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The assembly of neural circuits in the developing brain is critical for the 

establishment of nervous system function. Investigation of this process is 

important to understand how connectivity changes across development, 

maturity and in diseases states. My thesis has applied techniques ranging 

from molecular biology to light and electron microscopy, specifically to study 

the assembly of the hippocampal mossy fiber synapse. The mossy fiber 

synapse exhibits unique structural and functional properties, making it an ideal 

system to study the differentiation of synapse specific properties. To 

investigate the structural maturation of the mossy fiber synapse at a level not 

previously possible, I have utilized the novel technique of serial blockface 

scanning electron microscopy. This technique allows the rapid acquisition of 

large volumes of perfectly aligned ultrastructural data for the three-dimensional 

reconstruction of local mossy fiber microcircuitry. Using volumes obtained from 

developing stratum lucidum neuropil, I have demonstrated 1) the range of pre 

and post-synaptic structural diversity at this synapse, 2) developmental 

refinement of structural features relevant to connectivity and 3) the relationship 

between pre and post-synaptic elements during the establishment of mature 

patterns of connectivity. The assembly of mossy fiber circuitry occurs entirely 

during postnatal development, a time during which both genetically 

determined and activity-dependent processes operate. To understand the 

molecular mechanisms underlying mossy fiber synapse maturation, I have 

investigated the role of the calcium-activated transcription factor NeuroD2 in 

this process. Using NeuroD2 null mice and in vivo single cell knockdown 
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approaches, I find that 1) Development of mossy fiber synapse structure and 

function depends critically on NeuroD2 mediated transcription, 2) NeuroD2 

acts post-synaptically to regulate the density of post-synaptic structure at the 

mossy fiber synapse in vivo, 3) NeuroD2 regulates the expression of PSD95 in 

the developing hippocampus and 4) Knockdown of PSD95 in vivo 

recapitulates the effect of NeuroD2 loss of function. These experiments 

indicate that NeuroD2 regulates a transcriptional program that is critical for the 

process of mossy fiber synapse maturation identified using serial blockface 

scanning electron microscopy. 

 

 

 

 

 

 

 

 

 

 



 

	  

1	  

Introduction 

 

It is estimated that the adult human brain is composed of around 100 

billion neurons, each of which is interconnected via thousands of sites of 

synaptic communication (Williams and Herrup, 1988). Despite this enormous 

complexity, what emerge during the development of the nervous system are 

exquisitely precise patterns of synaptic connectivity. Collections of neurons 

serve precise functions and the trajectory of their axons determines the 

regions with which they will communicate. Similarly, synapses onto target 

neurons are organized such that functionally distinct sets of inputs form 

synapses onto very specific regions of target dendrite. Not only do these 

distinct sets of inputs arise from different types of cells in diverse brain 

regions, but also each has distinct structural and functional properties. A 

functional nervous system and therefore a functional organism depend 

critically on this self-organization process and the differentiation of synapse 

specific phenotypes. 

 

Excitatory Synaptic Transmission in the Central Nervous System 

 

A synapse is the site at which a pre-synaptic neuron communicates 

with its post-synaptic partner and is the basic functional unit of neural circuit 

organization. Axons entering a target region give rise to small bouton-like 

enlargements, which at the ultrastructural level are packed with small 
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membrane bound vesicles. At excitatory synapses these pre-synaptic sites are 

directly apposed to a post-synaptic density (PSD), which is often located on a 

bulbous protrusion called a dendritic spine. The PSD is an electron-dense 

thickening of the post-synaptic membrane composed of collections of signaling 

molecules specialized to receive pre-synaptically derived signals (Kennedy, 

1997). The process of synaptic communication is initialized when an electrical 

depolarization of the neuronal membrane is propagated to the synaptic 

terminal via an action potential. Depolarization of the terminal membrane leads 

to the influx of calcium ions, which via a series of regulated steps leads to the 

fusion of neurotransmitter containing vesicles and the release of a diffusible 

signal. These chemical neurotransmitters diffuse across the synaptic cleft to 

act on receptor molecules localized to the post-synaptic membrane. 

The majority of fast excitatory chemical synaptic transmission in the 

CNS is mediated by the amino acid glutamate. The post-synaptic receptors 

responsible for the glutamate induced signaling have been characterized 

based on their affinity for exogenous ligands and fall into three categories: 

AMPA, kainate and N-methyl-D-aspartate (NMDA) receptors. The action of 

glutamate at AMPA and kainate receptors leads largely to a sodium 

conductance with a net depolarizing effect on the post-synaptic neuron. 

However, the action of glutamate at NMDA receptors is somewhat more 

complicated. At normal resting potentials, NMDA receptors are blocked by 

magnesium ions. This block is voltage dependent and only upon 

depolarization via other inputs does the NMDA receptor become functional. At 
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this point NMDA receptors give rise to a slow depolarization mediated by 

sodium and importantly calcium ions. Signaling cascades acting downstream 

of the activation of these receptors and often isolated to the dendritic spine, 

mediate the effects of synaptic transmission on the post-synaptic neuron. 

 

Structure and Function of Dendritic Spines 

 

One of the most striking structural features of excitatory synapses in the 

CNS is that approximately 90% of glutamatergic transmission is mediated by 

bulbous protrusions of the post-synaptic membrane called dendritic spines 

(Reviewed in Nimchinsky et al, 2002). Cajal was the first to describe these 

mushroom-like protrusions using Golgi’s ‘Black Reaction’ to form a dense 

precipitate in single neurons and their processes (Cajal, SR; 1891). Spines 

function as dendritic micro-compartments that can isolate the biochemical 

reactions associated with single synaptic inputs onto the dendrite. Dendritic 

spines have generated increasing excitement amongst neuroscientists in 

recent years due to their role in synaptic transmission, plasticity and disease 

states.  

Dendritic spines are highly pleomorphic structures and even in the 

same neuronal subtype neighboring spines on the same dendrite can have 

highly divergent shapes and sizes. In the rodent hippocampus, spines can 

range in volume from 0.003 µm3 to 1.83 µm3 (Sorra and Harris, 2000). 

Dendritic spines are composed of a filamentous actin cytoskeleton and contain 
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an electron-dense thickening of synaptic scaffolding proteins and signaling 

molecules at the interface of pre and post-synaptic neurons. Most spines 

represent a single excitatory synapse, with a pre-synaptic terminal apposed to 

the spine head. The post-synaptic density lies at the interface of the pre-

synaptic active zone where vesicles are clustered for release and the enlarged 

head of the dendritic spine. In vivo imaging of calcium transients indicates 

spines act to compartmentalize calcium signals such that such activation does 

not spread to adjacent spines (Yuste and Denk, 1995). Spines thus act as a 

useful morphological correlate of functionally isolated synaptic inputs.  

The shape and size of individual dendritic spines are directly related to 

their functional properties. Ultrastructural analysis shows that spine volume is 

directly proportional to the area of the post-synaptic density (Harris and 

Stevens, 1989). Similarly, these parameters are well matched with the size of 

the pre-synaptic vesicle pool and the area of the active zone for 

neurotransmitter release (Harris et al, 1992). Spine morphology is also 

indicative of the absolute strength and stability of a synapse. The larger a 

spine head is in volume, the higher the level of AMPA receptors present at that 

synapse (Nusser et al, 1998; Kharazia et al, 1999 and Takumi et al, 1999). 

Larger spines are also more stable and show less plasticity, whereas small 

spines preferentially undergo LTP (Matsuzaki et al, 2004). Together, these 

studies support the idea that dendritic spine density and morphology are 

useful correlates of synapse number and strength when studying neuronal 

connectivity.   
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Dendritic spines may also act as a substrate for synaptic plasticity, 

which is thought to underlie learning and memory. As early as 1975 it was 

reported that synaptic activity can lead to alterations in spine morphology with 

LTP induction in the dentate gyrus leading to increased spine size (Van 

Harreveld and Fifkova, 1975). Experiments in acute hippocampal slices have 

demonstrated that chemical induction of LTP can locally induce the 

development new spines (Engert and Bonhoeffer, 1999). LTP induction can 

also lead to an increase in spine head size, with LTD leading to decreased 

spine head size (Matsuzaki et al, 2004; Nagerl et al, 2004; Okamoto et al, 

2004; Zhou et al 2004). Long-term imaging experiments in vivo have 

demonstrated that some populations of spines are transient, while other 

persist long term and that this balance can be influenced by the environment 

(Trachtenberg et al, 2002; Grutzendler et al, 2002 and Holtmaat et al, 2006). 

The clear implication of these studies is that changes in dendritic spine 

morphology occur downstream of physiologically relevant stimulation and may 

represent the structural correlates of environmental influences on synaptic 

connectivity.  

 

Excitatory Synapse Development in the Central Nervous System 

 

How do these specialized functional units of neural circuits arise during 

the development of the organism? Synapse formation occurs over an 

extended period of time, spanning from embryonic stages well into postnatal 
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development. Synapse development can roughly be partitioned into the 

interrelated processes of synapse initiation and synapse maturation. In 

general, once an axon enters its correct target zone it must first identify its 

proper post-synaptic partner and then stabilize an initial connection. 

Subsequent to this initiation, the properties of the synapse must mature. 

Vesicles cluster in the pre-synaptic terminal and neurotransmitter receptors 

accumulate at post-synaptic sites. Eventually, the unique structural and 

functional properties of a particular synaptic subtype are acquired.  

Growing evidence supports a major role in this process of trans-

synaptic signaling by cell surface molecules present at the synapse (Waites et 

al, 2005). Several cell-adhesion molecules have been implicated in the 

induction of synaptic specializations. For example, both SynCAM1 and 

Neuroligin when expressed in non-neuronal cells can trigger the induction of 

pre-synaptic terminals (Scheiffele et al, 2000; Biederer et al, 2002). Around 

this time, a number of other cell-surface molecules were identified which had 

similar activity in initiating synaptic specializations (Biederer and Stagi, 2008). 

Thus it appears that molecules that mediate adhesion between pre and post-

synaptic elements also initiate signals that lead to synapse assembly.  

As synapses continue to mature, there is an increase in the size of both 

pre and post-synaptic components. PSD scaffolding molecules are a class of 

proteins, which can recruit components to the post-synapse and regulate 

spine morphogenesis (Kim and Sheng, 2004). Shank proteins are an example 

from this class, which can regulate spine morphogenesis. Shank1 
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overexpression can lead to enhanced maturation of spine morphology (Sala et 

al, 2001). Similarly, Shank3 overexpression induces spine formation in aspiny 

cerebellar granule neurons and its loss of function leads to fewer spines in 

spiny hippocampal neurons (Sala et al, 2001; Roussignol et al, 2005). Cell-

adhesion and scaffolding molecules are just two of a number of classes of 

proteins, which contribute to building a mature synapse.  

 

Functional Maturation of Excitatory Synapses 

 

Concurrent with the acquisition mature structural characteristics, such 

as spine morphology, synapses undergo maturation of their functional 

properties. On the pre-synaptic side, the number of vesicles per bouton 

increases dramatically over the first month (Blue and Parnavelas, 1983). This 

is matched by a decrease in the probability of release of individual synapses in 

the hippocampus (Bolshakov and Siegelbaum, 1995). On the post-synaptic 

side there are similar changes, particularly in the composition of receptors, 

which mediate the glutamate induced electrical response. In the barrel cortex, 

immature thalamocortical synaptic currents are largely mediated by NMDA 

receptor signaling, with little AMPAR mediated current. As these synapses 

mature however, there is the acquisition of increasing numbers of AMPARs 

and an increase in the AMPAR:NMDAR mediated current ratio (Lu et al, 2001; 

Crair and Malenka, 1995).The NMDA receptor mediated currents also undergo 

developmental maturation. Early in development NMDA receptor mediated 
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responses have slow kinetics and are sensitive to the NR2B specific 

antagonist, ifenprodil (Monyer et al, 1994; Sheng et al, 1994). However, by the 

second postnatal week in the cortex, synapses are dominated by NMDA 

receptors containing the NR2A subunit, with faster kinetics and a loss of 

ifenprodil sensitivity (Crair and Malenka, 1995; Feldman et al, 1998; Flint et al, 

1997; Isaac et al, 1997). The acquisition of increasing AMPA receptor 

mediated responses and switch from NR2B to NR2A containing NMDA 

receptors appear to be common features of excitatory synapse maturation.    

 

Development of Dendritic Spines 

 

As a structural correlate of synaptic properties, dendritic spines offer a 

unique opportunity to study the development and maturation of excitatory 

synapses. The diversity of spine morphologies has led some investigators to 

classify spines into specific categories (Harris et al, 1992). However, the highly 

dynamic nature of spines, particularly in developing systems, suggests that 

categories represent snapshots of spines at various points on a continuum of 

dynamic morphologies (Parnass et al, 2000). During the first 2-3 weeks of 

postnatal development, long, thin protrusions called filopodia dominate cortical 

neuron dendrites (ziv and smith, 1996; Fiala, 1998; Papa and Segal, 1995). 

Throughout the course of development, the number of filopodia decreases as 

the number of spines with enlarged head structures increases. Dendritic 

filopodia are highly motile structures, which can rapidly extend and retract, 
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having an average lifetime of approximately 10 minutes (Ziv and Smith, 1996). 

Over the course of synaptic development, they decrease in length and 

become less motile as well as less numerous. These features have led to the 

widely held belief that filopodia are the immature precursors of dendritic spines 

and serve an exploratory function early in development. Filopodia may allow 

the dendrite to sample the local environment in search of an appropriate 

synaptic partner.  

The sequence of events by which dendritic spine synapses are formed 

is a matter of intense debate. Filopodia, when first formed do not appear to 

have a PSD based on electron microscopic reconstruction and sometimes do 

not have a pre-synaptic partner (De Roo et al, 2008; Knott et al, 2006; 

Arellano et al, 2007). Thus it is often the case that initial spine outgrowth 

precedes synapse formation. One model posits that filopodial protrusions 

actively seek out pre-synaptic partners in the neuropil, shorten and transform 

directly into a mature spine (Ziv and Smith, 1996). However, the majority of 

synapses in early development are formed onto the dendritic shaft, with only a 

minority formed onto filopodia (Harris et al, 1992). Some investigators have 

incorporated this fact into a model where the filopodium retracts fully to 

establish a shaft synapse and subsequently a spine arises from this site (Fiala 

et al, 1998). Evidence for both models exists and separate mechanisms may 

operate for different synaptic subtypes or even for neighboring synapses on 

the same dendrite.  
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The Hippocampus as a Model System 

 

The hippocampus has long generated interest from neuroscientists for 

its fundamental role in the formation of new declarative memories (Scoville 

and Milner, 1957; Squire et al, 2004). The hippocampus should really be 

called the hippocampal formation and includes the entorhinal cortex, dentate 

gyrus, hippocampus proper (CA3 and CA1) and subiculum related regions. 

The dentate gyrus and hippocampal areas CA3 and CA1 each have a single 

layer of excitatory neurons, with patterns of inputs, which are precisely 

laminated. Classical hippocampal connectivity is comprised of a ‘trisynaptic 

circuit’. Information from the entorhinal cortex (EC) enters the dentate gyrus 

(DG) via the perforant pathway, the DG then projects via the mossy fiber 

pathway to CA3, CA3 sends schaffer collaterals to CA1. This view is now 

understood to be a simplification, but still forms the foundation for our 

understanding of hippocampal circuitry. 

The hippocampus is one of the most thoroughly studied regions of the 

CNS. Although much is understood about the precise patterns of connectivity 

in the mature hippocampus, very little is known about the cellular and 

molecular events, which regulate circuit assembly in the hippocampus. 

However, the clarity of synaptic organization and the well-understood 

functional properties of its synaptic classes make this an ideal system for 

studying the development of neuronal connectivity.  
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Laminar patterns of connectivity are a fundamental principle in the 

organization of synaptic circuitry in the hippocampus. The principal neurons of 

the dentate gyrus are the granule neurons and the principal neurons of the 

hippocampus proper are the CA3 and CA1 pyramidal neurons. Granule 

neurons have only apical dendrites, which receive inputs from the entorhinal 

cortex in two separate lamina. Inputs from the medial entorhinal cortex 

synapse in the middle molecular layer of the DG, while synapses from the 

lateral entorhinal cortex synapse in the outer molecular layer. DG neurons give 

rise to a single axon called a mossy fiber (MF) which enters the CA3 region in 

the stratum lucidum and makes excitatory synaptic contacts onto the proximal 

aspect of CA3 pyramidal neuron dendrites specifically in this region. In 

addition to MF inputs, CA3 neurons are highly interconnected and receive 

inputs from other CA3 neurons on their apical and basal dendrites in the 

stratum radiatum (SR) and stratum oriens (SO) respectively. In addition CA3 

neurons also receive inputs from entorhinal cortex onto their distal dendrites in 

the stratum lacunosum-moleculare (Sl-m). CA3 axons project directly onto 

CA1 neurons also in the SR and SO and similar to CA3, CA1 neurons receive 

entorhinal inputs onto their distal apical dendrites in the Sl-m. Finally CA1 

neurons project out of the hippocampus onto subicular neurons, which project 

back to the entorhinal cortex completing a loop of information transfer.  

 

The Role of Activity in Excitatory Synapse Development 
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The assembly of neural circuits in the developing brain requires the 

concerted action of both genetically determined and activity-dependent 

mechanisms. While the initial stages of circuit assembly are largely genetically 

pre-determined, as synapses take on their mature properties and connectivity 

is refined, activity plays a progressively larger role. Remarkably, many of these 

activity-dependent aspects operate during postnatal life and can be directly 

modulated by experience. Hubel and Wiesel first demonstrated that even brief 

periods of altered visual input could have a profound and long-lasting impact 

on cortical connectivity. Most of the effects of activity on nervous system 

development and plasticity are mediated by calcium signaling (Ghosh and 

Greenberg, 1995). While the acute effects of elevated calcium may be local, 

long-term changes require the activation of transcription and the synthesis of 

new gene products. 

Newly formed spines stabilize during maturation and acquire PSD95, 

likely via an activity-dependent process (Ehrlich et al, 2007). Newly formed 

spines in slice culture acquire GFP tagged PSD95 puncta more slowly and to 

a lesser extent in the presence of glutamatergic blockers (De Roo et al, 2008). 

Similarly, AMPAR and NMDAR activation can reduce actin-based spine 

motility leading to the acquisition of more mature morphologies (Fischer et al, 

2000). This effect is dependent on post-synaptic depolarization and calcium 

influx through voltage-gated channels (Fischer et al, 2000). Thus the level of 

activity, with which a new spine is presented, could influence its stabilization or 

differentiation into a mature form.  
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NMDA receptors in particular have been implicated in spine 

development. New spines can form in response to LTP induction in vitro, 

suggesting that NMDAR signaling directly influences spine development 

(Engert and Bonhoeffer, 1999; Maletic-Savatic et al, 1999; Lendvai et al, 

2000). Similarly, calcium entry through NMDARs stabilizes spine morphology 

(Ackerman and Matus, 2003). In vivo, elimination of NMDA receptor signaling 

by conditional deletion of the NR1 subunit leads to fewer, but larger spines 

(Ultanir et al, 2007). 

Early in nervous system development, activity arises in spontaneous 

patterns, while later activity is driven largely by sensory inputs. In each of 

these scenarios, the elevation of intracellular calcium concentration arises 

from either influx through calcium permeable channels or release from internal 

stores. Activity-dependent calcium influx occurs either through voltage-

sensitive calcium channels or by activation of NMDA receptor channels. This 

calcium influx can directly activate signaling pathways, which have immediate 

local effects. Amongst other signaling effects, calcium ions can bind 

calmodulin, which subsequently activates signaling molecules such as 

calcium/calmodulin-dependent kinases (CaMKs) (Ghosh and Greenberg, 

1995). Calcium signaling can also directly activate mitogen-activated kinase 

(MAPK) (Konur and Ghosh, 2005). CamKII is a particularly well-studied 

example of a calcium-activated kinase which modulates synaptic properties 

(Colbran and Brown, 2004).  
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In addition to the local modulation of existing proteins at synapses, 

increased intracellular calcium can activate the transcription of new genes 

(Greer and Greenberg, 2008). Transcription factors may act to regulate the 

cellular response to activity by controlling the levels of particular effector genes 

(West et al, 2002). One of the quintessential activity-regulated transcription 

factors is the cAMP response element binding (CREB) protein (Ghosh and 

Greenberg, 1995). CREB mediates the maintenance of LTP and regulates 

dendritic growth during development (Frank and Greenberg, 1994; Redmond 

et al, 2002). Activity and transcriptional regulation of dendritic arborization is 

an area of active investigation. Another recently discovered activity-regulated 

transcription factor is the calcium-responsive transactivator (CREST), which 

also acts to regulate activity-dependent dendritic development (Aizawa et al, 

2004). Finally, the basic helix-loop-helix transcription factor NeuroD has been 

demonstrated to regulate activity-dependent dendritic development via a 

CaMK II mediated mechanism (Gaudilliere et al, 2004). 

Synapse formation may also be regulated by activity-dependent 

transcriptional mechanisms. Often, synapses form in excess during 

development and are  pruned back by an activity-dependent process 

(Katz and Shatz, 1996). For example, the myocyte enhancer factor 2 (MEF2) 

family of transcription factors is regulated by calcium signaling and can act to 

suppress excitatory synapse number (Flavell et al, 2006; Mao et al, 1999). 

Neural activity can also positively regulate synapse formation via gene 

regulation. The methyl-CPG-binding protein 2 (MECP2) is a protein, which 
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acts as a transcriptional repressor of target genes (Cohen and Greenberg, 

2008). Neuronal activity leads to phosphorylation of MECP2 and positively 

regulates spine maturation (Zhou et al, 2006). Similarly activity can regulate 

inhibitory synapse development via transcriptional processes. The 

transcription factor NPAS4 can be regulated by neuronal activity and positively 

regulates the development of inhibitory synapses (Lin et al, 2008). Activity-

regulated transcription factors thus act to regulate the cellular level response 

to neuronal activity and the differentiation and relative number of synapse 

types. 
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Methods 

 

Detailed Protocol for the Preparation of SBFSEM Tissue Blocks 

 

Bl6 mice at postnatal day 0, 7, 14 and 120 were anesthetized with 

sodium pentobarbital and then perfused briefly with Ringer’s solution 

containing xylocaine and heparin, followed by 0.15 M cacodylate buffer 

containing 2% Paraformaldehyde, 2.5% glutaraldehyde and 2 mM CaCl2. The 

brain was then dissected free and post-fixed in the same fixative solution at 4 

degrees Celsius for 7 hours. 100 um thick coronal sections were cut from the 

brain in ice cold 0.15 M cacodylate buffer containing 2 mM CaCl2 using a 

vibratome. Slices were then washed in cacodylate buffer for 2 hours at 4 

degrees Celsius. 

Slices were then placed in cacodylate buffer containing 2% OsO4/ 1.5% 

potassium ferrocyanide for 1 hour at room temperature. Slices were washed 3 

times for 5 minutes in ddH2O at room temperature before being placed in a 

filtered solution of 1% thiocarbohydrazide in ddH2O for 25 minutes at room 

temperature. Slices were washed an additional 3 times in ddH2O and placed 

in 2% aqueous uranyl acetate at 4 degrees Celsius overnight.  

The next day, slices were washed 3 times in ddH2O. A solution was 

made by dissolving 0.066 grams of lead nitrate in 10 mL of 0.003 M aspartic 

acid. The pH was adjusted to 5.5 with 1 N KOH and the solution was placed in 

a 60 degrees Celsius oven for 30 minutes. Following oven incubation, the lead 
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aspartate solution was filtered and slices were added and left in oven for an 

additional 30 minutes. Following incubation, slices were washed 3 times in 

ddH20 and then dehydrated in a series of Ethanol solutions (70%, 90%, 

100%, 100%; 10 minutes each, on ice). Slices were then placed in ice cold dry 

acetone and left a room temperature for an additional 10 minutes. Slices were 

then placed in 25% Durcupan:acetone for 3 hours, before being moved to 

50% Durcupan:acetone overnight. The next day, slices were placed in 75% 

Durcupan:acetone for 3 hours and then 100% Durcupan overnight. Slices 

were then flat mounted in fresh 100% Durcupan and placed in a 60 degrees 

Celsius oven for polymerization. 

A small region of CA3 adjacent to the dentate gyrus was cut out of 

these sections and mounted onto an aluminum pin with cyanoacrylate glue. 

The block was trimmed and silver paint was used to ground the sample to the 

pin. Finally, the block was coated with a thin layer of gold-palladium for further 

grounding.  

 

Acquisition of SBFSEM data off 3View Microscope 

 

A small piece of empty Durcupan plastic was glued to the top of a small 

aluminum specimen pin.  After a region of interest was cut from an embedded 

tissue section, the resulting block was glued to the empty Durcupan, which 

acted as a spacer between tissue and metal.  Using a glass knife, the tissue 

block was trimmed to a minimal size (approximately 0.5 x 0.5 mm) and the 
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surface was trimmed flat.  Silver paint was applied to the specimen so as to 

ground the Durcupan spacer to the aluminum pin.  The pin was then coated 

with a thin layer of gold-palladium in a sputter coater.   

  The specimen pin was mounted into the 3View instrument.  The 

specimen was raised toward the diamond knife in 200 nm steps until the entire 

surface of the block was being cut by the knife.  Imaging was conducted at 30 

Pa chamber pressure, with water vapor used to eliminate surface charging of 

the block.  The specimen was imaged at low magnification (around 500X), 

which allowed for the identification of tissue landmarks, such as the dentate 

gyrus, CA3, and the stratum lucidum.  The stratum lucidum was recognized as 

the region of tissue immediately adjacent to CA3, where apical dendrites were 

seen to emerge from CA3 somata.  

  Once a region of interest was identified, a volume was collected at 

4500X and using 50 nm cutting steps.  The image resolution was 4096 x 4096, 

giving a pixel size of 5.2 nm.  The pixel dwell time was 5 usec.  These imaging 

parameters allowed for sections to be consistently cut with adequate 

resolution for tracing features of interest.  The cutting speed for the oscillating 

diamond knife was 0.1 mm / sec.   

Once a volume was collected, the histograms for the slices throughout 

the volume stack were normalized to correct for drift in image intensity during 

acquisition.  The normalized .dm3 file then converted to MRC format.  The 

stacks were converted to 8-bit and manually traced in IMOD.   
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DiI Crystal Placement 

 

Mice were anesthetized and transcardially perfused with phosphate 

buffered saline (PBS) followed by 4% paraformaldehyde (PFA) at pH 7.4 and 

brains post-fixed in 4% PFA overnight. Following post-fixation, brains were cut 

in half sagitally and the brainstem, basal ganglia and diencephalon were 

removed to reveal the underside of the cortical cap and hippocampus. Several 

small DiI crystals were placed at the boundary of cortex and hippocampus into 

the dentate gyrus and pushed under the surface using insect pins. Brains were 

then placed in 2% PFA at 37 degrees Celsius in the dark for 2-3 weeks to let 

the DiI transfer along the MF pathway. After allowing for transfer, 50 um 

coronal sections were cut on a vibratome and mounted with PBS under glass 

coverslip using vacuum grease to create a seal. These slides were imaged on 

a Leica SP2 or SP5 confocal microscope under 63X magnification with 3X 

optical zoom to assess mossy fiber bouton morphology.  

 

Plasmids 

 

For shRNA mediated knockdown, candidate shRNA sequences were 

purchased from Open Biosystems in the PLKO.1 expression vector driving 

shRNA expression off the U6 promoter. For shRNA-mediated knockdown of 

NeuroD2, we used the following sequence corresponding to nucleotides 911-

931 of rat NeuroD2: GCTCTGTCTCAACGGCAACTT. Mouse and rat NeuroD2 
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are 100% conserved in the target region for the shRNA. For in vivo knockdown 

of NeuroD2 expression, the U6 promoter and shNeuroD2 sequence from 

PLKO.1 were cloned into the PacI site of the lentiviral vector plasmid 

FCK(0.4)GW (a gift from Dr. Pavel Osten, Cold Spring Harbor Laboratory, 

Cold Spring Harbor, NY), which contains a 0.4 kb fragment of the mouse 

CaMKII promoter driving EGFP (Dittgen et al, 2004). As a control vector, we 

used FCK(0.4)GW alone. Myc-tagged mouse NeuroD2 and NeuroD1 were 

expressed from the pCS2+ plasmid off the CMV promoter.   

 

Intracellular Injection of Lucifer Yellow 

 

Mice were anesthetized and transcardially perfused with phosphate 

buffered saline (PBS) followed by 4% paraformaldehyde (PFA) at pH 7.4 and 

post-fixed in 4% PFA for 1 hour on ice. Then, 100 uM thick coronal sections 

were cut using a vibratome and stored in PBS on ice. Penetrating 

microelectrodes were pulled from standard borosilicate capillary glass with 

filament (1 mm outer diameter/0.58 mm inner diameter) and back-filled with 

Lucifer yellow dye (5%). Slices were mounted on coverslips under PBS and 

CA3 neurons were filled via iontophoresis under visual guidance. Sections 

were then post-fixed an additional 15 minutes before being prepared for 

immunohistochemistry. 

 

Imaging and Analysis of Spines 
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Spines were imaged on a Leica SP2 or SP5 confocal microscope under 

63X magnification with 3X optical zoom for imaging of TE spines and 4X 

optical zoom for imaging of classical spines. Images were collected from 

clearly identifiable pyramidal neurons throughout the extent of CA3 with TE 

spines images collected on primary and secondary dendrites and classic spine 

images collected on tertiary branches in the middle third of the CA3 stratum 

radiatum. Images were collected as z-stacks with .5 uM thick sections. Images 

were analyzed as confocal stacks using ImageJ software. For 30 uM tertiary 

dendritic segments, measurements were taken of each spine’s length and 

head width. Head width measurements were obtained using a custom ImageJ 

plugin called edgefitter (www.ghoshlab.org). 

  

Lentivirus Production 

 

Lentivirus was made by transfecting 293T cells with the pFCK(0.4)GW 

plasmid along with helper plasmids (psPAX2 and VSVG).  After 3 days, 293T 

media was centrifuged (46,000 x g) to concentrate the virus, resuspended in 

PBS, and stored at –80C.  For in vivo injections, P5 rat pups were 

anesthetized using an isofluorane vaporizer and immobilized in a stereotaxic 

device.  Following craniotomy, a Hamilton syringe was used to inject 1mL of 

concentrated virus.  The animals were sutured and returned to their cage until 
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further analysis.  All procedures with animals were performed in accordance 

with National Institutes of Health and the UCSD animal care program. 

 

Electrophysiology 

 

Whole-cell, voltage-clamp recordings were performed on CA3 

pyramidal neurons in acute brain slices from NeuroD2 null mice and littermate 

controls.  Mice aged P14 to P17 were deeply anesthetized with isoflurane and 

then rapidly decapitated.  Brain slices were cut in the sagittal plane at a 

thickness of 350µm using a vibrating microtome (VT-1200, Leica 

Microsystems).  Slicing was performed in an ice-cold artificial cerebral spinal 

fluid (ACSF) with the following ionic composition (concentrations in mM): NaCl 

124, KCl 5, NaHCO3 26, NaH2PO4 1.25, Glucose 10, MgCl2 6, CaCl2 1.  

Slices were moved directly to a holding chamber and maintained for at least 

0.5 hr (0.5-3hr), and then transferred to a recording chamber.  In both the 

holding and recording chambers, slices were submerged in a standard ACSF 

solution (at room temperature) with the following ionic composition (in mM): 

NaCl 124, KCl 5, NaHCO3 26, NaH2PO4 1.25, Glucose 10, MgCl2 3, CaCl2 

2, and bubbled constantly with 95% O2:5% CO2 gas.  Our recording solution 

also contained 100µM picrotoxin (Tocris Bioscience) to block GABA receptor-

mediated inhibitory currents.  DGCs were visualized by IR-DIC imaging using 

an upright, fixed-stage microscope (BX-51, Olympus).  Whole-cell patch 

electrodes were pulled from borosilicate glass (1.5mm O.D. and 1.16mm I.D., 
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Warner Instruments Corporation) to resistances ranging from 3 to 6MΩ.  

Access resistance was monitored for consistency during recordings and 

ranged from 10 to 20MΩ for the cells included for analysis.  The intracellular 

recording solution contained (in mM):  CsCl 20, CsMeSO3 105, ATP 

(dipotassium salt) 0.5, GTP 0.3, Hepes 10, MgCl2 2, EGTA 1, QX-314 2 and 

BAPTA 10, at pH 7.3.  Recordings were acquired using a PC-505 amplifier 

(Warner Instruments) and digitized using custom software routines written in 

Igor Pro (Wavemetrics) and the NIDAQ tools package, to access a PCI-based 

board (PCI-1200, National Instruments) on a Macintosh G3 computer. 

 

Hippocampal Culture 

 

Hippocampal neurons were cultured from P0 wildtype and NeuroD2 null 

littermates and plated on a rat glial monolayer previously cultured on poly-D-

lysine (Millipore, Temecula, CA) and laminin (Invitrogen, Carlsbad, CA) coated 

coverslips. Neurons were maintained in Neurobasal-A medium (Invitrogen) 

supplemented with B27, glucose, glutamax, penicillin/streptomycin (Invitrogen) 

and 25 uM B-mercaptoethanol. 

 

Immunohistochemistry 

 

For Lucifer Yellow (LY) IHC, slices were blocked 1 hour at room 

temperature in 3% BSA + .3% Triton X-100 in PBS and incubated in primary 
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antibody against Lucifer yellow (Abcam, rabbit anti-LY; 1:1000) overnight at 4 

degrees Celsius in blocking solution. Slices were then washed 3x20min with 

blocking solution and incubated in secondary antibody (Molecular Probes, 

donkey anti-rabbit 555; 1:1000) for two hours at room temperature. Finally, 

slices were labeled with a Hoechst nuclear stain and mounted on slides for 

confocal microscopy. For virally labeled neurons, slices were simultaneously 

incubated with primary antibody against GFP (Abcam, goat anti-GFP; 1:3000) 

and stained with a secondary antibody in the far red channel (Molecular 

Probes, donkey anti-goat 647, 1:1000). 

For immunohistochemistry in slices from WT and NeuroD2 null mice, 

animals were transcardially perfused as for microinjection of LY, but were 

post-fixed overnight at 4 degrees Celsius. Slices used for IHC of PSD-95 were 

immediately cut on a vibratome at 50 µm. Slices for other 

immunohistochemistry were saturated with a 30% sucrose in PBS solution for 

~3 days and flash frozen in dry ice before cutting 30 µm frozen sections on a 

cryostat microtome. Slices of each type were blocked with 3% BSA in PBS for 

1 hour before being incubated in primary antibody overnight at 4 degrees 

Celsius, washed and incubated with fluorophore conjugated secondary 

antibody for 2 hours at room temperature, washed and incubated with Hoechst 

nuclear stain before being coverslipped.   

Cultured neurons were fixed in 4% paraformaldehyde, 4% sucrose in 

phosphate buffered saline (PBS) and processed for immunofluorescence 

according to standard procedures. Cells were washed with PBS and incubated 
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in blocking solution (PBS plus 3% bovine albumin and .1% TritonX 100) for 30 

minutes. For SPO staining only, .1% Saponin was included only in the 

preliminary blocking step. Then cells were incubated in primary antibody 

diluted in blocking solution for 2 hours, washed, incubated in secondary 

antibody diluted in blocking solution for 1 hour, washed again and stained with 

Hoechst nuclear stain before being coverslipped. Primary antibodies were: 

rabbit anti-calbindin 1:1000 (SWANT), rat anti-CTIP2 1:1000 (Abcam), rabbit 

anti-synaptoporin 1:1000 (SYSY), (for culture) mouse anti-PSD95 1:250 

(NeuroMAB), for slice mouse anti-PSD95 1:500 (ABR), guinea-pig anti-Vglut1 

1:5000 (Chemicon), Chicken anti-MAP2 1:5000 (Abcam) and rabbit anti-Prox1 

1:5000 (Covance). Fluorophore-conjugated secondary antibodies were from 

Jackson ImmunoResearch (West Grove, PA) or Invitrogen and were used at 

1:1000.  

 

Timm Staining 

 

 Staining for zinc in MF boutons was accomplished using the Timm 

method of silver sulphide deposition as in standard protocols, see Danscher 

and Zimmer, 1978.  

 

Image Acquisition and Analysis 
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Images were captured on Leica SP2 and SP5 confocal microscopes 

(Leica Microsystems, Bannockburn, IL). Z-Stacks were collapsed in a 

maximum projection and analyzed using NIH ImageJ software. Images were 

thresholded using constant settings per experiment and  

 

Immunoblotting and Quantification  

 

 Western blotting was performed by standard procedures. For 

hippocampal lysates, mice were decapitated under isoflurane anesthesia, the 

hippocampus was dissected free in cold PBS and homogenized in buffer with 

protease inhibitors. For 293T expression experiments cells were lysed directly 

in hot SDS containing sample buffer and boiled for 10 minutes. Lysates were 

diluted into SDS containing sample buffer, boiled for 10 minutes and run by 

SDS-PAGE. Antibodies used for immunoblotting were the following: mouse 

anti-myc, 1:1000 (Santa Cruz), mouse anti-PSD95 1:1000 (Affinity 

Bioreagents ABR), mouse anti-ßIIItubulin 1:1000 (Abcam), mouse anti-

GAPDH 1:5000 (Millipore), mouse anti-Pick1 1:500 (NeuroMAB) and mouse 

anti-SAP102 1:1000 (NeuroMAB). Quantification was by measurement of 

densitometry in standard sized windows, using imageJ software. 
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Chapter One: Reconstruction of Neural Circuits Using Serial Blockface 

Scanning Electron Microscopy 

 

1.1 Abstract 

 

An understanding of connectivity in local microcircuits and how it is 

achieved is critical for the study of neural circuits. Light-level analysis is useful 

for this purpose, but resolution of fine scale structural details of interacting pre 

and post-synaptic elements is not currently possible. Electron Microscopic 

reconstruction allows simultaneous imaging of pre and post-synaptic 

elements, with high spatial resolution. However, traditional methodologies are 

both labor-intensive and error prone. Serial blockface scanning electron 

microscopy, is a technical advance allowing the automated collection of large 

volumes of perfectly aligned ultrastructural data. Here we demonstrate the use 

of serial blockface scanning electron microscopy for the directed study of local 

connectivity in the hippocampal mossy fiber pathway.  

 

1.2 Introduction 

 

Accurate 3-Dimensional reconstruction of neuronal connectivity across 

development is essential to completely understand circuit assembly. Light 

level analysis has led to numerous insights into the development of synaptic 

morphology and by proxy connectivity. For example, progress in 
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understanding neural development and connectivity in general took a giant 

leap forward with the development of the Golgi technique for staining 

individual neuronal elements. The neuron doctrine thereafter became a central 

tenet of modern neuroscience (Cajal, 1911). However, a synapse by definition 

entails the complex set of interactions between pre and post-synaptic 

elements. A major advantage of electron microscopy is that it allows the 

simultaneous investigation of both pre and post-synaptic cells and therefore a 

full description of the physical relationship of synaptic components. 

In addition, Electron microscopy provides extremely high-resolution 

ultrastructural data allowing the unambiguous identification of synaptic 

connectivity. Synaptic vesicles, post-synaptic densities and organelles can all 

be identified by electron microscopy allowing synapses to be analyzed for their 

ultrastructural makeup. Light microscopy also exhibits fundamental limitations, 

which prevents the resolution of fine cellular processes. Filopodia and spine 

necks can be 50 nm or less in their smallest spatial dimension and thus often 

are only resolvable using electron microscopy (Fiala et al, 1998). Thus the 

level of spatial resolution required for biophysical modeling of synapse function 

is only achievable with electron microscopy. These advantages of electron 

microscopy make it an ideal technique for simultaneously investigating the fine 

structural details of both pre and post-synaptic elements. 

However, local microcircuitry spans 10s to 100s of microns and even 

single synapses can be quite large. Classical studies using electron 

microscopy have relied on the interpretation of single section ultrastructure in 
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the context of light-level analysis. However, this leaves a noticeable gap in our 

understanding of how this extremely high-resolution data relates to the 

structure of whole synapses and even circuits. This problem has led to the 

development of techniques for the reconstruction of synaptic architecture from 

ultrastructural data. The traditional technique for achieving these 

reconstructions has been serial section transmission electron microscsopy 

(ssTEM) of ultrathin sections (Ware, 1975). In ssTEM, thick blocks of stained 

tissue are serially thin sectioned on an ultramicrotome yielding hundreds or 

thousands of sections, which must each be imaged individually. This is an 

extremely labor intensive process, with the possibility of losing or damaging 

individual sections during the process. For example, although the entire C. 

Elegans organism has been reconstructed using ssTEM, this seminal effort 

took over 15 years to complete (White et al, 1976; Helmstaedter et al, 2008). 

One of the major sources of error in ssTEM comes when individually acquired 

single section data must be stitched back together into a volume. Uneven 

sections and local distortion of individual sections can make this process 

extremely difficult.  

An alternative technique for EM level reconstruction is serial section 

electron tomography (SSET) (Soto et al, 1994). In SSET, thicker sections can 

be cut and imaged by high voltage TEM while being tilted at varying angles 

under the electron beam. This tilt-series can be used to mathematically 

reconstruct the volume ultrastructure for somewhat thicker slices and each 

dataset stitched together to create a volume. The advantage here is a 
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dramatic reduction in the number of individual sections that have to be cut, as 

each section can be up to 500 um. However, the requirement for higher 

energy electron beams can lead to shrinkage and larger distortions than 

ssTEM, which make stitching datasets together potentially even more difficult.  

The sheer number of man-hours required to collect these data sets, 

along with the inherent technical challenges of each technique has slowed 

progress in neural circuit reconstruction. Serial blockface scanning electron 

microscopy (SBFSEM) is a new technique that utilizes the backscatter of 

electrons off the surface of a tissue block to create an image and incorporates 

an ultramicrotome within the microscope chamber. Data is acquired off the 

electron microscope as the tissue block is serially sectioned, fully automating 

the process of collecting large volumes of ultrastructure within which 

connectivity can be fully assessed (Denk and Horstmann, 2004, Briggman and 

Denk, 2006). SBFSEM therefore allows the rapid acquisition of large volumes 

of perfectly aligned, high-resoultion ultrastructural data. Here we demonstrate 

the use of SBFSEM for large-scale reconstruction of volumes of developing 

hippocampal stratum lucidum neuropil to investigate the establishment of 

mossy fiber microcircuitry. The enormous size of MF synapses relative to 

typical synapses of the neocortex makes this challenge particularly well suited 

to the application of this exciting new technique. We show that very large 

volumes of data can be acquired using SBFSEM and also that images are 

extremely rich in ultrastructural detail. When combined with manual 

segmentation to create accurate three dimensional models, SBFSEM is an 
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invaluable tool for investigating the development of synaptic structure. In the 

coming years, this groundbreaking advance promises to dramatically increase 

our understanding of both fine and large-scale neural connectivity and the full 

diversity of synaptic structure. 

 

1.3 Results 

 

Application of Serial Blockface Scanning Electron Microscopy to the 

Analysis of Mossy Fiber Synapses 

 

The investigation of the characteristics of particular synaptic subtypes is 

facilitated in the hippocampus by the fact that specific classes of inputs are 

laminarly distributed. CA3 neurons of the hippocampus receive MF inputs 

specifically onto the proximal aspects of their apical dendrites in the 

hippocampal stratum lucidum (SL) (Figure 1.1A). Further, MF synapses can 

be unambiguously identified based on their unique pre and post-synaptic 

structural characteristics. MF pre-synaptic boutons are large and either 

present as an en passant varicosity or an enlargement off a small terminal 

sidebranch with filopodial extensions off the main bouton (Figure 1.1B). Post-

synaptically, MF synapses form onto unique multi-headed dendritic spines 

termed thorny excrescences (TEs), which are arranged in tight clusters 

eluding fine-scale analysis at the light level (Figure 1.1C). To investigate MF 

synapses using SBFSEM, we collected EM volumes from the septal portion of 
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the hippocampus in the CA3 SL, proximal to the hilus of the DG (Figure 1.1A). 

The SBFSEM field for each sample was approximately 25 um X 25 µm and we 

collected EM volumes which extended up to ~ 20 µm in the z-dimension 

composed of sections cut at 50 nm thickness (Figure 1.3A). These data 

represent perfectly aligned and continuous blocks of ultrastructural data. To 

analyze these data sets, we utilized the publicly available software package 

IMOD, specifically developed for the visualization and analysis of EM data sets 

in three dimensions (Kremer et al, 1996; http://bio3d.colorado.edu/imod/). This 

software can be used to manually trace contours defining the cross-sectional 

boundaries of user-defined objects for each slice of data in the z-dimension. 

These contour profiles for different pre and post-synaptic elements in the SL 

were given a surface mesh to create 3-dimensional models of synaptic 

components in virtual space (Figure 1.2A and B).  

 

General Description of Developmental Reconstructions 

 

We collected SBFSEM data sets for postnatal day 0, 7, 14 and 120 

mouse hippocampus as described above (P0, P7, P14 and Adult). For each 

age, we reconstructed between 1 and 7 dendritic segments along with their 

corresponding TE spines and a subset MF boutons (Figure 1.3A). In addition, 

at each timepoint we picked one representative dendritic segment running 

throughout the entire volume and completely analyzed all of its inputs, for an 

unbiased assessment of connectivity. These segments represented between 
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30.1 and 36.2 um of dendrite and each contained one branch-point, likely 

primary to secondary in order (Figure 3.5A-L, Table 2.1).  An example of one 

isolated CA3 neuron apical dendrite (pink) is shown in Figure 1.3B, with each 

protrusion emerging from the dendritic shaft traced as a discrete object to 

facilitate analysis on a per spine basis (red). One example MFB is also shown 

(blue), for these structures the main bouton was defined as the bulbous 

vesicle-containing region and was traced separate from the DG axon and 

filopodial extensions off the bouton (Figure 1.3B). Reconstruction of these data 

sets confirm that volumes were obtained from the SL, with pre and post-

synaptic structures closely resembling features of MF synapses visualized at 

the light level (Figure 1.1B and C). Higher magnification views of one cross-

section of the reconstruction as indicated in Figure 1.3C, are shown in Figure 

1.3D to demonstrate how single sections of ultrastructure correspond to 

reconstructions. Cross-sections of reconstructed objects are shaded in their 

corresponding colors and the profiles of unmyelinated MF axons (arrows), 

other dendritic shafts (asterisks) and additional MFBs (green) are indicated 

(Figure 1.3D).  

SBFSEM enables the collection of extremely large volumes of data in 

which connectivity can be assessed by tracing the membranes of pre and 

post-synaptic structures (Figure 1.3A). In addition, SBFSEM provides very 

high-resolution images enabling the identification of subcellular organelles and 

the identification of sites of synaptic contact. Individual post-synaptic densities 

(PSDs) are visible in SBFSEM images as well as sites of pre-synaptic vesicle 
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clustering at active zones (Figure 1.4A and B, red arrows and green lines). 

Within MF pre-synaptic terminals (yellow), individual vesicles can be resolved 

(white arrows) as well as mitochondria (blue arrows) and other subcellular 

structures (Figure 1.4A and B).  

 

1.4 Discussion 

 

In this chapter, we demonstrate the utility and feasibility of applying 

SBFSEM to the study of synaptic connectivity in the rodent hippocampal 

mossy fiber pathway. Mossy fiber synapses are enormous relative to other 

types of cortical excitatory synapses and full reconstruction of even single 

synapses has only rarely been attempted (Chicurel and Harris, 1992; 

Rollenhagen et al, 2007). Even in these cases, only a few synapses were 

reconstructed and reconstruction of fine filopodial processes was not 

attempted. In addition, the highly laminar organization of the hippocampus 

ensures that MF synapse will be the only glutamatergic synapse type present 

in data sets from stratum lucidum. These features of MF synapses make this 

connectivity an extremely suitable challenge for testing the power of SBFSEM 

for the investigation of synapse development.  

Manual segmentation of data sets was achieved using IMOD software 

and spines and pre-synaptic terminals were readily apparent. Reconstructions 

clearly showed the morphological characteristics of MF synapses and confirm 

the stratum lucidum origin of SBFSEM datasets. Large volumes of SL neuropil 
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could be reconstructed using this technique and should allow the investigation 

of the connectivity of local MF microcircuitry. Not only were datasets large in 

volume, but the level of ultrastructural resolution using SBFSEM was 

remarkable. Individual vesicles and PSDs could be resolved using this 

technique, which is crucial for differentiating synaptic from non-synaptic 

contacts.  

As SBFSEM technology becomes more widely available, it is likely to 

be applied to the investigation of similar problems to understand how mature 

elements arise in the neuropil of diverse brain regions. The most exciting 

future advances are likely to result when this technique is combined with in 

vivo manipulations at the cellular and molecular level. For example, SBFSEM 

can immediately be applied to the study of genetically manipulated animals, 

allowing for a more complete understanding of how specific molecules 

regulate neuronal connectivity. Another exciting avenue of study would 

combine SBFSEM with in vivo imaging studies where the real-time effects of 

environmental manipulations could be followed up with complete circuit 

reconstruction. This type of study will require advances in the ability to identify 

circuit components previously imaged at the light level within the EM data set. 

We hope that this study using SBFSEM to analyze MF microcircuitry will serve 

as a model for these exciting new experimental paradigms. 

Chapter 1 is currently being prepared for submission for the publication 

of the material. Wilke, Scott A.; Antonios, Joseph K.; Bushong, Eric; 

Badkoobehi, Ali; Malek, Elmar; Hwang, Minju; Ellisman, Mark; Ghosh, Anirvan. 
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Figure 1.1: Region for SBFSEM Acquisition 
 
(A) Schematic representation of the hippocampus with region of SBFSEM data 
collection indicated by box. Figure demonstrates a dentate granule neuron 
extending a mossy fiber axon and synapsing onto the proximal aspect of the 
apical dendrites of two CA3 neurons. (B) P16 DiI labeled mossy fiber boutons 
(scale bar = 5 µm). (C) P21 CA3 neuron with TE spines labeled by intracellular 
injection of Lucifer Yellow dye in fixed tissue (scale bar = 5 µm). 
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Figure 1.2: Reconstruction Using SBFSEM 
 
(A) Example model showing the reconstruction of CA3 neuron apical dendritic 
shaft (red), with TE spines each in a separate color (scale bar = 2 µm). 
Numbered lines demonstrate planes of SBFSEM data, which correspond to 
raw data shown in B1-10.  
 
(B) A portion of the raw SBFSEM data, which was used to reconstruct the CA3 
neuron shown in A. Each raw data image corresponds to the plane as 
indicated in A, with contours corresponding to the reconstructed object 
indicated in the corresponding color (scale bar = 1 µm). 
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Figure 1.3: SBFSEM Can be Used to Reconstruct Large Volumes of 
Stratum Lucidum 
 
(A) Representative sample of reconstructed CA3 stratum lucidum (SL) 
neuropil, showing one plane of raw SBFSEM data. Data is ~ 25 µm in the X 
and Y dimension and ~20 µm in the Z-dimension (scale bar = 2 µm). (B) One 
CA3 apical shaft reconstruction from A, with a single MF bouton, (shaft = pink, 
spines = red, bouton = blue) (scale bar = 2 µm). (C) A portion of the 
reconstructed data set shown in C, rendered as emerging from a single plane 
of raw data (scale bar = 2 µm). (D) Non-rendered version of the data plane 
shown in C, with object contours shown in their corresponding colors (shaft = 
pink, spines = red, bouton = blue and other boutons not shown in C indicated 
in green, asterisk = other dendritic shafts. (scale bar = 2 µm).  
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Figure 1.4: SBFSEM Provides High Resolution Ultrastructure 
 
(A) High magnification image demonstrating SBFSEM resolution of 
ultrastructural features. Arrowheads (red) indicate sites of synaptic release 
with PSDs apposed to pre-synatpically clustered vesicles in a mossy fiber 
terminal. Single pre-synaptic vesicles can be resolved (white arrows), as well 
as various organelles (mitochondria = blue arrows). (scale bar = 500 nm) 
 
(B) Pre and Post-synaptic structures from A are shaded for easier 
identification: post-synaptic shaft and spine heads (red), MF bouton (yellow), 
PSDs (green) and mitochondria (blue). (scale bar = 500 nm)
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Chapter 2: Investigation of the Postnatal Development of Hippocampal 

Mossy Fiber Connectivity using Serial Blockface Scanning Electron 

Microscopy 

 

2.1 Abstract 

 

Hippocampal CA3 neurons receive highly specialized mossy fiber (MF) 

synapses from dentate gyrus (DG) axons that form enormous terminals with 

multiple release sites on the proximal dendrite. At sites of MF input, CA3 

neurons elaborate large multi-headed spines called thorny excrescences, 

which are completely engulfed by the MF terminals. Here we apply serial 

blockface scanning electron microscopy to investigate the structural 

maturation of pre and post-synaptic elements and the process of circuit 

assembly. We have assembled a large set of reconstructed mossy fiber 

synapses spanning the periods of their formation and maturation and fully 

analyzed connectivity for large dendritic segments receiving mossy fiber input. 

Using this data, we quantitatively demonstrate 1) the dramatic range of pre 

and post-synaptic structural diversity at this synapse, 2) developmental 

refinement of structural features relevant to connectivity and 3) the steps by 

which mossy fiber pre and post-synaptic elements associate to establish 

mature rates of connectivity.    

 

2.2 Introduction
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Connectivity between hippocampal dentate gyrus (DG) granule cells 

and CA3 pyramidal neurons is mediated by the structurally and functionally 

unique mossy fiber (MF) synapse. MF axons were so named by Cajal based 

on their appearance using Golgi’s method of impregnating single neurons with 

silver chromate (Cajal SR, 1911).  Each MF axon establishes between 10 and 

15 giant MF boutons (MFBs), which intertwine with equally large and complex 

post-synaptic dendritic spines known as the thorny excrescences (TEs) 

located on the proximal aspect of CA3 apical dendrites (Amaral and Dent, 

1981; Amaral et al., 1990). Here, as in other parts of the nervous system form 

closely follows function and the MF synapse is one of the largest and most 

powerful synapses in the central nervous system (Henze et al., 2002a; Henze 

et al., 2002b; Rollenhagen et al, 2007). A single MFB can communicate with 

it’s post-synaptic partner at up to 37 individual sites of synaptic release 

(Chicurel and Harris, 1992). This arrangement has led to the characterization 

of the MF synapse as a ‘detonator synapse’ for its function in sparsely and 

powerfully activating a particular subset of the CA3 excitatory network 

(Bischofberger et al., 2006). In contrast to its sparse connectivity onto CA3 

neurons, MF axons are highly connected with inhibitory interneurons via small 

en passant terminals and synapses localized to filopodial extension emerging 

from the MFB (Acsady et al., 1998; Maccaferri et al, 1998; McBain, 2008). This 

feed-forward inhibition is thought to suppress CA3 network activity, thus 

allowing specifically targeted CA3 neuron firing to emerge with a high signal-

to-noise ratio (Bischofberger et al, 2006).  
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Much of what we know about the structure of MF synapses is based on 

the heroic efforts of other investigators using serial section transmission 

electron microscopy (ssTEM), to reconstruct small numbers of MF pre and 

post-synaptic elements (Chicurel and Harris, 1992; Rollenhagen et al., 2007). 

This technique is extremely labor-intensive and suffers from the technical 

difficulty of accurately stitching together data from hundreds or thousands of 

individually imaged electron micrographs. Thus, despite the clear value of 

large-scale reconstruction for understanding the development of fine-scale 

connectivity and accurate modeling of circuit function, relatively few full 

reconstructions have been attempted.  

Here we describe the use of SBFSEM to investigate the establishment 

of MF microcircuitry in the developing rodent hippocampus at a level not 

previously possible. The MF synapse in rodents develops entirely after birth, 

with the basic sequence of events being well described by other investigators 

(Amaral and Dent, 1981). Pre-synaptic MF expansions are visible as early as 

the first few days postnatal and rapidly enlarge in subsequent weeks. Post-

synaptic TE development lags pre-synaptic development slightly, with previous 

studies finding no evidence of TEs until 9 days postnatal after which TEs also 

rapidly increase their complexity. MF synapse morphology has never been 

investigated for large numbers of completely reconstructed synapses and our 

knowledge of early postnatal structural development is largely based on golgi 

staining and single-section transmission electron microscopy (TEM). To fully 

understand the process by which this morphologically unique synapses arises, 
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it is necessary to reconstruct large volumes of local micro-circuitry across 

developmental timepoints. The work presented here represents several 

advances over previous work on MF synapse development: 1) The large 

number of pre and post-synaptic structures reconstructed here allows a more 

complete understanding of the full diversity of synapse morphology at different 

ages, 2) We identify developmentally regulated refinement of several features 

of connectivity which have not been appreciated via other methodologies, 3) 

We have completely reconstructed pre and post-synaptic structure for large 

segments of dendrite at four ages, leading to new insights into connectivity 

rates and the process of MF synapse initiation and maturation. SBFSEM is 

likely to yield similar insights into nervous system connectivity as it is applied 

similarly to the reconstruction of developing synapses in diverse brain regions. 

 

2.3 Results 

 

Maturation of Pre-Synaptic MF Bouton Structure 

 

          MF boutons are both structurally and functionally unique in comparison 

to standard cortical synapse archetypes. Short-term plasticity at the MF 

synapse is characterized by a low basal release probability and pronounced 

paired-pulse and frequency-dependent facilitation (Salin et al, 1996; Nicoll and 

Schmitz, 2005). Consistent with previous ultrastructural studies, we found that 

MF boutons were large and complex structures, densely packed with vesicles 
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and emanating many fine filopodial processes. Immature sites of synaptic 

initiation often clustered vesicles at the point of axon-dendrite contact in the 

absence of a clear bouton-like enlargement. Here, we defined the bouton as 

the portion of axon clustering vesicles. Axons were readily apparent based on 

their large caliber and consistent trajectory, while filopodia were defined as 

any protrusion off the main bouton extending more than three sections.  MF 

Boutons increased in volume dramatically across development (Figure 2.1A-

D). At P0, axons rarely had a clear bouton like enlargement, but frequently 

clustered vesicles at their point of contact with the dendritic shaft, vesicle 

containing portions are indicated in blue, (mean vol. 0.97 ± 0.38 um3, n=7) 

(Figure 2.1A, 2.2A, Table 2.1). By P7, axons regularly exhibited varicosities 

with large numbers of vesicles clustered at sites of contact (mean vol. 2.27 ± 

2.77 um3, n=39) (Figure 2.1B, 2.2A, Table 2.1). A single filopodial protrusion 

often emerged from the main MFB enlargement at this stage of development 

and sometimes ended in a growth cone (Figure 2.1B, asterisk).  

Between P7 and P14, MFBs increase in volume nearly 5 fold, while 

maintaining a high surface area to volume ratio and seeming to ooze down the 

dendritic shaft in and out emerging TE spines, (mean vol. 9.18 ± 4.89 um3, 

n=12) (Figure 2.1C, 2.2A, Table 2.1). By this age, boutons are already nearly 

100 fold larger than typical axonal varicosities in the hippocampus, which 

average around .125 um3 (Shepherd and Harris, 1998; Harris and Stevens, 

1989). In addition, there is a dramatic increase in bouton complexity between 

P7 and P14, with individual boutons elaborating as many as 23 separate 
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filopodial extensions, (mean fil#/MFB, 9.43; range, 1-23) (Figure 2.1C, 2.2B 

and Table 2.1). One smaller P14 bouton also exhibited a small extension with 

a growth cone (Figure 2.1C, asterisk) Finally, although adult MFBs have a 

similar surface area to P14 MFBs (Table 2.1), they are fat with vesicles and 

considerably more uniform in shape, (mean vol. 14.21 ±  2.79 um3, n=6 

)(Figure 2.1D, 2.2A and Table 2.1). Quantification of mean volume of the 

vesicle-containing portion of MFBs demonstrates statistically significant 

increases between P7 and P14 and also between P14 and Adult timepoints 

(Figure 2.2A). Interestingly, Adult MFBs are significantly less complex than at 

P14 (mean fil#/MFB, 2.40; range, 0-6)(Figure 2.1D, 2.2B and Table 2.1). 

Quantification of the mean number of filopodial extensions from MFBs shows 

a massive increase at P14, with a statistically significant reduction at full 

maturity (Figure 2.2B). These data suggest that the high numbers of filopodial 

extensions at P14 are a transient developmental phenomenon.  

 

Maturation of Post-Synaptic Thorny Excrescence Spine Structure 

 

Appropriate DG firing patterns must be translated into large excitatory 

post-synaptic currents, which ensure CA3 neuron activation (Bischofberger et 

al, 2006). At the MF synapse, a unique structural specialization has evolved to 

fulfill this function in the form of the large, multi-headed TE spine. In our data 

sets, we found that protrusions emerging from CA3 apical dendrites in SL 

were complex multi-headed structures consistent with their identification as 
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TEs, particularly at P14 and Adult time points (Figure 2.3C and D). At earlier 

developmental stages, (P0 and P7), and to some extent P14, protrusions had 

not yet taken on their multi-headed mature form but were all counted as 

putative immature TEs. Other types of spines are not thought to form in the SL 

and even single-headed spines in SL were morphologically distinct from 

‘classic spines’ reconstructed in stratum radiatum (data not shown).  

Mirroring the change in MFB size across development, TE spines also 

dramatically increase in volume with a concomitant increase in complexity 

(Figure 2.3 and 2.4). At P0, there is very little post-synaptic structure on CA3 

neuron dendrites, although we did observe some clear dendritic protrusions. 

Notably, many were bulbous in nature and often quite large (mean vol. 0.13 ± 

0.14 um3, n = 13) (Figure 2.3A, 2.4A, 2.5A and Table 2.1). It is likely, that the 

process of dendritogenesis is ongoing at this stage and we cannot rule out 

completely that some of these protrusions may represent newly initiated 

dendritic branches. By P7, post-synaptic structure is observed much more 

frequently (1.02 spines per um at P7 versus 0.06 spines per um at P0) (Figure 

2.5A and B, Table 2.2) and in contrast to the relatively uniform MFBs at this 

age, developing TEs are extremely pleomorphic. P7 spines are either small 

‘finger-like’ protrusions, long and occasionally branched filopodial extensions, 

or in rare cases bulbous with multiple compartments and extensions (Figure 

2.3B). On average, immature TE spines at this stage were not significantly 

larger than at P0 (mean vol. 0.07 ± 0.25 um3, n=106)(Table 2.2), although the 
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largest P7 spines were much bigger than the largest P0 spines (Figure 2.3A 

and B and 2.4B).  

Between P7 and P14, there is an explosion of post-synaptic structure 

and spines are increased in density (2.40 spines per um) and in volume (mean 

vol. 0.63 ± 0.91 um3, n=261)(Figure 2.3C, 2.4F and G, 2.5C and Table 2.1). 

Interestingly, there was extreme variability in spine volume and complexity at 

P14 with the majority of spines falling under 0.2 um3 and having a single head, 

but with spines as large 6.37 um3 exhibiting an extremely complex and multi-

compartmental morphology (Figure 2.3C and 2.4C). This variability strongly 

suggests that even at P14 the process of TE spinogenesis is still very active 

and even the largest spines had morphologies suggestive of active remodeling 

with many spinule-like processes emerging from existing spine heads (Figure 

2.3C). Finally, mature adult spines were even larger having a mean volume 

nearly three times that observed at P14 (mean vol. 1.64 ± 1.40 um3, 

n=45)(Figure 2.3D and Table 2.1). Although, variability in adult TE morphology 

was less than at developmental time points, TEs were still highly variable in 

size and shape with the majority of spines falling between 0.2 and 2.0 um3 and 

frequently having only 1 or 2 heads, but with spines regularly exceeding a 

volume of 5.0 um3 which were extremely complex (Figure 2.3D and 2.4D). 

Mature TE spines appear like bunches of grapes emerging from a common 

neck.  Adult TE spines frequently had a small central stalk from which large, 

round and uniform spine heads emerged (Figure 2.3D). Notably, we found one 

instance of a small filopodial process emerging from the dendritic shaft and TE 
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spines still frequently exhibited spinule structures emerging from existing spine 

heads, consistent with some degree of remodeling even in the adult. 

 

Structural Relationships Between Pre and Post-Synaptic Elements 

 

Mature connectivity patterns require the appropriate association of pre 

and post-synaptic elements through coordinated development. Previous 

studies have suggested that pre-synaptic development at the MF synapse 

precedes post-synaptic development and that MF contact may initiate 

outgrowth of TE spines in vitro (Amaral and Dent, 1981; Dailey et al, 1994; 

Robain et al, 1994). This is in contrast to other cortical synapses, where spine 

growth frequently precedes synapse formation and filopodial structures often 

do not have a pre-synaptic partner (De Roo et al, 2008; Knott et al, 2006; 

Arellano et al, 2007). The sequence of events by which spine synapses are 

formed is a matter of intense debate. However, significant evidence supports a 

model where filopodia actively seek out pre-synaptic partners prior to 

transitioning to a mature spine (Ziv and Smith, 1996; Nimchinsky et al, 2002; 

Sorra and Harris, 2000). One of the advantages of EM reconstruction for the 

analysis of this process is the ability to simultaneously assess the state of pre 

and post-synaptic components at various stages of maturity. 

Our data generally supports a model where MFBs mature before TE 

spines. At P0 vesicles regularly cluster at sites of axon-dendrite contact during 

a period notable for sparse post-synaptic protrusions (Figure 2.1A, 2.5I and 
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Table 2.2). Only at P7 do protrusions regularly associate with boutons packed 

with vesicles and mitochondria, presumably capable of neurotransmitter 

release. In most cases these protrusions are small and grow out around the 

outside of MFBs, while vesicle pools appear most associated with the dendritic 

shaft. However, in several instances at P7 we observed vesicles clustering at 

sites of contact with protrusions and not associated with the dendritic shaft 

(Figure 2.7). Although some pre and post-synaptic elements are in association 

by P7, early in development, the majority of pre and post-synaptic structures 

exist independent from each other (Figure 2.6C). For example, at P7 ~50% 

MFBs are not in direct contact with spines and similarly ~50% of post-synaptic 

protrusions are not in contact with boutons clustering vesicles (Figure 2.6C 

and Table 2.2). By P14, these numbers have dropped below 20% and finally, 

in the mature ciruit, no MFBs were found which did not synapse onto TE 

spines and only one filopodial protrusion was identified which did not contact 

an MFB (Figure 2.6C and Table 2.2).  

These data indicate that the presence of a pre-synaptic terminal is not a 

necessity for the existence of post-synaptic protrusions, supporting an active 

role for post-synaptic processes in MF synapse formation. However, this 

association does seem to be required for TE maturation as protrusions 

associated with MFBs are significantly larger than those not associated (Table 

2.2). Interestingly, in numerous instances, small protrusions not associated 

with MFBs at P7 and P14 appeared to be in contact with glial processes where 

they emerge from the dendritic shaft. (Figure 2.8). It may be the case in the 
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MF pathway, as other studies in the hippocampus have suggested, that glial 

cells play an active role in orchestrating this process. 

 

Mossy Fiber Boutons Contact Multiple Post-Synaptic Targets 

 

Unlike the case at typical excitatory synapses in the neocortex, a single 

MFB can contact multiple independent spines emerging from the post-synaptic 

neuron (Chicurel and Harris, 1992; Amaral and Dent, 1981). As mentioned 

above, we find that at P0 and P7 MF axons often do not contact any post-

synaptic protrusions, but one P7 MFB was found to contact 4 separate 

protrusions (Table 2.2). In these immature cases, protrusions were often small 

and it does not appear that contacts represent synapses, but rather non-

synaptic adhesions. By P14, MFBs contact many more emerging TE spines, 

with one MFB found to make contact with 10 separate TE spines along the 

dendritic shaft (mean 3.72 ± 3.01, range 0-10, n=16 inputs)(Figure 2.6A and B, 

Table 2.2). Interestingly, mature adult MFBs appear to contact fewer individual 

TE spines than at P14 (mean 2.42 ± 1.22, range 1-5, n=19) (Figure 2.6A, 

Table 2.2), consistent with some refinement of pre and post-synaptic 

association. For MFBs within each developmental stage except P0, there is a 

direct relationship between bouton volume and the number of spines 

contacted. The largest boutons at each independent age contact a greater 

number of independent multi-headed spines (Figure 2.6B).  
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At P14, we identified only one instance where two MFBs were observed 

to clearly make anatomical synapses onto the same TE spine head (Figure 

3.9). However, P14 MFBs frequently sent processes within the domains of 

neighboring MFBs where they contacted TE spines. At these points of contact, 

whorls of closely wrapped membrane often formed and pieces of TE spine 

were sometimes pinched off at these sites (Figure 3.10). The process 

represented by this finding, appears to be a transient phenomena, as it was 

not observed at mature synapses. In fact, pre-synaptic terminals were 

consistently isolated from each other, by what appeared to be glial 

ensheathment and the TEs we reconstructed did not receive input from more 

than one MFB (data not shown). Another interesting finding at P14 was the 

identification of a MFB, which formed anatomical synapses onto TE spines 

from two separate dendrites (Figure 3.11). Although we cannot completely 

discount the possibility that these dendrites arose from the same cell at a point 

outside our data set, the trajectory and proximity of these two shafts makes 

this highly unlikely. Notably, one of these dendritic shafts had a much smaller 

diameter than the other and might originate from a less mature CA3 pyramidal 

neuron.  

In addition to connectivity with CA3 neurons, MFBs have been 

demonstrated to synapse onto inhibitory interneuron via their filopodial 

processes and small en passant boutons (Acsady et al, 1998; Maccaferri et al, 

1998; McBain, 2008). At P14, where we examined maturing connectivity with a 

high level of detail, we also observed this type of synaptic connection, though 
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rarely. Two MFBs, whose filopodial extensions were fully traced within our 

data set, were found to cluster vesicles at small enlargements contacting a 

dendrite with typical interneuron morphology (Fig. 3.12). This dendrite had 

long, thin spines without a typical head structure and was dominated by small 

synapses formed onto its shaft, a typical arrangement for inhibitory 

interneurons. Morphologically, it appeared very similar to previously described 

spiny interneurons, with which MFB processes are thought to synapse 

(Acsady et al, 1998). The small size of these vesicle clusters may indicate that 

inhibitory filopodial synapses are still actively maturing.     

 

2.4 Discussion 

 

The complete reconstructions provided here using SBFSEM provide a 

quantitative analysis of MF synapse development on a spatial scale not easily 

achievable with standard methodologies. The MF synapse is large and 

complex, exhibiting extreme morphological diversity relative to typical 

excitatory synapses in the neocortex. Therefore, analysis on this scale is 

crucial, not only for a complete understanding of the assembly of elements 

composing local microcircuits, but for accurate parameters for biophysical 

models of circuit function. In addition to the ability to rapidly collect large 

volumes of EM connectivity data, SBFSEM also provides high-resolution 

ultrastructural data. Images acquired using this technique allow the 

identification of subcellular structure, including synaptic vesicles and post-
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synaptic densities, which should allow detailed analysis of synaptic 

connectivity. The strength of this technique is demonstrated here in the 

investigation of the early postnatal development of MF synapses, leading to a 

more thorough understanding of their formation and maturation.  

 

Mossy Fiber Synapse Initiation 

 

Our study supports the result of other investigations using golgi staining 

and TEM, that MF synapses mature almost entirely after birth in the rodent 

hippocampus (Amaral and Dent, 1981). As early as P0 we observe some 

evidence of target selection, with small collections of vesicles clustered at the 

sites of axon-dendrite contact, although these have none of the features 

characteristic of the mature synapse. By P7, there are many more inputs and 

these often have a small en passant expansion, with vesicles clustered at the 

interface with the CA3 dendritic shaft. It has been proposed that MFBs directly 

induce the formation of post-synaptic structure at CA3 neurons. This is based 

on the observation that MFBs were seen to precede spines in early 

development and on the fact that lesioning of the MF pathway in vitro causes 

a loss of spines, while reinnervation leads to their reappearance (Robain et al, 

1994). We find significant development of post-synaptic structure at P7, earlier 

than previous reports and also that greater than 50% of immature protrusions 

exist in the absence of a clear pre-synaptic site. Previous studies may not 
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have fully appreciated these small spine precursors due to the limitations of 

available methodologies.  

Our findings argue against a direct induction of protrusions by the MFB, 

but rather support a more active role of the post-synaptic neuron in 

synaptogenesis. We also find that some sites of vesicle clustering are actually 

onto immature protrusions, some distance from the dendritic shaft. The fact 

that many unassociated spine precursors emerge at sites of contact with glial 

cells is interesting given the increasing evidence for an active role of these 

cells in synaptogenesis (Reviewed in Ullian et al, 2004). How the initial 

association of pre and post-synaptic elements takes place cannot be fully 

ascertained from static measurements, but our findings support an active post-

synaptic role in this process. Definitive information on the sequence of events 

in MF synapse initiation will require new techniques for in vivo imaging of this 

process in action.  

 

Maturation of Mossy Fiber Synapse Morphology 

 

The most rapid changes in the acquisition of a mature morphology 

occur during the second postnatal week. During this brief period, MFBs and 

TEs transition from relatively undifferentiated structures to take on their mature 

forms. MFBs differentiate from small axonal bulges into dramatic expansions 

sprouting many fine filopodia. Amaral and colleagues found that these 

filopodial structures underwent some degree of structural refinement, with 
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mature forms having shorter extensions than at P14. Some extensions off 

MFBs can extend for greater than 100 um and we did not attempt to measure 

length as even with our large data sets, many filopodia extended outside our 

volumes. We did however appreciate a refinement in the number of these 

filopodial processes, with P14 MFBs having 4 times more filopodia than adult 

MFBs. Although some filopodial extensions appeared to make synaptic 

contact with interneurons as previously described, many that were traced to 

their ends did not. It is likely that these processes serve an exploratory 

function and are either seeking out contact with interneuron targets or are in 

the process of expanding the territory of the main bouton. In fact, many of the 

short processes were observed to enter into the domains of other MFB 

terminals and contact spine heads. This suggests that there may be a 

competitive process by which MFBs seek to expand their territory at the 

expense of neighboring terminals. 

At P14, these massive MFBs can contact up to 10 separate TE spine 

heads, many of which have also greatly increased in size and complexity. It is 

worth mentioning the extreme variability of morphology observed for TE spines 

and their putative precursors at this stage. While the largest P14 TE spines 

rival those of the adult in their size and complexity, many are small nubs or 

filopodia similar to those at P7 or even P0. This is consistent with the 

interpretation that the process of synapse formation and remodeling is still 

extremely active at this time. The volume and complexity of TE spines 

increases further between P14 and Adult timepoints, where TE spines 
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sometimes resemble miniature dendritic branches with between 1 and 15 

rounded heads. One filopodial form was observed at this age and existing 

spine heads often had immature spinule structures indicating the possibility of 

ongoing refinement even in the mature hippocampus. This is consistent with 

studies by Caroni and colleagues who demonstrate ongoing rearrangements 

of MF terminals throughout life, which can be enhanced by environmental 

manipulations (Galimberti et al, 2006; Gogolla et al, 2009). 

For the parameters we quantified, MF connectivity appears to change 

as much between P14 and Adult timepoints as it does between P7 and P14. 

This is consistent with other studies indicating an extended maturation and 

refinement for this synapse (Rollenhagen et al, 2008). At P14 we find that a 

single MFB can contact TE spines from two separate dendrites of distinct CA3 

neurons. To our knowledge this has not been reported before, but is similar to 

the recent finding of satellite boutons (Galimberti et al, 2006). A satellite is a 

secondary bouton located on a filopodial process off the primary bouton and 

synapsing onto TE spines a second CA3 neuron. We were unable to identify 

satellites in our data set, possibly because they are rare or located too far from 

the main MFB. The finding of a single MFB connected to multiple dendrites at 

P14 may be a precursor to this arrangement, an entirely new phenomenon or 

a transient developmental occurrence.  

The findings presented here support and extend previous investigations 

of MF synapse development. In many areas we are able to provide a greater 

level of detail and a more complete quantitative description of the full range of 
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MF synapse diversity due to the significant advantages of SBFSEM as a 

technique. MF pre-synaptic terminals and post-synaptic TE spines can likely 

initiate independently, but become associated in a process required for their 

maturation. Interestingly, early in development MF boutons typically make 

synaptic contact with the dendritic shaft although in some cases synapses are 

seen onto immature protrusions. As the synapse matures, the vesicle pools of 

the boutons become more associated with TE spines and PSDs develop at 

these locations. The volume of both pre and post-synaptic structures 

increases across early development and into adulthood. However, in the case 

of MF boutons, complexity peaks at P14 and is reduced by adulthood. This 

study provides a detailed view of the process by which MF synapse structure 

arises during development. This quantitative approach to investigating MF 

synapse development should provide accurate parameters for biophysical 

models and a baseline for future mechanistic studies of this synapse.  

Chapter 2 is currently being prepared for submission for the publication 

of the material. Wilke, Scott A.; Antonios, Joseph K.; Bushong, Eric; 

Badkoobehi, Ali; Malek, Elmar; Hwang, Minju; Ellisman, Mark; Ghosh, Anirvan. 

The dissertation author was the primary investigator and author of this 

material.  
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Figure 2.1: Maturation of Mossy Fiber Pre-Synaptic Morphology 
 
The portion of the pre-synaptic MF bouton, which clustered vesicles was 
reconstructed along with any filopodial extensions off the bouton in blue and 
MF axons were reconstructed in red. (A) Representative postnatal day 0 MF 
terminals. Portion of axon which clusters vesicles is indicated in blue. (B) 
Representative postnatal day 7 MF terminals and axons. (C) Representative 
postnatal day 14 MF terminals and axons. (D) Representative Adult (postnatal 
day 120) MF terminals and axons. 
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Figure 2.2: Quantification of Mossy Fiber Bouton Volume and Complexity 
 
(A) Quantification of the mean volume of the vesicle-containing portion of MF 
boutons and excluding volume of filopodial protrusions for each age. (B) 
Quantification of the mean number of filopodial extensions per bouton for each 
age. (Scale bars = 2 µm) (*p < 0.05, ***p < .001 by ANOVA). Error bar 
represent ± SEM.  
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Figure 2.3: Maturation of Thorny Excrescence Spine Morphology 
 
Each post-synaptic protrusion, which emerged from the dendritic shaft via a 
common neck was reconstructed as a single object for analysis. (A) 
Representative postnatal day 0 spines. (B) Representative postnatal day 7 
spines. (C) Representative postnatal day 14 spines. (D) Representative adult 
(postnatal day 120) spines. (scale bars = 2 µm)  
 

 

 



	  

63 

 

 

 

 

 

 

 
Figure 2.4: Quantification of Thorny Excrescence Volume 
 
TE spine volume was quantified for each age and grouped into bins based on 
volume of increasing size from left-to-right as indicated in the legend. (A) 
Postnatal day zero. (B) Postnatal day 7. (C) Postnatal day 14. (D) Adult 
(postnatal day 120).  
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Figure 2.5: Full Reconstruction of Mossy Fiber Microcircuitry 
 
Large lengths of CA3 neuron dendrite and pre-synaptic inputs were 
reconstructed and full connectivity rates were analyzed. (A-D) Reconstruction 
of post-synaptic structure where shafts are indicated in silver and each post-
synaptic TE spine is indicated in a separate color for postnatal day 0, 7, 14 
and Adult (postnatal day 120) respectively. (E-H) Same reconstructions shown 
in A-D, with post-synaptic TE spines indicated in red. (I-L) Same post -synaptic 
reconstructions shown in E-H, but with a subset of axons and MF boutons 
making synaptic contacts onto that neuron, each shown in a separate color. 
(Scale bar = 2 µm) 
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Figure 2.6: Quantification of Structural Relationship Between Pre and 
Post-Synaptic Structures 
 
(A) Quantification of mean number of TE spines contacted per MF bouton for 
each age. (B) Quantification of the percentage of MF boutons at each age 
which are associated with a post-synaptic protrusion and the percentage of TE 
spines which are associated with a MF bouton at each age. (C) Plots of the 
association between the volume of individual MF boutons and the number of 
TE spines which they contact at each age. Scale bar = 2 µm. (***p < .001) 
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Figure 2.7: P7 Synapses Can Form Directly onto Immature TE Spines 
 
Two cases at postnatal day 7 where vesicles clustered directly at the interface 
between MF axons and immature TE protrusions. (A) Pre-synaptic axon 
(purple) clusters vesicles at its interface with a large protrusion with finger-like 
extensions. (B) Axon (teal) clusters vesicles at its interface with a branched 
filopodial protrusion (red). (C) Cross-section of ultrastructural data from A.  
(D) Cross-Section of ultrastructural data from B. Scale bars = 2 µm.  
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Figure 2.8: Glial Cells Contact Sites of Initial Spine Outgrowth 
 
(A) Dendritic shaft (silver) and spines (red) shown at P7 in close association 
three separately reconstructed glial cells (blue, green and pink). (B) Individual 
P7 glial cell reconstructions shown separately. (C) P14 dendritic shaft (silver) 
and spines (red) shown in close association with a single large reconstructed 
glial cell (purple). (D) P14 Glial cell reconstruction shown separately.  
(E) Closeup view of P7 glial cell reconstruction (green) in close association 
with an emerging immature TE spine (red). (F) Ultrastructure corresponding to 
a single plane through E. (G) Another example of an immature TE spine (red) 
emerging in contact with a glial cell (green) and making a synaptic contact with 
an immature axon (teal). (H and I) Two separate cross-sections of 
ultrastructural data corresponding to single planes through G. (J) A third 
example of emerging spines (red), shown in contact with a glial cell process 
(pink). Scale bars = 2 µm. 
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Figure 2.9: Single TE Spines can Receive Synaptic Contacts from 
Multiple Mossy Fiber Boutons 
 
(A) Two reconstructed P14 MF boutons (orange and green) shown in contact 
with a CA3 dendritic shaft (violet). For simplicity, only a single relevant TE 
spine is shown (purple), largely obscured in A by the boutons.(B) Individual 
reconstructed elements from A shown separate. Single TE spine is clearly 
visible here (purple). (C) Orange bouton shown in contact with post-synaptic 
neuron. (D) Green bouton shown in contact with post-synaptic neuron. (E) 
Single cross-section of ultrastructural data from reconstruction with colors as 
indicated in A. Post-synaptic densities at interface between purple spine and 
each bouton are clearly visible and indicated in red and with a red arrowhead. 
(F) Same ultrastructural cross-section as E, without shading for a clearer view 
of ultrastructure. Scale bars = 2 µm.  
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Figure 2.10: Interactions Between Developing Boutons at Postnatal Day 
14 
 
(A-D) Two mossy fiber boutons (green and blue) are shown interacting with 
each other near the site of the blue bouton’s synaptic contact with a TE spine 
(red) emerging from a CA3 neuron dendritic shaft (pink). Only one TE spine is 
shown to enhance clarity. (A) Both boutons. (B) Blue bouton is shown partially 
transparent to demonstrate that a small process off the green bouton pushes 
into the blue bouton. (C) Same image without blue bouton, green bouton 
makes contact with red TE spine (red arrowhead). (D) Only post-synaptic 
structures. (E) Full view of ultrastructure of one plane through A. A third pre-
synaptic process is shown in yellow, which also enters the green bouton. (F-L) 
Serial sections through site of interaction between boutons. A portion of green 
bouton with vesicles pushes into blue bouton and makes contact with TE 
spine. (red arrowhead indicates site of green bouton’s interaction with TE 
spine)(yellow arrows indicate another pre-synaptic process pushing into the 
green bouton)(M) Slightly magnified image of interaction between green 
bouton process (green outline) and TE spine (red outline). Scale bars (A-D) = 
2 µm. Scale bar for (E-L) = 1 µm. Scale bar M = 1 µm.  
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Figure 2.11: Single Mossy Fiber Boutons can Contact TE Spines on 
Dendrites from Two Separate Neurons 
 
(A) Reconstructions of two separate P14 dendrites (olive with green spines 
and pink with red spines) are shown in contact with a single reconstructed pre-
synaptic bouton (blue). Only a subset of relevant spines are shown for ease of 
interpretation. (B) Each individual element as in A, shown separately. (C) 
Closeup view of spines from the two CA3 neuron dendrites without MF bouton.  
(D) Closeup view showing association of MF bouton with spines from each 
CA3 neuron. (E) Single cross-section of ultrastructural data used for this 
reconstruction, showing bouton (blue) and spines (green and red). PSDs are 
clearly visible between the bouton and spines from each neuron as indicated 
by red arrowheads and yellow lines. (F) Same cross-section as in E, without 
shading for a clearer view of ultrastructure. Red arrows indicate PSDs. Scale 
bars = 2 µm.  
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Figure 2.12: Filopodial Processes of Mossy Fiber Boutons Synapse onto 
Spiny Interneurons 
 
(A) Reconstruction of part of a spiny interneuron dendrite (purple), shown 
receiving shaft synapses (red), from axons of unknown origin (orange). The 
interneuron also receives synaptic contacts from the filopodial extensions of 
two separate large MF boutons (blue and green). Individual elements making 
up A are shown separate. (B) axons of unknown origin, (C) MF bouton one, 
(D) Spiny interneuron, (E) MF bouton two. (F) Closeup view of unknown axons 
synapsing onto the interneuron shaft as indicated by boxed region in A.  
(G) Single cross-section of ultrastructural data through F, demonstrating shaft 
synapses onto interneuron (purple). (H) Same section as G, but without 
shading for a clearer view of ultrastructure. (I) Closeup view of MF bouton 
filopodial extensions synapsing onto spiny interneuron as indicated in boxed 
region in A. (J and L) Single cross-sections demonstrating vesicles clustering 
at sites of filopodial contact with interneuron shaft. (K and M) Same cross-
sections as in J and L respectively, but without shading for a clearer view of 
ultrastructure. Scale bars for A-F and I = 2 µm. Scale bars for G, H and J-M = 
500 nm.  
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Table 2.1: Quantitative Analysis of Pre and Post-Synaptic Elements 
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Table 2.2: Quantitative Analysis of Connectivity for Completely 

Reconstructed Dendrite Segments 
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Chapter Three: The Calcium-Activated Transcription Factor NeuroD2 

Regulates the Development of Hippocampal Mossy Fiber Synapses in 

vivo 

 

3.1 Abstract 

 

The assembly of neural circuits in the developing brain requires the 

concerted action of both genetically determined and activity-dependent 

mechanisms. Here we investigate the role of NeuroD2, a calcium-dependent 

transcription factor in the development of hippocampal connectivity. 

Hippocampal CA3 neurons receive highly specialized mossy fiber (MF) 

synapses from dentate gyrus (DG) axons that form synapses with multiple 

release sites on the proximal dendrite. In NeuroD2 null mice, the postnatal 

maturation of MF synapses is dramatically impaired, with only mild effects on 

distal classical spines. Electrophysiological recordings from DG-CA3 synapses 

revealed an impaired maturation of glutamatergic currents and a lower 

probability of release in NeuroD2 null mice. Finally, we find that NeuroD2 

regulates the level of the post-synaptic scaffolding molecule PSD95 in the 

postnatal hippocampus and PSD95 knockdown in vivo phenocopies NeuroD2 

loss of function. These observations indicate that NeuroD2 regulates a 

transcriptional program that controls the structural, functional and molecular 

differentiation of MF synapses in vivo.

 



	  

80 

3.2 Introduction 

 

The majority of excitatory transmission in the CNS is mediated by 

bulbous protrusions of the post-synaptic membrane called dendritic spines 

(Reviewed in Nimchinsky et al, 2002). Spines function as dendritic micro-

compartments, which can isolate the biochemical processes associated with 

single synaptic inputs. The structure and function of dendritic spines are 

interrelated and spines can act as a useful morphological correlate of 

excitatory synapse number and strength. Dendritic spines are highly dynamic 

structures and their growth, stabilization and elimination are proposed to 

underlie the effects of experience on both the developing and adult brain 

(Holtmaat et al, 2006; Holtmaat and Svoboda, 2009). Activity directly affects 

the morphogenesis of dendritic spines, new spines can form in response to 

plasticity inducing stimuli and LTP protocols can lead to an increase in spine 

head size , with LTD leading to decreased spine head size (Engert and 

Bonhoeffer, 1999; Matsuzaki et al, 2004; Nagerl et al, 2004; Zhou et al, 2004; 

Sheng and Tada, 2006). These effects have led to increasing interest in the 

molecular mechanisms that regulate the effects of activity on spine 

morphogenesis. 

Dendritic spines are composed of a filamentous actin cytoskeleton and 

contain an electron-dense thickening of synaptic scaffolding proteins and 

signaling molecules at the interface of pre and post-synaptic neurons. Much of 

the work on the molecular mechanisms of spine morphogenesis has focused 
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on proximal regulators present at the synapse. Several classes of molecules 

can have effects on spine morphogenesis, including actin binding proteins, 

cell-surface receptors, scaffolding molecules and small GTPases, such as Rho 

and Rac (Reviewed in Tada and Sheng, 2006; Sala et al, 2008). The effects of 

activity on these processes are largely regulated by calcium signaling and can 

have acute effects by modulating the existing complement of proteins at the 

synapse. However, long-term changes in dendritic spine structure require 

activation of transcription and synthesis of new gene products. Relatively little 

is known about how specific transcription factors act to coordinate activity-

dependent signaling pathways to influence sets of genes involved in spine 

morphogenesis. 

To overcome this deficit, we developed a strategy called "transactivator 

trap" to identify novel calcium-activated transcription factors expressed in 

developing cortical neurons (Aizawa et al, 2004). This screen led to the 

identification of the basic helix-loop-helix (bHLH) transcription factor 

Neurogenic Differentiation 2 (NeuroD2). Although bHLH genes are best 

characterized for their role in cell fate determination (Kageyama et al, 2005), 

NeuroD2 is expressed exclusively in post-mitotic neurons (McCormick et al, 

1996). Consistent with a role in activity-dependent neuronal differentiation, 

NeuroD2 can mediate calcium-dependent transactivation of gene expression 

and regulates axonal patterning and maturation of glutamatergic currents in 

the mouse barrel cortex (Ince-Dunn et al, 2006). These findings indicate a role 

for NeuroD2 in the maturation of cortical connecitivity, however NeuroD2's 
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effect on the expression of synaptically targeted proteins and its role in 

regulating synaptic structure are not known. 

NeuroD2 is highly expressed in the principal excitatory cell types of the 

developing hippocampus and here we investigate the role of NeuroD2 

mediated transcription in the morphogenesis and functional differentiation of 

the mossy fiber (MF) synapse. The MF synapse mediates connectivity 

between the dentate gyrus (DG) and CA3 regions and develops entirely during 

the postnatal period in rodents (Amaral and Dent, 1981; Claiborne BJ, 1986). 

MF synapses exhibit unique structural and functional properties relative to 

other CNS synapses. They are characterized post-synaptically by unique 

multi-headed dendritic spines termed thorny excrescences (TEs), which are 

engulfed by massive pre-synaptic mossy fiber boutons (MFBs) releasing 

neurotransmitter at up to 37 individual active zones (Chicurel and Harris, 1992; 

Rollenhagen et al, 2007). Functionally, MF synapses are characterized by a 

low probability of release, short-term frequency-dependent facilitation and a 

unique form of NMDA independent, pre-synaptically expressed LTP (reviewed 

in Nicoll and Schmitz, 2005). In contrast, distal CA3 synapses form onto 

classic, mushroom shaped dendritic spines, have a higher probability of 

release and exhibit NMDA dependent and post-synaptically expressed LTP 

(Nicoll and Schmitz, 2005). Here, using NeuroD2 null mice and targeted in 

vivo knockdown of NeuroD2, we investigate the function of this transcriptional 

program on the maturation of the unique structural and functional properties of 

the MF synapse. We find that NeuroD2 regulates the elaboration of TE spine 
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heads and the functional differentiation of MF synaptic properties thus 

identifying a key transcriptional regulator of MF connectivity. 

 

3.3 Results 

 

Distribution of Mossy Fiber Axons and Synaptic Terminals is Disrupted 

in NeuroD2 Null Mice 

 

NeuroD2 is expressed in the developing cortex and hippocampus 

during the period of synapse formation (Konishi et al, 2001; Ince-Dunn et al, 

2006). To determine if NeuroD2 plays a role in the development of synaptic 

connectivity, we analyzed mice in which NeuroD2 has been deleted by 

homologous recombination (Olson et al, 2001).  The hippocampus of NeuroD2 

null mice is smaller and more rounded, however all of the principal cell layers 

appear to form normally based on Hoechst nuclear staining (Figure 3.1A and 

B) and expression of the cell-type specific markers CTIP2 and PROX1 (Figure 

3.1C and D; Figure 3.4). DG axons called mossy fibers (MF) extend from 

granule cells forming synapses onto apical dendrites of CA3 neurons in the 

suprapyramidal main bundle (MB) and to a lesser extent onto CA3 basal 

dendrites in the infrapyramidal bundle (IPB). To determine if NeuroD2 was 

involved in regulating connectivity between DG and CA3 we used calbindin 

immunohistochemistry (IHC) to label MF axons (Figure 3.1E-H and 3.2D-I) 

and  identified MF synaptic terminals by IHC for synaptoporin (SPO) and the 
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TIMM method of staining for high levels of zinc in MFBs (Figure 3.1I-J and 

3.3). Each of these measures of MF connectivity is severely disrupted in 

NeuroD2 null mice when compared to wildtype littermates. MF axons appear 

to reach their appropriate termination zone at the CA3/CA1 border as 

visualized by the CA1 marker CTIP2, but fail to fully elaborate the typical end-

bulb structure in NeuroD2 Heterozygotes and Nulls (Figure 3.2A-I). In addition, 

the IPB is either reduced or absent in NeuroD2 null mice, (Figure 3.1E-J). 

These effects were analyzed by measuring the area of calbindin staining in 

standard sized windows throughout the extent of the MF pathway as 

schematized in Figure 3.2J. Quantification demonstrated a dramatic relative 

reduction in the distal MF pathway (Figure 3.2K) and in the infrapyramidal MF 

bundle (Figure 3.2L). Thus, the proper development of the MF projection 

depends critically on NeuroD2 function. 

 

Decreased Thorny Excrescence Spine Heads on CA3 Neurons in 

NeuroD2 Null Mice 

 

To determine if synaptic specializations between the DG axon and CA3 

dendrites were disrupted in the absence of NeuroD2, we examined the 

morphological development of these highly specialized synapses. MF boutons 

synapse onto a specialized dendritic spine, the thorny excrescence (TE), so 

called because of its multi-headed structure composed of many spine heads 

emerging from a common neck. An important consideration when examining 
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dynamic structures such as spines is to capture them in their native state. The 

morphology of some spines is not maintained in vitro and spines undergo 

rapid dynamic responses when sectioned for live cell fills (Kirov et al, 1999). 

To surmount these issues, we utilized sharp microelectrodes for the current 

driven injection of Lucifer Yellow dye into CA3 neurons in fixed tissue slices 

from transcardially perfused wildtype and NeuroD2 null mice. Injected dye 

completely filled dendritic arbors and clearly labeled TE spines on the proximal 

apical dendrite, (Figure 3.5A and B). CA3 neurons were filled for P7, P14 and 

P21 timepoints in wildtype and NeuroD2 null littermates, (Figure 3.5B). 

Because of the tight clustering of TE spine heads onto patches of CA3 neuron 

proximal dendrite, distinguishing individual TEs is not possible at the light 

level. However, we were able to quantify the density and width of individual TE 

spine heads in confocal imaging stacks of proximal apical dendrites. In 

wildtype mice, there was a dramatic increase in TE spine head density 

between P7 and P14, with a slightly lower density of spine heads at P21, 

(Figure 3.5C). NeuroD2 null mice compared to wildtypes showed no significant 

difference in TE spine head density at P7, but failed to elaborate TEs between 

P7 and P14, an effect that persisted at P21 (Figure 3.5C). There were no 

significant differences in TE spine head width across ages or between 

conditions (Figure 3.5D). Thus, the normal elaboration of TE spine heads 

depends on NeuroD2 function during synapse development. 

 

Reduced CA3 Classical Spine Density in NeuroD2 Null Mice 
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At excitatory synapses formed onto CA3 neurons in the hippocampus, 

inputs are laminarly distributed such that mossy fiber inputs from the dentate 

gyrus (DG) are formed on the proximal aspect of dendrites, closest to the cell 

body, while CA3-CA3 synapses and entorhinal cortex to CA3 synapses form 

on the distal dendritic arbor. To determine if the effects of eliminating NeuroD2 

mediated transcription were specific to TE elaboration, we examined classical 

spine density in the same cell fills on distal dendrites, where inputs are largely 

from other CA3 neurons, (Figure 3.6A-D). NeuroD2 null mice showed no effect 

on classical spine head diameter at either P14 or P21 (Figure 3.6E). However, 

there were small, but significant reductions in spine density at both 

developmental time points (Figure 3.6F). These data demonstrate that 

NeuroD2 also functions to regulate distal spine density, although the effect is 

not as large as that observed on TE spine elaboration (Figure 3.5C). 

 

Loss of NeuroD2 Function in vivo Cell Autonomously Regulates Thorny 

Excrescence Spine Density 

 

Experiments with NeuroD2 null mice do not reveal whether the defect in 

TE morphology results from a loss of NeuroD2 function in DG or CA3 neurons. 

To identify the cells in which NeuroD2 function is required, we generated an 

shRNA construct against NeuroD2 to cell autonomously eliminate NeuroD2 

function. This shRNA cassette, when cloned into a lentiviral vector 
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simultaneously expressing GFP, knocked down myc-tagged NeuroD2 

expression in 293T cells by greater than 95%, with no effect on NeuroD1, 

which is different by only four nucleotides in the target region (Figure 3.8). To 

determine the effect of NeuroD2 knockdown on MF synapse development in 

vivo, we injected lentiviruses expressing shNeuroD2 and GFP or GFP alone 

into the CA3 region of P5 rat pups. Rats were transcardially perfused at P16 

and slices were cut for the examination of dendritic spine morphology. CA3 

neurons were clearly labeled with GFP expressed by lentivirus, however even 

after immunohistochemistry, GFP was not bright enough to allow for accurate 

quantification of spine morphology (Figure 3.7A). To surmount this difficulty, 

we developed a technique for the targeted microinjection of LY dye into GFP 

labeled neurons guided by fluorescence microscopy. The LY signal was 

amplified with an anti-LY antibody, (Figure 3.7B) and the filled neuron was 

confirmed post-hoc by immunostaining for GFP (Figure 3.7C-E). TE spines 

were clearly visible on CA3 neurons filled in this manner (Figure 3.7D and E). 

In vivo shRNA mediated knockdown of NeuroD2 reduced the density of TE 

spine heads ~40%, similar to the effect observed in NeuroD2 null mice, 

indicating that NeuroD2 can cell-autonomously regulate the structural 

elaboration of TE spine heads (Figure 3.9A-C). Interestingly, quantification of 

distal classical spines showed no significant difference between control and 

NeuroD2 shRNA virus (Figure 3.10A-C). These data indicate either that 

NeuroD2 regulates distal spine density in a non-cell autonomous manner or 
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that during the time window of our acute manipulation NeuroD2 function is 

critically and specifically involved in TE elaboration. 

 

Functional Maturation of Mossy Fiber Synaptic Properties is Impaired in 

NeuroD2 Nulls 

 

To address the role of NeuroD2 in the maturation of functional 

properties at the MF synapse, we cut slices from wildtype and NeuroD2 null 

mice and made whole-cell voltage clamp recordings from CA3 neurons while 

stimulating the MF pathway. To ensure we were recording pure MF inputs, we 

demonstrated strong paired-pulse facilitation (PPF), short latency and rapid 

rise time, key features of monosynaptic inputs via MF synapses (Figure 3.11C 

and D). MF pre-synaptic terminals express type II metabotropic glutamate 

receptors (mGluRIIs), which act to suppress transmitter release. As a further 

control we added the mGluR agonist LCCG-1 (10uM) to our solutions to 

demonstrate elimination of evoked MF currents (Figure 3.11A and B). 

Stimulation in the nearby associational/commissural (A/C) pathway mediating 

distal inputs to CA3 did not strongly facilitate or respond to LCCG-1 indicating 

the two pathways were completely separable (Data not shown).  

Immature cortical and hippocampal synapses exhibit a developmental 

increase in the ratio of AMPAR mediated currents relative to NMDAR 

mediated currents (Crair and Malenka, 1995). Initially, immature synapses are 

thought to be dominated by NMDARs, but over development accumulate 
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AMPARs such that AMPAR:NMDAR mediated current ratio acts as a correlate 

of post-synaptic maturity. AMPAR:NMDAR mediated current ratios were 

measured at the MF synapse of wildtype and NeuroD2 null mice by taking the 

ratio of the peak current at a holding potential of -70 mV to the current 

measured at +50 mV, 50 ms into the response when AMPAR currents have 

largely inactivated (Figure 3.11C and D). There was a statistically significant 

reduction in the AMPAR:NMDAR mediated current ratio at the MF synapse in 

NeuroD2 null mice when compared to wildtype littermates (Figure 3.11E). 

These data are consistent with the interpretation that in the absence of 

NeuroD2, there is a failure in the normal maturation of synaptic currents at the 

MF synapse. 

Since strong paired-pulse facilitation (PPF) is such a defining feature of 

the MF synapse, we also decided to investigate facilitation ratios in NeuroD2 

null mice. For this experiment we delivered two stimuli to the MF pathway with 

a range of inter-stimulus intervals (ISI), while holding the post-synaptic cell at – 

70 mV. The facilitation ratio was calculated as the amplitude of the second 

excitatory post-synaptic current (EPSC) divided by the first (Figure 3.11C and 

D). Interestingly, the ratio was nearly doubled for NeuroD2 null synapses at 

100 ms ISI compared with wildtype synapses (Figure 3.11E). PPF typically 

reflects pre-synaptic function and scales inversely with probability of release at 

a given synapse. These data demonstrate that in NeuroD2 null mice, MF 

synapses exhibit a lower probability of release when compared to wildtype 
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synapses. Thus, in the absence of NeuroD2 there is a disruption in the normal 

development of functional synaptic properties at the MF synapse. 

 

Cell Type Specific Reductions in Synaptic Markers in vitro 

 

These morphological and functional data indicate that CA3 neurons in 

the absence of NeuroD2 have fewer synapses onto mature TE spines and the 

existing synapses have altered properties. To assess the role of NeuroD2 on 

synapse number and composition we analyzed hippocampal cultures from 

wildtype and NeuroD2 null littermates. Analysis of neurons in vitro allows the 

use of antibodies against specific synaptic molecules such that synapses can 

be identified based on their molecular composition. Mossy Fiber synapses in 

vitro were defined as the colocalization of the MF specific pre-synaptic marker 

synaptoporin (SPO), the excitatory pre-synaptic marker vesicular glutamate 

transporter 1 (VGLUT1) and the post-synaptic scaffolding molecule PSD95, 

while non-MF excitatory synapses were defined by the colocalization of 

VGLUT1 and PSD95 in the absence of SPO (Figure 3.12A-H). There was a 

highly significant reduction in the density of MF synapses on the large 

proximal dendrites of pyramidally shaped neurons (Figure 3.12I) and a 

reduced level of non-MF excitatory synapses overall which did not reach 

statistical significance (Figure 3.12J). 

These data raise the question of whether there is an overall reduction in 

excitatory synapses in the absence NeuroD2 or whether NeuroD2 acts in a 
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cell-type specific manner to regulate excitatory inputs. To address the cell-type 

specific role of NeuroD2 in vitro, we combined staining for the pre-synaptic 

markers SPO and VGLUT1 with the cell-type specific marker CTIP2. CTIP2 is 

a transcription factor, which is highly expressed in dentate granule neurons 

and CA1 pyramidal neurons, but is completely absent from CA3 pyramidal 

neurons (Figure 3.1 and see Allen Brain Atlas, www.brain-map.org). IHC for 

CTIP2 in vitro reveals two clear populations of neurons, putative CA1 and DG 

neurons with strong CTIP2 nuclear staining (Figure 3.13E and M) and putative 

CA3 neurons which completely lack CTIP2 nuclear staining (Figure 3.13A and 

I). We analyzed SPO:VGlut1 colocalization on each of these neuron classes to 

assess the density of MF terminals in vitro. Consistent with a CA3 neuron 

identity, CTIP2 negative neurons in culture received significantly greater 

numbers of MF terminals onto their proximal dendrites when compared to 

CTIP2 positive neurons (Figure 3.13Q). Similarly, CTIP2 negative neurons 

from NeuroD2 null cultures showed an approximately 40% reduction in MF 

terminals, while there was no difference in MF terminals onto incorrect target 

cells which were CTIP2 positive (Figure 3.13Q). These data indicate a cell-

type specific preference of MF terminals for CTIP2 negative neurons and for a 

cell-type specific reduction in MF synapses in NeuroD2 null hippocampal 

neurons. When we quantified VGlut1 positive, SPO negative terminals 

representing non-MF, excitatory terminals, we saw a reduction of these inputs 

onto CTIP2 negative neurons, with no change in the density of inputs onto 

CTIP2 positive neurons (Figure 3.13R). The fact that our results do not 
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indicate a reduction in inputs onto non-CA3 neurons in vitro, is consistent with 

NeuroD2 regulating synapse number in a cell type specific manner. Moreover, 

the specific reduction in MF inputs onto CTIP2 negative neurons is consistent 

with our previous data demonstrating a large reduction in the elaboration of TE 

spine head density on CA3 neurons and suggesting that these data 

demonstrate reduced synaptic input in the absence of NeuroD2. 

 

Reduced Expression of Synaptic Scaffolding Molecules in the NeuroD2 

Null Hippocampus 

 

Transcription factors influence the structure and function of neurons via 

their regulation of specific sets of genes within transcriptional networks. To 

explore the possibility that NeuroD2 regulates synaptogenesis in the 

hippocampus by influencing the expression of synaptic proteins, we examined 

the levels of synaptic scaffolding molecules known to regulate the structure 

and function of synapses. We performed quantitative western blotting with 

antibodies to several scaffolding molecules on hippocampal lysates from 

wildtype and NeuroD2 null littermates at both P14 and P21 (Figure 3.14A). 

Levels of the scaffolding molecule Pick1 were not affected at either P14 or 

P21 in NeuroD2 null mice compared to wildtype littermates (Figure 3.14B). 

However, the levels of the MAGUK scaffolding molecules SAP102 and PSD95 

were reduced in NeuroD2 null littermates at both P14 and P21 by greater than 

50% (Figure 3.14C and D). To examine whether the reduction in PSD95 
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protein level was localized to the MF synapse, we immunostained P21 

hippocampal slices from wildtype and NeuroD2 null mice with antibodies 

against PSD95, CTIP2 and SPO to highlight the MF synapses (Figure 3.15A-

D). This staining revealed a dramatic reduction in PSD95 staining (Figure 

3.15A and C), which was not specific mossy fiber synapses, but appeared to 

be generalized throughout the CA3 and CA1 regions (Figure 3.15B and D). 

These data demonstrate that NeuroD2 regulates the levels of specific 

scaffolding molecules in the developing hippocampus, either through direct or 

indirect influence over these target genes.  

 

Loss of PSD95 Function in vivo Cell Autonomously Regulates Thorny 

Excrescence Spine Density 

 

 Since NeuroD2 regulates the level of PSD95 expression in the 

developing hippocampus, reduced PSD95 may be causally related to the 

NeuroD2 loss of function phenotype. To ask whether PSD95 regulates TE 

spine density, we used a lentivirus expressing an shRNA specific for PSD95 to 

knock down PSD95 expression in vivo. This shRNA has previously been 

published to specifically knock down PSD95 (Elias et al, 2006) and we also 

observed significant knockdown of PSD95 in 293T cells (Figure 3.16 A). To 

assess the role of PSD95 on TE development in vivo, we did targeted lentiviral 

injections into CA3 neurons in vivo. Knocking down PSD95 expression in 

developing rat pups, from P5 to P16, was sufficient to reduce elaboration of 
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TE spines by nearly 50% (Figure 3.16 B-D). These data demonstrate that loss 

of PSD95 expression in vivo can phenocopy the effect of NeuroD2 loss of 

function. Thus, the reduced level of PSD95 in the NeuroD2 null hippocampus 

is likely to be at least partially responsible for the reduced TE spine number 

(Figure 3.17).  

 

3.4 Discussion 

 

The observations reported here identify NeuroD2 as a key regulator of 

a transcriptional network controlling hippocampal synaptogenesis onto CA3 

pyramidal neurons. This is particulary striking for the MF pathway, where 

NeuroD2 null mice exhibit a dramatically reduced main and infrapyramidal 

mossy fiber bundle with a similarly reduced extent of synaptic terminals. On a 

neuronal level, this is reflected in a reduced density of TE spine heads on the 

proximal apical dendrite of CA3 neurons. Lentiviral mediated, shRNA 

knockdown of NeuroD2 in vivo further demonstrates that NeuroD2 functions 

cell-autonomously during a critical window of postnatal development to 

regulate the elaboration of TE spines. This reduced density of TE spines could 

reflect either a reduced density of MF synapses or a less mature state of 

synaptic differentiation, possibilities which are not mutually exclusive. 

Hippocampal cultures from NeuroD2 null mice show a particularly striking 

reduction in the density of MF synapses as defined by the co-localization of 

pre-synaptic markers with the post-synaptic molecule PSD95. Interestingly, 
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the use of cell-type specific markers demonstrates that, in vitro, NeuroD2 

regulates excitatory synapse density in a cell-type specific manner as 

synapses formed onto non-CA3 neurons, including CA1 and DG neurons 

which also express NeuroD2, are unaffected in null cultures. 

In addition to these in vivo and vitro data supporting a reduced number 

of excitatory synapses per CA3 neuron, electrophysiological recordings 

demonstrate that the functional maturation of MF synaptic properties is also 

disrupted. At developing neocortical synapses, glutamatergic currents are 

mediated mainly by NMDA receptors, with little contribution from AMPA 

receptors. However, during the second week of postnatal development, the 

NMDA receptor component decreases and the AMPA receptor component 

increases (Crair and Malenka, 1995; Lu et al, 2001; Wu et al, 1996; Petralia et 

al, 1999). Recordings made from CA3 neurons while stimulating MF inputs 

demonstrate a reduction of AMPAR:NMDAR mediated current ratio in 

NeuroD2 null mice. We have also found that unitary responses based on 

minimal stimulation are reduced in NeuroD2 null mice, suggesting that the 

absolute strength of MF synapses is reduced (Unpublished Data). Although 

the normal development of glutamatergic currents has not been explored at 

the MF synapse, these data are highly suggestive of a less mature 

complement of synaptic glutamate receptors. NeuroD2 null mice also 

demonstrate an increased paired-pulse facilitation ratio indicating that 

NeuroD2 can also likely function to regulate release probability at the pre-

synaptic terminal. 
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The fact that the levels of SAP102 and PSD95 are reduced by ~50% in 

the hippocampus of NeuroD2 null mice immediately suggests that the 

reductions in these crucial synaptic molecules might be causally responsible 

for the structural and functional deficits at CA3 synapses in the NeuroD2 null 

hippocampus. SAP102 is expressed prior to PSD95 and accumulates first at 

hippocampal synapses in vivo (Sans N et al, 2000; Petralia RS et al, 2005). 

Similarly, each molecule has differential effects during synaptogenesis and 

synapse maturation. Knockdown of SAP102 transiently impairs glutamatergic 

currents at P7 CA3-CA1 synapses in vivo, while knockdown of PSD95 has no 

effect at P7, but dramatically suppresses AMPAR accumulation at P16 (Elias 

et al, 2008). Additional evidence from a number of studies indicates synapse 

specific and developmentally regulated functions of MAGUK scaffolds in 

glutamatergic phenotype, but also a high degree of functional redundancy 

(Elias et al, 2006; Beique et al, 2006; reviewed in Elias and Nicoll, 2007).  Our 

data suggest that NeuroD2 may coordinate the activity-dependent expression 

of PSD95 and SAP102, which may act alone or in concert to regulate the 

maturation of synaptic currents at the MF synapse.  

Interestingly, PSD95 may also function to trans-synaptically coordinate 

pre-synaptic properties. PSD95 can bind a number of trans-synaptic signaling 

molecules, including neuroligin1 (NLG1), (Irie et al, 1997), which binds B-

neurexin in the pre-synaptic terminal and regulates the assembly of vesicle 

release machinery (Scheiffele et al, 2000; Dean et al, 2003; Craig and Kang, 

2007). PSD95 knockout mice exhibit an increase in PPF at CA3-CA1 
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synapses (Migaud M, et al 1998) and PSD95 can regulate release probability 

via neuroligin (Futai et al, 2007). Whether PSD95 or SAP102 function similarly 

at the MF synapse is not known, but it is plausible that the reduced levels of 

these molecules in the absence of NeuroD2 is responsible for the failure in 

maturation of AMPAR:NMDAR mediated current ratios and potentially for the 

decreased probability of release seen at MF synapses. 

Finally, we find that PSD95 loss of function is sufficient to reduce the 

elaboration of TE spines in vivo and phenocopies NeuroD2 loss of function. It 

has been demonstrated that PSD95 overexpression in vitro drives increased 

spine density and head size (El-Husseini A et al, 2000). Loss of function 

experiments in vitro have yielded mixed results on spine morphogenesis 

(Ehrlich et al, 2007 versus Elias et al, 2006). However, a detailed study of the 

role of SAP102 and PSD95 on in vivo spine morphology has not been done. 

Our results demonstrate that PSD95 regulates TE spine head density at the 

MF synapse and suggests that it may also regulate other types of spines. 

Future studies will be required to determine whether SAP102 and PSD95 are 

direct targets of NeuroD2 mediated transcription and to what extent reductions 

in PSD95 as opposed to other target genes are responsible for the phenotype 

in NeuroD2 null mice. These data demonstrate that NeuroD2 regulates a 

transcriptional program that is critically important for regulating TE spine 

maturation in vivo.  

Chapter 3, is currently being prepared for submission for the publication 

of the material. Wilke, Scott A.; Hall, Benjamin J.; Antonios, Joseph K.; Tiglio, 
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Katie; Ghosh, Anirvan. The dissertation author was the primary investigator 

and author of this material. 
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Figure 3.1: Reduced Extent of Mossy Fiber Axonal and Synaptic Markers 
in NeuroD2 Null Mice 
 
WT and NeuroD2 null littermates were perfused at P21 and immunostained for 
nuclear, axonal and synaptic markers in coronal sections of the hippocampus 
as indicated. (A,B) Hoechst nuclear staining, (C,D) CA1 and DG specific 
nuclear marker CTIP2 and (E,F) MF specific axonal marker calbindin. (G,H) 
Merged images for Hoechst (blue),  CTIP2 (green) and Calbindin (red) 
immunohistochemistry. (I,J) A separate set of Wildtype and NeuroD2 null 
littermates were immunostained at P21 for the MF terminal specific marker 
Synaptoporin. Scale bar A-H, represents 130 µm. Scale bar I and J, 
represents 450 µm. 
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Figure 3.2: The Mossy Fiber Pathway is Preferentially Reduced Distally 
 
(A-I) Wildtype, NeuroD2 Heterozygote and NeuroD2 null littermates were 
perfused and stained for the CA1 marker CTIP2 (A-C) and the mossy fiber 
marker calbindin (D-E), shown overlaid in (G-I). (J) Schematic of the method of 
quantitative analysis for distribution of the mossy fiber pathway. The area of 
calbindin staining in the standard sized windows A and C were divided by the 
area in window B as a relative measure of mossy fibers in these areas. (K) 
Quantitative analysis of distal portion of the MF pathway relative to proximal 
portion. (L) Quantitative analysis of the infrapyramidal bundle of the MF 
pathway relative to the suprapyramidal bundle.  
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Figure 3.3: Reduced Mossy Fiber Pre-Synaptic Terminals by TIMM 
staining in NeuroD2 Null Mice 
 
To assess distribution of MF synaptic terminals we used the Timm method of 
staining for zinc in Wildtype (A) and NeuroD2 null littermates (B).  
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Figure 3.4: Normal Dentate Gyrus Structure and Expression of a Dentate 
Specific Marker in NeuroD2 Null Mice.  
 
To determine if the Dentate Gyrus formed normally in NeuroD2 Null mice we 
stained coronal hippocampal sections from WT and null littermates with the 
DG marker Prox1 as indicated in (A and B) and the dendritic marker MAP2 as 
indicated in (C and D), they are shown colocalized in E and F. Scale bar 
represents 250 µm.  
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Figure 3.5: Reduced Elaboration of Thorny Excrescence Spines in 
NeuroD2 Null MIce 
 
(A) P21 CA3 pyramidal neuron filled in coronal hippocampal section from 
transcardially perfused mouse by targeted microinjection of Lucifer Yellow dye 
completely fills dendritic arbor. (B) Representative proximal dendritic segments 
with TE spines in WT and NeuroD2 null mice (KO) at P7, P14 and P21 
timepoints  (C) TE elaboration quantified by counting the density of individual 
spine heads on primary and secondary dendritic branches in 60X confocal 
stacks. (D) Individual TE spine head width quantified in confocal stacks as the 
width of the head in the confocal plane where it was largest. 
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Figure 3.6: Reduced Density of Distal CA3 Spines in NeuroD2 Null Mice 
 
(E) Representative tertiary dendritic segments showing classical spines at P14 
and P21. (F) Quantification of classical spine density in 60X confocal stacks. 
(G) Quantification of spine head width as in (D).  (*p < .05, t-test)  Scale bar A, 
75 µm. Scale bar B and E, 5 µm. Error bars represent ±SEM.  
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Figure 3.7: Lucifer Yellow Cell Fills of CA3 Neurons Infected with 
Lentivirus Expressing GFP 
 
(A) P5 rat pups were stereotaxically injected with GFP expressing lentiviruses 
and transcardially perfused at P16, immunohistochemistry (IHC) for GFP as 
indicated in (A). (B) GFP positive neuron filled with Lucifer Yellow (LY) dye 
and processed for IHC against LY. (C) Merged image of GFP (green) and LY 
staining (red). (D) Higher magnification image LY IHC showing TE spines. (E) 
Overlaid image of LY and GFP IHC, demonstrating colocalization. 
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Figure 3.8: Lentiviral shRNA Construct Specifically Knocks Down 
NeuroD2 
 
Immunoblot for myc-tagged NeuroD2 and NeuroD1 co-transfected with either 
NeuroD2 shRNA expressing lentiviral vector or control vector into 293T cells 
for 48 hours. Control is blotting for anti-GAPDH for same blot. Loading is 
duplicate wells. 
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Figure 3.9: In Vivo Knockdown of NeuroD2 Cell-Autonomously Regulates 
Thorny Excrescence Spine Elaboration 
 
(A and B) LY filled, GFP+ CA3 neuron proximal dendrites showing TE spines 
for vector and shNeuroD2 infected neurons. Scale bar =  5 µm. (C) 
Quantification of TE spine head density on primary and secondary dendrites of 
lentivirus infected neurons. (*p < .05, t-test) Error bars represent  ±SEM.  
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Figure 3.10: In Vivo Knockdown of NeuroD2 Does not Affect Distal CA3 
Spine Density 
 
(A and B) LY filled, GFP+ CA3 neuron distal dendrites showing classical 
spines for vector and shNeuroD2 infected neurons. (C) Quantification of spine 
density on tertiary dendrites of lentivirus infected neurons. Scale bar =  5 µm. 
Error bars represent  ±SEM.  
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Figure 3.11: Functional Maturation of Mossy Fiber Synaptic Properties is 
Impaired in NeuroD2 Null Mice 
  
(A and B) Whole cell voltage-clamp recordings in acute sagittal slices from 
P14-16 WT and NeuroD2 null mice while stimulating MF axons. 
Representative evoked synaptic currents are shown for each genotype at a 
holding potential of –70 mV, before and after perfusion with LCCG (10 µM). (C 
and D) Evoked MF responses demonstrating strong paired-pulse facilitation 
and showing currents recorded at holding potentials of +50 and –70 mV. (E) 
Quantification of AMPAR:NMDAR mediated current ratios at the MF synapse, 
measured as the peak current at –70 mV relative to the peak current 50 ms 
into the response at +50 mV. (F) Quantification of facilitation ratios measured 
as peak current of second response relative to first response at a holding 
potential of –70 mV and a 100 ms inter-stimulus interval (ISI). (*p < .05, t-test). 
Error bars represent ±SEM.  
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Figure 3.12: Reduced MF Synaptic Markers onto NeuroD2 Null Neurons 
in vitro 
 
Hippocampal neurons from P0 WT and NeuroD2 null mice were cultured at 
low density on a glial monolayer and fixed for immunostaining at 16 DIV for the 
following markers: (A,E) PSD-95, (B,F) Synaptoporin (SPO), (C,G) Vglut1. 
(D,H) Merged images of staining for synaptically localized proteins with PSD-
95 in red, SPO in green and Vglut1 in blue. (I) Quantification of MF synapse 
density by the triple colocalization of these synaptic markers on large primary 
dendrites. (J) Quantification of non-MF, excitatory synapse density by 
colocalization of PSD-95 and Vglut1 on same dendrites. (***p < .01, t-test) 
Scale bars indicate 10 µm. Error bars represent ±SEM. (n.s. = not significant). 
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Figure 3.13: Reduced Mossy Fiber Synapses Specifically Onto Putative 
CA3 Neurons in vitro 
 
Cultures were immunostained with the DG and CA1 specific marker CTIP2 to 
investigate the localization of synaptic terminals onto hippocampal neurons in 
vitro. CTIP2- neurons clearly lacked staining in their nucleus as indicated in (K 
and S), while CTIP2+ neurons were stained throughout the cell body (O and 
W). SPO and Vglut1 IHC was used to localize MF terminals and excitatory, 
non-MF terminals onto the proximal dendrites of these neurons as indicated in 
(L,M,P,Q,T,U,X,Y). (AA) Quantification of MF terminal density onto CTIP2-, 
putative CA3 neurons, and CTIP2+, putative DG and CA1 neurons. (BB) 
Quantification of non-MF, excitatory terminal density onto CTIP2- and CTIP2+ 
neurons. (***p < .01, t-test) Scale bars indicate 10 µm. Error bars represent 
±SEM. (n.s. = not significant). 
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Figure 3.14: Reduced Expression of SAP102 and PSD95 in NeuroD2 Null 
Hippocampus 
 
(A) Representative immunoblots against PSD-95, SAP102 and Pick1 in 
hippocampal lysates from WT and NeuroD2 null littermates at P14 and P21. 
Loading control is immunoblotting for ßtubulin. (B) Quantification of relative 
expression of Pick1 for wildtype and NeuroD2 null littermates. Band intensity 
was measured with densitometry and normalized to ßtubulin control, then 
compared across conditions. For P21, statistical analysis was done comparing 
across several litters. (C) Quantification of SAP102 relative expression as in B. 
(D) Quantification of PSD-95 relative expression as in B. (*p < .05, t-test) 
Scale bar indicates 75 µm. Error bars represent ±SEM. (n.s. = not significant). 
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Figure 3.15: Reduced Staining for PSD95 by Immunohistochemistry in 
the NeuroD2 Null Hippocampus 
 
PSD95 expression in the hippocampus was also dramatically reduced by IHC 
at the CA3/CA1 border in NeuroD2 null mice compared to WT littermates (A 
and C), CA1 border (CTIP2+ nuclei) and MF terminals (SPO IHC) are seen in 
merged images (B and D). 
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Figure 3.16: In Vivo Knockdown of PSD95 Cell-Autonomously Regulates 
Thorny Excrescence Spine Elaboration 
 
(A) Immunoblot for mCherry-tagged PSD95, co-transfected with PSD95 
shRNA expressing lentiviral vector or control vector into 293T cells for 48 
hours. Control is blotting for anti-GAPDH for same blot. Loading is duplicate 
experiments. (B) Example of shVector infected CA3 neuron. (C) Example of 
shPSD95 infected CA3 neuron. (D) Quantification of TE spine head density 
between conditions. (**p<.01). Scale bar = 5 µm. Error bars represent ±SEM. 
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Figure 3.17: Model of NeuroD2 Function in Mossy Fiber Synapse 
Maturation 
 
Diagramatic representation of the proposed role of NeuroD2 in the 
development of MF synapses. Calcium influx downstream of neural activity 
activates NeuroD2 mediated transcription of target genes. One of these target 
genes may be PSD95, which acts to regulate the transition from an immature 
MF synapse to a mature MF synapse with a TE spine. PSD95 is also likely to 
regulate the AMPAR content of MF synapses. Reduced levels of PSD95 in 
NeuroD2 loss of function experiments is likely responsible for some of these 
changes. Other NeuroD2 target genes, perhaps SAP102, are also likely to be 
partially responsible for this phenotype.  
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Discussion 

 

The process by which synapses differentiate during development to 

give rise to distinct classes with unique structural and functional properties is 

poorly understood. Similarly, the role of neural activity and the underlying 

molecular mechanisms involved, have not been thoroughly investigated. For 

my dissertation, I have worked to further our understanding of these processes 

with a focus on the rodent hippocampal mossy fiber synapse. With these goals 

in mind, I have accomplished the following: 1) Demonstrated the usefulness of 

serial blockface scanning electron microscopy for the investigation of the 

assembly of local microciruits during development, 2) Demonstrated the series 

of steps by which connectivity arises in the hippocampal mossy fiber pathway 

and 3) Demonstrated that the calcium-activated transcription factor NeuroD2 

regulates a set of genes which play a fundamental role in the structural and 

functional maturation of the mossy fiber synapse.  

Although it is tempting to generalize, central nervous system excitatory 

synapses are not a uniform population, but exhibit surprising diversity. The 

hippocampus is an ideal system in which to investigate the developmental 

maturation of synapse specific structural and functional properties. Perhaps 

one of the most unique sets of excitatory connections in the vertebrate central 

nervous system is the hippocampal mossy fiber pathway. Santiago Ramon y 

Cajal was the first to notice that one of the unique features of this particular 

pathway was that a single mossy fiber axon could give rise to multiple types of 
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synaptic expansions (Cajal SR, 1911). In fact, mossy fibers give rise to three 

unique types of synapses. The main mossy fiber bouton synapses onto thorny 

excrescence spines of CA3 pyramidal neurons, but filopodial extensions and 

small en passant boutons also synapse onto inhibitory interneurons (Blackstad 

and Kjaerheim, 1961; Acsady et al, 1998). How do the properties of these 

unique classes of synapses arise during the course of development?   

 

Linking Ultrastructure with Synapse Morphology During Development 

 

In pursuit of an answer to this compelling question, I sought to further 

understand the series of steps by which mossy fiber connectivity arises during 

development of the mouse hippocampus. The morphological development of 

mossy fiber synapses has been well described by Amaral and colleagues 

utilizing the techniques available at the time, nearly 30 years ago (Amaral and 

Dent, 1981). These descriptions were largely based on histochemical staining 

techniques such as the TIMM stain and golgi stain as well as transmission 

electron microscopy of single sections. To extend these seminal studies I have 

applied the groundbreaking new technique of serial blockface scanning 

electron microscopy (SBFSEM) to the study of the same synapse. This work 

can be considered a highly complimentary investigation as it has confirmed 

and extended the original findings of this early work. For example, SBFSEM 

fills a gap in the original data as the relationship between single TEM images 

and gross morphology at the light level necessarily had to be inferred. In 
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contrast, SBFSEM allows the simultaneous investigation of ultrastructural 

features of synapses, such as PSDs, vesicle pools and mitochondria along 

with an understanding of the full morphology of the structure to which they 

belong. In addition to this advantage, is the equally powerful ability to 

simultaneously assess the full morphology of pre and post-synaptic structures, 

where golgi stain for example gives a low resolution image of one or the other. 

Finally, my work describes the development of MF connectivity in the common 

laboratory mouse. Mice have become the standard model for the genetic 

manipulation of neural circuits using knockout and transgenic manipulations. 

My data on MF synapse maturation in the mouse can therefore act more 

directly as a baseline for an array of future studies using these technologies 

for the manipulation of the MF synapse.  

 

Maturation of Mossy Fiber Boutons 

 

SBFSEM reconstruction of MF pre-synaptic structures, enabled me to 

investigate morphology while also measuring the volume of bouton 

subcompartments. The bouton, which contains large numbers of 

neurotransmitter containing vesicles is functionally distinct from the MF axon 

or MF filopodial extensions. This structure showed a dramatic increase in 

volume across developmental timepoints suggesting that the amount of 

neurotransmitter, which can be released and/or the reserve capacity of the 

bouton is also increasing. In fact, one of the fundamental features of MF pre-
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synaptic release is a high dynamic range where release can be ramped up 

depending on the nature of axonal firing (Nicoll and Schmitz, 2005). MF 

boutons were almost always almost entirely filled with vesicles, so the 

increase in volume suggests that the capacity for dynamic release is also 

increasing. Physiological recordings across similar ages support this 

interpretation, as frequency facilitation increases during early postnatal 

maturation (Marchall and Mulle, 2004).  

Another interesting finding from our data were the occurrence of small 

growth cone structures emerging from immature boutons at P7 and P14. This 

was also reported at the light level using golgi staining (Amaral and Dent, 

1981). Only a minority of boutons exhibited such a structure and only at 

developmental timepoints. These structures are perhaps the precursors to a 

larger bouton with an expanded territory or an intermediate stage in the 

formation of so-called satellite boutons (Galimberti et al, 2006). Aside from 

these rare growth cone protrusions, MF boutons emanated many fine 

filopodial structures. Interestingly, only a subset of these were found to contact 

interneurons as has been previously reported (Acsady et al, 1998), suggesting 

that the rest are either in the process of searching out synaptic partners or 

fulfill some other role. A subset of these processes invaded neighboring 

terminals and seemed to directly compete for access to immature TE spines. 

This is consistent with a model where the synaptic territory of each bouton is 

determined through a competitive process. In support of this, the high 

numbers of filopodial protrusions were a developmental phenomenon and 
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individual boutons at the mature synapse had many fewer filopodia. Mossy 

fiber filopodia in slice cultures show a developmental decrease in motility, 

which is regulated by activity (Tashiro et al, 2003). Further, an analysis of the 

number of TE spines contacted by the vesicle containing region of each MF 

bouton showed that boutons at P14 tended to contact more individual spines 

than their mature counterparts. These observations warrant future live imaging 

studies to try to assess the process by which neighboring MF boutons expand 

their territory during development.  

Finally, an interesting feature of MF pre-synaptic terminals appears to 

be their permissiveness for the formation of synaptic contacts. Typical 

excitatory pre-synaptic terminals in the hippocampus form synapses with only 

a single spine, although occasionally with more than one (Harris and Stevens, 

1989). We find that MF boutons can form synapses with multiple TE spines 

both on the same CA3 neuron and even on different CA3 neurons. In addition, 

MF boutons have been found to form synapses with inhibitory interneurons, 

both via filopodial specializations and directly (Acsady et al, 1998; Frotscher et 

al, 2006). We also find that early in development pre and post-synaptic 

specializations are frequently found to exist independent from each other. 

Immature MF boutons in these cases cluster vesicles at their interface with the 

post-synaptic shaft, although in rare cases we found synapses initiated directly 

onto immature protrusions. The fact that synaptic currents can be elicited as 

early as P3, indicates that these synapses are capable of neurotransmission 

(Marchall and Mulle, 2004). This suggests that early in development MF 
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boutons synapse onto shafts and somewhat later those synapses are 

transferred to TE spines. At least some of these features are unique to MF 

synapses and future studies should be aimed at understanding the molecular 

differences which underlie these special characteristics.   

 

Maturation of Thorny Excrescence Morphology 

 

Perhaps the most striking feature of TE spines reconstructed over 

developmental timepoints was their enormous morphological variability. This is 

most evident at P14, where the smallest spines observed were 0.01 um3
 and 

the largest was 6.37 um3 with multiple compartments and outpouchings. This 

600 fold plus variability in volume is considerably more than we observed in 

the pre-synaptic boutons at the same age. Even for adult TE spines there was 

enormous variability, with some spines having only single heads while others 

had up to 15 heads. Why are some spines complex, while others are relatively 

simple? One intriguing possibility is that the size of individual spines is not set, 

but that they are in a constant state of flux, remodeling to fit the needs of the 

behavioral circuits, which they sub serve. This type of a model is consistent 

with chronic live imaging studies of spines in vivo in which some spines are 

stable over extended periods of time, while others either disappear or initiate 

de novo (Trachtenberg et al, 2002; Grutzendler et al, 2002 and Holtmaat et al, 

2006). Interestingly, both developing and adult spines, which we 

reconstructed, had some morphological features suggestive of dynamic 
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morphology. Spines frequently had spinule-like structures or other small 

protrusions off of existing spine heads. Although less common in the adult, 

spinules were still frequently observed and in one case a filopodial protrusion 

was observed forming directly off the dendritic shaft.  

 

Influence of the Environment on the Mossy Fiber Synapse 

 

These findings are particularly interesting in light of numerous recent 

studies, which suggest that MF synapses are structurally dynamic throughout 

life and in response to environmental manipulations. The dentate gyrus is one 

of the few brain regions to continually generate new neurons throughout life 

and these neurons extend axons and integrate within the existing MF circuitry 

in a process regulated by environmental stimulation (Gage, 2002; Toni et al, 

2008). Complementing this extreme structural plasticity are recent studies 

demonstrating more subtle re-wiring in response to environmental enrichment 

and learning paradigms. Water maze learning can have large effects on the 

size of the MF project as assessed by TIMM staining (Schwegler et al, 1991; 

Ramirez-Amaya et al, 2001). Further, the complexity of MF boutons and their 

associated satellites are increased by environmental enrichment via a 

mechanism requiring Wnt signaling, perhaps downstream of neural activity 

(Galimberti et al, 2006; Gogolla et al, 2009). Although the effects of such 

manipulations on TE structure are unknown, it will be interesting to dissect the 
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effects of behaviorally induced activation on pre and post-synaptic structural 

adaptations.  

 

Influence of the Activity-Dependent Transcription Factor NeuroD2 on 

Mossy Fiber Synapse Development 

 

An interesting open question then is what are the effects of activity on 

the developmental maturation of MF synapse structure? To assess the role 

which activity may play in the assembly of MF circuitry I took the approach of 

investigating the role of the calcium-regulated transcription factor NeuroD2 in 

the development of this synapse. In NeuroD2 null mice there is a dramatic 

failure of MF synapses to fully elaborate during development. Staining for the 

MF pathway by the TIMM method as wells as immunohistochemistry for 

calbindin and synaptoporin reveals large reductions of these axonal and 

synaptic markers. This is particularly true at the most distal portion of the MF 

pathway, the so-called ‘end-bulb’. On a cellular level, this decrease in synaptic 

markers is manifested as a reduced density of TE spine heads on the proximal 

apical dendrites of CA3 pyramidal neurons. Functionally, we have found that 

the maturation of excitatory currents is also affected at the MF synapse. 

NeuroD2 null mice exhibit a reduced AMPAR: NMDAR mediated current ratio 

upon stimulated release and post-synaptic recording. This ratio is generally 

considered to be a measure of the developmental state of excitatory cortical 

synapses as this ratio normally increases across synaptic maturation.  
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NeuroD2 appears to be somewhat more highly expressed in CA3 

neurons than it is in DG neurons (Konishi et al, 2001; Ince-Dunn et al, 2006). 

However, NeuroD2 is expressed in the dentate gyrus as granule neurons 

mature (Scobie et al, 2009). Given expression both pre and post-synaptically, 

where does NeuroD2 normally act to mediate maturation of structure and 

function at the MF pathway? Significant evidence suggests that NeuroD2 acts 

as a positive regulator of synapse maturation in post-synaptic neurons. In the 

mouse barrel cortex, the segregation of thalamocortical axons is disrupted in 

NeuroD2 null mice and the maturation of glutamatergic currents is decreased, 

similar to the effect at the MF pathway (Ince-Dunn et al, 2006). Here, the 

action of NeuroD2 is likely to be post-synaptic since NeuroD2 is not expressed 

in the thalamus where these axons arise. NeuroD2 null neurons in culture also 

fail to correctly insert AMPA receptors on their surface (Ince-Dunn et al, 2006). 

However, NeuroD2 can also function as a negative regulator synapse 

formation in some instances. In cerebellar slice overlay assays, NeuroD2 

knockdown leads to an increase in the density of markers of pre-synaptic 

terminals (Yang et al, 2009). It is likely that the differential effects of NeuroD2 

elimination between these experimental systems is due to the regulation of 

unique sets of genes by NeuroD2 depending upon the molecular context 

within which it is expressed.  

 

NeuroD2 Acts in the Post-Synaptic Neuron to Influence Mossy Fiber 

Synapses 
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To determine if the MF synapse defects, which we observe in NeuroD2 

null mice were due to a pre or post-synaptic influence, we took an approach to 

manipulate single cells in vivo. I designed a lentiviral vector to express a short-

hairpin RNA construct, which knocks down NeuroD2 in HEK293T cells, but 

has no effect on the closely related molecule NeuroD1. Lentivirus injected in 

vivo infects subsets of neurons and I was able to assess their morphology by 

developing an approach to target Lucifer Yellow dye injection specifically to 

infected neurons. Using this approach I showed that loss of NeuroD2 in the 

post-synaptic CA3 neuron in vivo was sufficient to dramatically reduce TE 

spine density. This suggests that, at least in part, NeuroD2 functions post-

synaptically to affect spine maturation in vivo. 

 

NeuroD2 has Differential Effects on Synapses in the Hippocampus 

 

Interestingly, several experiments suggested that NeuroD2 loss of 

function has differential effects at specific classes of synapses. In vitro 

experiments using cell-type and MF synapse specific synaptic markers 

showed that synapses onto CA3 neurons were preferentially affected in null 

cultures. Of those synapses, putative MF synapses were by far most affected 

onto CA3 neurons, with no effect of MF synapses onto incorrect targets. 

Similarly, synapses onto non-CA3 neurons were unaffected in NeuroD2 null 

cultures. These experiments suggest that there is something about MF-CA3 
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connectivity, which is critically dependent on NeuroD2 function. In vivo, there 

also seems to be cell-type specific effects in NeuroD2 knockout mice. 

Interestingly, quantification of spine density in CA1 shows no effect in 

NeuroD2 knockout mice, but spine density is reduced in DG neurons and at 

the distal dendrites of CA3 neurons.  

 

Mechanism of NeuroD2 Mediated Regulation of Mossy Fiber Synapses 

 

A mechanistic understanding of the role that NeuroD2 plays in spine 

and synapse development depends on knowing which target genes it 

regulates. Ideally, a candidate gene would be regulated by activity, be 

expressed in the developing hippocampus and have a known function at 

synapses. I found that in hippocampal lysates from NeuroD2 null mice, the 

levels of the membrane-associated guanylate kinase (MAGUK) scaffolding 

molecules PSD95 and SAP102 are specifically reduced by ~50%. Each of 

these molecules has a known function in regulating the levels of AMPAR 

expression at the synaptic membrane. Knockdown of either PSD95 or SAP102 

using lentivirus in vivo leads to reductions in AMPAR EPSC amplitude as 

assessed by electrophysiology during specific developmental epochs 

(reviewed in Elias and Nicoll, 2007). 

 In terms of function in regulating the structure of dendritic spines, there 

has been conflicting experimental results regarding loss of function, with some 

studies finding a reduction of spines (Ehrlich et al, 2007) and others finding no 
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effect (Elias et al, 2006). However, these studies were done in slice culture 

and acute slices respectively, which may not recapitulate spine number in 

vivo. In vivo studies using PSD95 null mice have also yielded mixed results. 

One study found no change in synapse structure in PSD95 null mice, but was 

done using single section TEM, which is a poor technique for analyzing spine 

size or density (Migaud et al, 1998). A second study found that some spine 

types were increased, while other were decreased in a separate PSD95 null 

mouse (Vickers et al, 2006). Interpretation of these in vivo studies is 

additionally complicated by the fact that MAGUK scaffolding molecules have 

overlapping function and exhibit functional compensation in null animals 

(Reviewed in Elias and Nicoll, 2007).  

In this dissertation, I show that acute knockdown of PSD95 expression 

in vivo, cell-autonomously reduces TE spine head density. Interestingly, 

overexpression of PSD95 leads to a large increase in spine density (El-

Husseini et al, 2000) and consistent with Ehrlich et al, suggests a role for 

PSD95 in regulating dendritic spine morphogenesis in vivo. Finally, some 

evidence suggests that PSD95 expression is regulated by activity. Expression 

of PSD95 can be increased by auditory stimulation and its promoter is 

regulated by depolarizing stimuli in vitro (Bao et al, 2004). In our lab, PSD95 

was also identified in a microarray screen for genes, which were specifically 

upregulated by synaptic activity in rat cortical cultures (Zilong Qiu, unpublished 

data). In this experiment, cortical cultures were grown for 14 days in vitro and 

then bicuculline was applied to block inhibitory signaling and enhance the 
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effects of synaptic excitation. Here PSD95 demonstrated an approximately 8-

fold increase in expression of its transcript. Ongoing experiments in our lab are 

addressing whether NeuroD2 regulates PSD95 or SAP102 by acting directly at 

its promoter and whether this interaction is regulated by activity. These 

experiments will be critical for understanding how PSD95 may mediate the 

effect of NeuroD2 loss of function at the MF synapse.  

 

Mechanism of Differential Effects of NeuroD2 on Synapses in the 

Hippocampus 

 

Since PSD95 loss of function mediates effects similar to NeuroD2 loss 

of function in vivo, it will be interesting to investigate the function of PSD95 at 

other excitatory synapse types in the hippocampus. PSD95 is expressed in all 

excitatory cell types of the hippocampus. So why would PSD95 loss of 

function lead to synapse specific effects in structure or function? One 

intriguing possibility is that different types of synapses may be preferentially 

sensitive to the loss of PSD95 expression mediated by a specific 

transcriptional program. PSD95 expression, like most genes is likely regulated 

a complex interplay of biochemical signaling mechanisms. It is likely that some 

degree of PSD95 expression is constitutive, while another portion is regulated 

by activity, perhaps via NeuroD2. If some synapses relied critically on the 

activity-dependent epoch of this transcription they might be more affected than 

other synapses. In this regard, it is interesting to note that the MF synapse 
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develops later than most synapses in the hippocampus, including distal 

synapses also onto CA3 neurons. MF synapses therefore mature during a 

period when they are exposed to a relatively more established pattern of 

hippocampal circuit activity. An interesting hypothesis is that this later 

maturation requires activity-dependent bursts in the levels of specific 

molecules such as PSD95, which may be regulated by NeuroD2. Testing of 

this hypothesis will require more specific manipulations of NeuroD2, such as 

mutating specific sites which may mediate its activity sensing domain and also 

investigating the effects of altered activity on MF synapse maturation.  

 

Relationship with Other Activity-Dependent Mechanisms 

 

Ultimately, the maturation of MF synapses requires the integration of 

both local modulation and transcriptional regulation downstream of neural 

activity. Local calcium transients can regulate the motility and stability of both 

pre and post-synaptic structures (Gomez et al, 2001; Lohmann et al, 2005). 

Local calcium transients may also prevent filopodial outgrowth, while calcium 

transients reduce the motility of existing filopodia (Lohmann et al, 2005). Local 

calcium transients also are correlated with synaptic target selection. Filopodia 

contacting correct targets show increased calcium transients, which predict the 

stability of the connection (Lohmann and Bonhoeffer, 2008). These processes 

likely regulate the initiation of synaptic contacts, however calcium transients 

are also associated with generally more stable spines (Korkotian et al, 2001). 
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While the early steps in this process are probably mediated by the direct 

action of calcium on the cytoskeleton, later maturation and stability may 

depend on transcriptional processes, including those regulated by NeuroD2. 

  

One activity-modulated transcription factor recently implicated in 

hippocampal development is the serum response factor (SRF). In conditional 

deletion mutants of SRF, immediate early gene induction and synaptic 

plasticity are impaired (Ramanan et al, 2005). A recent study, has further 

suggested a role of SRF mediated transcription in proper targeting and 

guidance of MF axons (Knoll et al, 2006). In a SRF conditional forebrain 

knockout, MF axons incorrectly invade the cell body layer of CA3, forming 

synapses on the cell bodies. The authors suggest that SRF regulates the 

expression of repulsive signals, which normally prevent such innervation. To 

our knowledge, NeuroD2 represents the second activity-regulated transcription 

factor implicated in establishing MF connectivity and the first in regulating 

synapse number and maturational state. While certain transcription factors 

such as SRF may regulate the early stages of circuit formation, later stages 

may be regulated by additional factors such as NeuroD2. In the end, the 

establishment of MF circuitry likely involves the complex interaction of local 

and transcriptional regulation downstream of calcium signaling.    

Taken together, the experiments in my thesis have investigated the 

series of steps in the structural assembly of the MF synapse and identified the 

transcription factor NeuroD2 as a critical regulator of this process. MF pre and 
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post-synaptic structures appear to initiate independently, but then require 

association for full structural elaboration. MF synapses initiate sometime 

around birth in the mouse, but the largest structural changes take place 

between P7 and P14 with dramatic increases in the size of pre and post-

synaptic structures. Interestingly, while the volume of these structures 

increases into adulthood, some aspects of complexity and connectivity do not. 

MF bouton complexity as measured by filopodial extensions is reduced at the 

mature synapse and the number of TE spines contacted by a given bouton 

may also be less. Between P7 and P14, TE spine elaboration also depends 

critically on a transcriptional program regulated by NeuroD2 in the post-

synaptic neuron. In the absence of NeuroD2 both structural and functional 

properties of MF synapses fail to mature normally. By regulating these 

processes, NeuroD2 appears to act as a central mediator of hippocampal MF 

synapses assembly during postnatal development.  

 

 

 

 

 

 

 

 

 



	  

	  

134	  

References 
 
Acsady, L., Kamondi, A., Sik, A., Freund, T., and Buzsaki, G. (1998). 
GABAergic cells are the major postsynaptic targets of mossy fibers in the rat 
hippocampus. J Neurosci 18, 3386-3403. 
 
Ackermann, M., and Matus, A. (2003). Activity-induced targeting of profilin and 
stabilization of dendritic spine morphology. Nat Neurosci 6, 1194-1200. 
 
Aizawa, H., Hu, S.C., Bobb, K., Balakrishnan, K., Ince, G., Gurevich, I., 
Cowan, M., and Ghosh, A. (2004). Dendrite development regulated by 
CREST, a calcium-regulated transcriptional activator. Science 303, 197-202. 
 
Amaral, D.G., and Dent, J.A. (1981). Development of the mossy fibers of the 
dentate gyrus: I. A light and electron microscopic study of the mossy fibers 
and their expansions. J Comp Neurol 195, 51-86. 
 
Amaral, D.G., Ishizuka, N., and Claiborne, B. (1990). Neurons, numbers and 
the hippocampal network. Prog Brain Res 83, 1-11. 
 
Arellano, J.I., Benavides-Piccione, R., Defelipe, J., and Yuste, R. (2007). 
Ultrastructure of dendritic spines: correlation between synaptic and spine 
morphologies. Front Neurosci 1, 131-143. 
 
Bao, J., Lin, H., Ouyang, Y., Lei, D., Osman, A., Kim, T.W., Mei, L., Dai, P., 
Ohlemiller, K.K., and Ambron, R.T. (2004). Activity-dependent transcription 
regulation of PSD-95 by neuregulin-1 and Eos. Nat Neurosci 7, 1250-1258. 
 
Beique, J.C., Lin, D.T., Kang, M.G., Aizawa, H., Takamiya, K., and Huganir, 
R.L. (2006). Synapse-specific regulation of AMPA receptor function by PSD-
95. Proc Natl Acad Sci U S A 103, 19535-19540. 
 
Biederer, T., Sara, Y., Mozhayeva, M., Atasoy, D., Liu, X., Kavalali, E.T., and 
Sudhof, T.C. (2002). SynCAM, a synaptic adhesion molecule that drives 
synapse assembly. Science 297, 1525-1531. 
 
Biederer, T., and Stagi, M. (2008). Signaling by synaptogenic molecules. Curr 
Opin Neurobiol 18, 261-269. 
 
Bischofberger, J., Engel, D., Frotscher, M., and Jonas, P. (2006). Timing and 
efficacy of transmitter release at mossy fiber synapses in the hippocampal 
network. Pflugers Arch 453, 361-372. 
 
Blackstad, T.W., and Kjaerheim, A. (1961). Special axo-dendritic synapses in 
the hippocampal cortex: electron and light microscopic studies on the layer of 



	  

135 

mossy fibers. J Comp Neurol 117, 133-159. 
 
Blue, M.E., and Parnavelas, J.G. (1983). The formation and maturation of 
synapses in the visual cortex of the rat. I. Qualitative analysis. J Neurocytol 12, 
599-616. 
 
Blue, M.E., and Parnavelas, J.G. (1983). The formation and maturation of 
synapses in the visual cortex of the rat. II. Quantitative analysis. J Neurocytol 
12, 697-712. 
 
Bolshakov, V.Y., and Siegelbaum, S.A. (1995). Regulation of hippocampal 
transmitter release during development and long-term potentiation. Science 
269, 1730-1734. 
 
Briggman, K.L., and Denk, W. (2006). Towards neural circuit reconstruction 
with volume electron microscopy techniques. Curr Opin Neurobiol 16, 562-
570. 
 
Cajal, S.R. (1911). Histologie du Systeme Nerveux de l’Homme et des 
Vertebres. Translated by N. Swanson and L.W. Swanson. Oxford University 
Press, New York.  
 
Castillo, P.E., Janz, R., Südhof, T.C., Tzounopoulos, T., Malenka, R.C. and 
Nicoll, R.A. (1997). Rab3A is essential for mossy fibre long-term potentiation in 
the hippocampus. Nature 388, 590–593. 
 
Chicurel, M.E., and Harris, K.M. (1992). Three-dimensional analysis of the 
structure and composition of CA3 branched dendritic spines and their synaptic 
relationships with mossy fiber boutons in the rat hippocampus. J Comp Neurol 
325, 169-182. 
 
Claiborne, B.J., Amaral, D.G., and Cowan, W.M. (1986). A light and electron 
microscopic analysis of the mossy fibers of the rat dentate gyrus. J Comp 
Neurol 246, 435-458. 
 
Cohen, S., and Greenberg, M.E. (2008). Communication between the synapse 
and the nucleus in neuronal development, plasticity, and disease. Annu Rev 
Cell Dev Biol 24, 183-209. 
 
Colbran, R.J., and Brown, A.M. (2004). Calcium/calmodulin-dependent protein 
kinase II and synaptic plasticity. Curr Opin Neurobiol 14, 318-327. 
 
Contractor, A., Swanson, G. and Heinemann, S.F. (2001). Kainate receptors 
are involved in short- and long term plasticity at mossy fiber synapses in the 
hippocampus. Neuron 29, 209–216. 



	  

136 

 
Contractor, A., Rogers, C., Maron, C., Henkemeyer, M., Swanson, G.T. and 
Heinemann, S.F. (2002). Trans-synaptic Eph receptor-ephrin signaling in 
hippocampal mossy fiber LTP. Science 296, 1864–1869. 
 
Contractor, A., Sailer, A.W., Darstein, M., Maron, C., Xu, J., Swanson, G.T. 
and Heinemann, S.F. (2003). Loss of kainate receptor-mediated 
heterosynaptic facilitation of mossy-fiber synapses in KA2-/- mice. Journal of 
Neuroscience 23, 422–429. 
 
Craig, A.M., and Kang, Y. (2007). Neurexin-neuroligin signaling in synapse 
development. Curr Opin Neurobiol 17, 43-52. 
 
Crair, M.C., and Malenka, R.C. (1995). A critical period for long-term 
potentiation at thalamocortical synapses. Nature 375, 325-328. 
 
Dailey, M.E., Buchanan, J., Bergles, D.E., and Smith, S.J. (1994). Mossy fiber 
growth and synaptogenesis in rat hippocampal slices in vitro. J Neurosci 14, 
1060-1078. 
 
Danscher, G., and Zimmer, J. (1978). An improved Timm sulphide silver 
method for light and electron microscopic localization of heavy metals in 
biological tissues. Histochemistry 55, 27-40. 
 
Dean, C., Scholl, F.G., Choih, J., DeMaria, S., Berger, J., Isacoff, E., and 
Scheiffele, P. (2003). Neurexin mediates the assembly of presynaptic 
terminals. Nat Neurosci 6, 708-716. 
 
De Roo, M., Klauser, P., Mendez, P., Poglia, L., and Muller, D. (2008). 
Activity-dependent PSD formation and stabilization of newly formed spines in 
hippocampal slice cultures. Cereb Cortex 18, 151-161. 
 
Denk, W., and Horstmann, H. (2004). Serial block-face scanning electron 
microscopy to reconstruct three-dimensional tissue nanostructure. PLoS Biol 
2, e329. 
 
Dittgen, T., Nimmerjahn, A., Komai, S., Licznerski, P., Waters, J., Margrie, 
T.W., Helmchen, F., Denk, W., Brecht, M., and Osten, P. (2004). Lentivirus-
based genetic manipulations of cortical neurons and their optical and 
electrophysiological monitoring in vivo. Proc Natl Acad Sci U S A 101, 18206-
18211. 
 
Ehrlich, I., Klein, M., Rumpel, S., and Malinow, R. (2007). PSD-95 is required 
for activity-driven synapse stabilization. Proc Natl Acad Sci U S A 104, 4176-
4181. 



	  

137 

 
El-Husseini, A.E., Schnell, E., Chetkovich, D.M., Nicoll, R.A., and Bredt, D.S. 
(2000). PSD-95 involvement in maturation of excitatory synapses. Science 
290, 1364-1368. 
 
Elias, G.M., Elias, L.A., Apostolides, P.F., Kriegstein, A.R., and Nicoll, R.A. 
(2008). Differential trafficking of AMPA and NMDA receptors by SAP102 and 
PSD-95 underlies synapse development. Proc Natl Acad Sci U S A 105, 
20953-20958. 
 
Elias, G.M., Funke, L., Stein, V., Grant, S.G., Bredt, D.S., and Nicoll, R.A. 
(2006). Synapse-specific and developmentally regulated targeting of AMPA 
receptors by a family of MAGUK scaffolding proteins. Neuron 52, 307-320. 
 
Elias, G.M., and Nicoll, R.A. (2007). Synaptic trafficking of glutamate receptors 
by MAGUK scaffolding proteins. Trends Cell Biol 17, 343-352. 
 
Engert, F., and Bonhoeffer, T. (1999). Dendritic spine changes associated with 
hippocampal long-term synaptic plasticity. Nature 399, 66-70. 
 
Feldman, D.E., Nicoll, R.A., Malenka, R.C., and Isaac, J.T. (1998). Long-term 
depression at thalamocortical synapses in developing rat somatosensory 
cortex. Neuron 21, 347-357. 
 
Fiala, J.C., Feinberg, M., Popov, V., and Harris, K.M. (1998). Synaptogenesis 
via dendritic filopodia in developing hippocampal area CA1. J Neurosci 18, 
8900-8911. 
 
Fischer, M., Kaech, S., Wagner, U., Brinkhaus, H., and Matus, A. (2000). 
Glutamate receptors regulate actin-based plasticity in dendritic spines. Nat 
Neurosci 3, 887-894. 
 
Flavell SW, Cowan CW, Kim TK, Greer PL, Lin Y, Paradis S, Griffith EC, Hu 
LS, Chen C, Greenberg ME. (2006). Activity-dependent regulation of MEF2 
transcription factors suppresses excitatory synapse number. Science 311, 
1008-12. 
 
Flint, A.C., Maisch, U.S., Weishaupt, J.H., Kriegstein, A.R., and Monyer, H. 
(1997). NR2A subunit expression shortens NMDA receptor synaptic currents 
in developing neocortex. J Neurosci 17, 2469-2476. 
 
Frank, D.A., and Greenberg, M.E. (1994). CREB: a mediator of long-term 
memory from mollusks to mammals. Cell 79, 5-8. 
 



	  

138 

Frotscher, M., Jonas, P., and Sloviter, R.S. (2006). Synapses formed by 
normal and abnormal hippocampal mossy fibers. Cell Tissue Res 326, 361-
367. 
 
Futai, K., Kim, M.J., Hashikawa, T., Scheiffele, P., Sheng, M., and Hayashi, Y. 
(2007). Retrograde modulation of presynaptic release probability through 
signaling mediated by PSD-95-neuroligin. Nat Neurosci 10, 186-195. 
 
Gage, F.H. (2002). Neurogenesis in the adult brain. J Neurosci 22, 612-613. 
 
Galimberti, I., Gogolla, N., Alberi, S., Santos, A.F., Muller, D., and Caroni, P. 
(2006). Long-term rearrangements of hippocampal mossy fiber terminal 
connectivity in the adult regulated by experience. Neuron 50, 749-763. 
 
Gaudilliere, B., Konishi, Y., de la Iglesia, N., Yao, G., and Bonni, A. (2004). A 
CaMKII-NeuroD signaling pathway specifies dendritic morphogenesis. Neuron 
41, 229-241. 
 
Ghosh, A., and Greenberg, M.E. (1995). Calcium signaling in neurons: 
molecular mechanisms and cellular consequences. Science 268, 239-247. 
 
Gogolla, N., Galimberti, I., Deguchi, Y., and Caroni, P. (2009). Wnt signaling 
mediates experience-related regulation of synapse numbers and mossy fiber 
connectivities in the adult hippocampus. Neuron 62, 510-525. 
 
Gomez, T.M., Robles, E., Poo, M., and Spitzer, N.C. (2001). Filopodial calcium 
transients promote substrate-dependent growth cone turning. Science 291, 
1983-1987. 
Greer, P.L., and Greenberg, M.E. (2008). From synapse to nucleus: calcium-
dependent gene transcription in the control of synapse development and 
function. Neuron 59, 846-860. 
 
Grutzendler, J., Kasthuri, N., and Gan, W.B. (2002). Long-term dendritic spine 
stability in the adult cortex. Nature 420, 812-816. 
 
Harris, K.M., and Stevens, J.K. (1989). Dendritic spines of CA 1 pyramidal 
cells in the rat hippocampus: serial electron microscopy with reference to their 
biophysical characteristics. J Neurosci 9, 2982-2997. 
 
Harris, K.M., Jensen, F.E., and Tsao, B. (1992). Three-dimensional structure 
of dendritic spines and synapses in rat hippocampus (CA1) at postnatal day 
15 and adult ages: implications for the maturation of synaptic physiology and 
long-term potentiation. J Neurosci 12, 2685-2705. 
 
Helmstaedter, M., Briggman, K.L., and Denk, W. (2008). 3D structural imaging 



	  

139 

of the brain with photons and electrons. Curr Opin Neurobiol 18, 633-641. 
 
Henze, D.A., Urban, N.N., and Barrionuevo, G. (2000). The multifarious 
hippocampal mossy fiber pathway: a review. Neuroscience 98, 407-427. 
 
Henze, D.A., McMahon, D.B., Harris, K.M., and Barrionuevo, G. (2002). Giant 
miniature EPSCs at the hippocampal mossy fiber to CA3 pyramidal cell 
synapse are monoquantal. J Neurophysiol 87, 15-29. 
 
Henze, D.A., Wittner, L., and Buzsaki, G. (2002). Single granule cells reliably 
discharge targets in the hippocampal CA3 network in vivo. Nat Neurosci 5, 
790-795. 
 
Holtmaat, A., and Svoboda, K. (2009). Experience-dependent structural 
synaptic plasticity in the mammalian brain. Nat Rev Neurosci 10, 647-658. 
 
Holtmaat, A., Wilbrecht, L., Knott, G.W., Welker, E., and Svoboda, K. (2006). 
Experience-dependent and cell-type-specific spine growth in the neocortex. 
Nature 441, 979-983. 
 
Ince-Dunn, G., Hall, B.J., Hu, S.C., Ripley, B., Huganir, R.L., Olson, J.M., 
Tapscott, S.J., and Ghosh, A. (2006). Regulation of thalamocortical patterning 
and synaptic maturation by NeuroD2. Neuron 49, 683-695. 
 
Irie, M., Hata, Y., Takeuchi, M., Ichtchenko, K., Toyoda, A., Hirao, K., Takai, 
Y., Rosahl, T.W., and Sudhof, T.C. (1997). Binding of neuroligins to PSD-95. 
Science 277, 1511-1515. 
 
Isaac, J.T., Crair, M.C., Nicoll, R.A., and Malenka, R.C. (1997). Silent 
synapses during development of thalamocortical inputs. Neuron 18, 269-280. 
 
Kageyama, R., Ohtsuka, T., Hatakeyama, J., and Ohsawa, R. (2005). Roles of 
bHLH genes in neural stem cell differentiation. Exp Cell Res 306, 343-348. 
 
Katz, L.C., and Shatz, C.J. (1996). Synaptic activity and the construction of 
cortical circuits. Science 274, 1133-1138. 
 
Kharazia, V.N., and Weinberg, R.J. (1999). Immunogold localization of AMPA 
and NMDA receptors in somatic sensory cortex of albino rat. J Comp Neurol 
412, 292-302. 
 
Kennedy, M.B. (1997). The postsynaptic density at glutamatergic synapses. 
Trends Neurosci 20, 264-268. 
 



	  

140 

Kim, E., and Sheng, M. (2004). PDZ domain proteins of synapses. Nat Rev 
Neurosci 5, 771-781. 
 
Kirov, S.A., Sorra, K.E., and Harris, K.M. (1999). Slices have more synapses 
than perfusion-fixed hippocampus from both young and mature rats. J 
Neurosci 19, 2876-2886. 
 
Knoll, B., Kretz, O., Fiedler, C., Alberti, S., Schutz, G., Frotscher, M., and 
Nordheim, A. (2006). Serum response factor controls neuronal circuit 
assembly in the hippocampus. Nat Neurosci 9, 195-204. 
 
Knott, G.W., Holtmaat, A., Wilbrecht, L., Welker, E., and Svoboda, K. (2006). 
Spine growth precedes synapse formation in the adult neocortex in vivo. Nat 
Neurosci 9, 1117-1124. 
 
Konishi, Y., Matsu-ura, T., Mikoshiba, K., and Tamura, T. (2001). Stimulation 
of gene expression of NeuroD-related factor in the mouse brain following 
pentylenetetrazol-induced seizures. Brain Res Mol Brain Res 97, 129-136. 
 
Konur, S., and Ghosh, A. (2005). Calcium signaling and the control of dendritic 
development. Neuron 46, 401-405. 
 
Korkotian, E., and Segal, M. (2001). Regulation of dendritic spine motility in 
cultured hippocampal neurons. J Neurosci 21, 6115-6124. 
 
Kremer, J.R., Mastronarde, D.N., and McIntosh, J.R. (1996). Computer 
visualization of three-dimensional image data using IMOD. J Struct Biol 116, 
71-76. 
 
Lendvai, B., Stern, E.A., Chen, B., and Svoboda, K. (2000). Experience-
dependent plasticity of dendritic spines in the developing rat barrel cortex in 
vivo. Nature 404, 876-881. 
 
Lin, Y., Bloodgood, B.L., Hauser, J.L., Lapan, A.D., Koon, A.C., Kim, T.K., Hu, 
L.S., Malik, A.N., and Greenberg, M.E. (2008). Activity-dependent regulation of 
inhibitory synapse development by Npas4. Nature 455, 1198-1204. 
 
Lohmann, C., Finski, A., and Bonhoeffer, T. (2005). Local calcium transients 
regulate the spontaneous motility of dendritic filopodia. Nat Neurosci 8, 305-
312. 
 
Lohmann, C., and Bonhoeffer, T. (2008). A role for local calcium signaling in 
rapid synaptic partner selection by dendritic filopodia. Neuron 59, 253-260. 
 
Lu, H.C., Gonzalez, E., and Crair, M.C. (2001). Barrel cortex critical period 



	  

141 

plasticity is independent of changes in NMDA receptor subunit composition. 
Neuron 32, 619-634. 
 
Maccaferri, G., Toth, K., and McBain, C.J. (1998). Target-specific expression 
of presynaptic mossy fiber plasticity. Science 279, 1368-1370. 
 
Maletic-Savatic, M., Malinow, R., and Svoboda, K. (1999). Rapid dendritic 
morphogenesis in CA1 hippocampal dendrites induced by synaptic activity. 
Science 283, 1923-1927. 
 
Mao, Z., Bonni, A., Xia, F., Nadal-Vicens, M., and Greenberg, M.E. (1999). 
Neuronal activity-dependent cell survival mediated by transcription factor 
MEF2. Science 286, 785-790. 
 
Marchal, C., and Mulle, C. (2004). Postnatal maturation of mossy fibre 
excitatory transmission in mouse CA3 pyramidal cells: a potential role for 
kainate receptors. J Physiol 561, 27-37. 
 
Matsuzaki, M., Honkura, N., Ellis-Davies, G.C., and Kasai, H. (2004). 
Structural basis of long-term potentiation in single dendritic spines. Nature 
429, 761-766. 
 
McBain, C.J. (2008). Differential mechanisms of transmission and plasticity at 
mossy fiber synapses. Prog Brain Res 169, 225-240. 
 
McCormick, M.B., Tamimi, R.M., Snider, L., Asakura, A., Bergstrom, D., and 
Tapscott, S.J. (1996). NeuroD2 and neuroD3: distinct expression patterns and 
transcriptional activation potentials within the neuroD gene family. Mol Cell 
Biol 16, 5792-5800. 
 
Migaud, M., Charlesworth, P., Dempster, M., Webster, L.C., Watabe, A.M., 
Makhinson, M., He, Y., Ramsay, M.F., Morris, R.G., Morrison, J.H., et al. 
(1998). Enhanced long-term potentiation and impaired learning in mice with 
mutant postsynaptic density-95 protein. Nature 396, 433-439. 
 
Monyer, H., Burnashev, N., Laurie, D.J., Sakmann, B., and Seeburg, P.H. 
(1994). Developmental and regional expression in the rat brain and functional 
properties of four NMDA receptors. Neuron 12, 529-540. 
 
Moore, K.A., Nicoll, R.A. and Schmitz, D. (2003). Adenosine gates synaptic 
plasticity at hippocampal mossy fiber synapses. Proc Natl Acad Sci U S A 100, 
14397–14402. 
 
Nagerl, U.V., Eberhorn, N., Cambridge, S.B., and Bonhoeffer, T. (2004). 
Bidirectional activity-dependent morphological plasticity in hippocampal 



	  

142 

neurons. Neuron 44, 759-767. 
 
Nicoll, R.A., and Schmitz, D. (2005). Synaptic plasticity at hippocampal mossy 
fibre synapses. Nat Rev Neurosci 6, 863-876. 
 
Nimchinsky, E.A., Sabatini, B.L., and Svoboda, K. (2002). Structure and 
function of dendritic spines. Annu Rev Physiol 64, 313-353. 
 
Nusser, Z., Lujan, R., Laube, G., Roberts, J.D., Molnar, E., and Somogyi, P. 
(1998). Cell type and pathway dependence of synaptic AMPA receptor 
number and variability in the hippocampus. Neuron 21, 545-559. 
 
Okamoto, K., Nagai, T., Miyawaki, A., and Hayashi, Y. (2004). Rapid and 
persistent modulation of actin dynamics regulates postsynaptic reorganization 
underlying bidirectional plasticity. Nat Neurosci 7, 1104-1112. 
 
Olson, J.M., Asakura, A., Snider, L., Hawkes, R., Strand, A., Stoeck, J., 
Hallahan, A., Pritchard, J., and Tapscott, S.J. (2001). NeuroD2 is necessary 
for development and survival of central nervous system neurons. Dev Biol 
234, 174-187. 
 
Papa, M., Bundman, M.C., Greenberger, V., and Segal, M. (1995). 
Morphological analysis of dendritic spine development in primary cultures of 
hippocampal neurons. J Neurosci 15, 1-11. 
 
Parnass, Z., Tashiro, A., and Yuste, R. (2000). Analysis of spine 
morphological plasticity in developing hippocampal pyramidal neurons. 
Hippocampus 10, 561-568. 
 
Petralia, R.S., Esteban, J.A., Wang, Y.X., Partridge, J.G., Zhao, H.M., 
Wenthold, R.J., and Malinow, R. (1999). Selective acquisition of AMPA 
receptors over postnatal development suggests a molecular basis for silent 
synapses. Nat Neurosci 2, 31-36. 
 
Petralia, R.S., Sans, N., Wang, Y.X., and Wenthold, R.J. (2005). Ontogeny of 
postsynaptic density proteins at glutamatergic synapses. Mol Cell Neurosci 29, 
436-452. 
 
Ramanan, N., Shen, Y., Sarsfield, S., Lemberger, T., Schutz, G., Linden, D.J., 
and Ginty, D.D. (2005). SRF mediates activity-induced gene expression and 
synaptic plasticity but not neuronal viability. Nat Neurosci 8, 759-767. 
 
Ramirez-Amaya, V., Balderas, I., Sandoval, J., Escobar, M.L., and Bermudez-
Rattoni, F. (2001). Spatial long-term memory is related to mossy fiber 
synaptogenesis. J Neurosci 21, 7340-7348. 



	  

143 

 
Redmond, L., Kashani, A.H., and Ghosh, A. (2002). Calcium regulation of 
dendritic growth via CaM kinase IV and CREB-mediated transcription. Neuron 
34, 999-1010. 
 
Robain, O., Barbin, G., Billette de Villemeur, T., Jardin, L., Jahchan, T., and 
Ben-Ari, Y. (1994). Development of mossy fiber synapses in hippocampal slice 
culture. Brain Res Dev Brain Res 80, 244-250. 
 
Rollenhagen, A., Satzler, K., Rodriguez, E.P., Jonas, P., Frotscher, M., and 
Lubke, J.H. (2007). Structural determinants of transmission at large 
hippocampal mossy fiber synapses. J Neurosci 27, 10434-10444. 
 
Roussignol, G., Ango, F., Romorini, S., Tu, J.C., Sala, C., Worley, P.F., 
Bockaert, J., and Fagni, L. (2005). Shank expression is sufficient to induce 
functional dendritic spine synapses in aspiny neurons. J Neurosci 25, 3560-
3570. 
 
Sala, C., Piech, V., Wilson, N.R., Passafaro, M., Liu, G., and Sheng, M. 
(2001). Regulation of dendritic spine morphology and synaptic function by 
Shank and Homer. Neuron 31, 115-130. 
 
Salin, P.A., Scanziani, M., Malenka, R.C., and Nicoll, R.A. (1996). Distinct 
short-term plasticity at two excitatory synapses in the hippocampus. Proc Natl 
Acad Sci U S A 93, 13304-13309. 
 
Sans, N., Petralia, R.S., Wang, Y.X., Blahos, J., 2nd, Hell, J.W., and 
Wenthold, R.J. (2000). A developmental change in NMDA receptor-associated 
proteins at hippocampal synapses. J Neurosci 20, 1260-1271. 
 
Scheiffele, P., Fan, J., Choih, J., Fetter, R., and Serafini, T. (2000). Neuroligin 
expressed in nonneuronal cells triggers presynaptic development in contacting 
axons. Cell 101, 657-669. 
 
Schwegler, H., Crusio, W.E., Lipp, H.P., Brust, I., and Mueller, G.G. (1991). 
Early postnatal hyperthyroidism alters hippocampal circuitry and improves 
radial-maze learning in adult mice. J Neurosci 11, 2102-2106. 
 
Scobie, K.N., Hall, B.J., Wilke, S.A., Klemenhagen, K.C., Fujii-Kuriyama, Y., 
Ghosh, A., Hen, R., and Sahay, A. (2009). Kruppel-like factor 9 is necessary 
for late-phase neuronal maturation in the developing dentate gyrus and during 
adult hippocampal neurogenesis. J Neurosci 29, 9875-9887. 
 
Scoville, W.B., and Milner, B. (1957). Loss of recent memory after bilateral 
hippocampal lesions. J Neurol Neurosurg Psychiatry 20, 11-21. 



	  

144 

 
Sheng, M., Cummings, J., Roldan, L.A., Jan, Y.N., and Jan, L.Y. (1994). 
Changing subunit composition of heteromeric NMDA receptors during 
development of rat cortex. Nature 368, 144-147. 
 
Shigemoto, R., Kinoshita, A., Wada, E., Nomura, S., Ohishi, H., Takada, M., 
Flor, P.J., Neki, A., Abe, T., Nakanishi, S. and Mizuno, N., (1997). Differential 
presynaptic localization of metabotropic glutamate receptor subtypes in the rat 
hippocampus. Journal of Neuroscience 17, 7503–7522. 
 
Sorra, K.E., and Harris, K.M. (2000). Overview on the structure, composition, 
function, development, and plasticity of hippocampal dendritic spines. 
Hippocampus 10, 501-511. 
 
Soto, G.E., Young, S.J., Martone, M.E., Deerinck, T.J., Lamont, S., Carragher, 
B.O., Hama, K., and Ellisman, M.H. (1994). Serial section electron 
tomography: a method for three-dimensional reconstruction of large structures. 
Neuroimage 1, 230-243. 
 
Squire, L.R., Stark, C.E., and Clark, R.E. (2004). The medial temporal lobe. 
Annu Rev Neurosci 27, 279-306. 
 
Takumi, Y., Ramirez-Leon, V., Laake, P., Rinvik, E., and Ottersen, O.P. 
(1999). Different modes of expression of AMPA and NMDA receptors in 
hippocampal synapses. Nat Neurosci 2, 618-624. 
 
Tashiro, A., Dunaevsky, A., Blazeski, R., Mason, C.A., and Yuste, R. (2003). 
Bidirectional regulation of hippocampal mossy fiber filopodial motility by 
kainate receptors: a two-step model of synaptogenesis. Neuron 38, 773-784. 
 
Toni, N., Laplagne, D.A., Zhao, C., Lombardi, G., Ribak, C.E., Gage, F.H., and 
Schinder, A.F. (2008). Neurons born in the adult dentate gyrus form functional 
synapses with target cells. Nat Neurosci 11, 901-907. 
 
Trachtenberg, J.T., Chen, B.E., Knott, G.W., Feng, G., Sanes, J.R., Welker, 
E., and Svoboda, K. (2002). Long-term in vivo imaging of experience-
dependent synaptic plasticity in adult cortex. Nature 420, 788-794. 
 
Ullian, E.M., Christopherson, K.S., and Barres, B.A. (2004). Role for glia in 
synaptogenesis. Glia 47, 209-216. 
 
Ultanir, S.K., Kim, J.E., Hall, B.J., Deerinck, T., Ellisman, M., and Ghosh, A. 
(2007). Regulation of spine morphology and spine density by NMDA receptor 
signaling in vivo. Proc Natl Acad Sci U S A 104, 19553-19558. 
 



	  

145 

Van Harreveld, A., and Fifkova, E. (1975). Swelling of dendritic spines in the 
fascia dentata after stimulation of the perforant fibers as a mechanism of post-
tetanic potentiation. Exp Neurol 49, 736-749. 
 
Waites, C.L., Craig, A.M., and Garner, C.C. (2005). Mechanisms of vertebrate 
synaptogenesis. Annu Rev Neurosci 28, 251-274. 
 
Ware, R.W. (1975). Three-dimensional reconstruction from serial sections. Int 
Rev Cytol 40, 325-440. 
 
West, A.E., Griffith, E.C., and Greenberg, M.E. (2002). Regulation of 
transcription factors by neuronal activity. Nat Rev Neurosci 3, 921-931. 
 
White, J.G., Southgate, E., Thomson, J.N., and Brenner, S. (1976). The 
structure of the ventral nerve cord of Caenorhabditis elegans. Philos Trans R 
Soc Lond B Biol Sci 275, 327-348. 
 
Williams, R.W., and Herrup, K. (1988). The control of neuron number. Annu 
Rev Neurosci 11, 423-453. 
 
Wu, G., Malinow, R., and Cline, H.T. (1996). Maturation of a central 
glutamatergic synapse. Science 274, 972-976. 
 
Yang Y, Kim AH, Yamada T, Wu B, Bilimoria PM, Ikeuchi Y, de la Iglesia N, 
Shen J, Bonni A. (2009). A Cdc20-APC ubiquitin signaling pathway regulates 
presynaptic differentiation. Science 326, 575-8. 
 
Yuste, R., and Denk, W. (1995). Dendritic spines as basic functional units of 
neuronal integration. Nature 375, 682-684. 
 
Zhou, Q., Homma, K.J., and Poo, M.M. (2004). Shrinkage of dendritic spines 
associated with long-term depression of hippocampal synapses. Neuron 44, 
749-757. 
 
Zhou, Z., Hong, E.J., Cohen, S., Zhao, W.N., Ho, H.Y., Schmidt, L., Chen, 
W.G., Lin, Y., Savner, E., Griffith, E.C., et al. (2006). Brain-specific 
phosphorylation of MeCP2 regulates activity-dependent Bdnf transcription, 
dendritic growth, and spine maturation. Neuron 52, 255-269. 
 
Ziv, N.E., and Smith, S.J. (1996). Evidence for a role of dendritic filopodia in 
synaptogenesis and spine formation. Neuron 17, 91-102. 
 
 
 
 




