects are short-lived, requiring activation of 

NMDAR but independent of protein synthesis, but demonstrate that synaptic specificity 
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extends even to the level of a single dendritic spine, even though some interaction does 

occur (Harvey and Svoboda, 2007).   

Another recent study (Lee et al., 2009) used a single molecule FRET reporter called 

Camuiα, based on CaMKIIα, a kinase required for LTP, to study the activation of 

CaMKII in single spines following LTP induction.  This single molecule contained a GFP 

fluorphore and a non-fluorescent acceptor fluorophore, so that GFP fluorescence was 

quenched when CaMKII was inactive and fluoresced only when CaMKII was active.  

When they induced LTP by uncaging glutamate at the head of a single spine for 45 pulses 

at 0.5Hz in Mg-free saline, CaMKII activation was NMDAR-dependent and confined to 

only the stimulated spine.  Stimulated spines, but not adjacent spines, became enlarged 

and remain enlarged for one hour, as does uncaging-evoked EPSC amplitude.  

Surprisingly, this study suggested that CaMKII was activated in the stimulated spine for 

only two minutes, too short for significant diffusion out of the stimulated spine and into 

adjacent spines, presumably accounting for the failure of neighboring synapses to be 

potentiated.  These results indicate that the strength of CA3-CA1 synapses in the 

hippocampus can be potentiated independently, and demonstrate that single spine 

resolution is necessary for establishing the limits of synapse specificity of long-term 

potentiation.   

 

LTP MAINTENANCE 

Along with specificity, another feature of LTP that makes it appealing as the cellular 

basis of learning is its persistence.  LTP can last for many hours in the dish, and as long 

as has been measured—up to one year—in the intact animal (Abraham, 2003).  This is 
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similar to the ability of the animal to create new memories and retain old ones for long 

periods of time.  Although both the induction and the expression of LTP are limited to the 

postsynaptic cell, they are mediated by distinct molecular mechanisms.  Induction of LTP 

occurs on a very short timescale, and potentiation is actively maintained. A discussion of 

these two discrete stages is necessary for a complete understanding of the mechanism by 

which LTP is responsible for learning at the cellular level.   

LTP maintenance is multifaceted; both local and cellular changes occur.  In addition to 

CaMKII, other kinases also become activated locally, specifically Protein Kinase A 

(PKA), a calcium-insensitive form of Protein Kinase C known as PKMζ, and mTOR 

(mammalian target of Rapamycin) (Frey et al., 1993; Osten et al., 1996; Cammalleri et 

al., 2003).  One of the major mechanisms of expression of LTP at Schaffer collateral-

CA1 synapses is insertion of AMPA receptors, specifically those containing 

GluA1/GluA2 subunits (Shi et al., 1999;Shi et al., 2001).  GluA1 is phosphorylated by 

CaMKII at the serine residue at position 831, and by PKA at serine 845 (Lee et al., 2000), 

and this phosphorylation seems critical for LTP expression.  These receptors are 

delivered to the synapse from a readily releasable pool contained in recycling endosomes 

in the spine (Park et al., 2004).  AMPARs are continuously cycled in neurons, and 

prevention of exocytosis prevents induction of LTP  (Bredt and Nicoll, 2003;Ahmad et 

al., 2012).  There is discrepancy within the field as to the location of new AMPAR 

insertion. Specifically, new AMPARs may be inserted directly into the post-synaptic 

density or alternatively, they may be inserted at the base of the spine and diffuse into the 

post synaptic density, where they can be captured and maintained, as has been observed 

with seGFP-tagged receptors (Makino and Malinow, 2009;Petrini et al., 2009).  Although 
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this issue is not relevant for the current work, it demonstrates that many questions remain 

in our understanding about the mechanism for LTP maintenance.   

Of more immediate relevance, new proteins are locally synthesized from dendritic 

mRNA after LTP-inducing stimuli and are believed to be critical for LTP maintenance as 

well.  Preventing protein synthesis using a pharmacological inhibitor of protein 

translation  within several minutes of LTP induction causes LTP to decline back to 

baseline levels of transmission after approximately 30-60 minutes (Otani et al., 1989; 

Frey et al., 1993; Figure 1.2). Following LTP-inducing stimuli, many important 

synaptically relevant proteins are synthesized locally from mRNA within dendrites 

(Sutton and Schuman, 2006; Cajigas et al., 2012).  Among the most important, the alpha 

subunit of CaMKII is synthesized dendritically following LTP, and newly synthesized 

CaMKIIα is required for LTP maintenance (Mayford et al., 1996;Miller et al., 2002).  

Newly synthesized GluA1 and GluA2 may also be necessary for maintained increases in 

synaptic strength (Job and Eberwine, 2001b;Ju et al., 2004). The spatial relationship 

between the synthesis of new AMPARs and their delivery to the synapse is not known.  

The spatial extent of dendritic mRNA translation following focal induction of LTP is also 

unclear.  If it is spatially restricted, however, then local protein synthesis occurring at the 

site of LTP induction provides an attractive mechanism for synaptic specificity.   

It is now clear that previously synthesized mRNAs are translated in the dendrites and that 

new mRNAs are also transcribed from DNA in the nucleus of the cell in response to 

LTP-inducing stimuli.  When transcriptional inhibitors are applied to a hippocampal slice 

where LTP has been induced, LTP fails to be maintained and declines to baseline levels 

of transmission after about 120 minutes (Nguyen and Kandel, 1997)(Figure 1.2). The key  



 

Figure 1.2. LTP has three distinct phases.

In the presence of anisomycin, a protein translation inhibitor, LTP degrades within an 

hour, here shown in red.  In the presence of actinomycin

inhibitor of mRNA transcription, LTP degradation occurs after two hours 

al., 2004).  The data suggest that there are three phases to LTP expression: an early (<60 

min after induction) phase independent of changes in protein levels, a second ph

120 min after induction) that depends on expression of proteins from pre

mRNAs, and a late phase (>120 min after induction) requiring transcription of new 

mRNA. 
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Figure 1.2. LTP has three distinct phases.   

In the presence of anisomycin, a protein translation inhibitor, LTP degrades within an 

hour, here shown in red.  In the presence of actinomycin D, shown here in blue, an 

inhibitor of mRNA transcription, LTP degradation occurs after two hours 

.  The data suggest that there are three phases to LTP expression: an early (<60 

min after induction) phase independent of changes in protein levels, a second ph

120 min after induction) that depends on expression of proteins from pre

mRNAs, and a late phase (>120 min after induction) requiring transcription of new 

 

 

In the presence of anisomycin, a protein translation inhibitor, LTP degrades within an 

D, shown here in blue, an 

inhibitor of mRNA transcription, LTP degradation occurs after two hours (Kelleher, III et 

.  The data suggest that there are three phases to LTP expression: an early (<60 

min after induction) phase independent of changes in protein levels, a second phase (60-

120 min after induction) that depends on expression of proteins from pre-existing 

mRNAs, and a late phase (>120 min after induction) requiring transcription of new 
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signaling molecule for activity-dependent activation of transcription is PKA. Active PKA 

is involved in a signaling cascade, resulting in the phosphorylation of the transcription 

factor cAMP response element-binding (CREB), which in turn activates transcription of 

several genes, including brain derived neurotrophic factor (BDNF) (Barco et al., 2005). 

CREB-mediated transcription of the transcription factor C/EBP promotes de novo 

transcription and memory consolidation in the hippocampus and also triggers protein 

synthesis in the cell body, not dendrites (Taubenfeld et al., 2001).   

When LTP is induced, a long cascade of spine-specific and cellular changes occurs, 

leading to the potentiation being made permanent.  Covalent modifications of proteins in 

the spine can lead to briefly potentiated synapses, but for the potentiation to persist, new 

proteins must be synthesized locally and new mRNA synthesized at the soma.  Although 

each of these phases of LTP induction and maintenance are active areas of study, this 

thesis will focus primarily on the protein translation-dependent phase.   

 

LTP AND PROTEIN SYNTHESIS 

As early as the 1950s, protein synthesis was hypothesized to be involved in the creation 

of long-term memories (Katz and Halstead, 1950).  In 1963, the first experiments testing 

the effect of protein synthesis inhibitors on memory formation were performed.  Mice 

were trained to move from the center of a y-maze to the correct arm within 5 seconds to 

avoid receiving a shock.  Mice can reliably learn this task and retain the memory for up to 

3 weeks following a training session.  If the protein synthesis inhibitor puromycin was 

injected into the frontal lobe, temporal lobe and ventricles prior to training, however, 

animals failed to retain their memory of the task (Flexner et al., 1963).  Later experiments 
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demonstrated that retention, but not acquisition, of the memory is affected by blockers of 

protein synthesis, and that retention can be affected as early as 3 hours following training 

(comprehensively reviewed by (Davis and Squire, 1984).  

Concurrently, other groups were studying the effect of protein synthesis in the 

hippocampal slice following LTP induction.  Drawing on work that showed that 

incorporation of radiolabeled amino acids increases following LTP induction (Duffy et 

al., 1981), Stanton and Sarvey (1984) pre-incubated acute hippocampal slices with one of 

three protein synthesis inhibitors or an inhibitor of mRNA transcription.  They then 

induced LTP at the Schaffer collateral pathway using high-frequency stimulation and 

recorded field potentials in the CA1 for at least 30 minutes afterwards.  In slices treated 

with translation inhibitors (emetine, puromycin or the reversible inhibitor 

cycloheximide), high-frequency stimulation mostly prevented LTP induction in a 

concentration-dependent manner.  At concentrations of inhibitor where LTP was only 

occasionally induced, incorporation of radiolabeled 3H-valine was also prevented.  

Because the slices were pre-incubated with the inhibitors, it remained uncertain whether 

translation was required for induction or maintenance of LTP.  Following washout of 

cycloheximide, LTP could be induced and that 3H-valine incorporation could be 

recovered.  Together, these data suggest that protein synthesis is required for the 

maintenance, but not induction, of LTP at the CA3-CA1 synapse in the hippocampus.   

The laboratory of Eric Kandel studied the late phase of long-term potentiation in the CA1 

region of the hippocampus.  Long-lasting potentiation can be induced at the CA3-CA1 

synapse by delivery of three tetanic trains, each separated by 10 minutes.  In the presence 

of an inhibitor of cyclic AMP, the potentiation begins to decay after approximately 30 
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minutes, reaching baseline levels nearly an hour after the tetanus.  When a cell-permeant 

PKA analog (Sp-cAMPS) is applied directly to the slice, a long-lasting increase in fEPSP 

slope is observed in the absence of a tetantic stimulation, termed L-LTP for late long-

term potentiation.  This stimulation and L-LTP mutually occluded each other; L-LTP 

could not be induced following Sp-cAMPS treatment, and Sp-cAMPS failed to increase 

fEPSP slope when L-LTP has been induced.  The presence of anisomycin prevents Sp-

cAMPS from inducing L-LTP (Frey et al., 1993).  This work again demonstrated that 

protein synthesis is required for the long-term maintenance of LTP.   

Several years later, the same laboratory further demonstrated the importance of both 

translation and transcription for long-term facilitation in Aplysia (Martin et al., 1997). In 

Aplysia, facilitation at the synapse responsible for the gill and siphon withdrawal reflex 

has been well characterized.  Briefly, when the siphon is weakly stimulated, the gill will 

weakly withdraw.  Following a noxious stimulus to the tail, however, the same weak 

stimulus elicits a stronger withdrawal response by the gill.  The underlying neuronal 

mechanism for this reflex consists of the sensory neurons of the siphon and the motor 

neurons that signal for the contraction of the gill.  Modulator neurons form serotonergic 

synapses onto the sensory neurons and, when serotonin is released, can promote either 

short- or long-term facilitation (LTF) at the sensory-motor synapse. Expression of LTF 

has significant overlap with LTP expression in the CA1 neuron, including requirements 

for protein kinase activity in the sensory neuron.  These neuronal connections can be 

isolated and studied in a minimal culture.  When a single sensory neuron is cultured in a 

dish with two motor neurons, its axon bifurcates and synapses are formed onto each fiber.  

This creates a two synapse system that allows the investigator to study the effect of 
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synapse-specific plasticity.  Using a puff pipette, five applications of exogenous serotonin 

were applied to one of these two synapses (each application lasting five minutes and 

separated by 20 minute washes in control artificial sea water).  Twenty-four hours after 

stimulation, the EPSP recorded in the stimulated, but not the untreated motor neuron was 

increased significantly, showing that this response was specific to the activated synapse.  

A single five-minute application of serotonin produced an immediate increase in motor 

neuron EPSP, but this increase was not maintained at 24 hours.  Additional experiments 

aimed to refine the time course of the EPSP increase.  Potentiation was prevented if the 

neurons were pre-incubated with transcriptional inhibitor actinomycin D, further 

supporting the hypothesis that transcription is necessary for long lasting LTF in Aplysia. 

The authors then investigated the hypothesis that dendritic protein synthesis precedes 

transcription of new mRNA in the soma.  The protein synthesis inhibitor emetine was 

applied via puff pipette to the same or the opposite motor neuron as the LTF-inducing 

serotonin pulses.  When emetine and serotonin were applied to opposite synapses, the 

EPSP remained increased three hours after serotonin application.  However, if emetine 

and serotonin were applied to the same synapse, the EPSP did not increase.  This 

demonstrated that not only does long-term facilitation in Aplysia require protein 

synthesis, but that protein synthesis is required in a synapse specific manner.  Since LTF 

at the Aplysia sensory-motor synapse is synapse specific, these findings motivated much 

further research on the role of dendritic protein synthesis on synapse specificity of LTP at 

the CA3-CA1 synapse in the hippocampus (Frey and Morris, 1997).   

In hippocampal slices, LTP in CA1 cells is most often induced by stimulating the 

Schaffer collateral axons to fire in a high frequency or theta burst pattern.  However, 
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application of BDNF can also induce a form of synaptic plasticity.  When BDNF is 

applied to the hippocampal slice for thirty minutes, fEPSPs recorded in response to low 

frequency test pulses delivered to the Schaeffer collateral pathway become increased.  

This increase was gradual, taking nearly an hour to reach peak, but lasted for 2-3 hours.  

This potentiation was accompanied by a decreased paired-pulse ratio, which suggests a 

presynaptic component to its expression, such as an increase in presynaptic release 

probability (Kang and Schuman, 1995).  Although BDNF-induced plasticity is not 

induced in the same manner as typical LTP, there is a post-synaptic component which 

shares the same pathway.  When BDNF was locally perfused onto the dendrites of a 

neuron during a weak stimulus train, Ca2+ transients were observed in the postsynaptic 

dendrites, and BDNF-induced potentiation could be prevented when the Ca2+-chelator 

BAPTA was introduced to the neuron via patch pipette (Kovalchuk et al., 2002).  

Synaptic plasticity was still able to be induced by BDNF even when the cell body layer of 

the hippocampus was severed from the dendritic region containing both the apical 

dendrites of the CA1 neurons and the Schaeffer collateral axons from the CA3 cells. This 

suggests that BDNF-induced synaptic plasticity requires protein synthesis, specifically in 

the axo-dendritic compartment (Kang and Schuman, 1996).   

Meanwhile, additional research in the hippocampus identified the mRNA of CaMKIIα as 

being both dendritically localized and translated following activity.  mRNA was localized 

to the dendrites by in situ hybridization probes. Comparison of the subcellular 

localization of CaMKIIα and CaMKIIβ mRNAs, revealed that only CaMKIIα was 

present in the apical dendrites of CA1 neurons (Burgin et al., 1990).  Using this 

information, LacZ reporter constructs containing regulatory regions of the CaMKIIα gene 



17 
 

were created. The LacZ gene product is the enzyme β-galactosidase, which, when treated 

with the reagent x-gal, forms a blue precipitate allowing neurons expressing the transgene 

to be identified readily.  Transgenic animals were engineered to express the LacZ coding 

sequence with the downstream untranslated regulatory region (3’UTR) of the CaMKIIα 

mRNA.  The 3’UTR contains the sequences necessary for the mRNA to be transported 

out of the soma and to prevent its immediate translation; staining for β-galactosidase 

revealed the presence of CaMKIIα mRNA in the dendrites of hippocampal pyramidal 

neurons (Mayford et al., 1996).   

A similar reporter was used to visualize dendritic translation in living neurons following 

stimulation with BDNF (Aakalu et al., 2001).  Dissociated hippocampal neurons in 

culture were transfected with a reporter containing both the upstream and downstream 

regulatory untranslated regions of CaMKIIα and the coding sequence of a GFP modified 

to contain a PEST sequence, targeting the GFP for rapid degradation to ensure that only 

newly synthesized fluorescence was detectable.  Images were obtained at baseline, then 

neurons were treated with BDNF and the same dendrites re-imaged again 60 minutes 

later.  As expected if BDNF activates dendritic protein translation, an increase in GFP 

intensity along the dendrites was observed following BDNF treatment.  This increase was 

prevented when dendrites were treated with anisomycin, a protein synthesis inhibitor, and 

remained when dendrites were severed, either mechanically or “optically” by continuous 

photobleaching, from the soma.  This data, together with previous findings, provide 

strong evidence that dendritic protein synthesis occurs following BDNF-induced synaptic 

plasticity.   
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A number of mRNAs encoding proteins involved in synaptic plasticity, including 

CaMKIIα and GluA1, are present in hippocampal dendrites (Sutton and Schuman, 2006).  

In a transgenic animal in which the 3’UTR of CaMKIIα is deleted in hippocampal 

neurons, CaMKIIα is only present in the soma, suggesting that the 3’UTR is critical for 

dendritic targeting of the mRNA.  Protein levels of CaMKIIα were reduced in the 

hippocampus overall and specifically in the postsynaptic densities of these animals, 

indicating that dendritic translation is responsible for much of the CaMKIIα present in 

dendrites.  Although both basal synaptic transmission and early-phase LTP was normal, 

late-phase LTP was absent.  Animals also performed normally during the acquisition of a 

spatial learning task in the Morris water maze, but poorly in probe trials, indicating that 

they could initially learn the location of the platform but could not remember it 24 hours 

later.  This further supports the hypothesis that dendritic translation of CaMKIIα is 

activated during a learning task and that this translation is required for proper memory 

formation (Miller et al., 2002).  Other experiments used a GluA1 construct labeled with a 

tetracysteine motif that allows a fluorescent dye to irreversibly bind.  The presence of two 

such dyes permits the differentiation between pre-existing receptors and newly 

synthesized ones.  When dissociated hippocampal neurons were transfected with this 

GluA1 construct then treated with an activity-inducing stimulus (the mGluR agonist 

DHPG or high K+-containing saline), an increase in GluA1-containing AMPAR was seen 

at the plasma membrane (Ju et al., 2004).  This increase was even seen when dendrites 

were severed from the soma, demonstrating that GluA1 was synthesized in the dendritic 

compartment, although it has not been conclusively shown that AMPA receptors 
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containing newly synthesized GluA1 subunits are inserted into a stimulated synapse 

following LTP induction.   

The possibility of local translation of dendritic mRNAs has engendered considerable 

excitement for understanding LTP expression, in the narrowest perspective, and perhaps 

even the persistence and specificity of long-term memory.  Up to this point, much data 

supports the hypothesis that mRNA translation is occurring in dendrites following LTP 

induction.  This is especially true when global means of plasticity induction are used, 

such as bath application of BDNF in the intact hippocampus, glutamate stimulation in 

dissociated neuronal cultures, or serotonin pulses in Aplysia.  These experiments serve as 

important evidence that synthesis of new protein may occur within spines following 

potentiation, but do not address the very important question of synapse specificity.  When 

it was first discovered that protein synthesis was occurring in dendrites or even in spines, 

the immediate thought in the LTP field was that local protein synthesis could restrict 

potentiation to only the stimulated spine (Kelleher, III et al., 2004).  This hypothesis has 

long been appealing; however, it has only recently been supported by data in both Aplysia 

and mammalian systems.   

Sensory neurons of Aplysia in culture have been transfected with a fluorescent reporter 

construct containing both 5’UTR and 3’UTR sequences of the protein sensorin, whose 

mRNA is exported from the nucleus into the dendrites, and the coding sequence of a 

photoconvertible fluorescent protein that turns from green to red following excitation 

with a UV light source.  As described, a five pulse serotonin treatment causes long-

lasting facilitation in the sensory neuron, whereas one pulse of serotonin causes a short-

term facilitation that does not require protein synthesis or mRNA transcription.  
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Following five pulses of serotonin—but not when only one pulse is delivered—the 

reporter was translated in dendrites, even after they were severed from the soma (Wang et 

al., 2009).  Reporter protein was only synthesized when LTF, but not when LTD was 

induced, demonstrating that dendritic protein synthesis was specific to the induction 

protocol. When serotonin was applied to individual synapses via puff pipette, reporter 

protein was only observed in the stimulated synapses.  Translation of the reporter did not 

occur when the sensory neurons had been cultured under conditions in which they did not 

make appropriate connections to motor neurons, indicating that synaptic activity is 

required for the synthesis of new protein.  This study thus supports the hypothesis that 

dendritic protein synthesis following LTF is synapse specific.   

As discussed previously, the synapse specificity of long-term potentiation has been 

shown to extend to the level of the single spine (Matsuzaki et al., 2004; Bagal et al., 

2005; Harvey and Svoboda, 2007).  Although the potentiation observed in these initial 

stimulation protocols is not blocked by inclusion of anisomycin in the bath, and is 

therefore independent of protein synthesis, intracellular mediators of synaptic plasticity 

are restricted to the activated spine (Harvey et al., 2008; Lee et al., 2009).  In response to 

other, stronger LTP induction protocols, in contrast, protein synthesis does appear to be 

required for maintenance of LTP at the level of the single spine.   

Some laboratories (Matsuzaki et al., 2004), but not all (Bagal et al., 2005), have shown 

that an LTP-inducing stimulus (the uncaging of MNI-glutamate or a stimulation of the 

Shaffer collateral pathway) induces a rapid 50% increase in the volume of the spine head.  

This volume increase is present only in the stimulated spine head (in the case of an 

uncaging event), and, although there is a small long-lasting component, most of the 
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volume change is transient.  This transient response is consistent over several stimulation 

protocols, and is blocked by KN62, a CaMKII inhibitor, and AP5, an NMDAR 

antagonist.  When postsynaptic depolarization is paired with an uncaging event, a larger 

amplitude of LTP is induced at the stimulated spine and the spine head swells, as for the 

weaker stimulus, but it continues to increase in size over several minutes, finally 

doubling in volume (Tanaka et al., 2008).  The authors hypothesized that a BDNF- and 

protein synthesis-dependent mechanism was activated under these conditions.  When a 

low concentration of BDNF was applied, no changes in spine volume were observed 

unless glutamate was also uncaged at the head of a spine.  Unfortunately, no specific 

antagonists of the BDNF receptor trkB are available to test whether the difference in the 

results obtained with the two stimulus patterns was due to differences in BDNF secretion.  

However, to test the involvement of BDNF, commonly used inhibitors were applied to 

the slice while LTP was induced by the pairing protocol, including k252a, a pan-tyrosine 

kinase inhibitor; an anti-trkB antibody, to prevent secreted BDNF from accessing the 

trkB receptor; and trkB-Fc, a protein construct that binds secreted BDNF and prevents it 

from acting on the BDNF receptor.  In the presence of all these blockers, or protein 

synthesis inhibitors, spine head enlargement in response to the strong stimulus protocol 

was indeed prevented.  Although this data is somewhat flawed because the LTP induction 

paradigm varies—slightly but significantly—between spines that received BDNF and 

those that did not, it suggests a role for BDNF in the protein synthesis-dependent 

enlargement of spine heads following LTP.   

Other experiments attempted to induce LTP in a more physiologically relevant way.  

Building on work demonstrating the importance of PKA activation for late-phase LTP 
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induction (Frey et al., 1993), the adenylate cyclase activator forskolin was added to the 

bath and LTP was induced at individual spine heads using two-photon uncaging of 

glutamate (Govindarajan et al., 2011).  In these experiments, activated spines increased in 

size and maintained this increase for several hours.  Size increases were prevented when 

anisomycin was also included.  When forskolin was omitted, activated spines still 

increased in size, however, this increase was neither dependent on protein synthesis, nor 

was it long-lasting.  The authors further tested the hypothesis that a weaker stimulus can 

result in a synapse being potentiated if the weak stimulus occurs in close temporal 

proximity to a stronger stimulus to a nearby synapse.  Indeed, when multiple spines were 

stimulated, both spines underwent a protein synthesis-dependent size increase, even if 

forskolin was only present for one of the two stimuli.  This suggests that the availability 

of newly synthesized proteins is spatially restricted along the dendritic shaft, but not only 

to the synapses whose activity drives their synthesis.   

Unfortunately, none of these experiments have been able to actually show protein 

synthesis following single spine activation.  Therefore, several questions remain open 

regarding local protein synthesis and its role as a regulator of synapse specificity.  First, 

are new proteins synthesized in activated spines or in neighboring dendritic shaft 

compartments?  How locally restricted is protein synthesis following activation of a 

single spine?  Finally, by what mechanism is local protein synthesis activated?  This 

thesis aims to address each of these questions.   
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mRNA TRANSLATION 

The bulk of the work discussed thus far has focused on the protein synthesis-dependent 

phase of LTP.  Observations described above in the LTP field of the requirement for 

rapid protein synthesis that occurred in a dendritic compartment separate from the 

nucleus, were difficult to reconcile with both experimental evidence and widely held 

views in the field of molecular biology.  Since the discovery of the structure of DNA in 

1953 by Watson and Crick, the “central dogma” of molecular biology states that DNA 

encodes for RNA which encodes for protein.  This suggests that RNA is a transient and 

required, but relatively faithful and invariable, intermediate stage between DNA and 

protein.  More recently, however, it has been shown that mRNA translation is an actively 

regulated process.   

In the nucleus, RNA polymerases bind to the upstream sequence of DNA, and additional 

modifiers of transcription bind both nearby and further upstream.  Proximal control 

elements are generally considered to be a part of the core transcription initiation 

machinery and include TATA-box, CAAT box, and GC box elements, each named for 

the DNA sequence to which enhancer proteins can bind.  Further upstream, response 

elements can be found.  These sequences consist of the DNA sequences that bind to 

transcription factors commonly triggered by cellular activity in the cytoplasm.  These 

transcription factors enter the nucleus, usually following phosphorylation or another such 

modification permitting a nuclear entry site to become accessible, and bind to DNA, 

promoting the binding and increased activity of RNA polymerases.   

After it is transcribed, the immature RNA transcript is processed to its mature form.  To 

prevent degradation of the new RNA transcript, modifications are made to both the 5’, or 
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upstream, and the 3’, or downstream, ends of the newly synthesized RNA.  A so-called 

“cap,” consisting of a methylated guanosine nucleotide, is added to the 5’ end of the 

RNA either during or immediately after transcription.  On the 3’ end, an enzyme called 

poly(A)polymerase adds a long series of adenosine ribonucleotides.  The entire sequence 

of DNA is reliably encoded into the RNA transcript.  Parts of this sequence, called 

introns, are then excised in a process known as splicing, leaving only the coding 

sequence, consisting of exons; the coding region remains flanked by the regulatory 

5’UTR and 3’UTR.  Some mRNA sequences can undergo what is known as alternative 

splicing, where the exons that remain after splicing are different and encode for different 

forms of the final protein product.  Alternative splicing and another process called RNA 

editing, in which ribonucleotides can be changed, can thus alter the final sequence of the 

resultant protein.   

At this point, the mRNA is mature and is exported from the nucleus.  Typically, these 

mature mRNA were thought to be translated relatively nearby the nucleus.  In many types 

of large, asymmetric cells, including budding yeast, dividing oocytes, and fibroblasts in 

addition to neurons, subcellular compartments display distinct mRNA profiles.  This 

suggests that mRNA is differentially targeted and actively transported.  Sequences within 

the 3’UTR of mature mRNA encode for RNA-protein interaction domains that promote 

binding to RNA binding proteins (Ross et al., 1997; Bullock and Ish-Horowicz, 2001), 

forming ribonucleoprotein complexes.  These complexes, containing mRNA species 

bound to RNA binding proteins but also ribosomes and translational initiation factors,  

can then be packaged into large granule vesicles, and transported along the cytoskeleton 

by cytoskeletal motor proteins (Kanai et al., 2004).   
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REGULATION OF mRNA TRANSLATION IN DENDRITES 

mRNA alone is insufficient for the production of new protein.  What happens once the 

vesicles containing ribonucleoprotein complexes are appropriately targeted to the 

dendritic compartment?  Electron microscopy, along with immunohistochemical staining, 

demonstrated that endoplasmic reticulum and Golgi apparatus, necessary cellular 

machinery for protein synthesis, are present in dendrites in cortex (Gardiol et al., 1999).  

When isolated dendrites were transfected with mRNA encoding for EGFP, GFP 

fluorescence could be detected and was localized to “hot spots” within the dendrites.  If 

these isolated dendrites were treated with protein synthesis inhibitors, translation was 

prevented and no fluorescence was observed (Job and Eberwine, 2001a).  Electron 

microscopy has been performed to study protein synthesis machinery in the CA1 region 

of the hippocampus.  Ribosomes are observed at the base of many dendritic spines, 

particularly large spines (Spacek and Harris, 1997).  When a tetanic stimulation is 

delivered to the CA1 region and slices are immediately fixed and processed for EM 

imaging, a greater number of polyribosomes are detected in the heads of more spines, 

suggesting that ribosomes move into spines following LTP (Ostroff et al., 2002).  

Synthesis of new proteins, including glutamate receptors, can even occur in dendrites that 

have been severed from the soma (Kacharmina et al., 2000; Ju et al., 2004).   

Ribonucleoprotein particles (RNPs) are present in dendrites and include coding mRNAs, 

non-coding microRNAs, mRNA binding proteins and motor proteins required to 

transport the complex to the dendrites from the soma (Sutton and Schuman, 2006).  It is 

hypothesized that synthesis could be restricted to only activated dendritic spines, so as to 

maintain synapse specificity, but the more recent work discussed above suggests that it 
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may take place across larger local dendritic regions and contribute to synaptic tagging, 

synaptic cross-talk, and other local inter-synaptic interactions.  Newly synthesized 

proteins can diffuse within the ER but are generally spatially restricted at branch points 

and are retained in spiny dendritic regions. When a mutation is introduced to a 

fluorescent membrane-targeted reporter that restricts it from exiting the ER, the reporter 

is heterogeneously expressed.  Diffusion of the reporter is restricted between branch 

points and within dendritic regions containing many spines; using electron microscopy, 

these regions of restricted diffusion were shown to contain more complex ER cisternae 

(Cui-Wang et al., 2012).   

 

RNA BINDING PROTEINS 

The presence of mRNA in dendrites, together with the machinery needed for protein 

synthesis, suggests that most dendritic mRNAs are present in a repressed state. Dendritic 

protein synthesis in response to LTP-inducing stimuli thus requires de-repression of these 

mRNAs.  mRNAs in the dendrites are bound by RNPs that include cytoplasmic 

polyadenylation element binding protein (CPEB). Following an appropriate signal, 

activation of protein kinases phosphorylates CPEB, causing the complex to unbind, 

thereby removing translational repression and allowing protein synthesis (Atkins et al., 

2004).   

As stated earlier, CaMKII is required for both the induction of protein synthesis-

independent and -dependent forms of LTP and for its maintenance.  Direct 

phosphorylation of key substrate proteins, like the GluA1 subunit of the AMPA receptor, 

are likely to explain CaMKII’s role in protein synthesis-independent LTP, but how does 
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CaMKII activity regulate protein synthesis?  CaMKII has been implicated in the activity-

induced de-repression of translation in dendrites by phosphorylating CPEB and 4E-BP1, 

respectively (Richter and Sonenberg, 2005); CaMKII-mediated phosphorylation of CPEB 

may be inadequate to initiate translation, however. Vickers et al. (2005) found that the 

mTOR inhibitor rapamycin was sufficient to prevent late phase LTP in isolated 

hippocampal dendrites, suggesting that mTOR is also required.  Like CaMKII, mTOR 

activity can promote de-repression of mRNA translation by phosphorylating 4E-BP1.  

4E-BP1 is an inhibitory regulatory protein that binds to eIF-4E, the major cytoplasmic 

cap-binding protein, and prevents translation by restricting the ability of eIF-4E to bind to 

other translational initiators. When LTP is induced, mTOR is rapidly activated and 

phosphorylates 4E-BP1 and other proteins (Cammalleri et al., 2003).  Phosphorylated 4E-

BP dissociates from eIF-4E, allowing for the recruitment of the initiation factor eIF-4G.  

mTOR also phosphorylates S6K, which promotes translation by phosphorylating other 

proteins such as eEF2K, an elongation factor and eIF4B, part of the initiation complex 

(Zoncu et al., 2011).  Thus, both S6K and 4E-BP1 phosphorylation states are critical for 

downstream activation of dendritic protein synthesis.   

There is evidence that initiation of translation by activation of the RNA binding protein 

CPEB contributes to learning. The CPEB binding site is located at the most 3’ section of 

the CaMKII UTR (Wells et al., 2001). Wells et al. fused this short section of the 3’UTR 

to a GFP to create a reporter of mRNA de-repression. Application of glutamate to cells 

expressing this construct caused an increase in GFP fluorescence in dendrites.  When the 

CPEs were mutated to prevent binding of CPEB, however, resting GFP expression was 

higher and did not increase following glutamate treatment.  This suggests that CPEB is 
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important for repressing mRNA translation and promoting activity-dependent protein 

synthesis in dendrites.   

The role of CPEB-dependent mRNA de-repression in learning and memory was studied 

further by generating mice in which CPEB1 was genetically deleted.  In acute 

hippocampal slices prepared from CPEB1 knockout mice, LTP could not be induced by 

typical theta burst stimulation protocols (Alcaron et al., 2004). CPEB1 knockout mice 

also had subtle behavioral learning deficits.  When tested in the Morris water maze, they 

could learn the location of the hidden platform at a similar rate to wild-type controls.  But 

when the platform location was changed, CPEB1 knockout animals could not adapt to 

this change and learn the new platform location, unlike wild type controls (Berger-

Sweeney et al., 2006).  Other laboratories generated mice in which two phosphorylation 

sites of CPEB1 were mutated to a non-phosphorylatable alanine residue (T171A and 

S177A) in only cerebellar Purkinje neurons.  Although these sites are phosphorylated by 

CaMKII in CA1 neurons, in Purkinje neurons they are phosphorylated by Aurora A 

kinase (Atkins et al., 2004; Atkins et al., 2005).  Purkinje cells in animals with phospho-

null CPEB1 had an increase in spine density, specifically an increase in the number of 

long, thin spines.  They also displayed deficits in cerebellar LTD, a process that has 

significant overlap with hippocampal LTP, and in a behavioral task that measures motor 

coordination and that cerebellar LTD has been shown to underlie (McEvoy et al., 2007).   

The data from CPEB1 knockout mice were somewhat surprising, because it was 

predicted that LTP could not be induced in these animals and that they would fail to learn 

in the Morris water maze task.  However, data showing that CPEB1 phospho-null 

mutants fail to undergo cerebellar LTD or learn a motor task provide direct evidence that 



29 
 

phosphorylation of CPEB1 is critical in de-repression of mRNA translation and learning 

under some conditions.  It is unfortunate that a mouse expressing the phospho-null 

CPEB1 in CA1 pyramidal neurons has not been generated, because these animals would 

allow a direct test of the hypothesis that CPEB1-mediated mRNA repression is required 

for LTP in CA1 neurons, as well as spatial learning tasks.   

Another critical mRNA transport and repression protein is FMRP, the Fragile-X Mental 

Retardation Protein, which is encoded for by the Fmr1 gene.  Normal Fmr1 is transcribed 

in the soma and its mRNA is transported to the dendrites, where it is translated. FMRP is 

also an RNA binding protein that, much like CPEB, binds to mRNA, transporting mRNA 

to dendrites and preventing translation.  In patients with Fragile-X disorder, mutations in 

the Fmr1 gene cause an expansion repeat in the 5’UTR that prevents mutant Fmr1 

mRNA from being transcribed.  As a result, many FMRP target mRNAs are likely to be 

incorrectly transported or translated (Bagni and Greenough, 2005).  In the brains of 

patients with this disorder, spine density is higher due to an overabundance of immature, 

filopodia-like spines.  Fmr1 knockout animals are not perfect models of Fragile-X 

disorder in patients because they do not replicate the expansion repeat; however, these 

animals do exhibit delayed maturation of hippocampal spines and deficits in synaptic 

plasticity, specifically a lack of mGluR-dependent LTD (Huber et al., 2000; Nimchinsky 

et al., 2001).  The relationship between mRNA translation regulated by FMRP and other 

RNA binding proteins is outside the scope of the current project, but highlights the 

importance of this process in human learning and cognitive function.   

A failure to learn is at the heart of many devastating forms of mental illness and 

disabilities, such as autism and Fragile X syndrome. It has been hypothesized that 
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disordered dendritic translation occurs in the brains of individuals with autism spectrum 

disorders, and several genes linked to autism are either trafficked to dendrites as 

repressed mRNAs or encode for proteins that repress translation of dendritic mRNAs 

(Kelleher, III et al., 2004).  This underscores the importance of dendritic translation to 

learning and memory.  

 

HYPOTHESES AND PREDICTIONS 

Rationale.  Long-term potentiation is widely considered the cellular basis of learning and 

memory.  In the rodent hippocampus, LTP can be readily induced and persistently 

maintained for many hours to days.  Late-phase LTP in hippocampal CA1 neurons 

requires protein synthesis.  Many important mRNAs are transported from the nucleus into 

distal dendrites, where all the machinery for protein synthesis is present.  Dendritic 

mRNAs are not translated immediately, however, because they are bound by repressing 

complexes.  Following an LTP-inducing stimulus, the repressing complexes are released 

and protein translation occurs.  Although many dendritic mRNAs have been identified, 

the time course and biochemical mechanism of translation initiation is not clear.   

Hypothesis 1. I hypothesize that local increases in protein synthesis following global LTP 

induction are caused by relief of CPE- and mTOR- dependent repression of translation of 

dendritic mRNAs.    

As described in Chapter three of this thesis, I created a fluorescent reporter molecule that 

would allow me to determine the time course of dendritic mRNA translation, along with 

the requirements of its induction.  To validate the model, I confirmed that translation of 
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the reporter would be induced rapidly following a globally applied LTP stimulus (so-

called cLTP), that its activation would be transient, and that its activation would be 

prevented by blocking NMDA receptors, CaMKII, PKA, and protein synthesis.  I 

predicted that a fluorescent construct modified to prevent binding of CPEB would not be 

translationally repressed and would not further increase translation following cLTP 

treatment.  I also predict that, if activity of mTOR is required, rapamycin will block 

translation of the reporter.  To confirm that translation of the reported occurred in 

dendrites, I utilized immunohistochemistry with an antibody against the phosphorylated 

(i.e. activated) form of 4E-BP1, a target of mTOR.  I predict that p4E-BP1 will be 

increased following cLTP and limited when LTP is prevented.   

Once I characterized the time course and mechanistic requirements for dendritic protein 

synthesis, I focused on the spatial profile of translation relative to the site of LTP 

initiation.  Despite some experiments showing that protein synthesis occurs following the 

induction of LTP at a single spine, the extent of protein translation following single spine 

LTP is unknown.  To the extent that protein synthesis following LTP is local, it could 

provide the molecular basis for the synaptic specificity of LTP.   

Hypothesis 2. I hypothesize that spine-specific translation, mediated by the de-repression 

of specific translational inhibitors in a single activated spine, accounts for the synapse 

specificity of L-LTP.  

As described in Chapter 4, I used microphotolysis of caged glutamate in an attempt to 

induce spine-specific LTP in CA1 neurons of the hippocampus and visualize the temporal 

and spatial distribution of newly synthesized reporter proteins, as well as investigate the 

signal transduction pathways regulating dendritic protein synthesis. I created a second, 
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novel reporter construct with limited diffusion to test these hypotheses, and I tested the 

activation of dendritic markers of protein synthesis following single-spine activation.  I 

predicted that spine-specific translation, assayed by either reporter translation or 

phosphorylation of 4E-BP1, would be activated following single spine LTP induction.   
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CHAPTER TWO: GENERAL METHODS 

 

PREPARATION OF HIPPOCAMPAL SLICE CULTURES 

Hippocampal slice cultures were prepared from 5-7 day-old rat or transgenic mouse pups 

using the roller tube method (Gähwiler et al., 1997; Figure 2.1; Appendix A).  In some 

experiments, transgenic mice expressing green fluorescent protein (GFP) under the 

control of the Thy1 promoter were used (Thy1-GFP m line; Feng et al., 2000).  In these 

mice, GFP is robustly expressed in approximately 1% of CA1 neurons in the 

hippocampus, allowing individual neurons and spines to be easily identified and imaged.  

The hippocampi are dissected under aseptic conditions in a tissue culture hood into cold 

Gey’s balanced salt solution, supplemented with glucose (Figure 2.1A).  They were then 

transferred to a McIlwain tissue chopper and cut into 400µm transverse slices (Figure 

2.1B).  The slices were then transferred to a dish containing Gey’s supplemented with 

glucose and kynurenic acid (30µM), an inhibitor of ionotropic glutamate receptors to 

minimize cell death due to excitotoxicity.  Slices were separated and allowed to rest for 

approximately 30 minutes.  Reconstituted chicken plasma (10µl, Cocalico) and 

reconstituted fibrin (6µl, Baxter Tisseel) were placed in a drop on poly-L-lysine-coated 

glass coverslips, and a single hippocampal slice was placed onto each coverslip (Figure 

2.1C).  The chicken plasma and fibrin were mixed together with thin spatulae and the 

excess removed.  Finally, a 10µl drop of fibrin was placed on top of the hippocampal 

slice to form the clot.  This process was repeated for 10 - 30 healthy slices from each 

animal, and the coverslips were then placed into specialized culture tubes which have a 
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flat surface against which the coverslip rested (Figure 2.1D).  Culture tubes were filled 

with 750µl serum-containing media (50% Basal Medium Earle’s, 25% Hank’s balanced 

salt solution, 25% horse serum, supplemented with glucose), and cultures were placed 

into a roller-drum at 36°C for >14 days (Figure 2.1E).  An anti-mitotic treatment (FUA: 

cytosine-β-D-arabino-funanoside, 30ng/ml; uridine, 30ng/ml; 5-Fluro-2’-deoxyuridine, 

30ng/ml; 20µl/culture) was applied after 2-3 days in vitro to prevent overgrowth of 

microglia, which can obscure the culture and make visualization difficult.  Culture media 

was replaced once weekly to ensure the health of the culture.  While the cytoarchitecture 

of the hippocampus remains intact in the slice culture, the slices become thinner as 

unhealthy cells are sloughed away, making them ideal for epifluorescence imaging 

(Figure 2.1F).  Mature cultures maintain and develop cellular connections and develop 

mature synaptic spines.  Slices were used for experimentation at DIV 15 or later (Figure 

2.1G), a time at which synaptogenesis is largely complete (McKinney et al., 1997).   

Cultured slices were placed in a submerged recording chamber on the stage of an up-right 

microscope (Nikon) with DIC optics and perfused with oxygenated physiological saline 

(in mM, 137 NaCl, 2.8 KCl, 0.4 NaH2PO4, 5.6 glucose, 23.2 NaHCO3, 2.5 CaCl2, 1.5 

MgCl2, 2 HEPES) at 35°C via an inline perfusion heater (Warner Instruments).   Drugs 

were bath-applied, where noted, at concentrations determined from the literature.  

Epifluorescence was imaged with a CCD camera (Hamamatsu Orca ER II, effective pixel 

size = 0.108 µm2) controlled by Simple PCI software (Compix, Inc). Images were 

acquired every 5-20 minutes for the duration of experiments.   

  



 

Figure 2.1.  Preparation of organotypic hippocampal slice cultures. 

A. Diagram of the mouse pup

B. A tissue chopper is used to prepare transverse s

400 µm-thick sections are mounted onto a coverslip and embedded in a plasma clot 

before placement into a flat

medium in tubes placed into a roller drum 

cultures thin out to approximately 50 µm

DAPI stained culture after 

clearly distinguishable in these cultures 

hippocampus is maintained in organotypic hippocampal slice cultures (Gähwiler, 1997).
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Figure 2.1.  Preparation of organotypic hippocampal slice cultures.  

mouse pup brain from which the hippocampus is surgically removed. 

A tissue chopper is used to prepare transverse sections of the hippocampus. 

sections are mounted onto a coverslip and embedded in a plasma clot 

before placement into a flat-sided culture tube (D). E. Cultures are incubated in culture 

edium in tubes placed into a roller drum at 37°C. F. After incubation for two weeks

cultures thin out to approximately 50 µm and the clot above the culture is lysed

after 14 days in vitro showing that the hippocampal layers are 

clearly distinguishable in these cultures and that the cytoarchitectural organization of the 

hippocampus is maintained in organotypic hippocampal slice cultures (Gähwiler, 1997).

 

campus is surgically removed. 

ections of the hippocampus. C. The 

sections are mounted onto a coverslip and embedded in a plasma clot 

Cultures are incubated in culture 

After incubation for two weeks, 

and the clot above the culture is lysed. G. A 

he hippocampal layers are 

that the cytoarchitectural organization of the 

hippocampus is maintained in organotypic hippocampal slice cultures (Gähwiler, 1997).  
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INDUCTION OF GLOBAL LTP 

In some experiments, a chemical LTP (cLTP) solution is applied to the slice culture 

(Otmakhov et al., 2004).  This solution contained 4mM CaCl2 and 0mM MgCl2 to 

promote NMDA receptor-mediated Ca2+ influx, 2mM HEPES, 100µM picrotoxin to 

block inhibitory GABAA receptors, 50µM forskolin and 100nM rolipram to activate PKA 

and inhibit phosphodiesterase.  When this combination is delivered to a hippocampal 

slice culture, the slope of fEPSPs recorded in CA1 is reported to be increased 

significantly both during the stimulation and for up to two hours after wash out, 

indicating that synaptic transmission is increased in the post-synaptic cells (Otmakhov et 

al., 2004).  Fiber volley amplitude, a measure of the number of presynaptic axons firing 

action potentials, is reported to increase slightly as well, but only for the duration of the 

cLTP treatment, perhaps due to the reduction in inhibitory transmission caused by 

picrotoxin.  When slices are incubated with AP5 for the 15 minutes prior to and for the 

duration of cLTP treatment, a transient increase in fEPSP was reported, lasting for less 

than one hour, but no LTP.  Further work has shown that treatment with cLTP induces 

the insertion of both GluA1- and GluA2-containing AMPA receptors at spine heads in 

hippocampal slice cultures (Kopec et al., 2006).  In some experiments I therefore used 

this solution to induce global potentiation of many synapses within the whole culture.   
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PHOTOLYSIS PROCEDURES 

In other experiments, glutamate photolysis was used to deliver a targeted stimulation to a 

single synapse.  As in previous work (Bagal et al., 2005), a 355nm, 5W diode-pumped 

solid-state Nd:vanadate laser system with Q-switch was used (DPSS Lasers, San Jose, 

CA); laser pulse duration was controlled by pClamp software (Invitrogen, Carlsbad, CA). 

The laser beam was focused through a multimode quartz fiber to an image plan conjugate 

with the preparation (Figure 2.2). The location and focus of the beam was determined by 

continuous excitation of a glass slide coated with a uniform fluorescent dye.  The beam 

was then positioned with micromanipulators to a known central location within the field 

of view through a 60x (1.0 NA) water immersion objective of an upright epifluorescence 

microscope (Nikon Eclipse).  The laser spot was focused so that the diameter of the spot 

was ≤1 micron, the approximate size of a single glutamatergic spine head (Figure 2.3A).  

In my experiments, the UV laser was focused to a small spot size, near the diffraction 

limit for the microscope system (d=1.22λ/NA; λ=355nm, NA=1.0um; thus 

d=1.22*355/1=433.1nm).  The measured spot size was approximately 1um, measured at 

full-width half-maximum.  Caged glutamate [N-(6-nitro-7-coumarylmethyl)-L-glutamate] 

was applied at 1 mM and was supplied by our collaborator Dr. J. P. Y. Kao (Maryland 

Biotechnology Institute). Under these conditions, a single laser pulse reliably excites a 

single synapse and LTP can be induced (Bagal et al., 2005; Mattison, 2010; Figure 2.3B, 

C).   



 

Figure 2.2. Diagram of a Simultaneous Photolysis and Live Imaging 

A diode-pumped solid state laser provides UV light (355nm), which is focused into a 

quartz fiber through the lens assembly and the microscope objective onto the specimen.  

The fluorescent light from a conventional mercury arc lamp (HBO lamp) i

through a shutter  and an 

(DM) allow both the UV laser light and the fluorescent light from the arc lamp to 

illuminate the sample and permit the emitted light to pass 

to the CCD camera to be collected.  
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Figure 2.2. Diagram of a Simultaneous Photolysis and Live Imaging Apparatus.  

pumped solid state laser provides UV light (355nm), which is focused into a 

quartz fiber through the lens assembly and the microscope objective onto the specimen.  

The fluorescent light from a conventional mercury arc lamp (HBO lamp) i

and an excitation filter (Ex) to the specimen.  Two dichroic mirrors 

allow both the UV laser light and the fluorescent light from the arc lamp to 

illuminate the sample and permit the emitted light to pass through an emiss

to the CCD camera to be collected.   

 

 

Apparatus.   

pumped solid state laser provides UV light (355nm), which is focused into a 

quartz fiber through the lens assembly and the microscope objective onto the specimen.  

The fluorescent light from a conventional mercury arc lamp (HBO lamp) is directed 

to the specimen.  Two dichroic mirrors 

allow both the UV laser light and the fluorescent light from the arc lamp to 

through an emission filter (EM) 
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Figure 2.3.  UV laser microphotolysis of caged glutamate induces LTP at a single spine.   

A. The UV laser spot was targeted <1µm away from one spine head in a CA1 pyramidal 

cell in a hippocampal slice culture filled with a red dye (Alexa568). B. Following a 

single, brief (1 ms) UV glutamate microphotolysis pulse in Mg2+-free extracellular saline, 

Ca2+ entry was restricted to the targeted spine, as measured by increases in emission from 

the Ca2+-sensitive dye Fluo4.  This indicated that there was no activation of NMDARs at 

adjacent spines or dendritic regions. C. If a single, brief UV pulse for microphotolysis of 

caged glutamate in Mg2+-containing saline is paired with injection of depolarizing 

current, a long-lasting increase in the amplitude of the microphotolysis response is 

induced (black circles), whereas single pulses in the absence of depolarization fail to alter 

microphotolysis responses (open circles)(Bagal et al., 2005). Scale bar = 1µm. 



 

Figure 2.3.  UV laser microphotolysis
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Figure 2.3.  UV laser microphotolysis of caged glutamate induces LTP at a single spine.  

 

 

of caged glutamate induces LTP at a single spine.   
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FLUORESCENT REPORTER CONSTRUCTS 

To create reporter constructs, routine subcloning has been performed (Figure 2.4).  The 

initial CPE constructs, both wild-type and mutant, were obtained by a generous gift from 

David Wells at Yale University, as described in Wells et al. (2001).  These constructs 

contained the coding sequence of GFP under the control of the CMV promoter and a 

short region of the 3’UTR of CaMKIIα (either wild-type or mutated to prevent binding to 

CPEB).  Using preexisting restriction enzyme sites, the GFP sequence was excised and 

the coding sequence of the fluorophore Timer (obtained from Clontech), which changes 

its fluorescent emission from red to green as it matures, was ligated into both the wild-

type CPE and mutant CPE vectors (Figure 2.4A-B).  For later experiments, in which 

restricting the spatial diffusion of the reporter protein was necessary, other reporter 

constructs were created.  First, the coding sequence of EosFL-wt, a photoconvertable 

fluorophore, was digested from the initial backbone.  Then, I introduced either the coding 

sequence for a PDZ ligand or a CaaX domain, followed by a stop codon and a restriction 

enzyme sequence via PCR (Figure 2.4C-D).  Finally, both of these inserts were then 

ligated into both the CPE-wt and CPE-mutant backbones, creating four new constructs.  

All constructs were sequenced by the University of Maryland Bioinformatics Core 

Facility using primers for the appropriate vector.   
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Figure 2.4. Progression of the CPE-containing reporter sequence.   

A. The original reporter was a generous gift from David Wells (2001).  B. The reporter 

was modified to include a fluorescent protein, Timer, that changes its emission from 

green to red as it matures (Terskikh et al., 2000).  This fluorophore was digested from the 

Clontech vector using the restriction enzymes NheI and XhoI and ligated to the CPE 

backbone after GFP was excised using the same enzymes.  C. For the second reporter 

construct, the photoconvertible fluorophore Eos was excised from its vector using 

NheI/XhoI and ligated into the same CPE backbone.  D. Eos was modified to restrict its 

spatial diffusion.  A long PCR primer was designed containing the Eos sequence to 

ensure annealing and the desired sequence (a geranylgeranyl prenylation site to promote 

membrane anchoring).  Once these PCR products were created and purified, they were 

ligated into the CPE backbone. Similar constructs were made starting with other reporters 

made by David Wells in which the CPE sequence was modified (CPEmut) so that it 

cannot bind CPEB. 

 

  



 

Figure 2.4. Progression of the CPE
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Figure 2.4. Progression of the CPE-containing reporter sequence.   
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BIOLISTIC GENE TRANSFECTION 

Once confirmed, cDNAs of all constructs described above were transfected biolistically 

into mature hippocampal slice cultures (DIV > 14) using a Biorad gene gun (McAllister, 

2000; Figure 2.5; BioRad, Hercules, CA). Briefly, 1 µm gold particles were coated with 

spermidine and sonicated to isolate individual particles.  Plasmid DNA was added (25µg) 

and CaCl2 was used to precipitate the cDNA onto the pellets.  The cDNA-coated gold 

particles were then treated with polyvinylpyridine, which promotes their adherence to the 

plastic walls of Tygon tubing.  The tubing was dried with N2 gas to remove any traces of 

liquid and cut into small segments that fit into the chamber of the Biorad gene gun.  

Bullets were allowed to dry for at least one day before being fitted into the gene gun 

chamber.  When transfecting the slice culture, the culture is removed from the media-

containing tube under aseptic conditions.  A protective solution was applied (5ul) 

containing the glutamate receptor antagonist kynurenic acid (60 µM) and a high 

magnesium concentration (10mM) to minimize excitotoxicity.  The barrel of the gene 

gun was placed 1cm away from the culture and a screen with 90µm openings was secured 

between the gene gun and the culture.  A brief burst of 200psi Helium gas was used to 

expel the cDNA-coated gold particles into the culture.  The culture was placed back into 

the tube rapidly.  The cultures then remained in the incubator for 36-48 hours to allow for 

expression of the transgene.  
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Figure 2.5. The Bio-Rad Helios Gene Gun system.  

After gold microcarriers are coated with a cDNA of interest and attached to the inner wall 

of a cartridge made from a short piece of Teflon tubing, slice cultures are transfected by 

forcing pressurized helium with a pressure of 200 psi into the cartridges. The helium 

ejects the gold particles through a nylon mesh suspended above the slice culture by a 

Plexiglas stage, designed to reduce damage caused by the pressure shock wave in the 

tissue. The gold enters the cell bodies of the top layers of tissue and the cDNA is 

expressed in 0-10 neurons per culture within 24-48 h. 
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IMMUNOHISTOCHEMISTRY 

Immunohistochemistry of slice cultures was performed as done previously in my lab 

(Nestor et al., 2007; Appendix B). Slice cultures were fixed overnight in 4% 

paraformaldehyde in 0.1M phosphate buffered saline.  They were then stored in 0.1M 

phosphate buffered saline (PBS) until use.  Slice cultures remained in the tube and were 

washed in a blocking solution (PBS + 0.4% Triton-X 100 (Sigma) + 1% BSA (Sigma)) 

for 5-8 hours.  Primary antibodies were diluted in the blocking solution at the 

concentrations listed in Appendix B and incubated overnight (16-18 hours) at room 

temperature.  Cultures were then washed three times with the blocking solution for 15 

minutes each.  Cultures were incubated with secondary antibody of the appropriate 

species and fluorophore for 90 minutes, washed three times with the blocking solution for 

15 minutes, then washed three times for 15 minutes with PBS and mounted onto glass 

microscope slides with fluorescent mounting media.  They were then allowed to dry prior 

to confocal imaging.  Confocal imaging was performed using an inverted Zeiss Duo Live 

laser scanning microscope equipped with a 63x/1.4NA oil immersion lens, controlled by 

Zen 2009 software.   
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CHAPTER THREE: DENDRITIC PROTEIN TRANSLATION 

FOLLOWING GLOBAL LTP INDUCTION.   

 

INTRODUCTION 

It has been shown previously that dendritic protein synthesis is initiated in hippocampal 

cells following robust stimulation with bath applied glutamate and high K+ (Wells et al., 

2001; Ju et al., 2004). However, these studies used freely diffusible GFP as a fluorescent 

marker, allowing newly synthesized reporter to rapidly diffuse away from the site of 

synthesis and preventing any study of synapse specificity.  Quantification is also an issue 

with the use of freely diffusible fluorophore, as the definition a baseline value becomes 

critical.   

Other means of inducing activity, such as bath application of BDNF, have also been used, 

but the physiological relevance of these measures is unclear (Aakalu et al., 2001; Tang et 

al., 2002).  As discussed in Chapter One, BDNF may induce potentiation by increasing 

postsynaptic calcium concentration thereby promoting CaMKII activity, as in classical 

hippocampal LTP, but it also acts through presynaptic mechanisms to increase the 

neurotransmitter release probability, unlike LTP.  Because of these differences between 

BDNF-induced potentiation and physiological LTP, some phenomena may occur in 

BDNF-induced plasticity that may not occur in physiological LTP, complicating 

interpretation of such experiments.  Additionally, many of these studies have been 

performed in dissociated neuronal cultures, in which it is not possible to induce LTP.  

Although these cultures do form and maintain functional, mature synapses and undergo 
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normal synaptic transmission and are therefore useful for studying some properties of the 

synapse, physiological LTP may be mechanistically similar to, but not exactly the same 

as, the increase in synaptic activity that can be induced in dissociated neuronal cultures 

by means such as an increase in K+ concentration, which increases neuronal activity and 

NMDA receptor activation by depolarizing the neurons.  Thus, very little is known about 

the spatial and temporal profile of the synthesis of new proteins in the dendrites of CA1 

hippocampal neurons in response to physiologically relevant LTP-inducing stimuli.   

Hippocampal slice cultures are an ideal preparation for imaging-based studies of synaptic 

plasticity because they are thin, allowing for excellent visualization of dendritic spines in 

living cells with epifluorescence microscopy; because they can be transfected readily 

with biolistic techniques, allowing introduction of reporter constructs; and because they 

display robust LTP (Debanne et al., 1994; Nestor et al., 2007). I therefore employed the 

slice culture preparation to study dendritic protein synthesis.   

To induce long-term potentiation in slice cultures, a cLTP solution was applied: artificial 

cerebrospinal fluid (ACSF) containing 4mM Ca2+, 0mM Mg2+, the GABA-A receptor 

antagonist picrotoxin (100µM), the cAMP activator forskolin (50µM), and the 

phosphodiesterase inhibitor rolipram (100nM). As described in Chapter Two, when this 

solution is applied to hippocampal slice cultures, the slope of fEPSPs recorded in CA1 is 

increased significantly for up to two hours, consistent with the increase in excitatory 

synaptic transmission observed in LTP, and fluorescently tagged GluA1- and GluA2-

containing AMPA receptors are inserted at dendritic spine heads (Otmakhov et al., 2004; 

Kopec et al., 2006).  Furthermore, like LTP, this potentiation is eliminated by NMDAR 

antagonists and CaMKII inhibitors. Thus, potentiation induced using this solution shares 
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mechanistic features with LTP induced by classical electrophysiological stimulation 

paradigms.   

To measure the synthesis of new proteins with a rapid time course in response to LTP 

inducing stimuli, I constructed a fluorescent reporter molecule containing the 3’UTR of 

CaMKIIα—an mRNA species known to contain a CPEB binding element and to be 

transported to, and translated in, dendrites (Wells et al., 2000)—and the coding sequence 

of the fluorescent protein drFP583-E5 (Timer), a fluorescent protein that changes its 

emission from green to red as it matures (Terskikh et al., 2000), allowing for new 

fluorescence to be distinguished from old, preexisting fluorophore.   This reporter was 

transfected biolistically into hippocampal slice cultures and experiments were performed 

36-48 hours later to allow time for the construct to be expressed (Figure 3.1).   

 

HYPOTHESES AND PREDICTIONS  

I hypothesized that dendritically repressed mRNAs will become de-repressed and 

synthesized in the dendrites of CA1 neurons following a globally delivered cLTP-

inducing solution (Figure 3.2).  Specifically, I predicted that translation of the reporter I 

have created will be induced rapidly following a globally applied LTP stimulus, resulting 

in a detectable increase of fluorescence emission at green wavelengths.  Previously, a 

similar reporter (with the same regulatory domain but using GFP as the fluorophore) was 

shown to increase its fluorescence within 90 minutes of glutamate stimulation (Wells et 

al., 2001).  Following BDNF stimulation, synthesis of another CaMKIIα-based 

fluorescent reporter was observed within one hour (Aakalu et al., 2001).  Translation is  
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Figure 3.1. A fluorescent reporter for measuring protein translation after LTP induction.   

A. Timer-CPE reporter domains.  B. Time course of Timer fluorescence in bacteria 

showing that the fluorophore initially emits green light before undergoing a 

conformational change and emits emitting red fluorescence.  Graph taken from Clontech 

promotional literature. C. The 3’UTR of CaMKIIα contains Cytoplasmic 

Polyadenylation Elements that bind CPEB and are at the most 3’ segment of the full-

length CaMKIIα mRNA sequence.  The CPEs can be mutated so they no longer bind 

CPEB (bottom, (Wells et al., 2001).  D. A Green-Red merged image of a CA1 neuron 

transfected with Timer-CPE.  E. Spines are clearly visible in both the green and red 

channel, although the red channel is brighter because of the on-going accumulation of 

mature timer protein.   

 

  



 

Figure 3.1. A fluorescent reporter for measuring protein translation after LTP induction.  
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Figure 3.1. A fluorescent reporter for measuring protein translation after LTP induction.  

 

 

Figure 3.1. A fluorescent reporter for measuring protein translation after LTP induction.   
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Figure 3.2. Schematic representation of the hypothesis to be tested.   

Strong synaptic activity causes NMDAR activation, Ca2+ influx and PKA activation, 

resulting in phosphorylation of intracellular repressors of protein synthesis. At the 5’-

most residue of the mRNA, a guanine cap is added to protect the mRNA from 

degradation (7me-G, blue).  The eukaryotic initiation factor 4E (eIF-4E, blue) binds 

mRNA at the 5’UTR, and the specific eIF-4E inhibitory binding protein (4E-BP, blue) 

prevents translation. 4E-BP can be phosphorylated by the kinase mTOR, then unbinds 

from eIF-4E.  In the 3’UTR of the mRNA, Cytoplasmic Polyadenylation Elements (CPE, 

red) bind to Cytoplasmic Polyadenylation Element Binding protein (CPEB, red), which 

prevent translation.  When CPEB is phosphorylated, it unbinds CPEs.  Following 

removal of the repressing complexes, translation of the previously repressed mRNA can 

proceed.    



 

Figure 3.2. Schematic representation of the hypothesis to be tested.  
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Figure 3.2. Schematic representation of the hypothesis to be tested.   
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required for the maintenance of LTP within 30-60 minutes following LTP induction 

(Otani et al., 1989).  I therefore predicted that synthesis and maturation of the Timer-CPE 

reporter would be observed within a similar timeframe, resulting in increased green 

fluorescence emission.  

Previous experiments have also shown that protein synthesis following LTP is dependent 

on activation of NMDAR, and the cLTP induction protocol used here is also NMDAR-

dependent.  I predicted that synthesis of the reporter would not be observed when cLTP is 

induced in the presence of the NMDAR competitive antagonist AP5.   

If synthesis of my reporter does, in fact, occur following cLTP, I predicted that 

preventing protein synthesis using one of two antibiotics would prevent me from 

visualizing an increase in reporter protein fluorescent emission.  Anisomycin is a protein 

synthesis inhibitor that works by inhibiting the peptidyl transferase activity of the 80S 

ribosome (Hansen et al., 2003).  Another antibiotic, rapamycin, is a specific inhibitor of 

the kinase mTOR (mammalian Target Of Rapamycin), which phosphorylates and 

inactivates 4E-BP1, an inhibitory protein involved in the repression of translation 

initiation machinery seen in dendrites (Tang et al., 2002; Cammalleri et al., 2003).  The 

presence of either anisomycin or rapamycin during the cLTP stimulus should prevent the 

increased visualization of reporter protein fluorescence by preventing dendritic protein 

synthesis.   

To confirm that translation is limited to dendrites, I utilized immunohistochemistry to 

verify that markers of dendritic protein synthesis were activated following cLTP.  I 

stained cLTP-treated cultures for a phosphorylated form of 4E-BP1, hypothesizing that I 

could detect an increase in the level of phosphorylated 4E-BP in those conditions in 
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which the cLTP solution induces potentiation.  I predicted that the mTOR sites on the 

translation initiation factor inhibitory binding protein 4E-BP1 would be phosphorylated at 

high levels in the dendrites of CA1 neurons treated with the cLTP solution, but not in the 

dendrites of cells in cultures treated with control saline or cultures treated with the cLTP 

solution in the presence of rapamycin.   

 

QUANTIFICATION AND DATA ANALYSIS 

To quantify translation of the fluorescence reporter, I calculated the ratio of green 

fluorescence intensity (“new”) compared to red fluorescence (“old”). A region of interest 

was drawn around each clearly visible and in-focus spine head in each image, and the 

average fluorescence intensity was measured under blinded conditions.  In slice cultures 

imaged with epifluorescence microscopy, background is a noticeable problem with high 

inter-culture variability because cells are transfected at different depths within the culture.  

Therefore, the contribution of the background to the measured fluorescence intensity was 

reduced by performing a background subtraction.  I selected several regions of interest 

(ROI) that were similar in size to the spines and an equal distance away from the 

dendritic shaft.  I then subtracted the pixel intensity value of the background ROI from 

that of the spine head.  A green-to-red fluorescence ratio (GRR) was computed, 

representing the relative amount of new (green) protein to old (red) protein, and 

cumulative probability plots were prepared after quantification of at least 50 spines (1-5 

dendrites/cell, 3-8 cells/culture, 3-5 sister cultures per condition) under each condition.  

Statistical significance was tested by performing K-S tests on the cumulative probability 

data using SPSS software.   
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To quantify the number and intensity of 4E-BP1 puncta, confocal imaging was performed 

on cultures treated with the cLTP solution and processed for immunohistochemistry with 

an antibody specific for phosphorylated 4E-BP1 (Ser 65/Thr 70 p4E-BP1, Santa Cruz 

Biotechnology, Inc.)(Cox et al., 2008) and a Cy3-tagged secondary antibody.  GFP-

expressing neurons in cultures prepared from GFPm mice were selected randomly within 

the CA1 region of the hippocampus, and a stack of images, each separated by 0.5µm, was 

acquired to capture the dendritic tree in its entirety.  Laser power (488nm 4.2%; 561nm 

1.7%) was selected so both GFP and cy3 fluorescence were visible but within the 

dynamic range of the photomultiplier tube detector for the scan speed used.  Pinhole size 

was selected to be one Airy unit.   Laser power, scan speed and pinhole size remained 

constant for all images so intensity measures could be compared across images.  At least 

3 dendritic regions from individual neurons were obtained for each of 6-8 cultures for 

each treatment group.  To analyze images, stacks were separated into separate channels.  

Cy3 images were thresholded using ImageJ software to select only pixels above baseline 

in fluorescence intensity.  Thresholded images were then analyzed for immunoreactive 

cy3 ‘particles’.  The size criterion was selected based on the effective pixel size and the 

resolution limit of the microscope (effective pixel size = 0.21µm2; resolution limit of the 

microscope system: d488=0.4λ/NA = 0.4*488/1.4 = 139nm; d561= 0.4λ/NA = 0.4*561/1.4 

= 160nm).   Any particle larger than four pixels was selected, so all puncta were 

approximately the size of the polyribosomal compartments in the dendrites (Bourne and 

Harris, 2012).  Independently, GFP images were also thresholded; only regions 

containing both GFP fluorescence and cy3 immunoreactivity above baseline levels were 

characterized as puncta and further analyzed; that is, red puncta appearing within a GFP 
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labeled dendrite.  Pixel intensities were calculated for both the red and green image.  

Slice cultures are variable in size and cellular density, and this method allows for 

comparison across cultures, as puncta are measured within the confines of a GFP neuron.  

Statistical significance was assessed using ANOVAs.   

 

RESULTS 

I first asked whether expression of the reporter could be induced in response to a brief 

application of the cLTP solution and, if so, what the time course of reporter synthesis 

would be, using fluorescence emission as my read-out.  Slices were transfected with 

Timer-CPE reporter then incubated for 36-48 hours to allow reporter mRNA to be 

synthesized and transported to the dendrites. Timer protein that had been synthesized 

from unrepressed construct mRNAs prior to removal from the incubator, and had 

sufficient time to mature from green to red emission, was imaged in the red channel to 

verify that transfection had been efficient.  Cultures with well transfected pyramidal cells 

were then separated in a balanced manner into five groups and imaged at five time points: 

1) prior to cLTP stimulation (control), 2) immediately following cLTP (cLTP + <15 

minutes), 3) 30 minutes after stimulation, 4) one hour after stimulation, or 5) two hours 

after stimulation (Figure 3.3A, B). After exposure to the cLTP solution, cultures in the 

latter three groups were returned to normal incubation media in put back in the incubator 

for the duration of the post-stimulation period. Using a CCD camera and wide field 

illumination, apical dendritic regions from transfected CA1 neurons were imaged. Each 

region was excited alternatingly with two wavelengths to observe red (508nm excitation) 

and green (488nm excitation) emission.  In cultures treated with a control saline solution,  
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Figure 3.3. Induction of new fluorescent protein after chemical induction of LTP.   

A. Schematic representation of experimental timeline. B. Sequential red and green 

images of CA1 pyramidal cell dendrites, transfected with the Timer-CPE construct at 

various times after application of the cLTP solution. C. Cumulative probability plot of 

green-to-red ratio in 50-250 individual spines in 3-5 cultures at each time point.  The 

GRR is increased significantly at 30 min and 1 hr following washout of the cLTP 

solution (K-S test, * indicates p<.001).   
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the ratio of new, green emission to old, red emission (i.e. the green-red ratio, GRR) was 

low (Figure 3.3B, C). Following the cLTP stimulus, GRR was rapidly (within 30 

minutes) and significantly elevated, followed by a slow return of the GRR to baseline at 

two hours subsequent to washout of the cLTP solution.  I concluded that translation of 

mRNA for my construct occurs at low levels under resting conditions, accounting for the 

baseline level of red emission, but that conditions that induce LTP result in an increased 

rate of synthesis and maturation of new timer protein, apparent as the increase in the 

emission of green fluorescence, presumably in dendrites from preexisting, translationally 

repressed mRNAs.   

Was the increase in GRR due to an increase in protein translation and triggered by the 

same biochemical mechanisms as classical LTP?  If so, then the cLTP-induced increase 

in GRR should be blocked by either AP5, a competitive NMDAR antagonist that 

prevents LTP induction, or anisomycin, a protein synthesis inhibitor.  Slice cultures were 

transfected with the Timer-CPE reporter 36-48 hours prior to the experiment and 

transfection was verified, as above.  They were treated for 30 minutes with either 

anisomycin-containing ACSF or control ACSF, followed by incubation in the cLTP 

solution, either alone, with d-AP5 (100µM), or with anisomycin (25µM). Cultures were 

then returned to their original solution for 30 minutes prior to imaging (Figure 3.4A).  All 

cultures were imaged and analyzed as above, blinded to the experimental conditions 

(Figure 3.4B).  The GRR of spines in cultures treated with the cLTP solution was 

significantly reduced when NMDAR antagonist AP5 was included in the cLTP solution 

and when cultures were treated the protein synthesis inhibitor anisomycin for 30 minutes 

prior to and during the cLTP stimulus (Figure 3.4C). These results support the hypothesis  
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Figure 3.4. The induction of fluorescent protein with LTP requires NMDAR activation 

and protein synthesis.  

A. Schematic representation of experimental timeline.  B. Images of CA1 pyramidal cell 

dendrites transfected with the Timer-CPE cDNA sequence and treated with cLTP 

solution alone or in the presence of 25µM anisomycin or 100µM d-AP5.  C.  Cumulative 

probability plot of GRR at 30 min after washout of cLTP solution. The increase in GRR 

was significantly less than cLTP control in the presence of AP5 and anisomycin (K-S 

test, * indicates p<.001).   
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that translation of mRNA for the reporter construct is triggered by NMDAR activation, 

like LTP, and is protein synthesis dependent.  Because AP5 did not completely block 

protein synthesis induced by cLTP, it is possible that the concurrent PKA activation by 

forskolin in the cLTP solution was bypassing the normal requirement for NMDAR 

activation.   

I then hypothesized that synthesis of the reporter requires the removal of CPEB-mediated 

translational repression.  Slice cultures were transfected with a reporter construct in 

which the sequence of the cytoplasmic polyadenylation elements had been mutated so 

that they do not bind CPEB (Wells et al., 2001) (Timer-CPEmut) or with the wild-type 

Timer-CPE (Figure 3.1C). Cultures were imaged either prior to application of the cLTP 

solution or one hour subsequent to the cessation of cLTP, as above (Figure 3.5A).  The 

GRR was significantly higher under basal conditions in cells transfected with Timer-

CPEmut than in cells transfected with wild type Timer-CPE and it was not further 

increased by application of cLTP (Figure 3.5B, C). I conclude that translation of Timer-

CPE mRNA is repressed at rest in a CPEB-dependent manner and it cannot be increased 

in response to LTP-inducing conditions if CPEB cannot bind to CPEs.   

I also hypothesized that cLTP-induced initiation of translation of the reporter would be 

blocked by inhibiting the activity of the kinase mTOR, because synthesis of the reporter 

would require removal of translational repression provided by CPEB.  Rapamycin 

(200nM, Gong et al., 2006) was included in the bath during the induction of cLTP using 

the same protocol described above, images were obtained following 30 minutes of 

incubation, and GRR was calculated as before (Figure 3.6A).  Indeed, chemical induction 

of LTP failed to produce an increase in GRR in the presence of rapamycin, a specific  
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Figure 3.5. Reporter containing mutated CPEs that does not bind to CPEB has a higher 

GRR than wild-type at rest and is not regulated by LTP-inducing activity.  

A. Images of CA1 pyramidal cell dendrites transfected with wild type or mutated Timer-

CPE constructs in control saline or after treatment with cLTP solution. B. Schematic 

representation of experimental timeline. C. Cumulative probability plot of GRR at 30 

minutes following the cessation of cLTP. GRR is higher in cells expressing Timer-

CPEmut than in cells expressing Timer-CPEwt, presumably because the mRNAs cannot 

undergo CPE/CPEB-dependent repression, and is not increased by cLTP (K-S test, * 

indicates p<.001).  

 

Figure 3.6.  Induction of LTP in the presence of the mTOR inhibitor rapamycin prevents 

synthesis of reporter protein.  

A. Images of CA1 pyramidal neurons transfected with Timer-CPE reporter, treated with 

control saline, cLTP solution, or cLTP solution containing 200nM rapamycin, and 

imaged 30 minutes after treatment.  B. Schematic representation of experimental 

timeline.  C. Cumulative probability plot of GRR at 30 minutes following the cessation of 

cLTP. GRR is higher in cells treated with cLTP than in cells treated with control saline 

and is not increased by cLTP when rapamycin is included in the cLTP treatment bath (K-

S test, * indicates p<.001).   
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inhibitor of mTOR (Figure 3.6B, C). In the absence of rapamycin, cLTP did result in an 

increase in GRR but the inclusion of rapamycin results in no change of GRR compared 

with unstimulated baseline controls (Figure 3.6B, C). My hypothesis was thus confirmed.  

I next tested the hypothesis that protein synthesis of this generic reporter would be 

increased following another type of plasticity-inducing stimulus, bath application of the 

potentiating stimulus BDNF, as shown previously (Aakalu et al., 2001). As in previous 

experiments, slice cultures transfected with reporter mRNA were treated with either 

control saline, cLTP, or BDNF (Figure 3.7A).  Additionally, I attempted to explain why 

AP5 did not completely prevent the cLTP-induced increase in reporter synthesis.  I 

hypothesized that blocking NMDARs alone failed to completely prevent the increase in 

reporter translation because cLTP activates PKA, circumventing the need for NMDAR 

activation and NMDAR-mediated Ca2+ entry into the cell.  To test this hypothesis, I 

applied the PKA antagonist Rp-cAMPS together with the non-competitive NMDAR open 

channel blocker MK-801.  I predicted that, when combined, the PKA antagonist and the 

NMDAR antagonist would completely block translation of new reporter following cLTP.   

Finally, to verify that the newly observed reporter was newly translated from pre-existing 

mRNA and was not being freshly transcribed, I also treated transfected cultures with 

cLTP in the presence of actinomycin D, a transcriptional inhibitor, to prevent synthesis of 

new mRNA.  As in previous experiments, slice cultures transfected with reporter mRNA 

were treated with either control saline, cLTP, cLTP with Rp-cAMPS and MK801, or 

cLTP with actinomycin D (Figure 3.7A).  Unfortunately, I was unable to effectively 

induce an increase in GRR using the cLTP solution (Figure 3.7B).   Because the positive  

  



 

Figure 3.7. Timer-CPE reporter was not translated following BDNF or cLTP treatment.  

A. Schematic representation of experimental timeline. B. When compared to control, 

BDNF and cLTP failed to increase the GRR of Timer

experiments.  When cLTP solution was applied in combination with MK801 and Rp

cAMPS or with the transcriptional inhibitor actinomycin D, reporter synthesis was not 

observed.   
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control (cLTP) failed to induce an increase in GRR, the results of the experiment are not 

interpretable, and no conclusions can be drawn.   

Despite these final results, the majority of the reporter data above suggest that local 

translation occurs following induction of LTP.  To verify that translational de-repression 

and initiation of translation was, in fact, occurring following chemical induction of LTP, 

immunohistochemistry was performed for a phospho-specific antibody against 4E-BP1.  

My hypothesis predicts that 4E-BP1 will be phosphorylated in spines following LTP 

induction.   

Slice cultures were prepared using transgenic mice that express a gene encoding for GFP 

under the control of the Thy1 promoter.  Hippocampal slice cultures prepared from these 

animals show sparse GFP expression in the CA1 region, allowing individual cells to be 

identified and their dendritic arbors imaged.  Cultures were treated with cLTP solution 

and fixed in 4% paraformaldehyde immediately after treatment in 0.1M phosphate buffer.  

Immunohistochemistry was performed to stain for phosphorylated 4E-BP1 (Ser 65/Thr 

70 p4E-BP1, Santa Cruz Biotechnology, Inc.) (Cox et al., 2008).  A control group, 

containing cultures treated with standard ACSF, was included.  Additional cultures were 

treated with cLTP and rapamycin (to inhibit activation of mTOR, the kinase responsible 

for phosphorylating 4E-BP1 at these specific residues).  Other cultures were treated with 

a combination of the NMDAR open channel blocker MK801 with Rp-cAMPS, a blocker 

of PKA, in an attempt to prevent cLTP from activating mTOR.  A red fluorophore (Cy3, 

Jackson Immunochemicals) conjugated to the secondary antibody allowed the level of 

4E-BP1 phosphorylation to be distinguished from GFP, which retains its fluorescence 

during the fixation and staining protocols. My hypothesis predicted that the levels of 
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phospho-4E-BP1 immunoreactivity would be higher in cLTP-treated cultures when 

compared to saline-treated controls or controls in which LTP induction was prevented or 

protein synthesis was blocked.  

In cultures prepared from GFPm mice, immunofluorescent puncta of phospho4EBP1 

were visible (Figure 3.8A-D).  Puncta were analyzed for size, intensity and density within 

GFP-labeled neurons.  The average size of immunoreactive puncta increased, although 

not significantly (p=0.1, ANOVA) in cultures treated with cLTP, but not in those treated 

with control saline or cLTP containing either rapamycin or Rp-cAMPS with MK801 

(Figure 3.8E).  Intensity of puncta was unchanged over the four groups (p=0.3, ANOVA; 

Figure 3.8F).  The density of fluorescent puncta also appeared to increase in cultures 

treated with cLTP when compared to cultures treated with control saline, rapamycin, or 

Rp-cAMPS and MK801, but this change was not statistically significant (Figure 3.8G).  It 

is possible that, with a larger number of cultures, these effects might have become 

significant.   

 

DISCUSSION  

New protein synthesis is required for the maintenance of long term potentiation.  

Increasing synaptic activity in the hippocampus—whether in dissociated neuronal 

cultures, slice cultures, or in vivo—has been shown to increase protein synthesis in the 

dendritic compartment.  Unfortunately, the majority of these studies have used less than 

physiological means of LTP induction.  The goal of these experiments was to address 

these questions using a more physiologically relevant protocol to induce LTP.   

  



 

Figure 3.8.  4E-BP1 puncta increase in size and density, but not intensity, following cLTP 

treatment.   

A. 4E-BP1 puncta (red, outline

Puncta increase following cLTP.  C. When cLTP solution is applied in combination with 

MK801 and Rp-cAMPS, puncta are not increased. D. When rapamycin is applied with 

cLTP solution, puncta are

following cLTP treatment.  F. Puncta intensity is unaffected by treatment group.  G. 

Puncta density appears to increase following cLTP and decrease when cLTP is applied 

with either MK801+Rp-cAMPS or rapamycin.   
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BP1 puncta increase in size and density, but not intensity, following cLTP 

, outlined in teal in inset) are limited in control-treated cultures.  B. 

Puncta increase following cLTP.  C. When cLTP solution is applied in combination with 

cAMPS, puncta are not increased. D. When rapamycin is applied with 

cLTP solution, puncta are limited.  E. There was a trend (p=.10) for puncta size increases 

following cLTP treatment.  F. Puncta intensity is unaffected by treatment group.  G. 

Puncta density appears to increase following cLTP and decrease when cLTP is applied 

cAMPS or rapamycin.    

 

BP1 puncta increase in size and density, but not intensity, following cLTP 

treated cultures.  B. 

Puncta increase following cLTP.  C. When cLTP solution is applied in combination with 

cAMPS, puncta are not increased. D. When rapamycin is applied with 

limited.  E. There was a trend (p=.10) for puncta size increases 

following cLTP treatment.  F. Puncta intensity is unaffected by treatment group.  G. 

Puncta density appears to increase following cLTP and decrease when cLTP is applied 
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The overarching hypothesis predicts that LTP induction in a slice culture will result in 

dendritic protein translation, as assessed by both fluorescent reporter constructs and 

immunohistochemical measurements.  The above results support this hypothesis.  I have 

demonstrated that new reporter protein can be synthesized rapidly and transiently, within 

45 minutes of the start of the cLTP treatment.  This time course overlaps well with the 

requirements for the translation-dependent phase of LTP.  When a translation inhibitor is 

included in the bath during LTP induction, LTP is induced but declines to baseline levels 

after approximately 30-60 minutes (Otani et al., 1989).  The observation of newly 

synthesized reporter protein 30 minutes and one hour, but not two hours, following the 

treatment with cLTP, confirms both the predictions of the hypothesis and previous 

results.   

I also predicted that the translation of new proteins following cLTP treatment would have 

mechanistic overlap with other LTP induction paradigms (BDNF, Schaffer collateral 

stimulation).  My data has confirmed these predictions as well.  Although the inclusion of 

NMDAR antagonist d-AP5 in the cLTP treatment bath did not completely prevent an 

increase in reporter translation, synthesis of the reporter was significantly decreased when 

compared to control treated cultures.  This supports the prediction that the translation of 

reporter mRNA is dependent on NMDAR activation.   

When the CPEs in the reporter sequence were mutated so that CPEB could no longer 

bind the 3’UTR of the mRNA, I observed an increase in reporter protein under control 

conditions.  This suggests that, in the absence of CPEB binding, translation of the 

reporter is no longer repressed.  Furthermore, cLTP treatment did not cause an increase in 

reporter translation, as seen in the constructs that bound CPEB.  This supports the 
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hypothesis that translation of the reporter was repressed by CPEB, and that CPEB was 

unbound and no longer repressed translation following cLTP.  Use of the mTOR inhibitor 

rapamycin during treatment with cLTP also prevented an increase in reporter translation.  

Again, this confirmed the predictions of the hypothesis that the increase in reporter 

expression was due to an increase in translation of reporter mRNA in the dendritic 

compartment.  Overall, I have shown that translation of dendritically targeted mRNA 

reporter increased following chemical induction of LTP, a physiologically relevant 

stimulus that increases synaptic transmission and promotes activity in the postsynaptic 

cell.   

Experiments using immunohistochemistry to stain for phosphorylated 4E-BP were 

inconclusive, but suggest a trend towards a significant increase in both the density and 

the size of 4E-BP puncta following cLTP.  The hypothesis predicts that 4E-BP would be 

phosphorylated at a greater number of spines following cLTP, and that the puncta would 

become larger following LTP induction.  Larger puncta could be the result of an increase 

in the number of phosphorylated 4E-BP1 molecules that were unbound in a spine in 

which LTP induction had caused an increase in mTOR activity (Richter and Sonenberg, 

2005).  Although the results were not significant, there is a trend suggesting that 

rapamycin and MK801+Rp-cAMPS prevented the increase in phosphorylated 4E-BP 

puncta size and density.  This supports the more conclusive evidence showing that 

rapamycin completely blocked synthesis of the Timer-CPE reporter.  It also suggests that 

PKA activity is critical for the increase in translation of new proteins following cLTP, a 

conclusion supported by previous research (Frey et al., 1993; Govindarajan et al., 2011).  

I had hypothesized that the combination of MK801 and Rp-cAMPS, applied with cLTP, 
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would completely prevent any increase in either the size or density of phosphorylated 4E-

BP1 puncta observed in cLTP-treated cultures.  Although my results suggest that this is 

the case, they cannot completely confirm it.  This immunohistochemical study could be 

repeated in a larger number of cultures, perhaps using additional markers of dendritic 

protein synthesis, to further support the hypothesis.  Nonetheless, the results suggest that 

protein synthesis is initiated in the dendrites of CA1 neurons following chemical 

induction of LTP.   

By what mechanism is dendritic translation initiated?  Phosphorylation of 4E-BP1 by 

mTOR occurs prior to protein synthesis in dendrites, allowing the translation initiation 

factor eIF-4E to bind to the 5’UTR mRNA cap complex and translation to proceed 

(Gingras et al., 1999).  Rapamycin blocks late phase LTP in isolated hippocampal 

dendrites (Vickers et al., 2005).  CaMKII phosphorylates the RNA binding protein CPEB 

bound to the 3’UTR of the repressed mRNA.  The CPE mutant experiment and the 

rapamycin experiments demonstrate that the de-repression of repressed mRNAs requires 

removal of either of these two repressing elements.  This suggests that removal of either 

the 3’ or the 5’ blockades are sufficient to allow translation to occur in the dendrites of 

hippocampal slice cultures following cLTP, possibly due to redundancy within the 

system.  A direct test of this hypothesis would be to treat neurons transfected with the 

CPE mutant reporter construct with cLTP in the presence of rapamycin.  Translation of 

the Timer-CPEmutant construct is elevated at basal levels and does not increase 

following cLTP treatment (Figure 3.4).  However, if the system is redundant, then 

rapamycin would be expected to reduce translation of the Timer-CPE mutant reporter, 

causing its translation to return to that of the control-treated Timer-CPE wild-type 
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reporter.  Similarly, reporter translation could be tested in hippocampal slice cultures 

prepared from mice with a CPEB1 phospho-null mutation that prevents it from being 

phosphorylated following cellular activity in CA1 pyramidal neurons (McEvoy et al., 

2007).  This mutation was tested in Purkinje neurons in the cerebellum, and animals with 

the mutant CPEB1 were found to have deficits in cerebellar LTD and related motor tasks.  

I would predict that, if this mutant CPEB1 was present in CA1 neurons, LTP would fail 

to be maintained.  Additionally, much like the Timer-CPE-mutant construct, the Timer-

CPE wild-type construct will be expressed at high levels under basal conditions and  

cLTP would fail to increase translation of reporter mRNA.   

Although the final reporter experiment (Figure 3.7) was not able to replicate the 

published results showing BDNF increasing synthesis of a fluorescent mRNA reporter, 

there are possible explanations for this surprising outcome.  This experiment was added 

many months after the original experiments were performed, and, although the method of 

slice culture preparation was unchanged, the animals used had been treated differently.  

Previously, pregnant dams were procured and cultures were prepared from rat pups born 

in the UMB animal facility.  Animals in the new experiments were procured postnatally 

and cultured soon after arrival at UMB.  cLTP treatment and image acquisition were 

performed in the same method using the same microscope as in the initial experiments.  

Because the slice cultures were prepared, cared for, treated and imaged in the same 

manner as those in the past, the inability to induce LTP in slice cultures prepared from 

postnatally procured rat pups is worrisome.  Perhaps the postnatal animals were stressed 

by transport and were unable to be potentiated.  Alternatively, transport could be 

stimulating to the animals, causing their synapses to be potentiated prior to slice culture 
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preparation.  In this case, cLTP would be unable to induce further potentiation, and LTP, 

and thus protein synthesis, would be occluded.   

The results described above support my hypothesis that a physiologically relevant 

chemical means of inducing LTP would cause rapid, transient, NMDAR-, PKA-, 

rapamycin-dependent translation of new proteins in the dendrites of CA1 pyramidal 

neurons in hippocampal slice cultures.  
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CHAPTER FOUR: DENDRITIC PROTEIN SYNTHESIS 

FOLLOWING LTP INDUCTION AT A SINGLE SPINE.   

 

INTRODUCTION 

Long-term potentiation (LTP) is widely considered the cellular basis of learning and 

memory.  In the rodent hippocampus, LTP can be readily induced and persistently 

maintained for many hours to days.  One of the attractions of LTP as a cellular 

mechanism of learning and memory is its synapse specificity (Anderson et al., 

1977;Harvey and Svoboda, 2007): under most conditions, LTP is only induced at 

activated synapses and not at inactive, adjacent synapses. Activated CaMKII is confined 

to a single activated spine following LTP induction (Lee et al., 2009).   

Late-phase LTP in hippocampal CA1 neurons requires protein synthesis. Many important 

mRNAs are transported from the nucleus into distal dendrites, where all the machinery 

for protein synthesis is present. Dendritic mRNAs are not translated immediately, 

however, because they are bound by repressing complexes.  Following an LTP-inducing 

stimulus, the repressing complexes are released and protein translation occurs, although 

the spatial profile of translation relative to the site of LTP initiation is not known. As 

shown in Chapter Three, protein synthesis occurs in the dendrites of CA1 neurons in slice 

culture following a wide-spread LTP-inducing stimulation.  Although a protein synthesis-

dependent form of LTP can be induced at a single spine (Govindarajan et al., 2011), the 

spatial relationship between the synthesis of the new proteins relative to the site of LTP 

induction is unknown.  To the extent that protein synthesis following LTP is local, it 
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could provide the molecular basis for the synaptic specificity of long-lasting phases of 

LTP.   

Small spines lack polyribosomes, but large spines contain them, and electron microscopy 

indicates that ribosomes move into the spine head following strong activation (Ostroff et 

al., 2002).  Is new protein synthesized in all synapses or only at big synapses? When a 

single spine is stimulated, does new protein appear in head of the stimulated spine or in 

the shaft beneath the spine?  Do new proteins also move into or appear in adjacent 

spines? 

Although data collected using the Timer-CPE construct and described in Chapter Three 

established the ability of LTP-inducing conditions to induce dendritic protein translation, 

the reporter had several flaws that prevented its further use as a tool to study protein 

synthesis following focal induction of LTP.  First, some green “new” protein was present 

before induction of LTP, making the green fluorescence stimulated by LTP induction 

more difficult to detect and quantify. Second, in initial efforts to make live-cell, time 

lapse image sequences of single cells before and after induction of LTP, substantial 

photobleaching occurred, impacting the ability accurately determine the increase in GRR 

over time.  Finally, because the reporter protein was freely diffusible, it was impossible to 

deliver a focal stimulus and quantify the appearance of new protein in a small dendritic 

region. The problems of photobleaching and high initial fluorescence were solved by 

changing the fluorescent protein in the construct from Timer to Eos, a photoconvertible, 

stable fluorescent protein that changes its emission from green to red following exposure 

to violet light (435 nm) (Wiedenmann et al., 2004).  This reporter was transfected 

biolistically into hippocampal slice cultures and allowed to express for 36-48 hours prior 
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to any experiments (Figure 4.1A).  The Eos fluorophore-containing reporter expressed in 

hippocampal neurons in slice cultures and readily converted from green to red (Figure 

4.1B). The problem of diffusion was solved by fusing the membrane anchoring CaaX 

farnesylation domain from the protein K-ras4a to the Eos fluorophore.  

 

HYPOTHESES AND PREDICTIONS 

I hypothesized that when a single spine receives a stimulus sufficient to induce late-phase 

LTP, new protein would be synthesized only in the stimulated spine. Further, I 

hypothesized that local phosphorylation of specific mediators were required for the 

synaptic specificity of focally delivered LTP.   

I created a novel reporter construct, comprising the CPE-containing 3’-UTR of 

CaMKIIα, the coding region of the photoconvertible fluorophore Eos, and a CaaX 

domain to reduce diffusion. I predicted that, following a patterned theta-burst stimulation 

using UV-laser microphotolysis of caged glutamate to focally induce LTP, synthesis of 

my reporter would be rapid and restricted to the site of LTP induction and be apparent as 

an increase in green fluorescence emission.  I then performed immunocytochemistry to 

confirm that local phosphorylation of 4E-BP1 was mediating the synapse specificity of 

focal LTP induction.   

 

QUANTIFICATION AND STATISTICAL ANALYSIS 

Rat and mouse hippocampal slice cultures were prepared and cells were transfected with 

my constructs biolistically after 14+ days in vitro as also described in Chapter Two.  At  



 

Figure 4.1.  Photoconversion of E

light.  

A1-3 show green, red and merged images, respectively, of a hippo

transfected with Eos-CPE.  Prior to exposure to a 435nm light, the fluorophore is bright 

green with no emission in the red channel.  B1

light, the fluorophore undergoes a fluorescence conversion and emits brightly in the red 

channel with little fluorescence in the green channel.  
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igure 4.1.  Photoconversion of Eos-CPE from green to red after illumination with violet 

3 show green, red and merged images, respectively, of a hippo

CPE.  Prior to exposure to a 435nm light, the fluorophore is bright 

green with no emission in the red channel.  B1-3. Following a brief exposure to 435nm 

light, the fluorophore undergoes a fluorescence conversion and emits brightly in the red 

channel with little fluorescence in the green channel.   

 

 

lumination with violet 

3 show green, red and merged images, respectively, of a hippocampal neuron 

CPE.  Prior to exposure to a 435nm light, the fluorophore is bright 

g a brief exposure to 435nm 

light, the fluorophore undergoes a fluorescence conversion and emits brightly in the red 



81 
 

the beginning of each experiment where Eos-based reporters are used, I used wide-field 

illumination with a 435nm light to illuminate the sample and photoconvert preexisting 

reporter protein from green to red.  To reduce cellular damage, this was done in the 

presence of Trolox (0.2mM), a free radical scavenger used to reduce oxidative stress or 

damage (Nestor et al., 2007).   

To quantify translation of the fluorescence reporter, I calculated the pixel intensity of 

green fluorescence (“new”) and compared it to red fluorescence (“old”). A region of 

interest (ROI) was drawn around each clearly visible and in-focus spine head in the first 

image in a time lapse series (spines where photolysis of glutamate had been delivered, 

neighboring spines, and nearby regions of dendritic shaft), and the average fluorescence 

intensity was measured in each ROI for the duration of the experiment.  Red fluorescence 

was expected to increase following photoconversion; therefore, in most experiments in 

which an Eos-containing reporter was transfected, a ratio was not calculated as in the 

Timer-CPE experiments.  However, the contribution of the background to the measured 

fluorescence intensity was reduced by performing a background subtraction as described 

previously.  I selected several ROIs that were similar in size to the spines and an equal 

distance away from the dendritic shaft.  I then subtracted the pixel intensity value of the 

background ROI from that of the spine head for each time point.  Statistical significance 

was tested by performing repeated-measure ANOVA using SPSS software.   

To quantify the number and intensity of 4E-BP1 puncta, confocal imaging was performed 

on cultures prepared from mice expressing GFP under the Thy1 promoter.  Readily 

identifiable dendrites were imaged, and photolysis of caged glutamate was used to induce 

LTP in the head of a single spine.  At least two, but no more than four spines were 
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stimulated in each culture.  Stimulated spines were chosen from in separate cells.  

Because photolysis was delivered using a single photon system, and, thus, tissue is 

illuminated in a cone-like pattern in both the x-y dimension and the z-direction, care was 

taken to avoid multiple spines within the same cone of illumination.  Cultures were fixed 

within 15 minutes of LTP induction.  Immunocytochemistry was performed to stain for 

phosphorylated 4E-BP1 (Ser 65/Thr 70 p4E-BP1, Santa Cruz Biotechnology, Inc; Cox et 

al., 2008).  A red fluorophore (cy3, Jackson Immuno) conjugated to the secondary 

antibody allowed the level of 4E-BP1 phosphorylation to be distinguished from GFP, 

which retains its fluorescence during the fixation and staining protocols. Confocal 

imaging was performed as described in Chapter Three.  A stack of images, each separated 

by 0.5µm, was acquired to capture the dendritic tree of the targeted neurons in its 

entirety.  Laser power (488nm 4.2%; 561nm 1.7%) was selected so both GFP and cy3 

fluorescence were visible but within the dynamic range of the camera for the scan speed 

used.  Pinhole size was selected to be one Airy unit.  Laser power, scan speed and pinhole 

size remained constant for all images so intensity measures could be compared across 

images.  ROIs were selected at the site of the stimulated spine, neighboring unstimulated 

spines, and the dendritic shaft, and colocalization of pixel intensity between red and 

green was calculated.  Statistical significance was tested using ANOVAs.  

 

RESULTS 

Prior to testing the response of the Eos-containing reporter to a focally delivered LTP-

inducing stimulus, I first verified that it was functional and characterized the time course 

of new Eos-CPE reporter synthesis following cLTP. Initially, there was no visible red 
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emission (Figure 4.1A). Following photoconversion, the green emission was virtually 

eliminated and high levels of red emission were apparent (Figure 4.1B).  High power 

images revealed that the GRR at the heads of spines was very low immediately after 

washout of the cLTP solution, and that green fluorescence increased significantly from 

15 – 60 min after washout of the cLTP solution, while red fluorescence intensity 

remained relatively constant (Figure 4.2B, D).  As a control, other slices were incubated 

in normal saline.  These slices did not show any increase in GRR over the time course of 

the LTP experiment (Figure 4.2C, D).  I conclude that synthesis of new green Eos protein 

is occurring in response to the cLTP stimulus.  This new Eos-CPE construct responded to 

LTP-inducing stimulation and had significantly improved photostability but was still 

freely diffusing in the cytosol.   

To solve the issue of diffusion of new protein away from the site of synthesis, I modified 

my fluorescent reporter containing the photoconvertible fluorescent protein Eos and the 

CPE-containing 3’-UTR of CaMKIIα by adding a C-terminal CaaX domain (EosCaaX-

CPE).  The CaaX sequence was taken from the C-terminus of the K-ras4a protein and 

contains several basic lysine residues followed by a cysteine residue that is farnesylated, 

which together serve to anchor the protein to the plasma membrane (Fivaz and Meyer, 

2003).  

Under resting conditions, the protein was expressed in a punctate manner, with many 

puncta in large dendritic spines (Figure 4.3). To test this construct, I first performed a 

control experiment in which I photoconverted a small region of dendrite and followed the 

distribution of the fluorescent protein for one hour. As illustrated in Figure 4.3B, the 

photoconverted red protein remained entirely within the zone of photoconversion and no  



 

Figure 4.2.  Expression of the Eos

A. Experimental outline.  B. Synthesis of new, green Eos in images of spines after 

incubation with cLTP solution.  C. Treatment with control saline does not increase 

translation of the Eos-CPE repo

for each spine was normalized to the initial value for that spine. (* indicates p<.05, RM

ANOVA).   
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Figure 4.3.  EosCaaX-CPE diffusion is limited following photoconversion.  

In a cell transfected with the EosCaaX

photoconverted. Both the photo

remain localized for the duration of the experiment.  
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CPE diffusion is limited following photoconversion.  

In a cell transfected with the EosCaaX-CPE reporter, a small region of a dendrite can be 

photoconverted. Both the photo-converted and non-photoconverted fluorescent protein 

remain localized for the duration of the experiment.   

CPE diffusion is limited following photoconversion.   

CPE reporter, a small region of a dendrite can be 

photoconverted fluorescent protein 
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non-converted green protein diffused into the site over the time course needed for my 

LTP experiments (ca. 1 hr).  I conclude that my EosCaaX-CPE construct is sufficiently 

anchored for me to precisely determine the extent of new protein synthesis in response to 

LTP induction.  

I then confirmed that the new anchored construct responded to cLTP in a similar manner 

to the unanchored form (Figure 4.4A).  First, several baseline images in both green and 

red were acquired.  Then the dendritic branch was photoconverted, changing all pre-

existing green reporter protein to red.  Images were obtained for at least 20 minutes 

subsequent to photoconversion.  This both allows the cell to recover from the ‘stress’ of 

photoconversion and also confirms that new protein is not being stimulated at rest.  Then 

the cLTP solution was washed on for 16 minutes (Kopec et al., 2006), and images in both 

the red and green channels were obtained every 15 minutes for at least one hour (Figure 

4.4B, C).  Following a similar timeline to the Eos-CPE construct, I observed new green 

fluorescence in the spines containing green puncta. I thus concluded that the EosCaaX-

CPE reporter responded to an LTP-inducing stimulus and could be used for additional 

studies on the synapse specificity of synaptic protein synthesis.   

Mature hippocampal slice cultures (>14 days in vitro) were transfected with cDNA for 

the membrane-anchored, fluorescent EosCaaX-CPE reporter using biolistic mediated 

gene transfer in order to visualize CA1 pyramidal neurons (Figure 4.5A).  Initial images 

were obtained, and strong wide-field violet illumination (wavelength 435 nm) was then 

used to photoconvert all pre-existing fluorophores in the cell to red.  Images were 

obtained in both the red (old) and green (new) channel, acquiring images every 10-15 

minutes for a total of 30 minutes to assay the level of on-going constitutive protein  



 

Figure 4.4.  Expression of the EosCaaX

A. Construct diagram.  B. Experimental outlin

increases in images of spines after incubation with cLTP solution.  D. Time course of 

GRR increase after cLTP. GRR for each spine was normalized to the initial value for that 

spine. (* indicates p<.05, RM
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A. Construct diagram.  B. Experimental outline.  C. Synthesis of new, green E

increases in images of spines after incubation with cLTP solution.  D. Time course of 

GRR increase after cLTP. GRR for each spine was normalized to the initial value for that 

spine. (* indicates p<.05, RM-ANOVA).   

 

 

CPE construct increases in response to cLTP.  

e.  C. Synthesis of new, green Eos 

increases in images of spines after incubation with cLTP solution.  D. Time course of 

GRR increase after cLTP. GRR for each spine was normalized to the initial value for that 
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synthesis.  Laser microphotolysis of caged glutamate was then used to stimulate the head 

of a spine expressing EosCaaX-CPE (Figure 4.5B, C).  LTP was induced using a theta 

burst stimulus (TBS) paradigm designed to mimic the physiological firing patterns in the 

Schaffer collateral pathway (Larson and Lynch, 1986), using a particular TBS (five bursts 

of five pulses at 100 Hz with a 200 msec interburst interval, repeated 4 times with 10s 

between each TBS) that has been shown to increase spine head volume in a protein 

synthesis dependent manner (Yang et al., 2008).  Additionally, forskolin and rolipram 

were added to the bath to activate PKA to further promote protein synthesis 

(Govindarajan et al., 2011).  Forskolin is an activator of cyclic AMP, which in turn 

activates PKA, and rolipram is a blocker of the enzyme responsible for degrading cAMP, 

phosphodiesterase.  cAMP analogs mimic late-phase LTP, and preventing cAMP 

activation prevents a sufficient stimulus from inducing protein synthesis-dependent LTP 

(Frey et al., 1993).  On initial inspection, it appeared as though green fluorescence was 

increased while red fluorescence remained fairly constant following photoconversion 

(Figure 4.5D, E).  However, I was skeptical of this data because green pixel intensity in 

the stimulated spine increased immediately after the TBS stimulation (Figure 4.5E).  I 

therefore looked more closely at the data, and the pixel intensity of two individual spines, 

out of a total of seven stimulated spines, were observed to be changing wildly, suggesting 

that the data may be due to an artifact (Figure 4.5F, G).  When these two spines were 

removed from the analysis, there was no longer a detectable increase in green pixel 

intensity following photolysis.  Therefore, I concluded that either this stimulus or this 

reporter was unable to respond to photolysis-induced LTP under these conditions.   
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Figure 4.5.  Does LTP induction using a TBS protocol in the presence of forskolin 

promotes translation of the reporter?  

A. Schematic representation of transfected constructs. B. Schematic representation of 

experimental timeline.  C. Merged images of EosCaaX-CPE and mCherry transfected 

neurons for the duration of the experiment.  D. Mean red pixel intensity, calculated in 

regions of interest selected at the heads of spines and dendritic shaft, remains stable for 

the duration of the experiment.  E. Mean green pixel intensity, calculated at ROI in spine 

heads and dendritic shaft, appears to increase only in the stimulated spine (PH spine) 

immediately following TBS.  F. Mean red pixel intensity for only the stimulated spines. 

G. When mean green pixel intensity for only the stimulated spines is plotted, outliers are 

obvious, suggesting that the increase seen in E is artifactual.   
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Because the EosCaaX-CPE reporter failed to respond to photolysis-induced LTP, I 

obtained (courtesy of Erin Schuman, Aakalu et al., 2001) a reporter construct that 

contained the full-length (FL) 3’UTR of CaMKIIα and has been shown to be synthesized 

in dendrites following BDNF application.  Work in the Schuman lab used a destabilized 

GFP fluorophore to measure new protein synthesis in mechanically severed dendrites, 

although they admitted that severing dendrites was highly detrimental to cell survival.  

Using standard PCR cloning, I introduced a new restriction enzyme site at the 5’ site of 

my EosCaaX-CPE reporter, and removed EosCaaX from the CPE backbone.  

Concurrently, I removed the 5’UTR and dGFP from the Schuman lab reporter, creating a 

backbone of only the FL-3’UTR.  I ligated the EosCaaX insert into the FL-3’UTR 

backbone, and called this new reporter EosCaaX-FL (Figure 4.6A).  A similar experiment 

to that described above was repeated, using a slightly different stimulus paradigm (Figure 

4.6B).  In the presence of 0mM Mg2+-containing saline to allow for the activation of the 

NMDAR subtype of glutamate receptors (thus permitting calcium entry into the spine 

head), in addition to forskolin and rolipram to activate PKA, the uncaging laser was 

pulsed 80 times at a frequency of 0.5 Hz.  This stimulation paradigm has been shown to 

induce protein synthesis-dependent LTP at single spines (Govindarajan et al., 2011).  I 

uncaged glutamate at the heads of spines containing photoconverted puncta of the 

EosCaaX-FL reporter (Figure 4.6C), but no synthesis of reporter protein was detected at 

the stimulated spines (Figure 4.6D).  Because synthesis of the reporter was not observed 

in spine heads containing large amounts of the EosCaaX-FL reporter, I next induced LTP 

at spines containing no reporter (Figure 4.7A-C), hypothesizing that perhaps reporter-

containing spines had been previously potentiated and that this would occlude my ability  
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Figure 4.6.  Stimulation of an Eos-CaaX-FL reporter containing spine does not result in 

additional reporter translation.   

A. Schematic representation of transfected constructs. B. Schematic representation of 

experimental timeline.  C. Merged image of EosCaaX-FL and mCherry transfected 

neuron illustrating an example of an EosCaaX-FL-containing stimulated spine (ph spine 

CaaX).  D. Red and green pixel intensity was calculated for the stimulated spine, 

dendritic shaft and neighboring spines, both containing and without reporter puncta.  

Following stimulation, pixel intensity does not change significantly in either the green or 

the red channel.    

 
Figure 4.7.  Stimulation of an Eos-CaaX-FL reporter-lacking spine does not result in 

additional reporter translation.   

A. Schematic representation of transfected constructs. B. Schematic representation of 

experimental timeline.  C. Merged image of EosCaaX-FL and mCherry transfected 

neuron illustrating an example of an EosCaaX-FL-lacking stimulated spine (ph spine no 

CaaX).  D. Red and green pixel intensity was calculated for the stimulated spine, 

dendritic shaft and neighboring spines, both containing and without reporter puncta.  

Following stimulation, pixel intensity does not change significantly in either the green or 

the red channel.    
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Figure 4.6.  Stimulation of an Eos-CaaX-FL reporter containing spine does not result in 

additional reporter translation.   
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Figure 4.7.  Stimulation of an Eos

additional reporter translation.
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Stimulation of an Eos-CaaX-FL reporter-lacking spine does not result in 

additional reporter translation.   
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to induced LTP and new protein synthesis in the spine.  Again, there was no increase in 

reporter fluorescence following glutamate uncaging (Figure 4.7D).  Finally, I 

hypothesized that perhaps the process of photoconversion was damaging the cells in 

some why that prevented either induction of LTP or synthesis of proteins from 

preexisting mRNA.  I therefore uncaged glutamate at reporter-free spines without first 

photoconverting preexisting protein, and again was not able to detect an increase in green 

fluorescence (Figure 4.8).   

I concluded that one of two possibilities prevented me from seeing the appearance of new 

protein synthesis:  either my single-spine stimulation protocol was insufficient to induce 

protein-synthesis dependent LTP or the reporter does not respond to the photolysis-

induced LTP, unlike the stronger cLTP.   

To distinguish between these possibilities, I used immunocytochemistry to test if 

mediators of protein synthesis-dependent LTP were activated when glutamate was 

uncaged in these conditions.  My hypothesis predicts that, if LTP is being induced, 4E-

BP1 would be phosphorylated in spines following LTP induction.  To test this 

hypothesis, slice cultures were prepared using transgenic mice that express GFP under 

the control of the Thy1 promoter.  Readily identifiable dendrites were selected, and 

photolysis was delivered using either of the two protocols previously described (4xTBS 

or 80pulses, with or without forskolin application; Figure 4.9A).  Cultures were fixed and 

immunocytochemistry was performed for phosphorylated 4E-BP1, as described (Figure 

4.9B).  Dendrites that had been imaged were identified and imaged using confocal 

microscopy, and confocal stacks of the entire dendritic tree were obtained.  The 

stimulated spines were identified and a ROI identifying them from the photolysis imaging  



 

Figure 4.8.  In the absence of photoconversion, glutamate uncaging does not induce 

synthesis of the reporter at spines lacking 

Green pixel intensity was calculated for th

stimulated spines in Figure 4.6 and 4.7, from spines both containing and lacking reporter 

puncta.  Following stimulation, pixel intensity does not change significantly.  
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Figure 4.8.  In the absence of photoconversion, glutamate uncaging does not induce 

synthesis of the reporter at spines lacking EosCaaX-FL reporter.   

Green pixel intensity was calculated for the stimulated spine.  Also plotted are data from 

stimulated spines in Figure 4.6 and 4.7, from spines both containing and lacking reporter 

puncta.  Following stimulation, pixel intensity does not change significantly.  

 

 

Figure 4.8.  In the absence of photoconversion, glutamate uncaging does not induce 

e stimulated spine.  Also plotted are data from 

stimulated spines in Figure 4.6 and 4.7, from spines both containing and lacking reporter 

puncta.  Following stimulation, pixel intensity does not change significantly.   
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Figure 4.9.  4E-BP1 puncta are not visible at heads of spines where glutamate was 

uncaged.   

A. Schematic representation of experimental design.  B1. Glutamate is uncaged at the 

head of the spine denoted by the green and red crosshairs.  B2. GFP allows the stimulated 

dendrite to be readily identified following fixation (arrow).  B3. 4E-BP1 puncta are not 

visible at the stimulated spine (arrow), neighboring spines, or dendritic shaft.  C. Despite 

the use of two different stimulation paradigms, 4E-BP1 staining is not present.   
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was overlaid with the confocal images.  4E-BP1 puncta within the ROI were quantified.  

There was no significant increase in red fluorescence, nor were detectable puncta 

observed in either the stimulated spines or in the dendritic shaft below them (Figure 

4.9C).  This suggests that protein synthesis-dependent LTP was not induced under the 

conditions described above.   

 

DISCUSSION 

Spine swelling or spine enlargement has been seen by many laboratories after uncaging 

glutamate at the head of the spine (Matsuzaki et al., 2004; Lee et al., 2009; Govindarajan 

et al., 2011).  However, the Thompson laboratory has never visualized spine enlargement 

following LTP induction at single spines, including cases in which concurrent 

electrophysiological recordings have demonstrated that LTP has, in fact, been induced 

(Bagal et al., 2005; Nestor et al., 2007; Mattison, 2010).  Therefore, the lack of spine 

enlargement in these experiments was not unexpected, and did not suggest at the time 

that LTP was not being induced.  Concurrent electrophysiological recordings were not 

performed in these experiments; it is challenging, if not impossible, to maintain a patch-

clamp recording for the several hours over which these experiments are conducted 

without dialyzing the intracellular compartment and preventing the maintenance of LTP.  

Many published reports relating an increase in spine head volume to increased EPSP 

recorded at the soma following glutamate uncaging were completed within 30 minutes of 

the stimulus.  For experiments looking at a longer time course, the volume change is used 

as a proxy for measuring EPSPs evoked by photolysis of glutamate because it can be 

performed without whole-cell recording (Harvey and Svoboda, 2007; Govindarajan et al., 
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2011).  Less importantly, it is technically difficult to perform a patch-clamp recording on 

transfected neurons in slice culture, although it has previously been done successfully in 

the Thompson laboratory (Cai et al., 2004).  Additionally, maintaining cell health for the 

duration of these experiments is already problematic.  Protein synthesis may be altered in 

situations where cell health is deteriorating, thus preventing excess insults was of critical 

importance.   

The use of two-photon microscopy may have permitted the visualization of spine 

enlargement that is often observed following two-photon glutamate uncaging.  In 

conventional fluorescent microscopy, the energy from excitation by a single photon of 

light causes the emission of a single photon (Figure 4.10).  Two-photon microscopy, 

however, uses two photons of higher wavelength to excite the same molecule.  Therefore, 

there is no excitation of fluorescent molecules outside the plane of focus, and all emitted 

photons can be collected and attributed to the original site of localized excitation (Denk, 

1994; Helmchen and Denk, 2005).  Background fluorescence is nearly zero with two-

photon excitation, because the likelihood of two photons being close enough in time and 

space to excite a single fluorescent compound is restricted.  This is distinctly different 

from epifluorescence microscopy, where both excitation and emission scattering through 

the depth of the tissue cause a high degree of background fluorescence.  Two-photon 

microscopy thus would allow me to image with better resolution and less tissue damage  

than epifluorescence, possibly permitting me to detect the small changes in fluorescence 

intensity attributed to small increases in spine head volume.  Unfortunately, absent either 

the visualization of spine head enlargement or LTP verification via electrophysiological 

recordings, I cannot be sure LTP was induced in the spines I stimulated.  The alternative  



 

Figure 4.10.  Two-photon microscopy.  

Single-photon excitation results in excitation and emission of photons throughout the 

specimen, while two-photon microscopy re

focus (So et al., 2000).   
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to this conclusion would be that LTP was, in fact, induced, but the stimulation was 

insufficient to induce a protein synthesis-dependent form of LTP.  Several pieces of 

evidence argue against this possibility.   

First, two separate stimulation protocols were used to uncage glutamate and induce LTP, 

a theta-burst stimulation and a repeated stimulus in the presence of 0Mg (Yang et al., 

2008; Govindarajan et al., 2011).  Both have been shown to induce LTP, as measured by 

an increase in spine head volume, in a manner dependent on protein synthesis.  When 

either stimulus paradigm is used to focally uncage glutamate at the head of a spine, the 

spine head swells and remains enlarged for several hours.  When anisomycin is included 

during the uncaging, the spine head enlargement is transient.  Despite published reports 

demonstrating that these protocols induce LTP in a way that is both translation-dependent 

and spine specific, neither promoted synthesis of any permutation of the translational 

reporter mRNA or increased levels of phosphorylated 4E-BP1.   

Second, forskolin was included in the bath for these experiments.  Forskolin activates 

PKA, and the activity of PKA is required for the protein synthesis-dependent phase of 

LTP (Frey et al., 1993).  Further, when the same 80 pulse stimulus used in these 

experiments is delivered in the absence of forskolin, the increase in spine head volume 

was transient, not sustained, similar to the changes in spine head volume seen when 

forskolin and anisomycin were both present during the glutamate uncaging (Govindarajan 

et al., 2011).  The presence of forskolin strongly suggests that, if LTP was induced, 

translation would result.   

For these reasons, the data suggest that late-phase LTP was simply not being induced 

under these conditions.  Although this is somewhat surprising and greatly disappointing, I 
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cannot reject the hypothesis that spine-specific LTP is maintained by spatially restricted 

protein synthesis at the activated spine.   
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CHAPTER FIVE: CONCLUSIONS AND FINAL REMARKS  
 

The ability to create and retain new memories is critically important for an organism to 

learn and behave.  Humans and animals rely on their ability to learn and are severely 

affected when this ability is altered.  Long-term potentiation is widely considered the 

cellular basis of learning and memory.  In the rodent hippocampus, LTP can be readily 

induced and persistently maintained for many hours in the slice and for many months in 

the intact animal.   

Late-phase LTP in hippocampal CA1 neurons requires protein synthesis.  Many 

important mRNAs are transported from the nucleus into distal dendrites, where all the 

machinery for protein synthesis is present.  I have characterized the time course of 

dendritic mRNA translation, and described aspects of the signaling transduction 

pathways underlying its induction following a physiologically relevant global LTP 

stimulation in organotypic hippocampal slice cultures.  These cultures retain the circuitry 

of the intact hippocampus and are therefore ideal for studying the mechanism of LTP at 

the CA3-CA1 synapse.   

Using microphotolysis of caged glutamate to stimulate single spines, I attempted to 

define the spatial range of protein synthesis following LTP induction.  However, I was 

unable to definitively show that LTP was induced under my conditions, and thus cannot 

disprove my hypothesis that translation of dendritic mRNA is responsible for 

maintenance of synapse specificity.  When a single spine is stimulated, does new protein 

appear in head of the stimulated spine or in the shaft beneath the spine?  If LTP is 

induced focally, is synapse specificity maintained or does synthesis of new proteins occur 
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at sites distant from the site of induction?  Unfortunately, the experiments I designed and 

performed were unable to add insight into these still remaining questions surrounding the 

translation-dependent phase of LTP.   

One obvious question that arises from my results is the identity of mRNAs repressed by 

CPE- and mTOR-dependent means.  One recent study has identified nearly 500 mRNA 

species translated in hippocampal dendrites, isolated specifically from stratum 

radiatum—the region where CA3 axons synapse onto CA1 neurons—and encompassing 

nearly every protein subtype of physiological importance to basal synaptic transmission 

and synaptic plasticity (Cajigas et al., 2012).  As expected, the glutamate receptor GluA1, 

the Ca2+-dependent kinase CaMKIIα, and the immediate early gene and cytoskeletal 

protein Arc, were included.  However, a large variety of other protein subtypes are also 

present.  Scaffolding proteins including Shank3 and Homer1, cytoskeletal proteins such 

as Map2, multiple voltage-gated ion channels, and AMPAR-associated proteins including 

Grin1 and Grin2, were among those identified.   

However, this paper did not identify the means by which any of these mRNAs were 

repressed, nor the pattern of cellular activity required to remove repression and promote 

translation.  There are several key RNA binding proteins in neuronal dendrites that 

repress translation, and this strategy does not allow one to identify those repressed by 

CPEB, nor to specifically identify those translated following LTP.  This remains an 

important question: of the many dendritically targeted mRNAs, which are repressed by 

CPEB and are translated following LTP?   
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Another recent study devised an interesting and novel strategy to answer this question 

and identify mRNAs specifically bound by, and potentially repressed by, CPEB.  

Because CPEB binds to mRNAs that have been polyadenylated and have long poly(A) 

tails, the authors isolated RNA at different temperatures, one where mRNA with long 

poly(A) are specifically isolated, and another where shorter poly(A) tails are retained 

(Huang et al., 2002; Udagawa et al., 2012).  The RNA isolates were processed for 

microarrays, and, when compared to conditions where CPEB binding was prevented, a 

number of novel RNAs were identified that contain CPEs and poly(A) signals.  Some of 

these with physiological relevance to synaptic plasticity were verified by qRT-PCR 

(HuD, an RNA binding protein; Neto2, a kainite receptor modulator; Sos1, a guanine 

nucleotide exchange factor involved in Ras/Erk2 signaling; Ago3, a Piwi protein; and 

NR2A, an NMDAR subunit).  Although roles for any of these proteins in the 

maintenance of LTP could be hypothesized, the authors chose to focus on NR2A.  NR2A 

protein levels increase in the dendrites of dissociated hippocampal neurons following a 

cLTP treatment (NMDA, 100nM for 20minutes), and this increase was not observed 

when CPEB binding to the NR2A mRNA was inhibited or CPEB phosphorylation was 

prevented.   

Similar RNA extraction experiments, followed by qRT-PCR and Western blotting of 

synaptoneurosome preparations, could be performed in intact hippocampal slices.  Such 

experiments would allow me to verify that mRNAs identified in the previous reports 

were found in the dendrites of hippocampal CA1 neurons in slice and were translated in a 

CPE- and mTOR-dependent manner.  Once the newly synthesized proteins are identified, 

their roles in the maintenance of LTP can then be examined.  Currently, much research, 
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including my own, has focused on the translation of very abundant proteins, such as 

CaMKIIα and GluA1, during the translation-dependent phase of LTP.  These proteins are 

very appealing research targets, as their roles in the maintenance of LTP are well-known.  

Identifying rarer transcripts that are dendritically synthesized following LTP would 

perhaps aid in our understanding of the maintenance of LTP, its synapse specificity, and 

its persistence.   

Another well-studied protein that is translated in dendrites following LTP is Arc.  Arc, 

also known as Arg3.1, is translated rapidly and persistently in activated synapses 

following cAMP, PKA and ERK signaling (Steward et al., 1998).  Arc binds to actin 

filaments, promoting increased actin polymerization, which may underlie the increases in 

spine size correlated with LTP (Messaoudi et al., 2007).  Additionally, Arc is involved in 

endocytosis of AMPAR following synaptic plasticity and during the maintenance of 

homeostasis at synapses (Shepherd et al., 2006; Chowdhury et al., 2006).  Arc has not 

been shown to be repressed by CPEB, but its multifaceted involvement in the 

maintenance of LTP, LTD and homeostatic synaptic tone indicates that it plays an 

important role.  This further highlights the importance of identifying which mRNA are 

repressed by CPEB and translated following LTP-inducing activity for a fuller 

understanding of the maintenance of LTP.   

The spatial profile with which a dendritically synthesized protein can be 

posttranslationally processed and delivered to synapses in response to LTP induction has 

not been characterized.  The question remains: If translation is local, how local is 

delivery?  It is widely hypothesized that dendritic synthesis of GluA1 subunits after LTP 

induction replenishes the pool of synaptic AMPARs and is critical for the maintenance of 
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the potentiated synaptic response (Ju et al., 2004; Cajigas et al., 2012).  GluA1-containing 

AMPAR are phosphorylated and inserted at the synapse following LTP induction (Lee et 

al., 2000).  Experiments similar to those I performed could be designed to test the 

appearance of newly synthesized GluA1s by creating a reporter consisting of a GluA1 

tagged at the N-terminus with a fluorescent protein and flanked by the 5’ and 3’ UTR of 

GluA1.  Concurrent patch-clamp recordings and glutamate uncaging would allow the 

quantification of the spatial extent of the synthesis and synaptic targeting of new, 

physiologically relevant GluR1 molecules.  If a stimulus capable of inducing translation-

dependent LTP was directed at the head of a spine, an increase in both reporter protein 

and photolysis-evoked EPSCs would be detected only at the stimulated spine if, in fact, 

local delivery mediates synaptic specificity.   

Studying protein translation in CA1 neurons in vivo would be optimal, and animals 

expressing these constructs might provide the means of determining in a living animal 

which synapses are potentiated during a behavioral learning task. By using in utero 

electroporation, the Timer-CPE construct, modified to be retained at the site of synthesis, 

could be transfected into CA1 neurons in the developing rodent.  When in utero 

electroporation is used to introduce exogenous DNA, animals are born and develop 

normally but express the transgene in a subset of their neurons, in a pattern dependent on 

the embryonic stage of development when electroporation is performed and the direction 

and injection site of the transfected cDNA.  Animals could then undergo behavioral 

training in hippocampally mediated tasks, such as Morris water maze or inhibitory 

avoidance training, and the synapses that had been stimulated would display green 

fluorescence.  Previous work has demonstrated that LTP occurs in neurons following 
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inhibitory avoidance task training (Whitlock et al., 2006).  These in vivo reporter 

experiments could be performed following treatment of the animal with either MK801 to 

inhibit NMDAR or rapamycin to prevent dendritic protein synthesis.  Both of these drugs 

can be given systemically and cross the blood-brain barrier effectively.  Such 

experiments could help to define the number of synapses required for stable, protein 

synthesis-dependent learning.   

A failure to learn is at the heart of many devastating forms of mental illness and 

disabilities, such as autism and Fragile X syndrome. It has been hypothesized that 

disordered dendritic translation occurs in the brains of individuals with autism spectrum 

disorders, and several genes linked to autism are either trafficked to dendrites as 

repressed mRNAs or encode for proteins that repress translation of dendritic mRNAs 

(Kelleher and Bear, 2008).  It would be of interest to compare these processes in animal 

models of autism or other diseases in which learning and memory are impaired.  

Fragile-X Syndrome is the most common inherited cause of mental retardation in 

humans, and a large percentage of affected individuals display symptoms of autism as 

well.  In animals that lack the Fmr1 gene, dendritic protein translation following mGluR-

dependent LTD was impaired, but LTP could be induced.  Is translation of dendritic 

mRNA following LTP induction normal in the CA1 neurons in the hippocampi of these 

animals, or are there slight perturbations?   

Tuberous sclerosis complex is an autosomal dominant disorder caused by mutations to 

the genes Tsc1 or Tsc2 and results in benign tumors and neurological deficits, including 

autism and epilepsy.  Mutations in Tsc1 or Tsc2, proteins that form a complex that 
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inhibits mTOR activation, resulted in enhanced translation.  When Tsc1 was acutely 

knocked out, basal synaptic physiology in hippocampal CA1 neurons was altered: spine 

density was decreased, with the remaining spines increased in size, and AMPAR-

mediated current was increased, but, surprisingly, mGluR-dependent LTD was unaffected 

(Tavazoie et al., 2005; Bateup et al., 2011).  In mice where Tsc1 was specifically knocked 

out in the Purkinje cells of the cerebellum, a loss of Purkinje neurons was observed after 

two months, and remaining neurons showed increased spine density and a reduction in 

the spontaneous firing rate.  In behavioral tasks that assesses social interactions, these 

mice displayed autism-like behaviors that were ameliorated when the animals were 

treated with rapamycin (Tsai et al., 2012).  Since mutations in Tsc1 results in an increase 

in mTOR signaling and an increase in translation, it would be of interest to study the 

effects of Tsc1 or Tsc2 mutations or knockout on LTP.   

The fact that mutations in repressors of dendritic translation cause changes in synaptic 

plasticity is unsurprising.  This demonstrates that dendritic protein translation is relevant 

to poorly understood disordered learning behaviors in important human diseases, and 

underscores the importance of dendritic translation to learning and memory.  Use of 

physiologically relevant methods of LTP induction in organotypic slice cultures has 

improved our understanding of both the time course of and mechanistic requirements for 

LTP-induced dendritic protein synthesis.  Hopefully, understanding learning and memory 

at the cellular level will lead to advancements in the treatment of conditions in which 

learning and memory are impaired.   
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APPENDIX A: PREPARATION OF ORGANOTYPIC 
HIPPOCAMPAL SLICE CULTURES.   
Tissue Culture Solutions 

 
Read all labels carefully.  Check the bottles for additional labels.  If opening a new bottle, 
note the date on the label. 
 
Poly-lysine (5mg Poly-L-Lysine Hydrobromide: Sig P6282) 

• Add 50mL sterile tissue culture water 
• Aliquot and store at -20oC 

 
Kynurenate stock solution (300µM) 

• 50mL Hanks Balanced Salt Solution (HBSS; Invitrogen 24020-117) 
• 284mg kynurenate (Sigma K3375) 
• 50µL Phenol Red stock solution 
• Titrate to pH 7.4 with 1M NaOH 
• Sterile filter 
• Aliquot (500µL) and store at -20oC 

 
Gey’s + Glucose 

• Add 6mL 50% glucose to a 500mL bottle of Gey’s Balanced Salt Solution (Sigma 
G9779) 

• Store at 4oC 
 
Gey’s + kynurenate 

• 50mL Gey’s + glucose 
• 1 aliquot of kynurenate stock solution (500µL) 

 
Cutting Solution 

• 2mL Gey’s + glucose 
• 20µL 1M MgCl2 (sterile filtered) 
• 400µL kynurenate stock solution  
• Aliquot and store at -20oC 

 
FUA 

• 100mL HBSS 
• 3mg cytosine-β-D-arabino-funanoside (stored at 4oC, Sigma C-6645) 
• 3mg uridine (stored at RT) (sigma u-3003) 
• 3mg 5-Fluro-2’-deoxyuridine (stored at RT, Sigma F0503) 
• Sterile filter in vacuum unit 
• Aliquot and store at -20oC 
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Culture Medium 

• 50mL deactivated Horse Serum (deactivate at 56oC for approx 1 hour, Invitrogen 
16050122) 

• 100mL Basal Medium Eagles (BME; Invitrogen 21010-046) 
• 50mL HBSS 
• 4mL 50% glucose 
• Store at 4oC 
 

50% Glucose solution 
• 50g glucose 
• 100mL water 
• Sterile filter with vacuum unit 
• Aliquot (2mL) and store at -20oC 

 
Tisseal VH Fibrin solution 

• Set vials with blue tops into the Fibrotherm heater/stirrer for 15 min to allow them 
to warm 

• Use a sterile syringe to reconstitute fibrin, allow to turn on stir bar for approx 5 
minutes 

• Meanwhile, allow 7mL Gey’s + glucose to warm in the Fibrotherm 
• Add the warm 7mL of Gey’s + glucose to the reconstituted fibrin and allow to stir 

for at least 15 minutes 
• Once reconstituted, fibrin can be aliquoted into single-use vials and stored at -

20oC.  Warm to 37 prior to using.   
 
Coverslips 
 
1) Two large round “dishes” are located on the very top shelf to the left of hood 
2) Put one box of 200 coverslips in each dish, being sure to separate each slip 
3) Fill the dishes with enough 95% ethanol (red bottle) to cover the coverslips 
4) Seal the dishes tightly with Saran wrap and soak the coverslips for 2 days 
5) Discard 95% ethanol into the volumetric flask on the bench 
6) Replace the 95% ethanol with 100% ethanol (blue bottle) and soak the slips for 2 
days, again with the flask sealed tightly with Saran wrap 
7) Discard 100% (200 proof) ethanol in the waste jar 
8) Let the coverslips dry for a few hours in the dishes covered with a paper towel 
9) Transfer the coverslips to a small glass petri dish, cover with foil, and bake @ 
200°C (or highest setting on the oven) for ca. 4 hours.   
10) Store the sterilized coverslips in the drawer to the left of the hood 
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Culturing materials  
 
Glucose, glutamine, kynurenate, and thrombin are stored in aliquots in the freezer; 
plasma is stored in vials in the freezer 
Chilled dissection solutions: 
 Gey’s + glucose (in the refrigerator) 
 Gey’s + glucose + kynurenate (in the refrigerator) 
Tissue culture tubes containing medium (in the refrigerator) 
Sterile coverslips (in the drawer to the left of the hood) 
Sterile petri dishes (in cabinet to left of hood) 
Sterilized spatulas, scissors (in drying rack near sink or on shelf) and razor blade knife 
Sterile Aclar plastic sheets (in drawer to left of hood) 
Sterile razor blades and razor chips (in drawer to left of hood) 
Alcohol lamp filled with 95% ethanol 
Distilled water 
70% and 95% ethanol made from 190 proof (95%) ethanol (red bottle) 
5-7 day old rat pups 
 
 
Five days prior to dissection: 
 
1) Check the number of sterilized coverslips in the petri dishes in the drawer.  Open 
the petri dish in the hood with the blower on.  Prepare more if necessary. 
 
 
Two days prior to dissection: 
 
1) Check the supply of refrigerated and frozen aliquots of all solutions, especially 
25% horse serum, which requires that a 500 ml bottle be thawed, heated to 56°C for 30 
min, aliquoted, and frozen.  Prepare solutions as necessary. 
 
2) If restocking solutions, place the following in the hood: 
 
Medium   
 BME without Phenol red (50 ml, 2X; w/glutamine) 
Hank’s basic salt solution (50 ml) 
25% horse serum (50 ml, thawed) 
tissue culture water (50 ml aliquot in bottom drawer of fridge) 
 
thaw two 2-ml aliquots of 50% glucose solution  
 [one 1-ml aliquot of 200 mM glutamine (if using BME w/Phenol red)] 
 
Make up medium in 250 ml culture flask (combine Earle’s, Hank’s, serum, glucose, and 
glutamine) and refrigerate. 
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Gey’s  Gey’s salt solution  
 
thaw 50% glucose solution in three 2-ml aliquots 
 300 µM kynurenate  in one 0.5-ml aliquot 
 
Add glucose to 500 ml Gey’s salt solution. 
Aliquot 50 ml of Gey’s + glucose into a 50 ml culture flask.  Add 0.5 ml of kynurenate  
and refrigerate. 
Return any unused stock solutions to the refrigerator. 
 
 
One day prior to dissection: 
 
1) Turn on UV light for 5 min to sterilize the hood. 
2) Switch from UV to normal light in the hood.  Turn on blower. 
3) Place twelve sterile 60 x 15 mm petri dishes (3 to 4 dishes per animal) upside 
down in the hood.  These are for the coverslips.   
4) Place frozen polylysine aliquots in hood to thaw (one for 60 slips; two for > 60). 
 
 
Coverslips: (must be done the day before or several hours before the dissection so that the 
polylysine is dry) 
 
Note:  Wear a facemask for this procedure. 
 
1) Using sterilized forceps (in 70% ethanol), place coverslips in the lids of sterile 60 
x 15 mm petri dishes (5 slips per dish).  Assume 15 slices (coverslips) per animal used. 
2) Load a sterile 0.5 ml capacity pipette tip onto a repeating Eppendorf pipettor.  
Raise the bottom lever and click the tip into place.  Fill the tip with polylysine (from 
thawed aliquots).  Turn the top dial to #1 to dispense 10 µL drops. 
3) Set out distilled water in a 100 ml beaker, 70% ethanol in a 50 ml beaker, and 
95% ethanol in a 50 ml beaker.  [Note:  95% ethanol waste in volumetric flask on counter 
can be used.]  Light the alcohol lamp. 
4) Set out instruments (scissors, forceps, spatulas, and razor blade holder). 
5) Sterilize the two spatulas in water, 70% ethanol, 95% ethanol and flame. 
6) Position the twelve 60 mm x 15 mm petri dishes containing coverslips in stacks of 
three in the hood.  Assume 3 dishes per animal. 
7) Dispense a 10 µL drop of polylysine onto each coverslip in one dish at a time.  
Spread polylysine with one spatula while holding the coverslip steady with the other.  
Spread the polylysine to the edge of the coverslip but try to avoid pushing a lot of it off 
the side of the slip.  Cover and set the dish aside.  Repeat with remaining dishes. 
8) Store the petri dishes in the hood.   
 
 
Tissue culture tubes: 
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1) In the hood, load up two test tube racks with 30 tissue culture tubes each. 
2) Load repeating Eppendorf pipettor with a 12.5 ml capacity pipette tip.  Fill with  
medium from refrigerator.  Set the dial to #3 for 750 µl (1 = 250 µl). 
3) Pipette 750 µl of  medium into each tissue culture tube and cap tightly.  Hold the 
tube with the flat side up against the palm of your hand so that the solution runs down the 
round side of the tube.  This is the appropriate position for feeding the cultures, to avoid 
dislodging the slice from the coverslip, and is good to use whenever handling the tissue 
culture tubes.   
4) Store the filled tubes in the refrigerator.  Return stock  medium to refrigerator. 
 
 
Aclar and chopper sterilization: 
 
1) Prepare one Aclar sheet (Ted Pella, Inc.) for each animal.  Make sure Aclar sheets 
are the proper size to fit under the clips on the chopper stage.  Squares of Aclar plastic 
sheet are in the drawer to the left of the hood.  Large sheets are on the shelf. 
2) Using sterilized forceps, sterilize the squares of Aclar plastic sheet by dipping 
them in water, 70% ethanol, then 95% ethanol, and air dry on sterile gauze on top of the 
chopper housing. 
3) Remove the slicing stage from the chopper.  Swab the top surface and sides with 
70% ethanol and 95% ethanol.  Remount the stage.   
4) Using sterilized forceps, dip half a commercial razor blade in water, 70% ethanol, 
and 95% ethanol. 
5) Mount the razor blade between the chopper arm and mounting clip.  The semi-
circular groove at the center of the blade edge fits around the screw on the chopper arm.  
Press the mounting clip against the blade and chopper arm with one hand, and move the 
blade back and forth with the other hand to determine whether the center groove is 
positioned around the screw.  Tighten the screw slightly and lower the chopper arm to 
position the blade flush with the chopper stage.  Loosen the screw and adjust the position 
of the blade as necessary.  Tighten the screw and raise the chopper arm. 
6) Swab both sides of the blade in one direction with one end of a Q-tip dipped in 
70% ethanol.  Dip the other end of the Q-tip in 95% ethanol and swab both sides of the 
blade again.  
7) Swab the surface and edges of the chopper stage again with 95% ethanol. 
8) Set the micrometer for the desired slice thickness (400 µm).  Set blade force knob 
to the “9 o’clock” position.  Platform moves from left to right while chopping.  Release 
the knob by pulling it out and slide it to the right for loading the Aclar sheet.  Leave the 
cutting arm and razor blade in the upright position. 
 
 
Day of the dissection: 
 
1) Turn on UV light for 5 min to sterilize the hood. 
2) Switch from UV to normal light in the hood.  Turn on blower. 
3) Thaw one bottle of chicken plasma (Cocallico Biologicals) in the hood. Remove 
clot with  sterile spatula. 
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4)  Add prewarmed fibrin solution to fibrin powder (Tisseal VH, Baxter) and place 
on  heater/stirrer unit for 10 min. Add 4-5 ml of prewarmed Geys + glucose to fibrin 
solution 
 
 
Dissection and slice petri dishes: 
 
1)  Prepare four 60 x 15 mm petri dishes with Gey’s + glucose.  Place enough Gey’s 
just to cover the bottom of the dish.  These dishes are for the dissected hippocami.  Use 1 
dish for each animal dissected.   
2) Prepare four 35 x 10 mm petri dishes with Gey’s + glucose + kynurenate .  Place 
enough Gey’s to just cover the bottom of the dish.  These dishes are for the slices.   
3) Stack the petri dishes in pairs of one large and one small dish (1 set per animal) 
and store in the refrigerator. 
 
 
Instruments: 
 
1) Prepare beakers with distilled water, 70% ethanol, and 95% ethanol.  Be sure that 
the squeeze bottle containing 70% ethanol is on the counter to the left of the hood. 
2) Set out instruments.  Large and small scissors.  Fine forceps (straight and curved).  
Spatulas.  Razor blade knife loaded with razor blade chip.  Load the razor blade knife so 
that the blade is parallel to the table surface when holding the instrument for dissection. 
3) Sterilize the instruments by dipping them in water, 70% ethanol, and 95% 
ethanol.  Use alcohol lamp to flame sterilize spatulas and large scissors only.  Do not 
flame sterilize sharp instruments.  The alcohol lamp contains 190 proof (95%) ethanol.  It 
can be refilled by unscrewing the wick and inserting a small funnel.  Do not overfill! 
 
 
 
Animals: 
 
1) Tape a body bag on the outside of the hood on the left side. 
2) Select the largest, most active, well-hydrated animals that are 5-7 days old.  Place 
the animals in a cage under a heat lamp in the tissue culture room. 
 
 
Note in the culture notebook:  age of pups, date of culture, culture number, culture color 
code, plasma batch number, slice thickness. 
 
 
Tissue dissection: 
 
1) Turn on the lamps and chopper.  Position the lamps and dissecting microscope. 
2) Mount an Aclar sheet on the chopper stage, holding it by the corner closest to 
you.  Slide the stage out and release it from the clips.  Place the Aclar sheet on the stage 
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and slide it under the clips.  Slide the chopper stage back into place under the clips.  Press 
the center of the Aclar sheet with sterilized forceps to make sure that it is flat and flush 
with the stage surface.  If it is not flat, pull the Aclar by one of the corners under the clips 
until it is flush with the stage. 
3) Wear a facemask throughout the dissection. 
4) Place a 60 mm x 15 mm petri dish containing chilled Gey’s + gluc in the hood 
and remove the lid. 
5) Holding the animal gently by the head, suspend the animal over the body bag and 
rinse the neck area with 70% ethanol.  Decapitate the animal with a pair of large scissors 
over the body bag. 
6) Holding the head right side up with the nose pointing away and holding the small 
scissors with the flat of the blades in the horizontal (coronal) plane, insert the tip of the 
scissors into the foramen magnum and all the way into the skull toward the nose.  
Squeeze the inside blade to cut through the skull just below the ear, through the eye, to 
the tip of the nose.  The cut should angle up slightly in the dorsal direction toward the 
nose.  Repeat on the other side. 

 
7) Holding the head over the lid of the 60 x 15 mm petri dish, gently (with fingers) 
pull the ventral portion of the skull away from the dorsal portion of the skull containing 
the cortex and hippocampi.  With a spatula dipped in Gey’s, push away the brainstem, 
cerebellum, and midbrain and discard.  While sliding the wet spatula along the sides of 
the cortex, gently lift out the cortex with hippocampus and place in the petri dish 
containing Gey’s and glucose.   
8) Under a dissecting microscope, position the brain ventral side up, with the rostral 
(nose) portion pointing away from you.  Carefully clear away any remaining tissue that 
obscures the hippocampi.  9) Use one spatula to hold the brain in place by gently 
impaling the cortex rostral to the hippocampi.  Position the brain for cutting by rotating 
the spatula.  With the razor blade chip, and working on one hippocampus at a time, cut 
the ventral end of the hippocampus to prevent it from curling up.  Cut along the 
hippocampal fissure using the blood vessels as a guide (see figure).  After both 
hippocampi have been trimmed, make a cut along the midline between the hippocampi 
and perpendicular to the base of the ventricle.  The last cut should not penetrate the tissue 
completely. 
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10) Using a spatula dipped in Gey’s, gently lift and roll the hippocampus away from 
the cortex in the rostral to caudal direction.  Slide one spatula along the length of the 
hippocampus to roll it out and place the other spatula flush with, but perpendicular to, the 
first spatula to hold the surrounding tissue in place. Try to roll the hippocampus out so 
that it rests with CA1 up. 

 
11) Transfer the hippocampus, positioning it along the length of a spatula, to the 
Aclar plastic sheet on the chopper stage.  Hold the spatula in the right hand as flat as 
possible.  Use the spatula in the left hand to push the hippocampus at its concave side 
toward the other spatula.  Forming a “bowl” with the spatulas and the wall of the petri 
dish, keeping the spatula in the right hand tilted slightly toward the spatula in the left 
hand, load the hippocampus lengthwise onto the spatula in the right hand (try not to let it 
wrap around or hang off the spatula) and slide the spatulas up the wall of the dish.  
Gently position the hippocampus on the Aclar sheet with CA1 up.  If CA1 is up on the 
spatula, then gently push the hippocampus off the spatula with another spatula.  If the 
hippocampus is CA1 down on the spatula, invert the spatula and gently place the 
hippocampus on the Aclar and slide the spatula away.  The Aclar sheet and razor blade 
must be dry.  Use the spatula to squeegee any excess Gey’s from the Aclar.  The length of 
the hippocampus should be perpendicular to the length of the razor blade. 
12) Repeat steps 8 through 9 for the other hippocampus as quickly as possible so that 
the first hippocampus does not dry out. 
13) Discard the base of the petri dish but keep the lid for the Aclar trimmings. 
14) From the refrigerator, retrieve the small petri dish containing Gey’s + glucose + 
kynurenate. 
15) Slide the chopper stage so that the hippocampi are in position for slicing (just to 
the left of the razor blade) and the stage has clicked into place.  Turn on the chopper and 
cut both hippocampi into 400-µm thick slices.  If the blade remains in contact with the 
stage when the chopper is turned off, advance the chopper to raise it either by turning the 
chopper on briefly or by manually advancing the arm. 
16) Pushing on the back of the chopper stage and Aclar sheet, release them from the 
clips.  Grasp the Aclar sheet by the corner closest to you with your fingers and pull free.  
Trim the Aclar sheet into a “tongue” shape with the large scissors. 
17) Slide the Aclar sheet into the small petri dish and immerse the “loaves” of slices 
in the Gey’s + glucose + kynurenate  solution.  Use a spatula to gently dislodge the 
“loaves” from the Aclar. 
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18) Under a dissecting microscope, separate the slices with two sterile spatulas.  First, 
gently submerge the tissue completely in Gey’s by pushing down on the loaves gently 
with a spatula (gently shaking the dish may also help).  Stabilize the “loaf” CA1 side up 
by holding the flat surface of one spatula up against the fimbria.  Separate the slices by 
gently sliding the other spatula between the slices from the subiculum to the fimbria.  
Cover the petri dish and label the lid with the animal number.  Cover with a large lid and 
leave in the hood. 
19) Repeat steps 2 through 18 with the second animal. 
 
 
 
Mounting the slices on coverslips: 
 
1) Return the slices to the hood and place under large lids. 
2) Put on your facemask. 
3) Load the repeating Eppendorf pipettors with plasma from the refrigerator. 
4) Place a sheet of paper over the vent just inside the hood so it is positioned in front 
of the main mounting area.  This is to prevent the tissue and plasma from drying out 
during the mounting procedure. 
5) Open one of the dishes containing coverslips. 
6) Place one 10 µl drop of plasma in the center of each coverslip. 
7) Place one 10 µl drop of fibrin solution in the center of each coverslip 
8)  Open the dish containing the slices from the first animal under the dissecting 
microscope. 
9) Choose slices that have a clear cell body layer and that are not obviously 
damaged.  Adjust the light as necessary to make the determination.  Gently shake the 
petri dish if slices adhere to the bottom.   
10) While forming a “V” with sterilized spatulas, use the tip of one spatula to push the 
slice onto the end of the other spatula.  When the slice is positioned, hold the tip of the 
first spatula slightly above the tip of the second spatula just below the slice to hold it in 
place.  Maintaining this configuration, raise both spatulas out of the Gey’s.  Place the 
slice into the drop of plasma.  Slices should come off the spatula easily into the plasma. 
11) Replace the lid on the remaining slices. 
12) Doing one coverslip at a time, spread the plasma around the entire surface of the 
coverslip (~10 sec).  Add a 10 µl drop of fibrin solution to the coverslip with regular 
pipetter and thoroughly mix with the plasma over the entire coverslip (~10 sec).  Steady 
the coverslip with one spatula and use the other spatula to spread the plasma/thrombin 
mixture.  Position the slice in the center of the coverslip and push the excess 
plasma/thrombin off the edge of the coverslip with the spatula.  Repeat with the other 
coverslips. 
13) Replace the lid of the petri dish containing the mounted slices.  Move the dish off 
to the side in the hood and cover it with a larger lid.  Remember to put the dishes 
containing the mounted slices in a particular order so that the slices can be loaded into 
tissue culture tubes in the same order as they were mounted.  
14) Repeat steps 5 through 12 with the remaining two dishes of coverslips.  Discard 
unused slices.  Replenish plasma as necessary. 
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Loading the tissue culture tubes: 
 
1) Retrieve one rack of tissue culture tubes containing medium from the refrigerator. 
2) Check consistency of the plasma.  It should be the consistency of loose Jello so 
that forceps leave a mark. 
3) With sterilized forceps, lift coverslips from the dishes one at a time and slide into 
tissue culture tubes so that the bottom surface of the coverslip rests on the flat surface of 
the tube.  (It’s useful to always hold the tubes in the same position.)  Cap the tube tightly 
and gently tap the coverslip down to the bottom of the tube, if necessary.  Gently tapping 
the tube with the round side down sometimes helps to dislodge the coverslip. 
4) If a coverslip does not lift up easily, work on loading the loose ones first. 
 If the coverslip falls onto another slip, use a spatula to hold the other slip down 
while lifting and separating the top slip with forceps. 
If the coverslip breaks down the middle, discard it.  Coverslips broken at the edge can be 
used. 
 If the coverslip flips over, load it anyway. 
5) Repeat steps 2 through 4 with the remaining two dishes of coverslips.  
6) When all the coverslips from one animal have been loaded into tissue culture 
tubes, label the lids of the tubes with the number of the animal in the color selected for 
the prep. 
7) Place the tubes in the incubator, being sure that the tubes have been inserted in 
corresponding front and rear holes.  Improperly inserted tubes can cause the rack to jam 
and stop rotating, destroying the cultures and damaging the incubator. 
 
Note any special treatments or handling of the cultures in the notebook.  Note the culture 
information on the door of the incubator. 
 
 
Repeat:  Mount the slices from the second animal and load the tissue culture tubes. 
 
 
Clean up: 
 
1) Turn off the blower. 
2) Extinguish the alcohol lamp. 
3) Discard the 70% ethanol and 95% ethanol in the hazardous waste flasks on the 
counter.  Rinse the beakers with distilled water and air dry. 
4) Discard the razor blade chip in the sharps box.  Rinse off the instruments in 
distilled water and air dry. 
5) Remove the razor blade from the chopper and discard in the sharps box. 
6) Empty the pipette tips from the pipetters over the garbage can and discard. 
7) Clean the surface of the hood with mild soapy water or 70% ethanol.  Rinse with 
clean water? 
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8) Discard the body bag.  Can be placed in the bottom of the freezer.  Eventually 
these bags need to be taken up to the freezer in the animal facility. 
9) Turn off the light and close the hood. 
 
 
 
Antimitotics 
 
FUA (antimitotic) is added after the first 2 or 3 days in culture. When using younger 
animals, add FUA at up to DIV 5.   
Add 20 µL of FUA to each tube. FUA is stored in the refrigerator. 
Culture medium should be changed 24 hours after FUA treatment. 
 
 
 
Feeding the cultures 
 
Feed the cultures one time per week. 
Load half a test tube rack with culture tubes from the incubator.   
Pour off the  medium into a beaker. 
Replace with 500 µl fresh  medium (Eppendorf pipetter set to #2 with 12.5 ml tip). 
Return the culture tubes to the incubator. 
Repeat with remaining tubes. 
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APPENDIX B: IMMUNOHISTOCHEMISTRY PROTOCOL.  
 
Solutions:  

 
4% PFA in Phosphate Buffer, 0.1M 
4g paraformaldehyde (Sigma 441244) 
22.4ml 1M KH2PO4 (Sigma P8709) 
77.6ml 1M K2HPO4 (Sigma P8584) 
Heat to 55⁰C while stirring.   
Adjust pH to 7.4.  
Filter.  
 
Phosphate Buffered Saline (PBS), 0.1M 
22.4ml 1M KH2PO4 (Sigma P8709) 
77.6ml 1M K2HPO4 (Sigma P8584) 
30ml 5M NaCl (Sigma S6546) 
 
Blocking solution 
100ml 0.1M PBS 
400ul Triton X-100 (0.4%, final concentration, Sigma T9284) 
1g Bovine Serum Albumin (1%, final concentration, Sigma A7030) 
Gently heat while stirring until dissolved.   
 
Antibody Concentrations:  
3:200 phospho4E-BP1  
1:50 Cy3  
 
Protocol:  
Fix overnight in 4% PFA in 0.1M PB. 
Store in 0.1M PBS. 
Rinse 2x15m PBS. 
Incubate on a rocker for 5 hours in blocking solution. 
Incubate overnight (>18hours) at room temperature in primary antibody diluted in 
blocking solution. 
Wash 3x15 minutes in blocking solution. 
Incubate for 90 minutes at room temperature with secondary, diluted in blocking solution. 
Wash 3x15minutes with blocking solution. 
Wash overnight with 0.1M PBS. 
Mount with fluorescent mounting media (Fluoromount, Sigma F4680) 
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