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Mitochondria, by providing the vast majority of ATP produced in neu-

rons, fuel many steps of the synaptic vesicle cycle, but little is known about

their role in synaptic vesicle clustering and mobilization during synaptic de-

velopment and plasticity. Long-term potentiation (LTP), a cellular model for

learning and memory, has a protein-synthesis late phase (L-LTP) that has

been shown to recruit both pre- and postsynaptic mechanisms. In spite of

their seeming importance in synaptic function, mitochondria are only found

in roughly half of all mature presynaptic boutons, which implies that only a

subset of boutons are capable of supporting increases in vesicle release. Pre-

liminary exploration of CA1 boutons from perfusion-fixed P15 rats, however,

demonstrated that while smaller than boutons that contain mitochondria, bou-

tons that are within three microns of mitochondria contain significantly more
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vesicles than those that are farther away from them, which raises the possibil-

ity that diffusion of ATP from nearby mitochondria could be sufficient to fuel

LTP. To determine whether this was the case, I prepared 3D reconstructions

from serial electron micrographs (3DEM) in order to quantify mitochondrial

distance and vesicle counts in CA1 boutons following long-term potentiation

in both P15 and adult Long-Evans rats. At both ages, mobilization of reserve

pool vesicles following LTP required the presence of mitochondria. Mitochon-

dria themselves also undergo structural changes following LTP. In adults, mi-

tochondria become longer and less frequent along axons, implying that they

undergo fusion. Although P15 mitochondria undergo no change in frequency,

mitochondrial cristae become wider as mitochondrial matrix becomes more

compact at both ages, which are both changes that correlate well with in-

creased rates of respiration. To even further explore ultrastructural compo-

nents required to support LTP, I used 3DEM to track changes in synaptic and

subcellular structure from P8 to P12, during which animals undergo radical

changes in their ability to support LTP. I found that spinogenesis may begin

at P10 but increases sharply at P12, which coincides perfectly with the onset

age of LTP. In conjunction with this increase in dendritic spines, axons built

new single synaptic boutons from clusters of dense core and amorphous vesicles

previously known to transport proteins and membrane to developing synapses.

To fuel the creation of new boutons, mitochondrial division increased at P12,

as evidenced by decreased mitochondrial size and increased mitochondrial fre-

quency.
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Chapter 1

Introduction

Mitochondrial ATP is required for many steps of the synaptic vesi-

cle cycle, but its role in synaptic development and plasticity is largely un-

known. Only half of hippocampal boutons contain mitochondria, which raises

the possibility that boutons vary considerably in their ability to cluster and

mobilize synaptic vesicles. Long-term potentiation (LTP), a cellular model of

memory consolidation that engages both pre- and postsynaptic mechanisms, is

widely used to investigate enduring changes in synaptic structure and function.

Throughout the bulk of this thesis, I will be using 3D reconstructions from

serial section electron microscopy (3DEM) in order to investigate whether mi-

tochondria influence synaptic vesicle clustering and mobilization during early

postnatal development and LTP.

Animals are not born with the ability to form memories or undergo

LTP (Cao & Harris 2012, Dumas 2012). Depending on the induction protocol

used, the age of onset of LTP in rat hippocampus ranges from P12-P15 (Cao

& Harris 2012, Harris & Teyler 1984). Synaptic structure and energy utiliza-

tion both change considerably from birth to adulthood. The dendritic spines

that support 95% of excitatory synapses in adult animals are largely absent
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during early postnatal development (Fiala, Feinberg, Popov & Harris 1998).

Their presynaptic partners, which are filled with clear, round, uniform vesi-

cles in adult animals, are instead filled with large amorphous and tubular

vesicles during early development (Ahmari, Buchanan & Smith 2000). Mi-

tochondria, which are sparsely distributed along axons during development,

increase in frequency as synapses increase in frequency and activity (Chang &

Reynolds 2006, Obashi & Okabe 2013). What aspects of synaptic and subcel-

lular structure are required for supporting enduring plasticity? I will answer

this question in two ways. Throughout the bulk of this thesis, I will investigate

the role of mitochondria in the presynaptic component of LTP in both P15

and adult rat hippocampus. In the final chapter, I will thoroughly character-

ize changes in pre- and postsynaptic structure that occur during the second

week of postnatal development in area CA1. Before describing my specific ex-

perimental aims and hypotheses, I will review the way synapses are supplied

with energy, presynaptic structure and function, presynaptic mechanisms sup-

porting LTP, and critical differences in metabolism, structure, and plasticity

between developing and adult animals.

1.1 Energy Supply and Demand During Synaptic Ac-
tivity

The human brain comprises 2% of adult body mass yet uses more

than 20% of the body’s oxygen (Mink, Blumenschine & Adams 1981), which

makes it abundantly clear that synaptic transmission is an enormous en-
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ergy drain. Studies modeling energy utilization in the brain estimate that

all of the processes involves in synaptic transmission including action poten-

tials, calcium handling, vesicle cycling, and postsynaptic membrane poten-

tial restoration consume nearly half of all ATP in rat neocortex (Attwell &

Laughlin 2001, Howarth, Gleeson & Attwell 2012). While early modeling

studies estimate that only a quarter of the energy spent on synaptic trans-

mission is used on neurotransmitter release and recycling, more recent studies

using a genetically encoded optical indicator of ATP in cultured hippocam-

pal neurons demonstrate that synaptic vesicle cycling uses more energy than

was previously estimated (Rangaraju, Calloway & Ryan 2014). When synap-

tic vesicle cycling was abolished in hippocampal neurons by knocking down

expression of Munc13, which primes synaptic vesicles for exocytosis, the con-

centration of ATP in resting neurons doubled (Rangaraju et al. 2014). This

finding indicates that at least in hippocampal neurons, synaptic vesicle cycling

consumes the vast majority of energy in the presynaptic compartment. Neu-

rons are technically capable of fueling both pre- and postsynaptic components

of synaptic transmission with or without mitochondria, but the vast major-

ity of ATP produced in neurons comes from mitochondria (Harris, Jolivet &

Attwell 2012, Hall, Klein-flügge, Howarth & Attwell 2012). Below, I will pro-

vide an overview of the processes by which neurons provide active synapses

with ATP.
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1.1.1 The Fate of Glucose in Neurons

Under most circumstances, glucose is the primary energy substrate used

by neurons. Glucose features heavily in most diets and is readily synthesized

from other substrates by the liver. It easily crosses the blood brain barrier

through GLUT1 transporters, where neurons can easily import it from the

extracellular space via GLUT3 transporters (1.1). Once in the cell, glucose is

immediately phosphorylated and shuttled through glycolysis, a process involv-

ing ten enzymes, and converted into two pyruvate molecules, producing a net

of two molecules of ATP and two molecules of NADH in the process. These

two pyruvate molecules can then undergo one of two fates. They can either be

converted into lactate via lactate dehydrogenase (LDH5) and exported from

the cell or shuttled into mitochondria where they are converted into acetyl CoA

and used to generate even more ATP from the TCA (tricarboxylic acid) cycle

and the electron transport chain, where oxidative phosphorylation is carried

out (1.1). Glycolysis alone produces a net of two ATP molecules and 2 NADH

(Nicotinamide Adenine Dinucleotide) molecules from each round. If oxygen is

unavailable, NAD+ can be regenerated by turning pyruvate into lactate and

exporting it from the cell so that glycolysis can continue indefinitely (1.1). If

oxygen is available, however, pyruvate can proceed into mitochondria, where it

is converted into acetyl CoA and CO2 by pyruvate decarboxylase (PDC, 1.1).

Each pyruvate molecule that comes from glucose yields 1 ATP, 3 NADH, and

1 FADH2 (Flavin Adenine Dinucleotide) from the TCA cycle. The electron

transport chain makes 3 ATP from each NADH and 2 from each FADH2, so
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each pyruvate molecule yields 12 ATP oxidative phosphorylation. Add in the

2 NADH and 2 ATP produced during glycolysis, and each molecule of glucose

can yield up to 34 ATP if fully oxidized (Garrett & Grisham 2005).

ATP-driven ion pumps such as Na+/K+-ATPase, H+-ATPase, and

Ca2+-ATPase frequently have membrane-bound glycolytic enzymes near them

(Knull 1978, Lu, Holliday, Zhang, Dunn & Gluck 2001, Paul, Hardin, Raey-

maekers, Wuytack & Casteels 1989) [see Hall2012 for referenecs], so it seems

reasonable that anaerobic glycolysis could drive many of the energy dependent

processes in synaptic transmission. However, electrical stimulation of acute

hippocampal slices from P21 rats decreased both extracellular oxygen and in-

tracellular NADH fluorescence, which implies that synaptic activity drives ox-

idative phosphorylation (Hall et al. 2012). Pharmacologically blocking succes-

sive portions of synaptic transmission showed that 63% of the oxygen utilized

was allocated to restoring ion gradients in postsynaptic neurons, an additional

20% to synaptic vesicle cycling, and the remainder to action potentials. Redo-

ing the experiments in the presence of lactate dehydrogenase inhibitors yielded

the same results, which means that NADH was not being used to turn pyru-

vate into lactate (Hall et al. 2012). In neurons, the majority of the pyruvate

yielded by glucose metabolism likely enters mitochondria and undergoes ox-

idative phosphorylation rather than being converted to lactate and exported.
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1.1.2 Lactate and Ketone Body Utilization Require Mitochondria

Although glucose is the primary substrate taken up from the blood

brain barrier and used by neurons, neurons are also capable of using both lac-

tate and ketone bodies to synthesize ATP. Astroglia, whose end feet contact

the tight junctions between capillary endothelial cells, both have ample ac-

cess to glucose and are the only cells in the central nervous system capable of

storing it as glycogen (Obel, Müller, Walls, Sickmann, Bak, Waagepetersen &

Schousboe 2012). Unlike neurons, astroglia can readily break down glycogen

via glycogen phosphorylase, but they lack the glycogen-6-phosphatase required

to export glucose. The glucose they mobilize from glycolysis thus gets broken

down into lactate before being released into the extracellular space. Neurons

can import lactate through MCT2 (monocarboxylate transporter 2), convert

it into pyruvate, and send it through oxidative phosphorylation (1.1). Neu-

rons have been shown to make use of this proposed astrocyte-neuron lactate

shuttle during hippocampal LTP (Suzuki, Stern, Bozdagi, Huntley, Walker,

Magistretti & Alberini 2011) and during slice recovery (Fiala, Kirov, Fein-

berg, Petrak, George, Goddard & Harris 2003), so lactate may be an important

source of energy during periods of intense synaptic activity or during recovery

from hypoxia.

In addition to glucose and lactate, neurons can also use ketone bodies.

Betahydroxybutyrate and acetoacetate are the main ketone bodies, and they

are synthesized by the liver from excess acetyl CoA (Garrett & Grisham 2005).

Like lactate, ketone bodies are imported into neurons through MCT2, where
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they are first converted into acetoacetate and imported into mitochondria.

Mitochondria can then convert them into acetyl CoA (two molecules per cycle)

and use them in oxidative phosphorylation in two enzymatic steps (1.1). As

is the case with lactate, active mitochondria are required for utilizing ketone

bodies. In adults, the liver only tends to make large quantities of ketone bodies

if they are consuming fatty, extremely low carb diets (sometimes referred to as

ketogenic diets) or during starvation, when the only available energy substrates

are those mobilized from body fat stores. As I will discuss more extensively

later, however, prior to weaning, when most of the available nutrients come

from free fatty acids, neurons in developing brains preferentially use ketone

bodies.

Unlike glucose, lactate and the ketone bodies can only be metabolized if

working mitochondria and oxygen are readily available. Conversion of lactate

to pyruvate and conversion of betahydroxybutyrate to acetoacetate each yield

one molecule of NADH (1.1). Once converted to acetyl CoA, each can then

yield an additional 1 ATP, 1 FADH2, and 3 NADH in the TCA cycle. Sending

the electron carriers through electron transport can thus yield a maximum of

15 molecules of ATP for each molecule of lactate, 24 for acetoacetate, or 30

for betahydroxybutyrate.

1.1.3 Basic Mitochondrial Structure and Function

Structurally, mitochondria consist of five basic compartments (1.2).

The inner-most compartment, the cristae, contain the vast majority of elec-
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Figure 1.1: The fate of energy substrates used by neurons: all pathways lead
to acetyl CoA. Three nutrients are capable of crossing the blood brain barrier and entering
the extracellular space (ECS) surrounding neurons: lactate, glucose, and the ketone bodies,
acetoacetate (AA) and β-hydroxybutyrate (BHB). Neurons import glucose from the ECS
by GLUT3, whereas lactate and ketone bodies are both imported by the same monocar-
boxylate transporter, MCT2. Once imported, each of these nutrients is converted to acetyl
CoA via different pathways. Glucose, by the action of ten glycolytic enzymes, is converted
to 2 pyruvate molecules and subsequently to acetyl CoA by the mitochondrial pyruvate
decarboxylase complex (PDC). Conversion between lactate and pyruvate is accomplished
by bidirectional lactate dehydrogenase 5 (LDH5). Ketone bodies ultimately get converted
to AA and imported into mitochondria, where AA is converted to acetoacetyl CoA by β-
ketoacylCoA transferase, using TCA (TriCarboxylic Acid) cycle intermediate succinyl CoA
as an additional substrate. Acetoacetyl CoA can be converted into acetyl CoA by thiolase,
a TCA cycle enzyme. Together, glycolysis and the TCA cycle yield 4 ATP, 8 NADH, and 2
FADH2 from each glucose molecule. The electron transport chain can make 30 more ATP
from the latter two, yielding a net of 34 ATP. One molecule of lactate 1 molecule of ATP, 4
NADH, and 1 FADH2from the TCA cycle, which makes a total of 15 ATP molecules. AA
and BHB can each be converted to two molecules of acetyl CoA, which yields a total of 24
or 30 ATP, respectively.
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tron transport chain proteins. The grainy gray material that surrounds the

cristae is the matrix; it contains all of the mitochondrial DNA and protein

synthesis machinery as well as the majority of the TCA cycle enzymes. The

inner membrane, which connects to the cristae through narrow junctions that

are difficult to see without EM tomography, expresses some electron transport

chain enzymes as well as ATP synthase and ATP-ADP translocase. The in-

termembrane space contains a high concentration of protons that fuel ATP

synthase via chemiosmosis. Finally, the outer membrane contains several ion

pumps and exchangers as well as degradative enzymes for catecholamines.

The majority of ATP produced in neurons comes from the TCA cycle

and oxidative phosphorylation, both of which are carried out in mitochondria.

The primary purpose of the TCA cycle is to reduce electron carriers NAD+

and FAD. Reduced electron carriers are then shuttled through a series of redox

reactions whose energy is harnessed to pump protons into the intermembrane

space. ATP synthase, located in the mitochondrial inner membrane, uses the

energy from protons moving down their concentration gradient into the matrix

in order to make ATP (Garrett & Grisham 2005). Together, these processes

are known as cellular respiration.

The rate at which mitochondrial respiration occurs depends heavily on

the availability of energy substrates, ADP, and oxygen. In a classic set of ex-

periments, Chance and Williams (1955) monitored oxygen consumption and

NADH fluorescence in isolated liver mitochondria in order to determine how

their respiratory rates changed in the presence of differing concentrations of
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ADP and other substrates. They determined that mitochondria reach five

substrate-dependent steady states. In the presence of sufficient oxygen but

low concentrations of ADP and TCA cycle intermediates, mitochondria are

in State I, which can be considered a state of total nutrient starvation. In

state I, respiration rate was extremely slow, as indicated by low consumption

rates of both oxygen and NADH. Adding ADP to state I mitochondria causes

them to gradually oxidize their internal stores of NADH, bringing them to

state II. State II is characterized by high energy demand but low respiration

rates due to low substrate availability. Adding the needed energy substrates

brings mitochondria into state III, an extremely high energy state character-

ized by high respiration rates and oxygen consumption. As the ADP gets used

up, mitochondria enter state IV, the resting state, and their respiration rates

slow to normal levels. State V occurs once mitochondria use up the available

oxygen. Of these five state, only states III and IV are likely to be found in

healthy, living tissue supplied with sufficient nutrients and oxygen (CHANCE

& WILLIAMS 1955).

1.1.4 Mitochondrial Structure Changes With Mitochondrial Res-
piratory State

Mitochondria undergo dramatic structural changes in conjunction with

changes in respiratory steady state. Within mere seconds of ADP addition,

isolated rat cardiac and liver mitochondria shrink (Packer 1960), implying

that mitochondrial structure dramatically changes in response to increased lo-

cal energy demand. In order to further investigate changes in mitochondrial
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Figure 1.2: Electron micrograph of axonal mitochondrion from area CA1 of
perfusion-fixed hippocampus of P15 male Long-Evans rat. Mitochondria consist
of five basic compartments. The outer membrane (OM) immediately surrounds the inner
membrane (IM). The narrow space between the outer and inner membranes is the intermem-
brane space. The matrix (red arrow) contains the water soluble TCA cycle proteins while
the cristae (white arrows) contain the majority of the membrane-bound electron transport
chain proteins.

structure that correlated with energy status, Charles Hackenbrock (1966) used

electron microscopy to examine the internal structure of isolated rat liver mi-

tochondria in different respiratory steady states. Although mitochondria take

on five different functional steady states, Hackenbrock only recorded four dif-

ferent morphological configurations: orthodox, condensed, intermediate, and

swollen. According to Hackenbrock’s description, orthodox mitochondria have

narrow, parallel, uniform cristae surrounded by ample, pale gray matrix. The

orthodox configuration predominates during State IV when mitochondria have

converted all available ADP to ATP and have returned to a resting state.

Condensed mitochondria, on the other hand, have extremely wide, variably

arranged cristae surrounded by dark gray to black matrix and widely sepa-
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rated inner and outer membranes. Intermediate mitochondria, as their name

implies, lie somewhere between orthodox and condensed configurations: their

inner and outer membranes remain closely apposed, and their cristae are not

as dilated as mitochondria in the condensed state. Both intermediate and con-

densed mitochondrial configurations predominate during state III, when the

concentration of ADP is high and mitochondria are very active. Swollen mito-

chondria, which are most commonly found in state V when all available oxygen

has been used up, have pale, boggy matrix, broken inner and outer membranes,

and very few narrow cristae. States I and II are rarely encountered in living

systems, so I will not describe their appearances here. (Hackenbrock 1966).

Although one should immediately be suspicious of the relevance of find-

ings from isolated heart and liver mitochondria to findings from whole brain,

mitochondria in both peripheral nerves and the calyx of held undergo similar

structural changes. In cerebellum, retina, and peripheral nerves, mitochondria

that reside inside of more energetically demanding processes have condensed

configurations (Perkins, Tjong, Brown, Poquiz, Scott, Kolson, Ellisman &

Spirou 2010, Perkins, Scott, Perez, Ellisman, Johnson & Fox 2012). Further-

more, I have found prime examples of all four configurations in hippocampal

neuropil from both perfuion-fixed and acute slice tissue. (1.3A-D). While no

one yet has managed to correlate mitochondrial morphological conformations

with synaptic plasticity, they clearly exist outside of isolated mitochondria.

When energy status related changes in mitochondrial morphology were

first observed, it was assumed that they occurred as a consequence of passive
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osmolar changes. However, osmotic swelling and shrinking of mitochondria

occur more slowly than the changes Hackenbrock originally noted and are not

sensitive to the addition of ADP (Packer 1960). Energetic changes in mito-

chondrial configuration likely do not have anything to do with calcium uptake

either. Mitochondrial calcium uptake causes swelling of the mitochondrial

matrix rather than contraction, and this swelling is completely insensitive to

ADP (Hackenbrock & Caplan 1969). What underlies conformational changes

in mitochondrial cristae and inner membrane compartments is still not terribly

well understood, but it is currently thought to be due to fusion and division

of inner membrane compartments (Mannella 2008). Optic Atrophy 1 (OPA1),

a dynamin-like GTPase involved in fusion of mitochondria, is heavily involved

in the regulation of cristae morphology (Frezza, Cipolat, Martins de Brito,

Micaroni, Beznoussenko, Rudka, Bartoli, Polishuck, Danial, De Strooper &

Scorrano 2006, Mannella 2008). In mouse embryonic fibroblast cells, OPA1

oligomerization causes cristae to become extremely narrow during periods

of nutrient deprivation. Furthermore, OPA1-dependent alterations in cristae

structure were shown to be required for survival of both liver cells and mouse

embryonic fibroblast cells during nutrient deprivation (Patten, Wong, Kha-

cho, Soubannier, Mailloux, Pilon-Larose, MacLaurin, Park, McBride, Trinkle-

Mulcahy, Harper, Germain & Slack 2014).

Although the mechanism by which mitochondria change between the

orthodox and condensed conformations is still very poorly understood, this

conformational switch still represents an ultrastructural means of surveying
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Figure 1.3: Example EM’s and 3D reconstructions of mitochondria (blue) and
their cristae (green). A) Left: Electron micrograph of orthodox mitochondrion in P15
hippocampal slice. Narrow, parallel cristae (green arrows) are surrounded by ample, homo-
geneously gray matrix (M, blue arrow). Right: 3D recontsruction of same mitochondrion.
B) Left: Electron micrograph of intermediate mitochondrion from P15 hippocampal slice.
Cristae (green arrows) are 10 nm wider than those in the orthodox example in A. Right:
3D reconstruction of intermediate mitochondrion. C) Left: Example micrograph from con-
densed mitochondrion in P15 hippocampal slice. The top crista is four times wider than
any of the cristae in the orthodox example in A. Right: 3D reconstruction of condensed
mitochondrion. D) Left: Example of a swollen mitochondrion from P15 hippocampal slice.
There is a large pale area in the matrix (M, blue arrow) that extends for every section in
which this mitochondrion appears, and there are very few, narrow, tubular cristae (green
arrows. Right: 3D reconstruction of swollen mitochondrion.

both the energy status of synapses and the respiratory rates of mitochon-

dria working to supply them with energy. I will therefore determine whether

changes in the internal structure of mitochondria are correlated with synaptic

plasticity.
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1.1.5 Distributing Mitochondria Among Synapses: Movement, Fis-
sion, and Fusion of Mitochondria

Given that mitochondria provide the majority of energy to active synapses,

it stands to reason that distributing them among synapses is critical for their

function. Neurons are highly polarized cells with long processes, which ren-

ders diffusion insufficient for delivering ATP to to synapses (Sun, Qiao, Pan,

Chen & Sheng 2013, de Graaf, van Kranenburg & Nicolay 2000). Neuronal

mitochondria thus come with a complement of molecular machines that enable

their transport, docking, fusion, and fission.

In cultured hippocampal neurons, 10-30% of mitochondria are motile

at any given time (Overly, Rieff & Hollenbeck 1996, Chang & Reynolds 2006,

Obashi & Okabe 2013). The fraction of moving mitochondria depends on both

age and activity. As cultured neurons develop, a larger fraction of mitochon-

dria become stationary (Chang & Reynolds 2006, Obashi & Okabe 2013).

Applying tetrodotoxin tends to increase mitochondrial motility (Chang &

Reynolds 2006, Obashi & Okabe 2013), while applying glutamate, electrical

stimulation, or growth factors tends to stabilize them (Hollenbeck & Saxton

2005, Chang & Reynolds 2006, Obashi & Okabe 2013, Su, Ji, Sun, Liu &

Chen 2014). Moving mitochondria are trafficked primarily along microtubules

(Overly et al. 1996) kinesins and dyneins, which are ATP-dependent molecular

motors that move them in anterograde and retrograde directions respectively

(Sheng 2014). TRAK1 and TRAK2, neuron-specific adaptor proteins, bind mi-

tochondria to motor proteins and help steer them towards axons and dendrites,
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respectively (van Spronsen, Mikhaylova, Lipka, Schlager, van den Heuvel, Kui-

jpers, Wulf, Keijzer, Demmers, Kapitein, Jaarsma, Gerritsen, Akhmanova &

Hoogenraad 2013). Mitochondria also tend to pause and become stabilized

in the presence of local increases in calcium or ADP (Mironov 2006, Mironov

2009). Calcium-induced arrest of mitochondrial movement is enabled by Miro

in dendrites and syntaphilin in axons (Sheng & Kim 2011).

Mitochondrial fission is the process by which new mitochondria are gen-

erated. Mitochondria undergo fission when DRP-1 (Dynamin-Related Protein

1) oligomers form a ring around their outer membranes and squeeze shut,

pinching them apart in the process. This vise-like scission process requires

the hydrolysis of GTP for energy (Knott, Perkins, Schwarzenbacher & Bossy-

Wetzel 2008). Miro, best known for its calcium sensing ability, has an N-

terminal GTPase domain that may be important for regulating mitochondrial

fission. Loss of function mutations in this GTPase domain cause mitochondria

to be severely fragmented (Babic, Russo, Wellington, Sangston, Gonzalez &

Zinsmaier 2015).

Mitochondrial fusion is critical both for distributing mitochondria among

synapses and for mitochondrial quality control. The half-life of mitochondria

in neurons is about 25 days (Kowald & Kirkwood 2011). Reactive oxygen

species, which occur as a natural consequence of oxidative phosphporylation,

have ample opportunity to damage mitochondrial membranes, DNA, and pro-

teins over the course of 25 days. Fusing with newer, healthier mitochon-

dria supplies them with a complement of new, undamaged proteins (Knott
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et al. 2008, Kowald & Kirkwood 2011). Two proteins are involved in the fu-

sion of mitochondria. Mitofusin2 is an outer membrane protein that forms

homophilic trans-complexes across the outer membranes of two closely ap-

posed mitochondria and zippers them together in a GTP-dependent manner

(Knott et al. 2008). OPA1 enables inner membrane fusion in very much the

same way that mitofusin2 enables outer membrane fusion (Knott et al. 2008).

Failure to distribute mitochondria among synapses is a defect com-

mon to many neurodegenerative and neurodevelopmental diseases including

Alzheimer’s disease (Wang, Su, Lee, Li, Perry, Smith & Zhu 2009), Parkinson’s

Disease (Vos, Lauwers & Verstreken 2010), and Fragile X syndrome (Kaplan,

Cao, Hulsizer, Tassone, Berman, Hagerman & Pessah 2012). In the ensuing

sections, I will describe the processes mitochondria fuel throughout synaptic

transmission and LTP with emphasis on the presynaptic compartment.

1.2 Overview of Hippocampal Synaptic Structure and
Function

All of our studies focus on area CA1 of the hippocampal formation, an

area of the brain critical for the formation of long-term memory (Mizuseki,

Royer, Diba & Buzsáki 2012, Bieri, Bobbitt & Colgin 2014). As in other

regions of the hippocampus, the cell bodies of CA1 pyramidal cells lies in

a single layer called stratum pyramidale. The extent of the apical dendritic

arbors is subdivided into two layers, stratum radiatum and stratum lacuno-

sum moleculare. Stratum radiatum, the layer in which we conduct our slice
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experiments and sample tissue, receives the majority of its inputs from ip-

silateral and contralateral CA3 axons, which are respectively referred to as

Schaeffer collaterals and commissural axons (Andersen, Morris, Amaral, Bliss

& O’Keefe 2006). We sample the majority of our tissue from a region of

stratum radiatum approximately 150 µm from the cell body layer.

Synapses, defined as communicative junctions between two closely ap-

posed cells, consist of three basic components: a presynaptic element that

transmits signals, a postsynaptic element that receives them, and a narrow

cleft between the two. The vast majority of synapses in the central nervous

system are axo-dendritic, meaning the presynaptic elements are axons and the

postsynaptic elements are dendrites (Hof, Kidd, DeFelipe, de Vellis, Gama

Sosa, Elder & Trapp 2013). Because of their rounded appearance on light mi-

crographs, the axonal specializations that participate in synaptic transmission

were dubbed boutons, which is the French word for ”buttons.”

Two types of synapses are commonly found in the region of hippocam-

pus from which we sampled our tissue, both of which were originally charac-

terized by E. G. Gray in 1959. The first, referred to as both Gray Type I and

asymmetric, is characterized by the presence of an electron dense thickening on

the postsynaptic membrane called the postsynaptic density (PSD, 1.4). The

PSD is a complex structure that contains thousands of molecules including

neurotransmitter receptors, scaffolding proteins, cell adhesion molecules, and

signalling proteins (Sheng & Kim 2011). The presynaptic boutons of asymmet-

ric synapses contain hundreds of uniform, round, clear vesicles 1.4. Because
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these clear vesicles have shown immunoreactivity to glutamate (Shupliakov,

Brodin, Cullheim, Ottersen & Storm-Mathisen 1992, DeFelipe, Conti, Van

Eyck & Manzoni 1988), asymmetric synapses are generally presumed exci-

tatory. The second type of synapse, referred to both as Gray type II and

symmetric, lacks a distinct PSD (1.4). The vesicles in their presynaptic bou-

tons are smaller than those in asymmetric synapses and have a flattened or

pleiomorphic shape (GRAY 1959). These synapses are presumed inhibitory be-

cause their vesicles show immunoreactivity to GABA (Gamma Amino-Butyric

Acid) (DeFelipe & Jones 1992). In the studies I will be describing through-

out my dissertation, I focus on asymmetrical, excitatory synapses. Inhibitory

synapses are not considered in any of my analyses. Throughout this section,

I will review the structure and function of excitatory hippocampal synapses

with special emphasis on the presynaptic compartment.

1.2.1 Postsynaptic Structure and Function

The majority of excitatory chemical synapses in the adult central ner-

vous system are supported by actin-rich dendritic protrusions called dendritic

spines (Bourne & Harris 2008). Dendritic spines, named for their spiky ap-

pearance on Golgi-stained sections of cortical tissue (DeFelipe 2015), vary con-

siderably in their dimensions (Harris, Jensen & Tsao 1992, Woolley, Wenzel

& Schwartzkroin 1996). They generally share the same characteristic shape,

though, which consists of an elongated, narrow neck that protrudes from the

dendritic shaft and ends in a comparatively bulbous head that usually bears
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Figure 1.4: Representative electron micrographs of CA1 synapse from
perfusion-fixed young adult rat. Left: A Gray Type I synapse, presumed excitatory,
that occurs on the head of a dendritic spine. The presynaptic bouton is filled with uniform,
round vesicles and contains a mitochondrion (Mito). The postsynaptic density (PSD, red
arrow) resides at the interface between the spine and the bouton. Right: A Gray Type
II synapse, presumed inhibitory. Like most inhibitory synapses, it occurs between a den-
dritic shaft and a bouton filled with small, flattened vesicles. There is no true postsynaptic
density; instead, a symmetrical synapse (Sym Syn, blue arrow) resides at the shaft-bouton
interface.
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one (but occasionally has more) PSD 1.5. Although spine necks are seldom

long or thin enough to restrict passive charge transfer from synapses to den-

dritic shafts (Harris et al. 1992), spines have been shown to amplify voltage and

sequester calcium and other signaling molecules (Lee, Soares & Bé̈ıque 2012).

PSDs, which receive chemical messages sent across the synaptic cleft,

are enormously complex structures that contain thousands of different pro-

teins. Chief among these proteins are the NMDA (N-Methyl-D-Aspartate,

AMPA (α-amino-3-hydroxy-5-methyl-isoxazolepropionic acid) , and metabotropic

glutamate receptors that first receive these chemical messages. Scaffolding pro-

teins like Shank, PSD-95, and GKAP (guanylate kinase associated protein) an-

chor receptors and allow them to interact with signaling proteins like CAMKII

(Calcium-Calmodulin Dependent Kinase II) and various GTPases. Other prin-

cipal proteins in the PSD include cell adhesion molecules like neuroligin, which

coordinates the PSD with the presynaptic active zone by interacting with

neurexin, its presynaptic counterpart (Lardi-Studler & Fritschy 2007).

1.2.2 Presynaptic Active Zone and Exocytic Machinery

The active zone, which is the presynaptic counterpart of the PSD,

also contains thousands of neatly organized proteins that serve to recruit

glutamate-filled vesicles, ready them for release, and line them up with post-

synaptic receptors. Three core proteins - RIMS (Rab3-Interacting-Molecules),

Munc13, and RIM-BP (RIM binding protein) - supervise the organization of

the active zone by docking and priming vesicles, tethering voltage-gated cal-
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Figure 1.5: 3D Reconstruction of CA1 dendrite from perfusion-fixed adult
male Long-Evans rat. Dendritic segment (yellow) reconstructed with PSDs (red) on
dendritic spine heads. While variable in appearance, most spines have constricted necks
(blue arrows) and bulbous heads (pink arrows). Large spines (top micrograph) frequently
recruit organelles like the large, amorphous vesicular endosome indicated by the gold arrow.
Smaller spines (top micrograph) can also recruit organelles but are frequently ”empty.”

cium channels to vesicle release sites, and anchoring calcium channels and

vesicle fusion machinery to cell adhesion molecules that coordinate them with

postsynaptic receptors (Südhof 2012). Rim1α both recruits Ca2+ channels to

the active zone and participates in vesicle docking and priming through its

interactions with Rab3a and Munc13 (Mittelstaedt, Alvaréz-Baron & Schoch

2010, Han, Babai, Kaeser, Südhof & Schneggenburger 2015). RIM-BPs help

mediate physical interactions between RIM1α and Ca2+, while Munc13 docks
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vesicles and primes them for release (Südhof 2012, Jahn & Fasshauer 2012, Han

et al. 2015). All three of these proteins participate directly in vesicle recruit-

ment and release and play critical roles in synaptic plasticity, as I will discuss

in a subsequent section

Other active zone proteins play roles in vesicle recruitment that are

less direct but no less important than the three core proteins. Piccolo and

Bassoon, two very large structural proteins, form the skeleton of the active

zone. By anchoring other proteins responsible for docking and priming vesicles,

they indirectly guide vesicles to the active zone without directly participating

in exocytosis (Mukherjee, Yang, Gerber, Kwon, Ho, Castillo, Liu & Südhof

2010). Cell adhesion molecules like cadherins and neurexins reside on the

periphery of active zones (Südhof 2012). Neurexin binding with neuroligin

during development helps direct synaptic vesicle proteins to nascent release

sites (Bury & Sabo 2014).

Releasing of neurotransmitters from synaptic vesicles involves fusion of

vesicle membranes to the preynaptic membrane so that a pore opens, allowing

the contents to diffuse into the synaptic cleft. This process, called exocytosis,

occurs due to the concerted function of hundreds of proteins embedded in the

membranes of the vesicles and active zone. Principal among these proteins are

the SNARE (Soluble NSF Attachment Receptor) and SM (Sec1/Munc18-like-

) proteins. Formation of trans-complexes between vesicular SNARE protein

synaptobrevin and its membrane-bound SNARE counterparts, syntaxin-1 and

SNAP-25 is required for vesicle fusion (Südhof 2013, Han et al. 2015). SM
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proteins like Munc18 aid in SNARE complex formation by binding Syntaxin-1

and enabling its opening (Dulubova 1999). When an action potential triggers

the entry of Ca2+ through voltage-gated channels, calcium binds to and causes

a conformational change in synaptotagmin, causing it to ”zipper” the SNARE

complex together. This zippering action brings the vesicular membrane in close

apposition to the active zone membrane so that fusion can occur (Südhof 2013).

1.2.3 Synaptic Vesicle Pools

Although synaptic vesicles in excitatory synapses appear uniform on

micrographs, an entire body of literature demonstrates that they are orga-

nized into three distinct functional pools based on their release probability.

The first pool, the readily releasable pool (RRP) has the highest release prob-

ability (Rizzoli & Betz 2005) and can be released with minimal or hypertonic

stimulation. Although the RRP only comprises a very small percentage ( 1-

2%) of all vesicles at central synapses, its size correlates extremely well with

the overall release probability of a synapse (Dobrunz 2002). Retrospective elec-

tron microscopy following selective FM-dye labeling of the RRP shows that

the readily releasable pool is docked to the active zone membrane (Rosenmund

& Stevens 1996). Although the RRP is the most easily releasable pool, it is

also the most easily depleted pool. After short bouts of moderate stimulation,

the docked pool is completely depleted, which leads to short term depression

(Alabi & Tsien 2012). It can be replenished both via endocytosis, which occurs

within milliseconds, or more slowly by replenishment from one of the following
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two pools (Guo, Ge, Hao, Sun, Wu, Zhu, Wang, Yao, Lin & Xue 2015).

After the readily releasable pool, the next most releasable pool is the

ready-recycling pool of vesicles (Rizzoli & Betz 2005, Denker & Rizzoli 2010).

They comprise about 10-20% of all vesicles in cultured hippocampal neu-

rons and are released and recycled continuously during moderate stimulation

(Harata, Pyle, Aravanis, Mozhayeva, Kavalali & Tsien 2001). Their number

is generally small but extremely variable and regulated by CDK5 (Cyclin De-

pendent Kinase 5), calcineurin, and continual remodeling of actin filaments

(Marra, Burden, Thorpe, Smith, Smith, Häusser, Branco & Staras 2012).

Their spatial domain, while not as well-defined as that of the readily releasable

pool, tends to be within 100 nm of the active zone (Marra et al. 2012).

The reserve pool, which comprises the vast majority of all vesicles at

central synapses, is only reluctantly released during high frequency stimula-

tion at neuromuscular junction synapses (Rizzoli & Betz 2005). Reserve pool

vesicles are bound to each other and the actin cytoskeleton by synapsins I

and II (Owe, Jensen, Evergren, Ruiz, Shupliakov, Kullmann, Storm-Mathisen,

Walaas, Hvalby & Bergersen 2009, Bykhovskaia 2011) and are thus immobile

except during intense activity. They only become free of this mesh of pro-

teins when synapsin proteins are phosphorylated by PKA or CAMKII (Alabi

& Tsien 2012). Their immobility and low vesicle release probability at central

synapses makes the purpose of the reserve pool a matter of intense debate.

Current hypotheses about the reserve pool include a selective involvement

in spontaneous release (Fredj & Burrone 2009) and replenishment of synap-
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tic vesicle proteins at the active zone (Denker, Krohnert, Buckers, Neher &

Rizzoli 2011). That being said, in a recent study that counted functionally

releasable vesicles in cultured hippocampal neurons, it was found that virtu-

ally all vesicles in the reserve pool were eventually recycled if low frequency

stimulation (.2 Hz) was applied for periods of at least ten minutes (Ikeda

& Bekkers 2009). It is thus entirely possible that the stubborn immobility

thought of as a defining characteristic of reserve pool vesicles is partially an

artifact of very short periods of intense stimulation.

Although I have defined and described three functional pools of vesicles,

I can only identify two pools of vesicles using electron microscopy alone. The

anatomically docked pool, which comprises about 5% of all vesicles at any

synapse (1.6), corresponds well to the readily releasable pool. The rest of the

vesicles can simply be categorized as ”non-docked” vesicles. It is impossible

to determine the release probability of a non-docked vesicle from appearance

alone (1.6); however, I do occasionally refer to non-docked vesicles as ”vesicle

reserves” in the course of this dissertation since some of them are likely to be

replenishing docked vesicles after they are released.

1.2.4 The Synaptic Vesicle Cycle

Now that I have defined the vesicle pools and molecular machinery in-

volved in synaptic vesicle cycling, I will briefly summarize the steps involved.

First, neurotransmitters are loaded into vesicles via proton ATP-ase. If the

vesicles reside in the reserve pool, they must be released from their synapsin
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Figure 1.6: Synaptic vesicles in CA1 boutons from perfusion fixed adult and
P15 rats. Right: Example micrograph of a CA1 bouton from a perfusion-fixed adult
male Long-Evans rat. Left: Example micrograph of a CA1 bouton from a perfusion-fixed
P15 male Long-Evans rat. Both have round, uniform vesicles that show the same overall
organization. A small proportion of vesicles (blue arrows, insets) are docked directly to the
presynaptic active zone adjacent to the PSD (red arrows). The rest of the vesicles (green
brackets) comprise the non-docked reserves, which technically consist of both ready-recycling
and reserve pool vesicles.

mesh by phosphorylation (Bykhovskaia 2011). An additional vesicular pro-

tein, a small GTP-binding protein called Rab3a, facilitates their movement to

the active zone (Leenders, Lopes da Silva, Ghijsen & Verhage 2001). Vesi-

cles are then docked and primed through the concerted actions of RIM1α,

Munc13, Munc18, and RIM-BP (Südhof 2012) so that they can be ready for

fusion. Once an action potential enters the terminal, voltage-gated Ca2+ chan-

nels open and trigger vesicle fusion both by direct physical interactions with

SNARE complexes (Catterall 1999) or by allowing calcium to enter and bind

synaptotagmin (Südhof 2013). Once vesicles have been released, they can

be retrieved by clathrin-mediated endocytosis, activity-dependent bulk en-

docytosis, or a recently discovered mode of ultrafast endocytosis (Royle &

Lagnado 2010, Cousin 2014, Watanabe, Rost, Camacho-Pérez, Davis, Söhl-

Kielczynski, Rosenmund & Jorgensen 2013). Regardless of retrieval mode,

newly endocytosed vesicles likely pass through some intermediate steps rather
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than being immediately returned to the recycling pool (Jähne, Rizzoli &

Helm 2015).

1.2.5 Mitochondria Fuel Reserve Pool Mobilization At Peripheral
and Central Synapses

From operating the proton pump that drives vesicle filling to running

the dynamin GTPase that cleaves newly endocytosed vesicles, virtually every

step of the synaptic vesicle cycle requires energy from ATP (or GTP, which

is interchangeable with ATP) (Mozhayeva, Matos, Liu & Kavalali 2004, Ivan-

nikov, Harris & Macleod 2010). Neurons are capable of anaerobic glycolysis as

well as oxidative phosphorylation, so which one normally fuels synaptic vesicle

cycling? Verstreken et. al. (2005) performed a series of experiments on iso-

lated neuromuscular junctions from Drosophila with a temperature-dependent

mutation in drp-1 (note: these mutants were derisively named ”fratboy” for

their staggering movements), whose nerve terminals were mostly devoid of mi-

tochondria. Without mitochondria, nerve terminals from drp-1 mutants were

able to mobilize and recycle vesicles during 1 Hz stimulation but failed to

follow stimulation frequencies of 10 Hz. or more. FM1-43 loading with 90

mM K+ followed by 10 Hz stimulation revealed that while drp-1 mutants had

reserve pool vesicles, they could not unload them. Supplying ATP intracellu-

larly rescued the defect, and adding oligomycin, which inhibits mitochondrial

ATP synthase, to controls prevented them from mobilizing their reserve pool

vesicles. In the neuromuscular junction, it thus appears that mitochondrial

ATP is required for mobilizing reserve pool vesicles.
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The neuromuscular junction is a very different synapse than the small

glutamatergic synapses in the central nervous system, so caution should ob-

viously be used when making inferences about central nervous systems from

studies of the neuromuscular junction. However, recent studies of hippocam-

pal synaptosomes and cultured neurons demonstrate that mitochondria have

a similar effect on synaptic vesicle cycling in central boutons. In hippocam-

pal synaptosomes, the mitochondrial volume correlates extremely well with

release probability (Ivannikov, Sugimori & Llinás 2013). This correlation

disappears in the presence of oligomycin, which implies that ATP produc-

tion is critical for maintaining exocytosis at hippocampal synapses. A recent

set of experiments on cultured mouse hippocampal neurons from syntaphilin

knockouts and their wildtype littermates confirmed that mitochondria heav-

ily influence release probability. Boutons with stationary mitochondria had

no trouble maintaining vesicle release during four trains of 20 Hz stimulation.

Boutons without mitochondria, on the other hand, experienced depletion of

readily releasable vesicles after the second train of stimulation. Interestingly,

when mitochondria happened to be moving past boutons that lacked them,

they briefly would experience an enhancement of release probability only to

lose it again after the following stimulation train. In syntaphilin knockouts,

where virtually all mitochondria are constantly mobile, release probability at

all boutons varied wildly from train to train (Sun et al. 2013). As is the case

in neuromuscular junction, mitochondrial ATP could therefore be required for

reserving vesicle mobilization. ATP binding by syntaphilin IIa was shown to
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be critical for mobilizing reserve pool vesicles in order to prevent synaptic de-

pression during 10 Hz stimulation in hippocampal neurons (Shulman, Stavsky,

Fedorova, Mikulincer, Atias, Radinsky, Kahn, Slutsky & Gitler 2015). Ample

evidence clearly suggests that mitochondrial ATP is as critical for mobilizing

reserve pool vesicles in hippocampal neurons as it is at the neuromuscular

junction.

Organizing, mobilizing, releasing, and recycling vesicles involves mas-

sive amounts of molecular machinery. The ease with which vesicles move from

pool to pool can easily be modulated during synaptic plasticity. In the next

chapter, I will summarize the presynaptic mechanisms currently known to sup-

port LTP and discuss previous studies hinting that mitochondria are required

to support the presynaptic component of LTP.

1.3 LTP Enhances Synaptic Vesicle Cycling

Long-term potentiation, defined as a lasting increase in evoked synap-

tic potentials, is an extremely long-standing, well-studied cellular model of

learning and memory. Terje Lomo first discovered LTP in the perforant path

of anesthetized rabbit hippocampus nearly fifty years ago (Lø mo 2003) when

he was a graduate student. The scientific community did not pick up on LTP

as a model for Hebbian learning for years, but the debate about the locus of

LTP was sparked as soon as Bliss and Lomo published their findings (Bliss

& Lomo 1973). Does LTP result from increased presynaptic neurotransmit-

ter release or increased postsynaptic excitability? Postsynaptic mechanisms
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have enjoyed ample experimental support since the early eighties, when cal-

cium conductance through NMDA receptors was first discovered (Collingridge,

Kehl & McLennan 1983, Lynch, Larson, Kelso, Barrionuevo & Schottler n.d.).

It is universally agreed upon that LTP induction occurs when calcium en-

try through NMDA receptors activates CAMKII, which ultimately results in

the insertion of more AMPA receptors into synapses (Huganir & Nicoll 2013).

However, ample experimental evidence also supports the existence of presynap-

tic mechanisms that support LTP. Here, I will review the evidence supporting

a presynaptic component of LTP, discuss LTP’s effects on the synaptic vesicle

cycle, and summarize evidence that mitochondria play a role in the presynaptic

component of LTP.

1.3.1 Live Fluorescence Imaging Techniques Resolve the Contro-
versy Surrounding Presynaptic LTP Expression

Given the tightly coupled nature of pre- and postsynaptic structure and

function, the idea that both pre- and postsynaptic components cooperatively

support LTP should come as no surprise. Evidence that supports the existence

of a presynaptic component of LTP has existed since at least the early nineties,

when quantal analysis of paired cultured hippocampal neurons revealed that

LTP induced by repeated 20 Hz stimulation of the presynaptic neuron resulted

in a doubling of release probability without any change in the average quantal

size or number of release sites (Bekkers & Stevens 1990). Within the next ten

years, a whole slew of techniques came on scene that provided additional evi-

dence for increased vesicle release probablity following LTP, including optical
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quantal analysis, styryl dye destaining, and imaging of fluorescently labeled

vesicle proteins (Enoki, Hu, Hamilton & Fine 2009, Zakharenko, Zablow &

Siegelbaum 2001, Bayazitov, Richardson, Fricke & Zakharenko 2007). In ad-

dition to providing unequivocal evidence supporting the existence of a presy-

naptic component of LTP, these techniques clarified some of the sources of

controversy surrounding it. I will discuss each in turn below.

FM1-43, which fluoresces when bound to cell membranes, can be used

to directly image synaptic vesicle recycling and release (Gaffield & Betz 2006);

this technique was one of the first to show that when it comes to recruiting

presynaptic mechanisms, not all LTP induction protocols are created equal.

During his postdoctoral work with Steve Siegelbaum, Stanislav Zakharenko

showed that while 50-100 Hz stimulation did not activate dendritic voltage-

gated Ca2+ channels or enhance the rate of FM1-43 destaining, induction of

LTP using TEA or 200 Hz stimulation recruited both of these mechanisms.

Notably, theta burst stimulation, which mimics rhythms recorded in explor-

ing animals (Morgan & Teyler 2001), also enhances release probability dur-

ing LTP (Zakharenko, Patterson, Dragatsis, Zeitlin, Siegelbaum, Kandel &

Morozov 2003). However, like weak tetanus protocols, weak TBS protocols

also fail to elicit presynaptic LTP. LTP induced by one train of TBS does

not enhance FM1-43 destaining, but LTP induced by four or eight trains of

TBS does (Johnstone & Raymond 2011). Blocking postsynaptic protein syn-

thesis or nitric oxide synthesis occluded enhanced presynaptic vesicle release,

so a retrograde messenger must be required for presynaptic LTP expression
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(Johnstone & Raymond 2011, Johnstone & Raymond 2013).

Experiments performed on acute brain slices from mice expressing Synta-

pHluorin reveal that the presynaptic component of LTP operates on a much

slower timescale than the postsynaptic component (Bayazitov et al. 2007).

Changes in vesicle release can be monitored by observing increases in evoked

Synta-pHluorin fluorescence. Acute slices from 4-12 week old mice expressing

Synta-pHluorin reveal that although the field EPSP increases within minutes

of LTP induction by 200 Hz or TBS stimulation, Synta-pHluorin fluorescence

begins to slowly creep up about 30 minutes after TBS onset. Fluorescence lev-

els do not reach their maxima until well over an hour after the onset of TBS

(Bayazitov et al. 2007). It is thus difficult to conclude that any study that

does not monitor LTP for more than an hour can truly rule out presynaptic

LTP expression.

There is also possibly an age related difference in the locus of LTP ex-

pression. Many of the experiments postulating that LTP solely involves AMPA

receptor insertion into previously silent synapses are performed on cultured

neurons (Bagal, Kao, Tang & Thompson 2005). While silent synapses predom-

inate during the first week of postnatal development, synapses that completely

lack AMPA receptors are rare after the first week and all but nonexistent after

the second (Durand, Kovalchuk & Konnerth 1996). Additionally, although

cultured neurons have been found to sprout new presynaptic boutons follow-

ing LTP induction, the same is not true of acute slices taken from older ani-

mals (Ma, Zablow, Kandel & Siegelbaum 1999, Zakharenko et al. 2001). Even
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older cultured neurons have completely different complements of synapses than

neurons from juvenile or young adult animals do (Kuwajima, Mendenhall &

Harris 2013). All that being said, it is likely that for cultured neurons as well

as acute slices, the locus of LTP depends heavily on the induction paradigm

used - increased release probability and vesicle mobilization have both been

found following LTP in cultured neurons (Bekkers & Stevens 1990, Ratnayaka,

Marra, Bush, Burden, Branco & Staras 2012).

1.3.2 Mechanisms of Presynaptic LTP

LTP has been shown to change the kinetics of both readily releasable

and reserve pool cycling in CA3-CA1 synapses. In acute hippocampal slices

from P14-P21 rats, vesicle release from the readily releasable pool has been

shown to be potentiated as soon as 30 minutes after the onset of LTP (Stanton,

Winterer, Zhang & Müller 2005). Stanton et. al. (2005) selectively labeled

the readily releasable pool by stimulating FM1-43 uptake with sucrose and

showed that 30 minutes after induction of LTP by 4 100 Hz tetanus trains, the

rate of destaining increased from readily releasable but not reserve pool vesi-

cles. Previous 3DEM findings confirm increased release from readily releasable

vesicles thirty minutes after the onset of TBS LTP in adult hippocampal slices

(Bourne, Chirillo & Harris 2013). Thirty minutes after the onset of TBS,

docked vesicles, but not non-docked reserves, are significantly reduced relative

to control levels (Bourne et al. 2013, Bell, Bourne, Chirillo, Mendenhall, Kuwa-

jima & Harris 2014). Additionally, by two hours, the reserve pool vesicles join
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the fray - non-docked vesicles are reduced by two hours after the onset of LTP

(Bourne et al. 2013). Together, these previous studies imply that presynaptic

mechanisms come online more slowly than the initial postsynaptic mechanisms

in part because recruiting reserve vesicles into more readily releasable states

is an extremely slow process (Bayazitov et al. 2007).

Requirement of postsynaptic protein synthesis and voltage-gated Ca2+

channel opening for LTP-induced enhancement of synaptic vesicle cycling ren-

ders the involvement of retrograde signaling likely. One probable candidate for

a retrograde signal is nitric oxide (NO). Potentiation of readily releasable pool

kinetics by LTP is partially occluded by application of nitric oxide scaventers

(Stanton et al. 2005). Conversely, application of nitric oxide donors like NOC5

renders even weak tetanic stimulation protocols capable of enhancing readily

releasable pool recycling (Stanton et al. 2005). In both cultured hippocampal

neurons, recruitment of reserve pool vesicles during chemically evoked LTP

requires nitric oxide as well (Ratnayaka et al. 2012).

Another chemical mediator of LTP-induced enhancement of synaptic

vesicle cycling is BDNF (Zakharenko et al. 2003, Jakawich, Nasser, Strong, Mc-

Cartney, Perez, Rakesh, Carruthers & Sutton 2010). In cultured hippocampal

neurons, synaptosomes, and acute hippocampal slices, blocking TrkB (Tyro-

sine kinase B), the main effector pathway of BDNF, prevents LTP-induced en-

hancement of readily releasable and reserve pool recycling (Jovanovic, Czernik,

Fienberg, Greengard & Sihra 2000, Stanton et al. 2005, Tyler, Zhang, Hart-

man, Winterer, Muller, Stanton & Pozzo-Miller 2006, Ratnayaka et al. 2012).
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Eliminating BDNF expression from CA3 neurons prevents presynaptic LTP

expression while eliminating it from CA1 neurons does not, however, so BDNF

may be an autocrine rather than retrograde signal (Zakharenko et al. 2003).

Both the previously mentioned chemical mediators and calcium in-

flux trigger second-messenger pathways that alter vesicle cycling kinetics by

phosphorylating vesicular and active zone proteins. Phosphorylation of both

RIM1α by PKA is required for presynaptic LTP expression in Schaffer collat-

eral pathways (Huang, Zakharenko, Schoch, Kaeser, Janz, Südhof, Siegelbaum

& Kandel 2005). Phosphorylation of RIM1α enhances recycling from the read-

ily releasable pool by enhancing its interactions with Rab3a and Munc13-1

(Yang & Calakos 2011, Huang et al. 2005). Recruitment of reserve pool vesi-

cles depends on downstream signaling pathways activated by NO and BDNF.

In cultured neurons, LTP-induced delivery of reserve pool vesicles requires

BDNF activation of MAP (Mitogen-Activated Protein) kinase, which phos-

phorylates synapsin I (Jovanovic et al. 2000). Curiously, although phosphory-

lation of synapsin is critical for reserve pool vesicle mobilization, activation of

calcineurin enhances endocytic recycling of reserve pool vesicles (Kumashiro,

Lu, Tomizawa, Matsushita, Wei & Matsui 2005, Ratnayaka et al. 2012).

1.3.3 Putative Role for Mitochondria in LTP

Altering vesicle pool organization during LTP involves the orchestra-

tion of many signaling pathways and consume ample time and energy. Are

mitochondria required for the presynaptic expression of LTP? The role of mi-
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tochondrial calcium sequestration in post-tetanic potentiation has been well

characterized (Tang & Zucker 1997, Billups & Forsythe 2002). However, few

attempts have been made to link mitochondrial structure or function to LTP.

The first evidence that mitochondria may play a role in presynaptic LTP was

an elevation in mitochondrial gene expression following LTP in the dentate

gyrus (Williams, Thompson, Mason-Parker, Abraham & Tate 1998). Addi-

tionally, rotenone, which inhibits electron transport, completely occludes hip-

pocampal LTP (Kimura, Ma, Wu, Turner, Shen, Ellsworth, Wakui, Maalouf

& Wu 2012). At high doses (500 µM), rotenone causes basal transmission in

acute hippocampal slices from 4-6 week old rats to slowly become depressed.

At lower doses, (50 µM), rotenone does not diminish basal transmission but

impairs lasting LTP. No other attempts have been made thus far to link mi-

tochondrial function to long-term potentiation in healthy juvenile and adult

synapses.

1.4 Structural, Functional, and Metabolic Differences
Between Developing and Adult Synapses

As I previously mentioned, animals are not born with the ability to

undergo long-term potentiation. Recent Harris lab findings have revealed

that enduring LTP (L-LTP) from a single round of TBS begins promptly

at postnatal day 12. Interestingly, at P10, although one round of TBS does

not induces L-LTP, two rounds of TBS spaced 90 minutes apart do (Cao &

Harris 2012). Both structural and metabolic differences could potentially un-
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derlie this rapidly changing ability to support enduring LTP. Here, I will briefly

review some key differences between juvenile and adult animals.

1.4.1 Energy Utilization in Neonatal Rats

Prior to weaning, which occurs at about P21, free fatty acids com-

prise the vast majority of nutrients consumed by rats pups (Edmond 1992).

Free fatty acids do not cross the blood brain barrier very easily (Mitchell

& Hatch 2011) and thus are not really used directly by the brain as energy

substrates. In other tissues, the long hydrocarbon tails are converted into

many molecules of acetyl CoA via β-oxidation in the outer mitochondrial

membrane. In newborns, the liver primarily makes this acetyl CoA usable

for the brain by using it to make ketone bodies (Edmond, Auestad, Robbins

& Bergstrom 1985, Nehlig 2004). In rat pups, blood levels of ketones remain

extremely elevated compared to adult levels (Nehlig 2004). Endothelial cell

expression of MCT1 and neuronal expression of MCT1 and MCT2 also re-

main extremely high until weaning so that neurons can readily take up ketone

bodies (Vannucci & Simpson 2003). Ketone body utilization in the brain com-

prises the majority of energy metabolism until ages P17-P21, at which point

it drops off sharply (Nehlig 2004). Because it comprises so little of the neona-

tal diet, young neurons have little use for glucose. Neurons express virtually

no glucose transporters during the first two postnatal weeks of development

(Vannucci 1994). Beginning at about P14, GLUT3 expression begins to in-

crease on neurons in the hippocampus, and by P21, it reaches 80% of adult

38



levels (Vannucci 1994).

Although mitochondria are required for ketone body utilization, they

are sparsely distributed throghout hippocampal axons and dendrites during

early postnatal development (Vaughn 1989, Dyson & Jones 1980). Cytochrome

oxidase, which is involved in mitochondrial electron transport, remains low

for the first two weeks of postnatal development (Nehlig, de Vasconcelos &

Boyet 1988). In cultured neurons, the proportion of mitochondria that are

stabilized by presynaptic boutons increases between 14 and 21 days in in vitro,

likely because of an increase in the number of active synapses throughout that

period.

1.4.2 Developmental Differences in Synaptic Structure and Func-
tion

Unlike adult slices, hippocampal slices from developing rats are un-

able to maintain stable baseline responses during recording. Delivering test

pulses faster than rates of 1 pulse every five minutes causes profound depres-

sion from the baseline (Cao & Harris 2012). This decrement in response has

been found to be due to AMPA receptor desensitization and internalization

(Abrahamsson, Gustafsson & Hanse 2007). Theta burst stimulation or appli-

cation of forskolin, an adenylate cyclase activator, causes responses to return

to naive, unstimulated levels (Abrahamsson, Gustafsson & Hanse 2008, Cao

& Harris 2012). Historically, this return to baseline has been referred to as

”developmental LTP,” but it clearly is more of a de-depression of responses
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than a potentiation of responses. Truly enduring LTP from one bout of TBS

begins promptly at P12. Spaced bouts of TBS can advance this onset age of

LTP to P10, but prior to P10, no number of TBS episodes will induce LTP

(Cao & Harris 2012).

Many structural differences potentially underlie this shift in the abil-

ity to maintain stable responses and undergo enduring LTP. The majority of

excitatory synapses in the adult system occur on dendritic spines, but during

the first week of postnatal development, dendritic spines are virtually non-

existent. Previous 3DEM findings reveal that during the first postnatal week,

the majority of synapses occur along dendritic shafts and long filopodia (Fiala

et al. 1998). Preliminary data Dr. Harris and I collected for a grant show that

dendritic spines do not feature prominently until P12, which coincides with

the onset age of TBS LTP (1.7A). Interestingly, incubating hippocampal slices

in zero calcium ACSF has opposite effects on the spine density of adult and

juvenile dendrites. After postnatal day 21, incubating slices in ACSF without

calcium causes a spinogenesis along CA1 dendrites; however, at P11-P12, zero

calcium conditions cause spine elimination (Kirov, Goddard & Harris 2004).

This suggests that during early postnatal development, glutamate release must

be important for dendritic spine stabilization, which has been confirmed to be

true in organotypic slice cultures (Hill & Zito 2013). Moreover, during LTP

in organotypic slice cultures, stabilization of spines by glutamate was found

to require GluN2B (also known as NR2B or NMDA Receptor Subunit 2B)

interaction with CAMKII (Hill & Zito 2013). Prior to P9, PKA features more
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prominently in synaptic plasticity than CAMKII (Yasuda, Barth, Stellwagen

& Malenka 2003). Perhaps de-depression predominates during early develop-

ment because the lack of CAMKII signaling renders stabilizing dendritic spines

impossible.

Presynaptic structural differences may also underlie this changing abil-

ity to undergo plasticity. Mature glutamatergic boutons are filled with round,

uniform vesicles, but the same is not true of immature boutons. In cultured

hippocampal neurons, live fluorescent imaging shows that packets of vesicles

containing all of the proteins required for building release competent bou-

tons are trafficked along axons, where they pause at pre-determined sites

(Ahmari et al. 2000, Sabo, Gomes & McAllister 2006, Bury & Sabo 2011).

Some of these vesicles release and are recycled in transit (Ahmari et al. 2000,

Sabo et al. 2006), so it was quite a surprise when retrospective electron mi-

croscopy revealed those transport packets to consist of dense core vesicles

surrounded by clusters of tubular and amorphous vesicles instead of uniform,

round vesicles(Ahmari & Smith 2002). The dense core vesicles resemble the

ones that transport piccolo and bassoon to active zones (Ziv & Garner 2004).

The amorphous vesicular clusters, alternately called synaptic vesicle protein

transport vesicles (STVs), pleiomorphic vesicles, and amorphous vesicular clus-

ters, have been found in the axons of developing and injured spinal cords

(Vaughn 1989, Tsukita & Ishikawa 1980) as well as in cultured systems. Pre-

liminary data I collected for an NRSA proposal suggest that they are also

present in area CA1 boutons in perfusion-fixed animals (1.7B). Recently, these

41



vesicle clusters, which contain Munc13 and other synaptic vesicle proteins,

have been found to originate from the Golgi network (Maas, Torres, Altrock,

Leal-Ortiz, Wagh, Terry-Lorenzo, Fejtova, Gundelfinger, Ziv & Garner 2012).

In the final chapter of this thesis, I will track both pre- and postsynaptic

structural changes over the course of the second postnatal week in order to

determine whether synaptic development in whole brains resembles what has

been observed in cultured systems. In doing so, I will shed more light on

how developing animals lay the structural foundation required for enduring

plasticity, cognition, and memory.

1.5 Studies Presented in This Dissertation

In the ensuing chapters, I will present the studies I completed in Dr.

Kristen Harris’s lab in order to fulfill the requirements of my PhD work. Using

three dimensional reconstructions from serial electron micrographs, I investi-

gated both how mitochondria influence presynaptic structure and plasticity in

juvenile and adult rat hippocampus and the process by which synapses capable

of undergoing plasticity are assembled during early postnatal development.

The energy dependence of the synaptic vesicle cycle is well known, but

the relationship between vesicle clustering and mitochondrial availability has

never been thoroughly characterized. In chapter 2 of this thesis, I will describe

the mitochondrial availability is related to the size of docked and reserve vesicle

pools and set up my hypotheses about the importance of mitochondrial avail-

ability for presynaptic structural plasticity. In the next chapter, I will test
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Figure 1.7: Structural differences in developing CA1 dendrites and boutons.
A) Example 3D reconstructions of CA1 dendrites from perfusion fixed rats at several ages of
postnatal development. There is a clear increase in spine density between P8 and adulthood.
Scale cube is 1 µm on each side. B) Above: Three serial sections of area CA1 bouton from
perfusion-fixed P10 Long-Evans rat. Cyan arrows indicate amorphous and tubular vesicles,
which are found throughout the entirety of this bouton. On the first section, a black
arrowhead indicates a dense core vesicle. On the last section, a black arrow indicates an
endosomal sorting complex. Scale bar measures .25 µm. Below: 3D reconstruction of above
bouton (pale green, translucent) with postsynaptic density (red), synaptic vesicles (gold),
amorphous vesicles (cyan), and dense core vesicle (black). Note that there are very few of
what constitute round, mature synaptic vesicles. Tubular and amorphous vesicles fill the
majority of the bouton.
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those hypotheses by comparing LTP-induced changes in synaptic vesicle pools

between boutons with and without mitochondria in both P15 and adult rat

hippocampal slices. In chapter four, I will then discuss the structural changes

of the mitochondria themselves as they relate to the energy status of active

presynaptic boutons during LTP.

In the final chapter, I will shift my focus to an earlier point of postnatal

development during which the ability of hippocampal slices to express LTP is

rapidly changing. In this chapter, I will describe the assembly of new dendritic

spines and the boutons that support them. I will also elucidate the elements

of subcellular structure that are critical for building new boutons and their

influence on synaptic vesicle clustering. Finally, I will provide evidence for a

developmental increase in mitochondrial biogenesis that supports the creation

of new, release competent boutons.
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Chapter 2

The Relationship Between Presynaptic

Mitochondrial Proximity and Synapse Size In

Perfusion-Fixed P15 Rat Hippocampus

The ultrastructural features of CA1 boutons have already been well-

characterized in adult rat hippocampus (Shepherd & Harris 1998), but little

was known about the structural composition at earlier stages of postnatal

development and less was known about the relationship between a boutons

proximity to a mitochondrion and its vesicle composition or summed PSD area.

Hence, we sampled boutons from the middle of stratum radiatum in perfusion-

fixed hippocampus in P15 rats in order to learn about their characteristics. In

general, boutons that contained mitochondria were likely to have more total

synaptic area, more reserve vesicles, and more anatomically docked vesicles

per synapse than those that lacked them regardless of the number of synapses

per bouton. Furthermore, I found that boutons’ summed PSD areas, reserve

vesicles, and docked vesicles all showed a similar non-linear relationship to

mitochondrial proximity. In this chapter, I will use this nonlinear relationship

to separate boutons into groups that can be used in subsequent analyses in

order to determine the effect mitochondrial proximity has on boutons ability

to undergo structural changes during LTP.
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2.1 Materials and Methods

2.1.1 Perfusion-fixation Procedure, Tissue Processing, and Imag-
ing

Two male Long-Evans rats aged postnatal day (P) 15 were anesthetized

with pentobarbital (80 mg/kg) and perfused transcardially with fixative (2.5%

glutaraldehyde and 2% paraformaldehyde in 100 mM cacodylate buffer, pH7.4,

with 2 mM CaCl2 and 4 mM MgSO4) at 37C and 4 psi backing pressure

and left undisturbed for at least 1 hour. Whole brains were then removed

and placed in additional fixative with 2.5% glutaraldehyde overnight. Brains

were then rinsed in buffer before being vibrasliced into 70 m thick slices and

the middle of stratum radiatum was dissected out and processed for 3DEM

imaging.

Vibraslices were rinsed to remove fixative before being dehydrated through

graded ethanols with uranyl acetate, infiltrated by propylene oxide and LX-

112 resin, and then finally embedded in LX-112 resin and cured in a 60oC

oven for 48 hours. Excess resin was trimmed from around the tissue with a

razor blade before an ultramicrotome (Ultracut, Leica, Deerfield, IL) was used

to trim a trapezoid around the cell body layer and apical dendritic arbor. Se-

ries of 100-200 sections approximately 50 nm thick were then cut and placed

on pioloform-coated copper grids (Synaptek, Ted Pella) and post-stained with

saturated aqueous uranyl acetate followed by Reynolds lead citrate for 5 min-

utes each.

Sections were dried overnight, and then imaged on a JEOL 1230 trans-
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mission electron microscope and photographed with a Gatan camera at 5000X

magnification. Images were imported into RECONSTRUCTTM with a diffrac-

tion grating replica (Ernest Fullam Inc, Latham, NY) for pixel calibration.

Sections were aligned, and their average thickness was determined using the

cylindrical diameters method (Fiala & Harris 2001).

2.1.2 3DEM Data Collection and Analysis

The boutons selected for analysis were the presynaptic partners of

caliber-matched dendrites that had been analyzed in previously published

studies (Bourne & Harris 2011, Bell et al. 2014, Bourne et al. 2013) and studies

that are currently in preparation (D. Watson, in prep). The dendrites were

matched according to the average number of microtubules in the segment,

because microtubule count correlates with dendrite cross-sectional area or di-

ameter (Fiala et al. 2003). Microtubule counts ranged between 5 and 25 and

dendritic segment diameters ranged between 0.2 and 0.8 m since those values

fell within the range at which spine density and dendritic caliber were not

correlated, thus removing potential bias that was unrelated to experimental

condition (Bourne & Harris 2011).

Postsynaptic density (PSD) areas were measured according to section-

ing orientation. The area of perfectly cross-sectioned synapses, characterized

by distinct pre- and postsynaptic membranes, a visible synaptic cleft, and

discernible docked vesicles, was calculated by summing the product of PSD

length and section thickness over the number of sections in which they appear.
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En face synapses cut parallel and appearing in one section were measured as

the area on the section in which they appear. The total area of obliquely

sectioned PSDs was the sum of the total cross-sectioned areas and total en

face areas without overlap. For boutons with more than one synapse, total

PSD area was measured and reported as ΣPSD area. Boutons were also classi-

fied as excitatory or inhibitory by the morphology of their PSDs and vesicles.

Asymmetric, Grays type I synapses were presumed to be excitatory and char-

acterized by round presynaptic vesicles with distinct postsynaptic thickenings.

Symmetric, Grays type II synapses had narrow postsynaptic thickening and

smaller, pleiomorphic or flattened vesicles; these synapses were infrequent in

s. radiatum and excluded from the analyses reported here.

Small synaptic vesicles were counted if they appeared on just one sec-

tion, had a visible membrane, slightly gray interior, and were 4̃5 nm diameter

so as to distinguish them from other organelles, such as endosomal vesicles or

cross-sectioned tubules of smooth endoplasmic reticulum. Vesicles that con-

tacted the presynaptic membrane immediately adjacent to the PSD, which cor-

relate well with the readily releasable pool (Dobrunz 2002), were only counted

at cross-sectioned synapses and analyzed separately from non-docked vesicles.

The z-trace tool in RECONSTRUCTTM, was used to measure across serial

sections, the axon lengths and distances from each PSD to the nearest edge

of the nearest discernible mitochondrion (Dm, See Figure 1A for examples).

Boutons that were nearer to the edge of the image stack than they were to

mitochondria were excluded from our analyses.
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2.1.3 Statistical Analyses

All statistical analyses were performed using STATISTICA (Statsoft,

Tulsa, OK). Two-way analyses of variance were used to evaluate differences in

the numbers of vesicles and ΣPSD area among CA1 boutons in perfusion-fixed

P15 animals (n = 2) using the number of synapses (1 or ≥ 2) as one factor and

the presence of a mitochondrion as the other. No significant interaction effects

were found between the presence of mitochondria and number of synapses.

Raw vesicle counts and ΣPSD areas were then plotted against Dm and fitted

with piecewise regression functions, using the Levenberg-Marquardt algorithm

to estimate the breakpoints as well as the slopes and intercepts on either side

of the breakpoints.

Raw vesicle counts, mitochondrial dimensions, and PSD areas have

skewed distributions with different variances; all were thus transformed using

the natural logarithmic function so that they met the assumptions of ANOVA.

Piecewise regression analyses were performed on raw data. For comparisons of

more than two groups, Tukey’s HSD test was used to evaluate the differences

among the groups. All data are plotted as raw means and standard errors for

ease of interpretation unless otherwise specified. In all graphs, ∗p < 0.05, ∗ ∗

p < 0.01, ∗ ∗ ∗p < 0.001, and ∗ ∗ ∗ ∗ p < 0.0001.
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2.2 Ultrastructural Characteristics of Area CA1 Bou-
tons in P15 Long-Evans Rats

We began by sorting boutons by their number of synapses. Boutons

were classified as single synaptic boutons (SSBs) or multisynaptic boutons

(MSBs) depending on whether they had one or more postsynaptic partners,

respectively (Figure 2.1A). The area of the postsynaptic density (PSD) was

measured and summed for multisynaptic boutons. Vesicles were counted in

each bouton and identified as docked or non-docked. The presence or absence

of a mitochondrion within the vesicle pool of the bouton was noted and the

distance to the nearest mitochondrion was measured for each PSD.

Only about a quarter of all the presynaptic boutons were MSBs, more

than half of which contained mitochondria (Figure 2.1B). In contrast, while

three-quarters of all boutons were SSBs, most of them did not contain mi-

tochondria (Figure 2.1B). When mitochondria were not present, MSBs had

significantly more summed PSD area than SSBs, but this difference failed

to reach significance for boutons that contained mitochondria (Figure 2.1D).

SSBs with mitochondria had larger PSDs than those that lacked mitochondria,

but all MSBs had similar summed PSD areas with or without mitochondria

(Figure 2.1C). Similarly, MSBs had more non-docked vesicles than SSBs if

they lacked mitochondria; however both MSBs and SSBs had more vesicles

if they contained mitochondria (Figure 2.1D). Not surprisingly, each PSD on

an MSB or SSB had similar numbers of anatomically docked vesicles, but in

both MSBs and SSBs, the presence of a mitochondrion was associated with
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Figure 2.1: Presynaptic boutons with mitochondria have more vesicles and
larger synapses than boutons without mitochondria in perfusion-fixed P15 hip-
pocampal area CA1. A) Represetative EMs and 3D reconstructions of single synap-
tic boutons (SSBs) and multisynaptic boutons (MSBs) with and without mitochondria.
On micrographs, red arrows indicate PSDs. Scale bars are .5 µm. Boutons (translucent
gray) were said to contain mitochondria (navy) if they came in contact with any reserve
vesicles (green). PSDs (red) with docked vesicles (blue) reconstructed in separate insets
(arrows). B) Of all boutons, 24% had more than one synapse (MSB) and 76% had one
synapse (SSB). Absolute numbers of each (white) are in corresponding bars which also in-
dicate the presence (black) or absence of a mitochondrion (gray). C) ΣPSD area tended
to be greater overall in MSBs than in SSBs (n = 180, F1, 178 = 9.82, p < 0.01) and in
SSBs with mitochondria than those without them. MSBs without mitochondria had more
ΣPSD area than SSBs without mitochondria, but the difference between MSBs and SSBs
did not reach significance when mitochondria were present (post-hoc Tukey p = 0.08). D)
The number of non-docked vesicles was significantly greater overall in MSBs than in SSBs
(n = 180, F1, 178 = 16.7, p < 0.001). Boutons with mitochondria had significantly more
non-docked vesicles when mitochondria were present (n = 180, F1, 178 = 30.8, p < 0.001)
whether they were SSBs or MSBs . E) The number of docked vesicles per PSD did not
differ between MSBs and SSBs (n = 177, F1, 175 = 0.26, p = 0.61), but boutons with mito-
chondria always had significantly more docked vesicles per PSD whether they were MSBs
or SSBs (n = 177, F1, 175 = 65.1, p < 0.001).

51



more docked vesicles per PSD (Figure 2.1E). Since bouton vesicle counts were

greater in both MSBs and SSBs in parallel with total PSD area, data from

MSBs and SSBs will be combined for all subsequent analyses, unless otherwise

specified.

2.3 Piecewise Regression: A Statistical Method for Us-
ing Mitochondrial Proximity to Identify Different
Populations of Presynaptic Boutons

While the diffusion of ATP in axons has been shown to be somewhat

limited (Rangaraju et al. 2014, Sun et al. 2013), for a diffusion coefficient of

530 µm2/s (Nicolay, Braun, De Graaf, Dijkhuizen & Kruiskamp 2001, de Graaf

et al. 2000), a front of ATP molecules could diffuse from a stationary mito-

chondrion to a synapse that is microns away within milliseconds. We therefore

wanted to determine whether there was any relationship between mitochon-

drial proximity, summed PSD area, and synaptic vesicle composition. We then

plotted ΣPSD area, non-docked vesicles, and docked vesicles per PSD against

the distance from each synapse to the nearest edge of the nearest mitochon-

drion(Figure 2.2). For multisynaptic boutons, the distance from whichever

synapse was closest to the nearest mitochondrion was recorded and plotted

against both ΣPSD area and the number of non-docked vesicles. Qualita-

tively, each scatter plot showed a wedge shape (Figures 2.3 A, C, and E),

which tends to occur when the relationship between a response variable and

an independent variable changes over the range of the independent variable.
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D3= 4.35 µm

D2=1.36 µm

D1a= 0.23 µm Dend= 5.32 µm

Figure 2.2: Mitochondrial distance measured in three dimensions. A) Three
neighboring presynaptic boutons located along the same axon (translucent gray). Bouton 1
has two postsynaptic partners (red, MSB), contains a mitochondrion (navy), 303 non-docked
vesicles (green) and 12 docked vesicles (blue, inset). Bouton 2 is located within 3 microns of
the nearest mitochondrion (D2, blue line), has 124 non-docked vesicles and 9 docked vesicles.
Bouton 3 is located more than 3 µm from the nearest mitochondrion (D3, green line), but
farther from the end of the reconstruction along which there were no mitochondria. Bouton
3 has 82 non-docked vesicles and 2 docked vesicles. Scale cube (dark grey) is 0.5 µm on
each side. B) Representative EM’s from each of the three boutons. The numbers in each
postsynaptic element match the 3DEM in A. PSDs (red arrows), non-docked vesicles (green
arrows), and docked vesicles (blue arrows). Scale bar = 0.5 µm.
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Piecewise linear regression, also known as segmented or threshold linear

regression, allows the independent variable to be partitioned into two ranges

at a breakpoint (c) so that different linear functions can be fitted to each range

in the following manner:

y =

{
a1x+ b1 if x ≤ c
a2x+ b2 if x > c

(2.1)

For the two lines to fit together seamlessly, the two equations must be

equal to each other at the breakpoint, so that

a1x+ b1 = a2x+ b2 if x = c (2.2)

As in most cases, all four parameters were unknown, so we used an it-

erative procedure called the Levenberg-Marquardt algorithm, which combines

the Gauss-Newton algorithm with the steepest-descent approach in order to

solve nonlinear least-squares problems (More 1978). We began with the fol-

lowing general model:

y = b1 + a1x+ a2(x− c)1(c,∞)(x) (2.3)

where

1(c,∞)(x) =

{
0 if x ≤ c
1 if x > c

(2.4)

In this equation, x was always Dm, c was always the value of Dm at

which the two lines converged, a1, b1, and a2 were all constants for slopes and
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intercepts, and y was either the number of docked vesicles, non-docked vesicles,

or ΣPSD area. Multiplying out the equation yields the following model:

y =

{
a1Dm + b1 if x ≤ c
(a1 + a2)Dm + b1 − a2c if x > c

(2.5)

For all three measured variables, the estimated breakpoints were ap-

proximately 3 µm with nearly complete overlap between the standard error

bars (see 2.3; see tables 2.1-2.3 for exact parameters). All of the lines fitted to

the left of the breakpoints had statistically significant correlation coefficients,

while none of the lines fitted to the right of the breakpoints had statistically

significant correlation coefficients (see 2.3 for exact equations, R-values, and

p-values). On all three scatterplots, the boutons plotted to the left of the

breakpoint could be separated into two distinct categories: boutons that con-

tained mitochondria and boutons with mitochondria outside of them but still

within 3 µm. We thus separated boutons into three categories (mito, Dm ≤ 3,

and Dm > 3) based on their proximity to mitochondria and used hnANOVA

to compare their total PSD areas, docked vesicles, and non-docked vesicles

across animals. Approximately a third of all analyzed boutons resided in each

category (33.5% mito, 30.8% Dm ≤ 3, 35.7% Dm > 3). Boutons with mi-

tochondria had significantly larger summed PSD areas, more docked vesicles

per synapse, and more non-docked vesicles than those without them (2.3 B,

D, F). Boutons that were within 3 µm of mitochondria, while significantly

smaller than those that contained mitochondria, still had larger summed PSD
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Mito Dm≤ 3 Dm> 3

F

yDm≤3=-66x+282

R=0.41, p<0.001

yDm>3=-7.7x+111

R=0.19, p=0.17

yDm≤3=-1.8x+7.0

R=0.38, p<0.001

yDm>3=-0.2x+2.1

R=0.19, p=0.17

yDm≤3=-.02x+0.1

R=0.28, p<0.01

yDm>3=-0.004x+0.06

R=0.27, p=0.057

Figure 2.3: Immature CA1 boutons in perfusion-fixed brain could be sepa-
rated into three distinct populations based on mitochondrial distance. A) Non-
docked vesicles versus mitochondrial distance in CA1 boutons from perfusion-fixed P15
hippocampus. Piecewise regression analysis revealed a statistically significant breakpoint
of 2.97 ± 0.67 µm (dashed line, gray shading; t(165) = 4.4, p < 0.001)), beyond which
vesicles are no longer correlated with Dm. B) Mean numbers of non-docked vesicles in bou-
tons with mitochondria inside, near (Dm ≤ 3µm), or far away from them (Dm > 3µm).
All three groups have significantly different numbers of vesicles (n = 177, F2, 175 = 46.3,
p < 0.001). C) Docked vesicles per PSD area versus mitochondrial distance. Breakpoint
(dashed line) is 3.06 ± 0.62 µm (t(161) = 4.92, p < 0.001). D) Mean numbers of docked
vesicles per PSD area in boutons with mitochondria, boutons near mitochondria, and bou-
tons far from mitochondria. All three groups had significantly different numbers of docked
vesicles (n = 183, F2, 181 = 55.0, p < 0.001). E) ΣPSD area vs mitochondrial distance.
Breakpoint is 3.02 ± 1.24 µm (t(165) = 2.44, p = 0.015). F) Mean ΣPSD area on boutons
with, near, or far from mitochondria. All three groups were significantly different from each
other (n = 175, F2, 175 = 19.6, p < 0.001).
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areas, more docked vesicles, and more non-docked vesicles than those with mi-

tochondria farther than 3 µm away (2.3B, D, F). For all subsequent analyses

in slice tissue, boutons were therefore categorized as containing mitochondria

(mito), within 3 µm of mitochondria (Dm ≤ 3), or farther than 3 µm from

mitochondria (Dm > 3).

2.3.1 Discussion

In this chapter, I demonstrated a relationship between mitochondrial

availability, synapse size, and vesicle clustering. Under baseline conditions,

boutons with mitochondria tend to have greater numbers of docked and reserve

vesicles regardless of their number of postsynaptic partners. Additionally,

synapse size and vesicle counts tend to decline in a non-linear manner as

the distance between boutons and mitochondria increases. Together, these

findings enable us to test hypotheses about the importance of mitochondrial

availability for expressing presynaptic structural plasticity following LTP.

Boutons that contain or are near mitochondria consistently have more

vesicles and larger synapses than those without mitochondria in our perfusion-

fixed tissue; this finding is in concurrence with findings from cultured neu-

rons (Li, Chen, Jones, Sanger, Collis, Flannery, McNay, Yu, Schwarzenbacher,

Bossy, Bossy-Wetzel, Bennett, Pypaert, Hickman, Smith, Hardwick & Jonas

2008, Lee & Peng 2008, Sapir, Frotscher, Levy, Mandelkow & Reiner 2012)

and adult amygdalar synapses (Ostroff, Cain, Jindal, Dar & Ledoux 2012).

Presynaptic mitochondria are critical for clustering of synaptic vesicles during
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development. Preventing mitochondrial ATP production in developing neuro-

muscular junctions inhibited the clustering of synaptic vesicles by inhibiting

actin polymerization (Lee & Peng 2008). In cultured hippocampal neurons,

blocking BCL-xl activity, which reduces mitochondrial distribution to axons,

reduces the number and sizes of presynaptic boutons (Li et al. 2008). Although

mitochondria enhance vesicle clustering in the developing neuromuscular junc-

tion, ATP binding by synapsinI actually has a negative effect on vesicle clus-

tering (Shulman et al. 2015) in cultured hippocampal neurons, even though

mitochondria tend to reside near larger boutons (Obashi & Okabe 2013). It is

thus difficult to determine from our observations whether mitochondria permit

boutons to accrue more vesicles or whether larger boutons are simply better

able to recruit mitochondria.

Previous Harris lab findings show that by two hours after the induc-

tion of theta burst stimulation (TBS) LTP, the number of reserve (non-docked)

vesicles per bouton is reduced in adult slices (Bourne et al. 2013), implying

continual mobilization of reserve pool vesicles during LTP. In the neuromuscu-

lar junction, mitochondrial ATP is required for reserve pool vesicle mobiliza-

tion during intense synaptic activity (Verstreken, Ly, Venken, Koh, Zhou &

Bellen 2005); it is thus possible that only boutons that contain mitochondria

lose their reserve vesicles after LTP. If the nearest mitochondrion is within

three microns, however, diffusion of ATP or trafficking of mitochondria can

occur within milliseconds (de Graaf et al. 2000, Overly et al. 1996, Hollenbeck

& Saxton 2005, Chang & Reynolds 2006), so it is also possible that all bou-
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tons within three microns of mitochondria lose their reserve vesicles. It is also

entirely possible that efficient trafficking of mitochondria and activity-driven

glycolysis (Rangaraju et al. 2014) allow all boutons to either share or compen-

sate for the absence of mitochondria; if this is the case, then all boutons should

be similarly capable of expressing LTP-induced structural plasticity regardless

of mitochondrial availability. To distinguish between these three possibilities,

we will test whether boutons belonging to each of the three groups we estab-

lished in this chapter’s analyses behave similarly following TBS-LTP.

Parameter Estimate Lo Conf Up Conf Std t-value p-value
Limit Limit Error df=165

Constant 0.095 0.083 0.11 0.006 15.0 < 0.001
Slope1 -0.015 -0.024 -0.00068 0.0044 -3.52 0.00057
Slope2 0.011 -0.0026 0.025 0.0069 1.60 0.11
Breakpoint 3.02 0.58 5.46 1.24 2.44 0.016

Table 2.1: Parameter Estimates for ΣPSD Area vs Dm.
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Parameter Estimate Lo Conf Up Conf Std t-value p-value
Limit Limit Error df=165

Constant 282.3 248.2 316.3 17.3 16.4 < 0.001
Slope1 -65.6 -88.0 -43.2 11.4 -5.78 < 0.001
Slope2 57.9 16.3 99.5 21.1 2.75 0.0066
Breakpoint 2.97 1.63 4.30 0.67 4.40 0.00002

Table 2.2: Parameter Estimates for non-docked vesicles vs Dm.

Parameter Estimate Lo Conf Up Conf Std t-value p-value
Limit Limit Error df=165

Constant 7.04 6.17 7.9 0.44 16.0 < 0.001
Slope1 -1.79 -2.38 -1.19 0.30 -5.99 < 0.001
Slope2 1.61 0.57 2.64 0.53 3.05 0.0026
Breakpoint 3.06 1.83 4.28 0.62 4.92 0.000002

Table 2.3: Parameter Estimates for docked vesicles vs Dm.
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Chapter 3

Mitochondrial Availability Predicts

Presynaptic Structural Plasticity in

Developing and Adult Hippocampus

Long-term potentiation (LTP), a cellular model of learning and mem-

ory, engages both presynaptic (Zakharenko et al. 2001, Bayazitov et al. 2007,

Huang et al. 2005, Enoki et al. 2009, Ratnayaka et al. 2012) and postsynaptic

(Huganir & Nicoll 2013, Hill & Zito 2013, Arendt, Zhang, Jurado, Malenka,

Südhof & Chen 2015) mechanisms, but little is known about whether the rel-

ative contributions of each change throughout postnatal development. LTP-

induced changes in postsynaptic structure have already been well characterized

by 3DEM. In adult hippocampal slices, test pulse stimulation initially causes

elimination of small spine synapses that gradually return to perfusion-fixed

levels by two hours after the onset of stimulation (3.1C) (Bell et al. 2014).

LTP prevents small spines from forming while causing pre-existing spines to

grow larger (3.1A). In contrast, test pulse stimulation causes elimination of

small spines in P15 slices; TBS-LTP both stabilizes pre-existing small spine

synapses and allows additional spines to form so that spine density is increased

relative to perfusion-fixed levels 3.1. What happens to the presynaptic part-

ners of these labile spines over the time course of LTP? As expected, prevention
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Figure 3.1: LTP-induced changes in dendritic structure in adult and P15 Long-
Evans rats. A) 3D reconstructions of average dendrites from 2 hour control and LTP
conditions in adult slices. Spine density was reduced in LTP dendrites relative to their
controls, but remaining dendrites were enlarged so that total synaptic area was conserved.
(Bourne & Harris 2011). B) At 5 and 30 minutes (combined), spine densities were lower on
average than in perfusion-fixed levels; by 2 hours, spine densities had returned to perfusion-
fixed levels. Small spines, which had head diameters less than 0.45 µm, were the only spines
that underwent any change in density between 5 minutes and two hours. Large spines
(head diameter ≥ 0.45 µm) underwent no change in density between 5 and 30 minutes.
(Bell et al. 2014). C) 3D reconstructions of dendrites whose spine densities were in the
50th percentile from 2 hour control and LTP conditions in P15 slices. Spine density had
nearly doubled in LTP dendrites relative to control levels due to preservation of smaller
spine synapses, which lead to an increase in total synaptic area. (D. Watson and K. Harris,
in preparation). D) While there is no change in spine density at 5 or 30 minutes, by 2
hours, control dendrites have significantly reduced spine density relative to perfusion-fixed
dendrites. Under LTP conditions, spine density is increased relative to perfusion-fixed levels
by 30 minutes; this increase is maintained for at least 2 hours after TBS onset. (D. Watson
and K. Harris, in prep.)

of small spine formation by LTP also prevents the formation of single synaptic

boutons in adult slices (Bourne et al. 2013). Since spinogenesis occurs follow-

ing LTP in P15 slices, we expected the frequency of single synaptic boutons

to increase accordingly. We tested this hypothesis by comparing LTP levels of

bouton density to control and perfusion-fixed levels.
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Enduring LTP is supported by a gradual (Bayazitov et al. 2007) and

long-lasting (Johnstone & Raymond 2011, Ratnayaka et al. 2012) increase in

the rate of synaptic vesicle turnover. Many steps of the synaptic vesicle cycle,

including reserve pool vesicle mobilization (Verstreken et al. 2005), priming

(Yao & Bajjalieh 2008), and recycling (Rangaraju et al. 2014) require ATP.

Given that mitochondria produce 93% of neuronal ATP (Harris et al. 2012),

it is somewhat surprising that more than half of adult hippocampal boutons

have been found to lack mitochondria (Shepherd & Harris 1998). Glycolysis

provides a sufficient amount of ATP to support synaptic function under resting

conditions, but reserve pool vesicle mobilization requires mitochondrial ATP

at the neuromuscular junction (Verstreken et al. 2005) and vesicle release prob-

ability correlates well with mitochondrial availability in cultured hippocampal

neurons (Sun et al. 2013). Although mitochondria may therefore be necessary

to support LTP-related enhancements in synaptic vesicle mobilization, bou-

tons without mitochondria could potentially compensate via activity-driven

glycolysis (Rangaraju et al. 2014). To distinguish between these possibilities,

we used 3DEM to track changes in synaptic vesicle composition following LTP

in boutons with mitochondria in, near, or far away from them in acute slices

from P15 and adult animals.
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3.1 Materials and Methods: Acute Slice Electrophys-
iology and Rapid Microwave Fixation in Juvenile
and Adult Hippocampus

3.1.1 Acute Slice Physiology

Acute hippocampal slices were prepared from male P15 Long-Evans

rats (n = 7) and compared to identically prepared adult slices (ages P55-

P70) from previously published material (Bourne & Harris 2011, Bourne et al.

2013, Bell et al. 2014). Hippocampal slices (400 µm) were prepared from the

left hippocampus (Stoelting Co., Wood Dale, IL), 70◦ from the long axis, at

room temperature ( 25◦C) and immediately placed in normal ACSF (117 mM

NaCl, 5.3 mM KCL, 26 mM NaHCO3, 1 mM NaH2PO4, 2.5 mM CaCl2, 1.3

mM MgSO4, and 10 mM glucose, pH 7.4) bubbled with carbogen (95% O2,

5% CO2). Slices were transferred to a static-pool interface chamber on sup-

porting nets at the interface between warmed ACSF and humidified carbogen.

This entire slice preparation was completed within 4-5 minutes. Slices were

then recovered for 2.5 hours before two concentric bipolar stimulating elec-

trodes (diameter 100 µm, Fredrick Haer, Brunswick, ME) were lowered into

the middle of stratum radiatum in area CA1 at a separation of at least 600

µm 3.2, which insured stimulation of independent axon populations (Sorra &

Harris 1998, Ostroff, Fiala, Allwardt & Harris 2002, Bourne & Harris 2011).

A glass recording pipette filled with 120 mM NaCl was placed in between the

two stimulating electrodes, approximately 300 µm from each.

Custom-designed Igor software (Wavemetrics, Lake Oswego, OR) was
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used to administer stimulation protocols and acquire data. The initial slopes of

the extracellular field excitatory post-synaptic potentials (fEPSP) were mea-

sured, and the stimulus intensity required to evoke an approximately half-

maximal fEPSP was determined at the beginning of each experiment. Then

100 µs test pulses were presented once every two minutes for thirty-forty min-

utes. Theta burst stimulation (TBS; 8 trains of ten bursts at 5 Hz of four

pulses at 100 Hz delivered 30 seconds apart) was delivered to one electrode.

Then test pulses were alternated between the TBS and control stimulating

electrodes and responses were monitored for 5 minutes (n = 2), 30 minutes

(n = 3), or 120 minutes (n = 2) after the onset of TBS 3.2. At the end of each

experiment, slices were rapidly fixed via microwave-enhanced fixation (Jensen

& Harris 1989). Briefly, slices on nets are placed in fixative (6% glutaralde-

hyde and 2% paraformaldehyde in 100 mM cacodylate buffer) and microwaved

for 10 seconds to enhance penetration of fixative into the middle of the slice.

Slices are kept overnight in the same fixative prior to processing.

3.1.2 Processing and Imaging for 3DEM

On the day following the experiment, slices were gently removed from

their nets with a paintbrush and rinsed in 100 mM cacodylate buffer three

times for ten minutes each. Slices were then embedded in 7% low melting

temperature agarose before being trimmed to the region surrounding the two

stimulating electrodes and cut into 70 µm thick slices using a vibratome (Le-

ica VT 1000S, Leica, Nusslock, Germany). Once the vibraslices containing
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Figure 3.2: LTP in P15 acute hippocampal slices. A) P15 slice in interface chamber.
Recording electrode (R) between two stimulating electrodes (S1 and S2) separated by more
than 600 m. Rectangles indicate the regions from which tissue was sampled. Theta burst
stimulation paradigm illustrated on the right. B) LTP expression in P15 slices. Arrows
indicate times at which tissue was fixed.

indentations from the stimulating electrodes were located, they and the two

vibraslices immediately adjacent to them were collected and processed in 1%

OsO4 and potassium ferrocyanide for ten minutes. After being rinsed five

times in 100 mM cacodylate buffer and two times in water (5 minutes each),

vibraslices were immersed in 1% OsO4 and microwaved (1 min on, 1 min off,

1 min on) twice with a cooling down period in between. Slices were then

dehydrated through a series of graded ethanols (50%, 70%, 90%, 100%) with

2% uranyl acetate, and microwaved for 40 seconds at each concentration be-

fore being infiltrated at room temperature with propylene oxide and LX-112
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overnight. After being embedded in LX-112 resin, they were cured for 48 hours

at 60circC, according to our standard protocol (Kuwajima et al. 2013).

Once the slices were cured, a small trapezoid was trimmed in the middle

of stratum radiatum approximately 150-200 µm from the air surface within

about 100 µm of the stimulating electrode. Series of 100-200 ultrathin sections

(setting 45-50 nm) were prepared (Ultracut, Leica, Deerfield, IL) and placed

on pioloform-coated slot grids (Synaptek, Ted Pella) and then post-stained

with saturated aqueous uranyl acetate followed by Reynolds lead citrate for 5

minutes each. Sections were dried overnight, and then imaged on a JEOL 1230

transmission electron microscope and photographed with a Gatan camera at

5000X magnification. Each series was assigned a code of five random letters so

that data collection and analysis was done blind as to experimental condition.

3.1.3 Bouton Sampling and Types of Boutons

In order to examine the presynaptic component of the hippocampal net-

work reorganization that occurs within two hours of TBS onset, we compared

the frequency of boutons between volumes of tissue from perfusion-fixed, con-

trol, and LTP conditions. We counted a total of 546 boutons across conditions

(perf: n = 173, 2-hour Con: n = 165, 2-hour LTP: n = 208) and categorized

them by the presence of mitochondria and number of synapses per bouton.

Boutons with one synapse were categorized as single synaptic boutons (SSBs,

3.3A), boutons with more than one as multisynaptic boutons (MSBs, 3.3B),

and boutons without synapses as nonsynaptic boutons (NSBs, 3.3C).
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Boutons included in analyses of vesicle composition were the presy-

naptic partners of dendrites from previously analyzed material ((Bourne &

Harris 2011, Bourne et al. 2013) D. Watson, in preparation). As in the stud-

ies of perfusion-fixed boutons I described in the previous chapter, docked and

non-docked vesicles were counted and analyzed separately. In all but the 30

minute adult slices, the distance from each bouton to the nearest mitochon-

drion and the nearest edge of the axon segment were both measured. Boutons

farther than 3 microns from mitochondria were only included if the distance

to the nearest end was also more than 3 microns.

3.1.4 Statistical Analyses

All statistical analyses were performed using STATISTICA (StatSoft,

Tulsa, OK) software. Differences in the frequencies of multiple, single, and

nonsynaptic boutons across conditions were analyzed via nested hierarchical

ANOVA. LTP-associated differences in the numbers of vesicles, and ΣPSD

area were also evaluated using hierarchichal nested ANOVA. Categorical com-

parisons between P15 and adult boutons from 2-hour slices were performed

using the chi-square test for independence. As in the studies of perfusion-fixed

boutons, skewed data such as vesicle counts were log transformed prior to

ANOVAs but plotted as raw means ± the standard error of the mean for ease

of interpretation. In ANCOVAs, raw data were both plotted and analyzed.

68
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MSBB

NSBC

Figure 3.3: Bouton types in hippocampal slices. Example micrographs (left) and
reconstructions (right) of hippocampal boutons from 2 hour control tissue. On the recon-
structions, PSDs are red, plasma membrane is gray, and reserve vesicles are green. A)
Single synaptic boutons (SSBs) have one synapse. B) Multisynaptic boutons (MSBs) have
more than one synapse. Many of them also contain mitochondria (navy). C) Nonsynaptic
boutons (NSBs) are collections of small, clear vesicles that lack synapses.

3.2 Results

3.2.1 LTP-Induced Changes in Bouton Connectivity in P15 and
Adult Slices

At P15, LTP both prevents test pulse-induced spine elimination and

induces the formation of additional small spine synapses. We wanted to know

which boutons were being eliminated under control conditions, and we also

wanted to know whether additional spinogenesis occurred on new or pre-
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existing boutons. To answer these questions, we compared the frequencies

of single, multi-, and nonsynaptic boutons across unbiased volumes (or bricks,

(Fiala & Harris 2001)) sampled from perfusion-fixed brains and 2-hour slices.

We laid two bricks consisting of 3.5 x 3.5 µm sampling frames placed

over 50 serial sections on each series (n = 2 series per condition). Each sam-

pling frame consisted of two red exclusion lines and two green inclusion lines

(3.4). Boutons that touched the exclusion lines or the last section were ex-

cluded from our counts, which prevented us from double-counting any boutons

that could have spanned the distance between both bricks. Bouton frequencies

were calculated by dividing the total number of boutons from each category

by the total brick volume.

Under control conditions, SSBs were significantly reduced compared to

perfusion-fixed levels, suggesting that they were the presynaptic partners of

the eliminated spines (3.3B). MSBs and NSBs were both unchanged by con-

trol stimulation, which suggests that when SSBs were eliminated, they were

completely disassembled. Under LTP conditions, SSBs, while increased rela-

tive to controls, were no different than perfusion-fixed levels (3.4B). LTP not

only maintained SSBs but also increased the frequency of MSBs relative to

both control and perfusion-fixed levels. The frequency of NSBs remained sta-

ble across time points (3.4B). To determine whether increased mitochondrial

biogenesis was needed to prevent boutons from being eliminated, we looked at

the relative proportions of SSBs, MSBs, and NSBs with mitochondria across

conditions. Regardless of condition, 20-30% of SSBs, 30-40% of MSBs, and 15-
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20% of NSBs contained mitochondria, suggesting that increasing the number

of mitochondria is not necessary for preventing test pulse-induced loss of SSBs

(3.4C). Together, these results suggest that at P15, SSBs are the presynaptic

partners of spines eliminated over the course of test pulse stimulation. LTP

maintains these synapses and promotes the additional formation of synapses

on pre-existing boutons.

3.2.2 LTP-Induced Loss of Docked Vesicles at 30 Minutes and Loss
of Reserve Vesicles at 2 Hours post-TBS Occurs Only in Bou-
tons that Contain Mitochondria at P15

In perfusion-fixed P15 rat hippocampus, as the distance between bou-

tons and mitochondria increases, their numbers of docked and non-docked

vesicles decline in a non-linear manner. We used this relationship to divide

boutons into three distinct groups so that we could determine whether bou-

tons needed to contain mitochondria in order to undergo plasticity or if it

was sufficient to merely have one nearby. To test our hypotheses about the

importance of mitochondria for presynaptic structural plasticity in developing

hippocampus, we prepared acute slices from P15 male Long-Evans rats, placed

two stimulating electrodes on either side of a recording electrode in the middle

of stratum radiatum, and delivered TBS to one electrode and test pulses to

the other (3.2A). Slices were fixed, and tissue was collected from immediately

around the electrodes at 5, 30,(3.2A) or 120 minutes (3.2B) after the onset

of TBS so that series could be prepared for 3DEM.

We examined a total of 799 boutons across all time-points and condi-

71



1.0 µm

SSB

MSB

NSB

A

B C

Figure 3.4: LTP returns single synaptic boutons to perfusion-fixed levels and
increases multisynaptic boutons. A) Left: Single 3.5 x3.5 µm sampling frame from
2-hour control tissue. Boutons that touch the red line are excluded from the analyses while
those that touch the green line are included in each brick. SSBs (teal), MSBs (purple), and
NSBs (peach) are labeled with open circles. Scale bar is 1 µm Right: 3D reconstruction
of all sampling frames in the same brick. B) Boutons per cubic micrometer of neuropil in
P15 perfusion-fixed and 2-hour slice tissue. Under control conditions, SSBs were reduced
in frequency compared to perfusion-fixed levels by 2 hours post-TBS, but LTP maintained
their frequency at perfusion-fixed levels (F1,6 = 14.6, p = 0.0087). MSBs were increased
in LTP tissue both relative to control and perfusion-fixed levels (F1,6 = 10.1, p = 0.012).
There was no change in the frequency of NSBs from control or TBS stimulation (F1,6 = 0.32,
p = 0.59). C) Proportion of SSBs, MSBs, and NSBs that contained mitochondria across
conditions were unchanged (SSBs: χ2(2) = 2.45, p = 0.29; MSBs: χ2(2) = 0.38, p = 0.83;
NSBs: χ2(2) = 1.29, p = 0.52).

tions (see 3.6 for specific numbers of control and LTP boutons at each time-

point). For each bouton, we counted docked and non-docked vesicles and

measured Dm, much as we did for perfusion-fixed boutons. The same three

bouton categories we identified according to mitochondrial proximity were well
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Figure 3.5: P15 Slice boutons have similar composition to perfusion-fixed
boutons. Representative 3-D reconstructions of CA1 axons (gray) including PSDs (red),
non-docked vesicles (green) and mitochondria (navy). Each axon has one bouton that
contains a mitochondrion (1), a bouton within 3 /mum of a mitochondrion (2), and a bouton
farther than 3 µm from a mitochondrion (3). Below each reconstruction are representative
EM’s of each bouton with corresponding numbers in the bottom center. Red arrows indicate
PSDs. Scale cube (dark gray) 0.5 µm on each side. Scale bars 0.5 µm long.

represented in all of the slice conditions we evaluated 3.5. The proportions of

boutons that fell into each category were similar across conditions and time

points 3.6.
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Figure 3.6: Composition of CA1 boutons is similar across all conditions and
timepoints at P15. Proportions of boutons with mitochondria inside, within 3 µm, or
farther than 3 µm from them by condition and time point. Neither time in vitro (χ2(6) =
5.35, p = 0.50) nor LTP (5 min: χ2(2) = 2.14, p = 0.34; 30 min: χ2(2) = 4.39, p = 0.11;
120 min: χ2(2) = 5.15, p = 0.076) had any effect on the relative frequency of boutons in
each category.

In the previous section, I demonstrated that LTP both stabilizes sin-

gle synaptic boutons and adds additional small spine synapses to pre-existing

boutons. In order to make sure changes in vesicle composition did not simply

occur because small boutons were stabilized, I compared numbers of docked

and non-docked vesicles in LTP boutons both to their own controls and to

perfusion-fixed levels. Like perfusion-fixed boutons, control boutons with mi-

tochondria contained more docked (3.7B-D) and non-docked (3.7E-G) vesicles

than boutons without mitochondria at all time points following TBS. There

were no LTP-related effects on presynaptic ultrastructure until thirty minutes

after the onset of TBS, at which point boutons that contained mitochondria

experienced a significant decrease in the number of docked vesicles per synapse

(3.7C), which extended to include all boutons within three microns of mito-

chondria by two hours post-TBS (3.7D). There was no change in the number of

non-docked vesicles until two hours following the onset of TBS, when boutons
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that contained mitochondria experienced a decrease in the number of vesi-

cles (3.7G) both relative to control and perfusion-fixed levels. No change in

non-docked vesicles occurred without mitochondria; thus, we reason that mi-

tochondria are required for the continual mobilization of reserve pool vesicles

following LTP.

At P15, LTP stabilizes and induces the formation of small spine synapses

that tend to have small PSD areas. Both docked and non-docked vesicles tend

to be well correlated with PSD area (Lisman & Harris 1993), so we were still

somewhat hesitant to attribute the decrease in vesicles to an increase in vesicle

release rather than the stabilization of small synapses. We used analyses of co-

variance to characterize changes in vesicle composition in terms of changes in

PSD area, reasoning that a change in slope would indicate that changes in vesi-

cle pools outstripped changes in PSD area. Although the correlation between

docked vesicles and synapse size remained strong under all conditions, the

density of docked vesicles dropped precipitously in boutons with mitochondria

by 30 minutes after the onset of LTP (3.8A). Non-docked vesicle density had

also decreased modestly in boutons with mitochondria by 30 minutes (3.8C),

which suggests that increased reserve pool vesicle mobilization may begin as

early as 30 minutes after the onset of LTP. No changes in either vesicle pool

occurred in boutons without mitochondria (3.8B, D).

By two hours after the onset of LTP, the density of docked vesicles

remains decreased in boutons with mitochondria. The number of docked vesi-

cles per synapse drops at both large and small synapses so that the correla-
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Figure 3.7: Boutons with mitochondria in them lose docked vesicles by 30
minutes and non-docked vesicles by 120 minutes, while boutons without mito-
chondria do not. A) Representative 3D reconstructions of PSDs (red), docked vesicles
(blue) and non-docked vesicles (green) at each time point. Mitochondria (navy) are recon-
structed in the vesicle clusters that contain them. The number of vesicles is in the top left
corner of each box. PSDs with docked vesicles are reconstructed at insets on the bottom right
corner of each box. B) 5 minute control boutons have more docked vesicles (DSSV) when
mitochondria are present (F2,94 = 20.3.6,p < 0.001), but docked vesicles remain stable fol-
lowing LTP. F) At 30 minutes, control boutons with mitochondria have more docked vesicles
(F2,91 = 10.9, p < 0.001). LTP boutons with mitochonria undergo a significant reduction
in docked vesicles compared to control and perfusion-fixed levels (F1,138 = 13.7, p < 0.001),
but no change occurs in boutons without mitochondria. G) At 2 hours when Dm ≤ 3,
boutons have more docked vesicles in controls (F2,63 = 4.27, p = 0.018). Boutons with mi-
tochondria experience a significant reduction in docked vesicles (F1,106 = 13.9, p < 0.001),
and so do boutons within three microns of mitochondria (F1,102 = 9.06, p < 0.01). H) At
5 min, control boutons with mitochondria have more non-docked vesicles (F2,126 = 14.7,
p < 0.01), but there are no LTP effects. I) At 30 minutes, control boutons with mito-
chondria have more vesicles than those without them (F2,132 = 10.1, p < 0.001), but there
are no LTP effects. J) At 2 hours, control boutons with mitochondria have more vesicles
(F2,81 = 6.93, p < 0.01). Under LTP conditions, boutons with mitochondria undergo a
significant reduction in non-docked vesicles compared to both control and perfusion-fixed
levels (F1,122 = 20.2, p < 0.001).

tion between docked vesicles and synapse size is rendered insignificant (3.9A).

When mitochondria are not present, the number of docked vesicles at large
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synapses remains unchanged, which preserves the slope of the relationship

between docked vesicle and PSD area (3.9B). This likely means that the de-

crease in the mean number of vesicles docked to synapses within three microns

of mitochondria I detected at the two hour time point (3.7D) was due to the

preservation of small synapses. Reserve vesicle density also decreases only at

boutons with mitochondria (3.9C), while the number of reserve vesicles per

summed PSD area remains preserved in boutons without mitochondria (3.9D).

It thus seems as though large boutons only mobilize their vesicle reserves after

LTP if they contain mitochondria. The number of small synapses with few

vesicles, seen as data points clustered in the lower left regions of the scatter

plots in figures 3.9 C-D, appears to increase both on axonal regions with and

without mitochondria. Synapse preservation and formation thus appears to

occur without preference for presynaptic mitochondrial availability. Together,

I interpret these results to mean that the decrease in the mean number of

reserve vesicles in boutons with mitochondria detected at two hours (3.7G)

is due to both preservation of small synapses and increased vesicle release at

large synapses.

3.2.3 LTP-Induced Loss of Reserve Pool Vesicles at 2 Hours Post-
TBS Requires Mitochondria in Adults, but Docked Vesicle
Loss 30 Min Post-TBS Does Not.

In order to investigate whether presynaptic structural plasticity in adult

slices also depends on mitochondrial proximity, we measured Dm for each

boutons from the two hour time point previously analyzed and published by
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Figure 3.8: Vesicle density decreases by 30 minutes only when mitochondria
are present. A-B) Docked vesicles (DSSV) vs PSD area in boutons with (A) and without
(B) mitochondria 30 minutes after the onset of LTP. Although the correlation between
docked vesicles and PSD area remains significant, the number of docked vesicles per squared
micrometer of PSD area drops off precipitously in boutons with mitochondria (F1,81 = 61.4,
p < 0.001). No change in docked vesicle density occurs in boutons without mitochondria
(F1,169 = 2.64, p = 0.11). C-D) Non-docked vesicles (NDSSV) vs ΣPSD area in boutons
with (C) and without (D) mitochondria 30 minutes after the onset of LTP. Although the
correlation between non-docked vesicles and ΣPSD area remains significant, the number of
non-docked vesicles per squared micrometer of PSD area drops significantly in boutons with
mitochondria (F1,108 = 5.03, p = 0.021). No change in docked vesicle density occurs in
boutons without mitochondria (F1,227 = 0.17, p = 0.69).

Bourne and Chirillo (2013) and reanalyzed them in terms of the same cat-

egories established in perfusion-fixed P15 boutons. While boutons from all

three categories were clearly represented in adult slices (3.10A), boutons with

mitochondria presented with significantly higher frequency in adult boutons

than in P15 boutons under both control and LTP conditions (3.10C). We also

wanted to investigate whether MSBs and SSBs differed in frequency between

P15 and adult slices, in order to determine whether MSBs should be treated

separately. While MSBs did occur with more frequency in adult than in P15
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Figure 3.9: Continued vesicle mobilization at two hours after the onset of
LTP requires mitochondria. A-B) Docked vesicles vs PSD area in boutons with (A) and
without (B) mitochondria 120 minutes after the onset of LTP. In boutons with mitochondria,
the correlation between docked vesicles and PSD area completely breaks down. Docked
vesicle density remains significantly decreased in boutons with mitochondria (F1,44 = 12.4,
p < 0.001) but undergoes no change in boutons without mitochondria (F1,116 = 0.41,
p = 0.53). C-D) Non-docked vesicles vs PSD area in boutons with (C) and without (D)
mitochondria 120 minutes after the onset of LTP. The decrease in non-docked vesicles is
pronounced in boutons with mitochondria (F1,63 = 7.84, p = 0.007) but non-existant in
boutons without mitochondria (F1,169 = 1.71, p = 0.20).
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Figure 3.10: P15 and adult boutons differ in mitochondrial availability. A-
B) 3-D reconstruction and EM’s from adult 120 minute control and TBS axon segments.
Scale cubes are 0.5 microns on each side, and scale bars on EM’s are 0.5 microns long. C)
In both control and LTP conditions, boutons from adult slices are more likely to contain
mitochondria than adults from P15 slices (Control: χ2(2) = 19.6, p < 0.001; TBS: χ2(2) =
43.9, p < 0.001), but all bouton categories were equally represented in control and LTP
conditions at each age (P15: see 3.6), Adult: χ2(2) = 2.98, p = 0.23). D) MSBs are present
at greater frequency in adult than P15 slices under TBS conditions (χ2(1) = 4.03, p = 0.04),
but this difference does not reach significance under control conditions (chi2(1) = 1.78,
p = 0.19).

TBS tissue, there was no statistically significant difference in the relative fre-

quency of SSBs and MSBs among P15 and adult controls (3.10D). As with

P15 slices, MSBs and SSBs will be pooled together in analyses of adult slices.

Next, we wanted to investigate whether mitochondrial availability pre-

dicted presynaptic structural plasticity in adults as it had at P15. As was the

case in P15 slice boutons, adult control boutons had significantly more docked
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vesicles per synapse (3.11C) and more non-docked vesicles (3.11E) when they

contained mitochondria. Two hours post, TBS, there were no LTP-associated

changes in the number of docked vesicles per synapse(3.11C), but there was

a statistically significant decrease in the number of non-docked vesicles that

was specific to boutons that contained mitochondria (3.11E). These findings

suggest that like in P15 slices, boutons in adult slices require mitochondria to

mobilize reserve vesicles throughout LTP.

Previous 3DEM findings demonstrate that LTP induces a loss of docked

vesicles in adult as well as P15 boutons (Bell et al. 2014). To determine

whether early LTP-related docked vesicle release requires mitochondria in

adults as it does at P15 (3.7C), I ran post-hoc two-way ANOVAs on docked

and non-docked vesicles per bouton using experimental condition as one factor

and mitochondrial availability as the other. Since most LTP-induced changes

in vesicle composition were restricted to boutons with mitochondria at both

ages, I did not attempt do distinguish between boutons near and far away

from mitochondria in this post-hoc analysis. As is generally the case for all

slice and perfusion-fixed tissue from both ages, boutons with mitochondria

have more docked and non-docked vesicles than those that lack them in 30

minute adult slices (3.11B, D). Surprisingly, unlike at P15, adult boutons

underwent a signficant loss of docked vesicles whether or not they had mi-

tochondria (3.11B). Although boutons with mitochondria have fewer reserve

vesicles following LTP in 30 minute adult slices, this difference failed to reach

statistical significance (3.11D). I interpret these findings to mean that either
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anaerobic glycolysis become efficient enough to fuel priming and recycling of

readily releasable vesicles or that these processes occur independently of ATP

in adults.

In order to more fully characterize LTP-induced vesicle loss, I re-analyzed

the 30 minute and two hour vesicle data using PSD area as a covariate as I

did for the P15 boutons. Thirty minutes after the onset of TBS, the docked

vesicle finding appears very much as it did without including PSD area as a

covariate. The number of docked vesicles per squared micron of PSD area

appears to decrease with or without a mitochondrion (3.12A, B). Due to the

small sample size and presence of an outlying data point in the 30 minute

control boutons without mitochondria (3.12B), I initially questioned whether

a statistically significant ANCOVA was meaningful. I also felt leery of the

hnANOVA results, so I re-ran both analyses without the offending data point.

Both the ANCOVA (F1,56 = 16.0, p = 0.0002)and the hnANOVA (F1,53 = 10.8,

p = 0.0017) were still statistically significant when I re-ran them without the

outlying data point, however, so I feel fairly certain that neither result stemmed

from that particular outlier. For boutons with mitochondria, ANCOVA also

brought the decrease in non-docked vesicles into significance (3.12C), which

suggests that reserve vesicles may be mobilized as early as 30 minutes. No

change occurred in non-docked vesicles without mitochondria at 30 minutes

(3.12D).

By the two hour time point, LTP causes PSD enlargement in adults.

This makes interpreting ANCOVAs somewhat muddy. As expected, the num-
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Figure 3.11: In adults, docked vesicle release at 30 minutes post-TBS does
not require mitochondria, but reserve vesicle mobilization at 2 hours does. A)
Representative adult boutons with and without mitochondria. B)Docked small synaptic
vesicles (DSSV) in adult control and TBS boutons 30 minutes after the onset of TBS.
Overall, combined control and TBS boutons have more docked vesicles when mitochondria
are present (n = 137, F1,133 = 11.7, p < 0.001). LTP boutons have fewer docked vesicles
than controls whether or not mitochondria are present (n = 137, F1,133 = 23.9,p < 0.001).
C) Two hours post-TBS, under control conditions, boutons with mitochondria have more
docked vesicles per synapse than those that lack mitochondria (n = 227, F2,415 = 14.5,
p < 0.001). There are no LTP-related effects on docked vesicles regardless of mitochondrial
availability (n = 417, LTP: F 1, 415 = 0.56, p = 0.45; Int: F2,415 = 1.32, p = 0.27). D)
Non-docked vesicles (NDSSV) in adult boutons 30 minutes post-TBS. Overall, combined
control and TBS boutons have marginally more non-docked vesicles when mitochondria
are present C(n = 108, F1,106 = 2.05, p = 0.066); there is no LTP-related effect on non-
docked vesicles regardless of mitochondrial presence (LTP: F1,104 = 0.79, p = 0.39; Int:
F1,104 = 0.64, p = 0.43). E) Under control conditions, boutons with mitochondria contain
more non-docked vesicles (n = 517, F1,512 = 60.5, p < 0.001). Overall, 2-hr TBS boutons
have significantly fewer non-docked vesicles than control boutons (LTP: F1,512 = 13.34,
p = 0.00028; Int: F1,512 = 2.27, p = 0.10), but this loss of vesicles only occurs in boutons
that contain mitochondria.
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ber of docked and non-docked vesicles per squared micron of PSD area decrease

when mitochondria are present (3.13 A, C). ANCOVA also reveals a change

in the relationship between the number of vesicles and the total amount of

PSD area in boutons without mitochondria, but a careful look at the scatter

plot shows that it is more likely to be due to enlargement of synapses than an

actual decrease in vesicles (3.13B,D). It thus seems that while mobilization

of reserve pool vesicles depends heavily on presynaptic mitochondria, LTP-

induced synapse enlargement in adults does not.

3.3 Discussion

The studies described in this chapter thoroughly characterize develop-

mental LTP-related changes in presynaptic ultrastructure. At P15, by thirty

minutes after the onset of LTP, boutons that contain mitochondria lose their

docked vesicles. This increase in vesicle release both stabilizes and induces

additional formation of small spine synapses, resulting in increased levels of

single and multisynaptic boutons by two hours. By two hours after the onset

of LTP, both docked and reserve vesicles are reduced in boutons with but not

without mitochondria. This decrease in vesicles is still apparent even when I

control for the stabilization of small synapses, so it is likely due to increased

vesicle release as well as a relative increase in the number of small boutons.

No change in vesicle number or density occurs without mitochondria, which

implies that at P15, boutons without mitochondria are essentially incapable

of supporting LTP. In adult hippocampus, a greater proportion of boutons
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Figure 3.12: In adults, docked vesicles drop at 30 minutes with or without
mitochondria, but decrease in non-docked vesicles resures mitochondria. A-B)
Docked vesicles (DSSV) vs PSD area in boutons with (A) and without (B) mitochondria 30
minutes after the onset of LTP. Although the correlation between docked vesicles and PSD
area remains significant, the number of docked vesicles per squared micrometer of PSD
area drops significantly in boutons with mitochondria (F1,73 = 6.57, p = 0.012). Unlike
juvenile boutons, adult boutons without mitochondria also lose docked vesicles (F1,57 =
12.58, p = 0.0007). (Note: potentially worrisome outlier indicated with arrow) C-D) Non-
docked vesicles (NDSSV) vs ΣPSD area in boutons with (C) and without (D) mitochondria
30 minutes after the onset of LTP. Although the correlation between non-docked vesicles and
ΣPSD area remains significant, the number of non-docked vesicles per squared micrometer
of PSD area drops significantly in boutons with mitochondria (F1,50 = 5.72, p = 0.021).
No change in docked vesicle density occurs in boutons without mitochondria (F1,52 = 0.03,
p = 0.86).
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Figure 3.13: Continued vesicle mobilization at two hours after the onset of
LTP requires mitochondria, but PSD enlargement does not. A-B) Docked vesicles
vs PSD area in boutons with (A) and without (B) mitochondria 120 minutes after the
onset of LTP. In boutons with mitochondria, the correlation between docked vesicles and
PSD area remains significant even though the slope decreases precipitously (F1,240 = 5306,
p < 0.001). The slope also changes in boutons without mitochondria due to the enlargement
of PSD areas (F1,231 = 16.5, p < 0.001). C-D) Non-docked vesicles vs PSD area in boutons
with (C) and without (D) mitochondria 120 minutes after the onset of LTP. The decrease in
non-docked vesicles is pronounced in boutons with mitochondria (F1,295 = 144.7, p < 0.001).
Boutons without mitochondria also experience a change in slope due to increased synapse
sizes (F1,231 = 55.1, p < 0.001).
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contains mitochondria than at P15, and boutons tend to have larger synapses

and vesicle clusters than they do at P15. Adult hippocampal without mito-

chondria are transiently able to support plasticity by releasing their docked

vesicles, but recruitment of the reserve pool at both 30 minutes and two hours

still requires mitochondria. Together, these results suggest that long-lasting

changes in synaptic vesicle pool turnover require mitochondria in both juvenile

and adult animals.

Previous Harris lab findings demonstrate that in adults, LTP suppresses

the formation of small spines while redistributing organellar resources to the

remaining synapses (Bourne & Harris 2011, Bell et al. 2014, Chirillo, Bourne,

Lindsey & Harris 2015). At P15, the opposite happens: LTP induces stabi-

lization and formation of small spine synapses (D. Watson, in prep.), which

we observe here as an increase in single and multisynaptic boutons. Although

LTP affects spine density and synapse size in opposite directions in P15 and

adult slices, vesicle pool changes occur in similar directions and require similar

resources, which poses the interesting possibility that presynaptic mechanisms

supporting LTP mature before postsynaptic mechanisms.

LTP causes an increase in synaptic vesicle release probability (Bender,

Pugh & Jahr 2009, Enoki et al. 2009, Zakharenko et al. 2001), which is

seemingly at odds with our observation that LTP results in reduced num-

bers of presynaptic vesicles. Previous analyses of single EM sections demon-

strated that the number of vesicles per bouton profile were reduced for at

least one hour following LTP (Applegate, Kerr & Landfield 1987, Fifková &
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Van Harreveld 1977, Meshul & Hopkins 1990), and our 3DEM studies of P15

and adult hippocampal slices confirm that this reduction in vesicles persists

for at least two hours (Bourne et al. 2013). Moreover, the timescale during

which we see reductions in vesicles in both P15 and adult animals perfectly

follows what has been imaged in real time using styryl dyes and fluorescently

labeled vesicular proteins. When loaded with FM1-43 30 minutes after the

onset of TBS, acute slices from P15-P21 rats show enhanced vesicle release

that is selective to the readily releasable pool (Stanton et al. 2005). Enhanced

readily releasable pool mobilization 30 minutes after LTP matches our obser-

vation that docked vesicles decrease at 30 minutes. Studies assaying release

probability following LTP using Synapto-pHlourin show that LTP-induced en-

hancements in vesicle release do not max out until more than an hour after the

onset of LTP induction (Bayazitov et al. 2007), which suggests that we might

have been able to observe a decrease in non-docked vesicles as soon as an hour

after LTP induction. The kinetics of reserve pool mobilization are likely slower

than enhanced readily releasable vesicle release because it requires phosphory-

lation of synapsin proteins by several second messenger pathways (Jovanovic

et al. 2000, Shulman et al. 2015), which consumes both a lot of time and a lot

of energy.

Where could these slowly diminishing reserve pool vesicles be going?

FM-dye studies suggest that some of them could be recruited into more readily

releasable pools following LTP (Ratnayaka et al. 2012), an attractive possibil-

ity since docked vesicles lost at 30 minutes need replacing in order to maintain
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vesicle release probability. Reserve vesicles also have been shown to provide

a buffer against gradual dilution of active zone proteins (Shupliakov 2009,

Denker et al. 2011) or contribute to spontaneous release (Fredj & Burrone

2009, Chung, Barylko, Leitz, Liu & Kavalali 2010); these possibilities are ex-

tremely likely since reserves consisting of hundreds of vesicles are probably not

necessary for maintaining their comparatively tiny readily releasable pools.

In both P15 and adult slices, LTP-related loss of vesicles only occurs

in boutons that contain mitochondria, which is in agreement with previous

findings from drosophila neuromuscular junction (Verstreken et al. 2005) and

cultured hippocampal neurons (Sun et al. 2013). In cultured mouse hippocam-

pal neurons, mitochondrial ATP is required for maintaining stable synaptic

vesicle release during successive trains of stimulation (Sun et al. 2013). Al-

though mitochondrial calcium buffering is critical for short term plasticity at

some synapses (Tang & Zucker 1997, Billups & Forsythe 2002), blocking mi-

tochondrial calcium buffering had no effect on hippocampal boutons ability to

maintain stable synaptic vesicle release (Sun et al. 2013). Thus, mitochondria

most likely contribute to synaptic vesicle mobilization following LTP by pro-

viding energy rather than calcium. Recently, ATP binding by synapsin IIa was

shown to be a key regulator of recruitment of reserve pool vesicles into more

readily releasable pools (Shulman et al. 2015), which is a potential mechanism

by which mitochondria could shepherd reserve vesicles into the recycling pool.

While a fraction of mitochondria are mobile (Chang & Reynolds 2006, Overly

et al. 1996, Kang, Tian, Pan, Zald, Li, Deng & Sheng 2008), live imaging
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studies of cultured mouse hippocampal neurons showed that the vast majority

of mitochondria localized at synapses remained stationary for several hours

(Obashi & Okabe 2013), so many of the boutons that contained mitochondria

two hours post-TBS likely had them for the duration of the experiment.

Interestingly, although early changes in docked vesicle release follow-

ing LTP required mitochondria at P15 but not adults. Prior to weaning,

fatty acids comprise the majority of nutrients consumed and utilized by rat

neonates (Edmond et al. 1985). Although developing neurons are capable

of using glucose as an energy substrate, until P21, neurons express very low

levels of glucose transporters (Vannucci 1994) and somewhat higher levels

of monocarboxylate transporters, which primarily import lactate and ketone

bodies (Vannucci & Simpson 2003). Neurons in developing hippocampus thus

preferentially use ketone bodies as an energy substrate (Yeh & Sheehan 1985,

Nehlig 2004), whereas mature neurons primarily use glucose and typically only

use lactate or ketone bodies during periods of intense activity or starvation

(Suzuki et al. 2011, Chowdhury, Jiang, Rothman & Behar 2014). Unlike glu-

cose metabolism, ketone body metabolism invariably requires mitochondria,

which could explain why even mobilizing docked vesicles requires mitochon-

drial ATP at P15. In order to test this hypothesis, we could re-do these exper-

iments with lactate, pyruvate, or betahydroxybutyrate in the ACSF instead of

glucose and compare presynaptic structural plasticity at the 30 minute time

point in P15 and adult animals. It stands to reason that obligating synapses

to rely solely on oxidative phosphorylation will restrict loss of docked vesicles
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to boutons with mitochondria in adults.

Given the tight coupling between pre- and postsynaptic structure (Lisman

& Harris 1993), it is somewhat surprising that changes in PSD area occur in-

dependently of presynaptic mitochondrial availability. Smooth endoplasmic

reticulum (SER), endosomal vesicle compartments, and polyribosomes have

all been shown to contribute to synaptic structural remodeling and AMPA

receptor trafficking (Cui-Wang, Hanus, Cui, Helton, Bourne, Watson, Harris

& Ehlers 2012, Ostroff et al. 2002, Park, Salgado, Ostroff, Helton, Robinson,

Harris & Ehlers 2006). Additionally, both SER and endosomal compartments

have been shown to be shared among several spines along dendritic segments

(Cooney, Hurlburt, Selig, Harris & Fiala 2002, Chirillo, Bourne, Lindsey &

Harris n.d.). It could thus be that instead of occurring on a spine-by-spine

basis, postsynaptic structural plasticity may occur along segments of dendrites

that share similar resources. If spine enlargement is not specific to boutons

that have mitochondria allowing them to mobilize their vesicles, it could very

well be that postsynaptic structural plasticity depends on the proportion of

their presynaptic partners that contain mitochondria.

In this chapter, I demonstrated the importance of mitochondria for

meeting the demands of increased synaptic vesicle mobilization and release.

Mitochondria themselves are dynamic organelles that alter their structure in

response to changes in energy demand. In the next chapter, I will describe

a series of studies that investigate LTP-related structural plasticity of axonal

mitochondria.
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Chapter 4

LTP-Associated Changes in Mitochondrial

Morphology and Distribution in Developing

and Adult Hippocampus

Mitochondria are structurally dynamic organelles that undergo fission

(Otera, Ishihara & Mihara 2013), fusion (Cagalinec, Safiulina, Liiv, Liiv,

Choubey, Wareski, Veksler & Kaasik 2013), and dramatic changes in cristal

width and matriceal density ((Hackenbrock 1966, Packer 1960, Perkins et al.

2010) in response to local increases in energy demand. EM findings from iso-

lated liver mitochondria reveal that in response to increased energy demand,

mitochondria shift from the orthodox configuration, characterized by uniform,

narrow cristae and relatively ample matrix, to the condensed conformation,

which is characterized by wider cristae and compact matrix (Hackenbrock

1966, Hackenbrock 1968). Recent findings from cultured rat hippocampal

neurons show that synaptic vesicle cycling after 10 Hz stimulation causes local

depletions of ATP followed by activity-induced increases in mitochondrial ac-

tivity (Rangaraju et al. 2014). Hence, we wanted to determine whether changes

in mitochondrial structure correlated with changes in presynaptic vesicle com-

position during LTP.
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4.1 Methods

4.1.1 Measuring Mitochondrial Dimensions and Frequency Along
Axon Segments

We measured the volumes of each mitochondrion found along each axon

segment analyzed in both P15 and adult 2 hour tissue, which made for a total

of 889 mitochondria from P15 and 599 from adults, by carefully tracing the

outer membranes in RECONSTRUCTTM. Sectioning orientation introduces

a considerable amount of bias into tracing the volumes of organelles. Lengths

and diameters are less sensitive to sectioning orientation, so we measured them

in a subset of mitochondria from the P15 perfusion fixed (59), P15 2 hour

slices (80 control, 80 LTP), and adult 2 hour slices (80 control, 80 LTP).

Mitochondria often curve across sections, so we measured their lengths by

laying z-traces down their long axes. Mitochondrial diameters were measured

orthogonal to the long axis at the widest portion of each mitochondrion (see

4.2A).

Mitochondrial frequency was also measured in a subset of P15 (perf:

n = 71, 120 min control: n = 77, 120 min LTP: n = 121) and adult (120

min Con: n = 80, 120 min LTP: n = 80) axon segments. We measured the

lengths of each axon segment and counted the mitochondria that appeared in

each segment. Mitochondrial frequencies were calculated by dividing the total

number of mitochondria in each axon segment by the total length.

Differences in mitochondrial dimensions and frequencies were analyzed

using nested hierarchical ANOVA with conditions nested within each experi-
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ment. All data are reported as means ± standard errors.

4.1.2 Identifying Mitochondrial Morphological Configurations: A
Semi-quantitative Proxy for Synaptic Energy Demand

When cristae were sectioned so that their membranes and lumina were

visible, orthodox and condensed configurations were easy to distinguish by the

widths of their cristae. Orthodox mitochondria (4.1A) had cristae that were

homogeneously narrow, with widths less than 20 nm, while condensed mito-

chondria (4.1D) had cristae that were somewhat more variable but generally

well over 30 nm wide. Some mitochondria had cristae whose widths were all

greater than 20 nm but less than 30 nm wide, and we labeled these interme-

diate (4.1C). Other mitochondria showed extreme regional variability in the

widths of their cristae; we dubbed these mixed (4.1C). Rarely, we encountered

swollen mitochondria (Figure 11E), which tend to have pale, boggy matrix and

narrow cristae that can be few in number; these tend to be common under

hypoxic conditions but were only rarely seen in our slices. Mitochondria whose

cristae were too obliquely sectioned to be distinguished were not included in

our analyses.

4.1.3 Statisical Analyses

All analyses were performed using STATISTICA (StatSoft, Tulsa, OK)

software. Differences in mitochondrial dimensions and distribution were an-

alyzed by nested hierarchichal ANOVA. Control and LTP conditions were

nested within animal while mitochondria were nested within both animal and

94



Figure 4.1: Example EM images of mitochondria categorized according to
cristal width from P15 and adult animals. A) These mitochondria from P15 and
adult perfusion-fixed animals are in the orthodox configuration. Their cristae (red arrows)
are uniformly less than 20 nm wide. The matrix (blue arrow) is usually homogeneously gray
but can contain pale areas (green arrow). B) Mitochondria with cristae that were all more
than 20 nm but less than 30 nm wide were classified as Intermediate; see examples from P15
and adult controls. C) Long mitochondria could take on distinct conformations in different
regions along their lengths. Examples from P15 and adult 2-hour slices show longitudinally
sectioned mitochondria in which extreme differences in cristae width could be easily seen.
D) Condensed mitochondria from perfusion-fixed P15 and adult animals. Their cristae are
more variable but all more than 30 nm wide. E) Rarely, swollen mitochondria, which tend
to be common under hypoxic conditions, could be seen. They tend to have pale matrix and
narrow cristae as the examples from 2-hour P15 and adult slices do.
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condition. These continuous data were all plotted as means ± standard er-

ror. Categorical data were analyzed by the chi-square test of independence and

plotted relative proportions. Statistically significant differences were indicated

with asterisks (*p < 0.05, **p < 0.01, ***p < 0.001.

4.2 Results

4.2.1 Mitochondria Become Smaller Without Changing in Frequency
2 Hours Post-TBS in P15 Axons

We measured the volumes of 889 mitochondria in P15 axon segments

from perfusion-fixed (n = 74) and slice tissue fixed 5 (control n = 111, LTP

n = 98), 30 (control n = 123, LTP n = 159), and 120 (control n = 128, LTP

n = 196) minutes following the onset of TBS. We found that axonal mitochon-

drial volumes in control tissue did not differ from mitochondrial volumes in

perfusion-fixed tissue at any time-point (4.2B). At the 120 minute time-point,

however, axonal mitochondria sampled from regions that had undergone LTP

were significantly reduced in volume compared to their controls (4.2B). To

further investigate LTP-associated changes in mitochondrial dimensions, we

took a subset of mitochondria from perfusion-fixed (n = 59) and slice tissue

fixed 120 minutes after the onset of TBS (control n = 77, LTP n = 121) and

measured both their lengths and diameters. Mitochondrial diameters were

significantly reduced in 120 minute control and TBS slices compared to their

perfusion-fixed counterparts; however, control and TBS mitochondria did not

differ in diameter (4.2C). Mitochondrial length did not differ between control
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and perfusion-fixed mitochondria, but it was significantly reduced in mitochon-

dria sampled from regions that had undergone LTP compared to their controls

(4.2D). In order to investigate whether mitochondria became shorter 2 hours

after the onset of TBS because they had undergone fission, we measured the

frequency of mitochondria along axon segments in perfusion-fixed and slice

tissue fixed 120 minutes post-TBS. The frequency of mitochondria did not

undergo any changes due to time in vitro or LTP (4.2E). Since mitochondria

became reduced in size without any concomitant increase in frequency two

hours after the onset of TBS, we concluded that they simply became smaller

rather than undergoing fission.

4.2.2 Mitochondria Become Longer and Less Frequent Along Adult
Axons 2 Hours Post-TBS

At P15, axonal mitochondria become smaller, much like isolated cardiac

and liver mitochondria do in response to increased energy demand (Packer

1960, Hackenbrock 1966). It was of interest to determine whether LTP had

the same effect on mitochondrial dimensions in adults. We measured the

volumes of all 599 complete mitochondria found along adult axonal segments

in two hour slices. Surprisingly, we found that unlike P15 mitochondria, adult

mitochondria actually became nearly 40% larger by two hours after the onset

of LTP (4.3B). To further characterize this change in mitochondrial volume,

I measured the lengths and diameters of 80 mitochondria from each condition

and found that an increase in length almost entirely accounted for the increase

in volume (4.3D).
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Figure 4.2: Immature axonal mitochondria decrease in volume without any
change in frequency 120 minutes post TBS. A) Representative 3-D reconstructions of
perfusion-fixed, 2 hour control, and 2 hour LTP axons (light gray) with synapses (red) and
mitochondria (navy). Lengths (solid black lines), drawn from end to end, are 9.93, 14.43, and
14.71 m, respectively. Scale cubes (dark gray) are 0.5 m on each side. Enlarged versions
of mitochondria with lengths (dashed lines) and diameters (solid lines) are illustrated in
insets. B) Mean volumes of individual axonal mitochondria. Control mitochondria have
similar volumes to perfusion-fixed mitochondria at all times (F3,427 = 2.52, p = 0.057).
A statistically significant LTP-associated reduction in average mitochondrial volume (LTP:
F1,805 = 21.9, p < 0.001; Int: F2,803 = 6.29, p = 0.0019) was specific to the 120 minute time
point. C) Mean diameters of axonal mitochondria. Two hours following the onset of TBS,
control mitochondrial diameters were significantly smaller than perfusion fixed diameters
(F2,216 = 9.19, p = .00014), but not LTP mitochondrial diameters (post − hocTukey =
0.78). D) Mean length of axonal mitochondria. Two hour control mitochondria were no
different than perfusion-fixed mitochondria in length (post− hocTukey = 0.55), but 2 hour
TBS mitochondria were significantly shorter than control mitochondria (F2,216 = 5.27, p =
0.0058, ∗ ∗ p < 0.001). E) Mean number of mitochondria per micron axon length. Two
hour control axons did not differ from perfusion-fixed axons or LTP axons in mitochondrial
density (F2,267 = 0.977, p = 0.38).
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Unlike at P15, adult axonal mitochondria had either become swollen

or undergone fusion following LTP. To distinguish between these possibilities,

we calculated the frequency of mitochondria along 160 axons from adult 2

hour slices. Under control conditions, mitochondria were found almost twice

as frequently along adult axons as they were along P15 axons (4.3D). Two

hours after the onset of LTP, however, mitochondrial frequency was dramat-

ically reduced so that it was no longer significantly different from P15 levels

(4.3D). Together, an increase in mitochondrial size and reduction in mitochon-

drial frequency suggest that LTP causes adult axonal mitochondria to undergo

fusion.

4.2.3 Mitochondria Take on More Condensed Configurations by 2
Hours Post-TBS in P15 and Adult Axons

Changes in the internal structure of mitochondria in response to in-

creased demand for energy, including fluctuations in the size of their cristae

and density of their matrices, have been well-documented in cardiac myocytes

(Packer 1960), hepatocytes (Hackenbrock 1966), and peripheral nerve axons

(Perkins et al. 2010). Under normal resting conditions, when TCA cycle sub-

strates are ample and energy demand is low, mitochondria mostly take on the

orthodox configuration, characterized by homogeneously narrow cristae and

ample matrix. When the concentration of ADP increases, which signals an in-

crease in local energy demand, mitochondria tend to take on more condensed

configurations with wider cristae and more compact matrix. Using morpho-

logical configuration as a proxy, we investigated whether changes in energy
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Figure 4.3: Adult mitochondria increase in length and volume while decreasing
in frequency 120 minutes post TBS. A) Representative 3-D reconstructions of adult
axons. Lengths, measured from end to end (black lines), are 12.0 and 13.8 m. Mitochondria
dimensions in insets. Scale cube is .5 m on each side. B) In adult slices, mitochondria
significantly increase in volume following LTP (F1,597 = 66.2, p < 0.001). C) Neither P15
nor adult slice mitochondria undergo any LTP-associated changes in diameter (F1,158 =
1.76, p = 0.19). D) Adult slice mitochondria become significantly longer following LTP
(F1,316 = 30.0, p < 0.001). E) Mitochondria are significantly more frequent along adult
control axons than they are along P15 control axons (F1,349 = 73.2, p < 0.001), but their
frequency becomes significantly reduced following LTP (F1,349 = 45.6, p < 0.001).
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demand and respiration were partially responsible for LTP-associated changes

in mitochondrial dimensions.

In P15 and adult 2 hr series, axonal mitochondria were sampled using

an unbiased brick approach (Fiala & Harris 2001). Two 3.5 x 3.5 micron sam-

pling frames (4.4A) were placed on 50 serial sections in each of the two hour

series. We recorded the configurations (orthodox, intermediate, mixed, con-

densed, and swollen) of all mitochondria within the brick volume that did not

touch the red exclusion frames (4.4B). First, we wanted to examine whether

the categories we picked truly had different internal structure, so we measured

the diameters of the cristae in a subset of the mitochondria (69 from P15

slices and 89 from adult slices) and compared the average widths of cristae

from all categories (4.4C). Orthodox mitochondria had the narrowest cristae.

Intermediate and mixed mitochondria, while not different from each other in

terms of cristal width, had cristae that were significantly wider than those in

orthodox mitochondria and narrower than those in condensed mitochondria.

Condensed mitochondrial cristae are significantly wider than those in mito-

chondria of all other configurations (4.4C). In order to determine whether a

shift in mitochondrial configurations could be responsible for LTP-related mi-

tochondrial shrinkage in P15 slices, we compared the volumes of mitochondria

across configurations. Condensed mitochondria were significantly smaller than

mitochondria in all other categories (4.4D), so a shift from orthodox to con-

densed states could potentially be responsible for LTP-related mitochondrial

shrinkage at P15.
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We then evaluated age and plasticity related changes in mitochondrial

configurations. Under control conditions, more than 75% of axonal mitochon-

dria were in the orthodox configuration in both P15 and adult slices (4.4E).

Two hours after the onset of TBS, however, the frequency of mitochondria in

more condensed configurations triples after LTP in P15 slices and doubles in

adults (4.4E). This LTP-related shift in mitochondrial configurations resulted

in a significant increase in the width of mitochondrial cristae in both P15 and

adult axons (4.4F). Although adult mitochondria undergo fusion and there-

fore do not shrink the way P15 mitochondria do, they still take on more con-

densed configurations, reflecting increases in respiratory activity. Together,

these findings suggest that when vesicle cycling increases following LTP, it

causes an increase in ATP demand that mitochondria meet by becoming more

active.

4.3 Discussion

Here, I demonstrate for the first time that mitochondria themselves

alter their structure in order to meet the energy demand of active presynap-

tic boutons. In P15 slices, mitochondria are stable across controls but become

smaller two hours after the onset of LTP. This change in mitochondrial dimen-

sions is unlikely to be occurring due to increased rates of mitochondrial fission

because it is not accompanied by any change in the frequency of mitochondria

along axon segments. Instead, as mitochondria increase their rates of activity

in order to meet the demands of active presynaptic boutons, they shift from
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Figure 4.4: Mitochondria take on more condensed configurations in P15 and
adult hippocampal axons 2 hours post-TBS. A) Single sampling frame from P15 con-
trol series. Axonal mitochondria that touched the red frames were excluded, while those
that touched the green frame were included. Orthodox (blue), intermediate (gold), and
mixed (orange) mitochondria indicated by circles. B) 3D reconstruction of the brick shown
in A. Mitochondria in the brick, depicted as spheres color-coded by configuration, were all
analyzed except for those whose conformations could not be determined due to obliquely
sectioned cristae (gray, unk). C) Mean cristal width of a subset of all mitochondria from
both ages and conditions categorized by metabolic configuration. The widths of cristae
significantly differ between configurations (n = 158, F3,154 = 165.2, p < 0.001). D) Av-
erage volumes of a subset of all mitochondria from both ages and conditions categorized
by metabolic configuration. Overall, configuration has a significant effect on mitochondrial
volume (n = 275, F3,271 = 14.0, p < 0.001). E) Proportions of mitochondria in each config-
uration in two-hour slices; absolute numbers of mitochondria in each category are written
on corresponding bars. Under control conditions, most mitochondria are in the orthodox
configuration in both P15 and adult slices (χ2(2) = 2.2, p = 0.7). After LTP, the rela-
tive frequency of more condensed configurations increased significantly at both ages (P15:
χ2(2) = 46.0, p < 0.001; Adult: χ2(2) = 47.2, p < 0.001).F) Widths of individual cristae
in all mitochondria in which they were measured. In both P15 and adult slices, mitochon-
drial cristae were extremely similar across controls (post-hoc Tukey p = 0.997) but got
significantly wider following LTP (F1,1707 = 5.925, p = 0.015).
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the orthodox conformation to the condensed conformation. Although mito-

chondrial cristae become wider, their matrices become more compact, which

accounts for the decreases in mitochondrial volume.

Adult mitochondria undergo structural changes that differ from those

that occur in P15 slices. By two hours after the onset of LTP, they become

longer instead of becoming shorter. This change in length is accompanied by a

decrease in frequency, so adult mitochondria are undergoing fusion. Although

they undergo fusion, adult mitochondria also show changes in structure that

correlate with a change in energy status. The relative frequency of mixed

and condensed mitochondria in adult axons increases, which results in wider

cristae and more compact matrix.

Maintaining a balance between fusion and fission of mitochondria is

critical for maintaining synaptic function; impaired balance of fusion and fis-

sion features heavily in animal models of Alzheimer’s disease (Wang et al. 2009)

and diabetes (Huang, Wang, Gan, Fang, Zhong, Wu, Hu, Sosunov, McKhann,

Yu & ShiDu Yan 2014). Mitochondrial fission is required for distributing

mitochondria among synapses during development (Li et al. 2008), but mito-

chondrial fusion is critical for repairing mitochondria damaged by the reactive

oxygen species produced as a natural consequence of oxidative phosphorylation

during adulthood (Chen, McCaffery & Chan 2007, Kowald & Kirkwood 2011).

Increases in the widths of mitochondrial cristae following LTP in adult slices

suggest that mitochondria do become more active, so it is possible that they

fuse in order to protect against damage to their DNA and protein synthesis
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machinery. However, previous studies demonstrate that in adults, control stim-

ulation increases the formation of small spines and their presynaptic partners

(Bourne et al. 2013, Bell et al. 2014). It is thus entirely possible that control

stimulation increases the rate of mitochondrial fission in order to support an

increased number of boutons. The LTP-induced decrease in mitochondrial

frequency therefore could have happened due to prevention of mitochondrial

fission rather than an increased rate of fusion. The next logical step is to mea-

sure dimensions and distribution of axonal mitochondria in perfusion-fixed

adult rats in order to provide a baseline for comparison.

Changes in mitochondrial structure that correlate with ATP demand

and respiration rate, including matrix condensation and crista expansion, were

first observed decades ago and are known to occur in intact animals (Perkins

et al. 2010, Perkins et al. 2012). Prior to the studies I detailed in this chapter,

however, they had never been correlated with long-term synaptic plasticity. In

both P15 and adult slices, axonal mitochondria undergo activity-driven struc-

tural changes in conjunction with LTP-associated vesicle mobilization, which

is consistent with the recently observed coupling of synaptic vesicle cycling

and mitochondrial ATP production in cultured. rat hippocampal neurons

(Rangaraju et al. 2014). Mitochondrial internal structure changes on exactly

the same timescale as the change in reserve pool vesicle mobilization, which

suggests that mitochondrial respiration ramps up in order to meet increased

energy demand at active synapses. What signaling processes could mediate

this coupling between structural changes in synaptic vesicle pools and axonal
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mitochondria? BDNF, which has been found to play a role in the presynaptic

component of LTP (Zakharenko et al. 2003), increases mitochondrial activity

(Markham, Cameron, Franklin & Spedding 2004), arrests mitochondrial move-

ment (Su et al. 2014), and enhances synaptic vesicle cycling (Tyler et al. 2006).

BDNF could very well link mitochondrial activity to synaptic vesicle cycling

in neurons; more experiments are needed in order to determine whether it also

induces the mitochondrial structural changes we observed.

The studies I detailed in the previous chapters both provide evidence

that mitochondria are critical for building and mobilizing vesicle pools and

characterize important differences in the structural expression of LTP between

adult and juvenile rats. When 100 Hz tetanus stimulation is used for LTP in-

duction, postnatal day 15 is the first age at which acute hippocampal slices

from rats are able to express enduring LTP. P15 was thus originally chosen as

the ideal age for comparing LTP-induced modification of synaptic structure

between immature animals and adults. Using TBS stimulation, which mim-

ics the natural rhythms recorded in awake animals (Morgan & Teyler 2001),

advances LTP’s age of onset to postnatal day 12, an age at which dendritic

spines first become apparent (Cao & Harris 2012). Interestingly, delivering

multiple spaced bouts of TBS allows expression of enduring LTP on post-

natal day 10 but not postnatal day 8. What changes in synaptic structure

could be supporting rats’ rapidly changing ability to express LTP during early

postnatal development? In the next chapter, I will address this question by

comparing the structure of both pre- and postsynaptic specializations during
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this interesting period of postnatal development.
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Chapter 5

Changes in Pre- and Postsynaptic Structure

Throughout Early Postnatal Development

The second week of postnatal development is a period during which

rats’ brains undergo rapid changes in their ability to express enduring LTP.

On postnatal day 8, TBS prevents the profound synaptic depression caused by

test pulse stimulation in animals younger than P19, but no number of bouts

of TBS will cause slices to express lasting LTP. On postnatal day 10, one

bout of TBS will induce transient potentiation, but at least two bouts of TBS

spaced by ninety minutes are required to cause changes in synaptic strength

that last for more than an hour. Finally, on postnatal day 12, an age at which

dendritic spines first appear, rat hippocampal slices are fully capable of ex-

pressing enduring LTP from only one single bout of TBS (Cao & Harris 2012).

Numerous structural changes could possibly underlie this changing ability to

express lasting synaptic plasticity. Throughout postnatal development, excita-

tory synapses shift from dendritic shafts and filopodia to dendritic spines (Fiala

et al. 1998, Yuste & Bonhoeffer 2004, McKinney, Capogna, Dürr, Gähwiler

& Thompson 1999) while mature presynaptic boutons filled with uniform,

round vesicles form from mobile amorphous vesicle clusters (AVCs) (Tsukita

& Ishikawa 1980, Ahmari et al. 2000, Ahmari & Smith 2002) and recruit mito-
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chondria (Vaughn 1989, Dyson & Jones 1980, Chang & Reynolds 2006, Lee &

Peng 2008). Understanding the time course of these developmental changes in

synaptic structure is germane to knowing what elements of synaptic structure

are necessary for supporting the development of normal behavior and cogni-

tion. The studies presented in this chapter will characterize the ultrastructural

development of CA1 synapses in male Long-Evans rats throughout the second

postnatal week.

5.1 Methods

5.1.1 Classifying and Sampling Postsynaptic Structures During Early
Postnatal Development

Many different types of structures can support synapses during early

postnatal development, including dendritic spines, filopodia, and both normal

and varicose regions of dendritic shafts. A primary goal of this study is to

understand the time course over which synapses shift from dendritic shafts to

dendritic spines during postnatal development in intact rats. Hence, deter-

mining the relative frequency of these structures between perfusion-fixed (see

chapter 2 methods for perfusion-fixation procedure) P8, P10, and P12 rats

was of interest. In order to assure that synaptic structures are consistently

categorized during data collection, we began by establishing firm criteria and

picking gold standard synapses that exemplify those criteria to provide a basis

for comparison. Dendritic spines have clear cytoplasm, distinct heads that

are wider than their necks, and usually only had single synapses present on
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Figure 5.1: Example micrographs of types of synapses seen during early post-
natal development. A) Large, mature appearing spine in perfusion-fixed CA1 of P12
Long-Evans rat. A single large synapse (red arrow) resides on the head of the spine and a
polyribosome (PR) in its base. B) Actin-filled filopodium (F) emerging from the shaft of
a dendrite (D) in perfusion-fixed P10 rat. It too has a single synapse (red arrow) with an
axonal bouton (Ax). C) Excitatory synapse (red arrow) on the shaft of a P10 dendrite (D),
with longitudinally sectioned, regularly spaced microtubules (MT). D) Excitatory synapse
(red arrow) on a varicose region of a dendritic shaft in P10 rat hippocampus (D-var). Spac-
ing of microtubules (MT) is irregular.

their heads (5.1A). In cases where they had more than one spine, the ex-

tra spines generally were also on their heads. Filopodia, by contrast, have

dark, actin-rich cytoplasm and are long and thin with no distinct head or

neck (5.1B). Filopodia can have anywhere from zero to several synapses that

are equally likely to occur everywhere along their lengths (Fiala et al. 1998).

Synapses were frequently seen on normal (5.1C) and varicose (5.1D) regions

of dendritic shafts. Dendritic shaft varicosities, which are almost never seen in

more mature animals under normal circumstances, are characterized by large
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diameters, clear cytoplasm, and disorganized microtubules (5.1D).

5.1.2 Organelles Found in Nascent Boutons

Stable synapses cannot occur without building stable presynaptic ac-

tive zones. We deemed the housekeeping or building functions of three key

organelles potentially important for building new synaptic active zones with

competent docking sites and reserve pools. The first, mitochondria, heavily in-

fluences synaptic vesicle clustering and mobilization, as I demonstrated in the

first three chapters. The second, amorphous vesicular clumps (AVCs), serve as

membranous and proteinaceous building blocks for assembling synaptic vesi-

cle clusters (Ahmari et al. 2000). The third, dense core vesicles (DCV), have

been found to transport components of the presynaptic active zone to bou-

tons (Zhai, Vardinon-Friedman, Cases-Langhoff, Becker, Gundelfinger, Ziv &

Garner 2001, Sorra, Mishra, Kirov & Harris 2006). As with the postsynaptic

structures, we picked gold standard proband images of each of these struc-

tures to guarantee consistent identification. Mitochondria (5.2A) have been

extensively described throughout this dissertation but were identified by the

presence of inner and outer membranes filled with dense matrix and tubular

cristae with clear lumina. Amorphous vesicular clumps are variable in appear-

ance but always contain a minimum of two large, clear or grayish vesicles that

are oblong, ovoid, or tubular in shape (5.2A). Dense core vesicles are spherical

and approximately 80 nm wide with dark centers. Their membranes, which

must be clearly visible for proper identification, often have visible protein
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Figure 5.2: Organelles found in immature CA1 Boutons. A) Perfusion-fixed P8
bouton that contains both uniform, small synaptic vesicles (ssv, green arrows) and a large
amorphous vesicular clump (AVC, blue bracket). A mitochondrion (mito, fuschia arrow)
resides at the interface between synaptic and amorphous vesicles. B) Close-up of a PSD on
the end of a filopodium (red arrow) with a dense core vesicle (DCV, green arrow) in close
apposition to it. Dark spicules (black arrow) are likely to be components of the active zone.

spicules around them (5.2B).

5.1.3 Statistical Analyses

The same eleven unbiased bricks (4 from P8, 4 from P10, and 3 from

P12) were used to sample both pre- and postsynaptic structures in develop-

ing neuropil. As with the previous studies, bricks consisted of 3.5 x 3.5 µm

sampling frames laid over 50 consecutive sections. All statistical analyses were

performed using STATISTICA (StatSoft, Tulsa, OK). Changes in the absolute

frequency of structures within each volume were analyzed via nested hierarchi-

cal ANOVA. Vesicle counts and synapse sizes were also compared across ages

via nested hierarchical ANOVA; they were log-transformed prior to analysis to

meet the normality assumption of ANOVA. The density of vesicles clustered

around synapses was analyzed via ANCOVA; raw data were used for regression

and ANCOVA analyses. As in the previous chapter, mitochondrial frequency

and volume were compared across ages via nested hierarchical ANOVA. Cat-

egorical data, such as the relative frequency of subcellular organelles, were
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analyzed via chi-square. All statistically significant findings are reported in

the legends and indicated on graphs using asterisks (*p < 0.05, **p < 0.01,

*** p < 0.001).

5.2 Results

5.2.1 Dramatic Spinogenesis Occurs at P12, the Onset Age of TBS
LTP

Dendritic shafts, varicosities, and filopodia all support the majority of

synapses prior to the onset of spinogenesis. In order to get an idea of how

frequently these structures occurred during the second postnatal week, Dr.

Harris and I prepared 3D reconstructions of 5-7 dendrites from one animal

of each age. Generally speaking, at P8, dendrites had alternating narrow

and varicose regions and precious few synapses along them (5.3A). The few

synapses present occurred most frequently on shafts and occasionally on filopo-

dia (5.3D). By P10, although the difference did not quite reach significance,

there were more synapses along dendrites than there were at P8(5.3B). Many

of these synapses were still on the shafts of dendrites, but a larger propor-

tion occurred on long filopodia. On one dendrite, there was even a structure

that resembled a thin dendritic spine. On P12, dendrites still bore signs of

immaturity such as varicose regions (5.3C), but they nevertheless had greater

levels of synaptic density than they did at P8 or P10. They also had mature

appearing dendritic spines at a density of about 0.8 spines/ µm (5.3D), which

is comparable to P15 levels (3.1B). Although P12 dendrites had a modestly
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Figure 5.3: Example 3D reconstructions of developing CA1 dendrites from
perfusion-fixed Long-Evans rats. A) 3D reconstruction of P8 dendrite (cyan) with all
of its synapses (red). Varicose regions of shafts (shaft-v) were frequently seen, as were
long, spindly filopodia (filo). B) P10 dendrite (yellow) with all of its asymmetric (red)
and symmetric (blue) synapses. Very long filopodia (blue, green) were frequently seen. A
single stubby spine (blue chevron) is visible on this dendrite. C) P12 dendrite (yellow),
which still has varicose regions (shaft-v) but also had mature appearing dendritic spines.
D) Frequency of synapses along dendritic segments broken down by age and synapse type
(mean spines/µm ± SEM). At P12, dendrites had significantly more synapses than they did
at P8 or P12 (F2,14 = 14.6, p < 0.001). E) There was no age-related difference in the total
amount of synaptic area per micron dendrite length (F2,14 = 2.14, p = 0.15).

greater total amount of synaptic area per micron than they did at P8 or P10,

this difference failed to reach statistical significance (5.3E).

From P8 to P10 to P12, as hippocampal slices become progressively
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more able to express enduring plasticity, their synapses also seem to take on

progressively more mature structures. At P10, when widely spaced bouts of

TBS can induce enduring LTP, a greater proportion of synapses are on filopo-

dia rather than dendritic shafts. Could there be more intermediate spine-

like structures capable of becoming fully stabilized and capable of supporting

LTP? The dearth of synapses along dendrite segments during early postnatal

development makes detecting unusual structures difficult. To more fully char-

acterize the developmental shift of synapses from dendritic shafts to dendritic

spines, I placed two unbiased bricks consisting of 3.5 x 3.5 µm sampling frames

propagated over 50 sections on each of two animals of each age. Each synapse

that fell within the brick without touching the red exclusion frames was mea-

sured and classified by location (shaft, shaft varicosity, filopodium, or spine;

see 5.1). At all ages, especially at P8, we found nonsynaptic specializations

within the volume; these were not included in our analyses.

In eleven sample volumes ranging from 31.2-39.8 cubic micrometers,

we measured 195 synapses. Overall, the density of all synapses within the

volumes more than doubled from P8 to P12 (5.4A). This dramatic increase in

the number of synapses was almost entirely accounted for by an increase in the

number of spine synapses. Synapses that occurred on filopodia and varicose

regions of dendritic shafts occurred at a similarly low frequency at all three ages

(5.4A). From P8 to P10, there was a modest increase in the number of shaft

synapses, but this difference did not reach statistical significance (5.4A). Spine

synapses first appeared at P10; from P10 to P12, the number of spine synapses
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per cubic micrometer quintupled (5.4A). There was an overall decrease in the

size of the average synapse found at each age, which is likely because the new

spine synapses added at P12 are much smaller than the shaft and filopodial

synapses at P8 (5.4B).

As synaptic density increases, the overall proportion of synapses sup-

ported by each type of postsynaptic specialization also changes. At P8, when

there is a low overall density of synapses, nearly half of the synapses are on

filopodia and the other half are on normal and varicose regions of dendritic

shafts (5.4C). At P10, spines first appear and support 18% of all synapses.

An additional 14% occur on filopodia, but the vast majority appear on den-

dritic shafts (5.4C). At P12, spines support more than half of all synapses. An

additional 11% occur on filopodia, and the rest are on dendritic shafts (5.4C).

Together, these findings suggest that while spinogenesis begins at P10,

it increases dramatically at P12, which coincides perfectly with the onset age

of TBS-LTP. Interestingly, as spine synapses increase, filopodial synapses de-

crease, which could imply that some spine synapses occur from the stabi-

lization of filopodial synapses. Stable spine synapses obviously cannot form

without presynaptic partners, so in the next sections, I will explore changes in

presynaptic morphology that occur in concert with the developmental shift in

postsynaptic morphology.
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Figure 5.4: Dendritic spines make their first appearance at P10 and comprise
the majority of synaptic protrusions by P12. A) Overall synaptic density increases
significantly from P8 to P12 (F2,5 = 20.3, p < 0.01). This increase is almost entirely
accounted for by an increase in spine synapses (F2,5 = 356.5, p < 0.001). Shaft synapses
do not significantly change in frequency (F2,5 = 3.56, p = 0.11), and neither do filopodial
synapses (F2,5 = 3.91, p = 0.095). B) Overall, there is a significant decrease in the average
size of synapses (F2,183 = 6.06, p = 0.003). Spine synapses are significantly smaller at
P12 than at P10 (F1,53 = 13.1, p < 0.001). Shaft synapses are also modestly but not
significantly smaller (F2,58 = 1.92, p = 0.16). C) The proportion of synapses that occur on
spines significantly increases from P8 to P10 (χ2(3) = 23.0, p < 0.001) and again from P10
to P12 (χ2(3) = 20.5, p < 0.001).

5.2.2 New Single Synaptic Boutons Assembled in Concert with
New Dendritic Spines

At P15, LTP-induced preservation and genesis of small spine synapses

occurs on both new and pre-existing boutons. Developmental spinogenesis

seems to occur over a period of days rather than hours, so we assumed it

would mostly result in the assembly of new presynaptic boutons. To test this

hypothesis, we counted the synaptic partners and vesicles that occurred on
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each of the boutons that fell within our unbiased bricks at each age.

Overall, the proportion of boutons that had postsynaptic partners in-

creased by P10. At P8, boutons were few in number, and more than half of

them were nonsynaptic boutons (5.5A). By P10, single and multisynaptic bou-

tons had increased so that only a little more than a third of all boutons lacked

synapses (5.5A). On P12, more than half of all boutons had one synapse, an

additional 10% had more than one synapse, and the remainder were NSBs.

In order to relate this increase in synaptic boutons back to the increase

in synapses, we also compared the absolute number of each type of bouton

per cubic micrometer by age. From P8 to P10, although the number of shaft

and spine synapses subtly increases, the overall number of boutons does not

change (5.5B). However, the number of multisynaptic boutons nearly doubles

from P8 to P10 5.5B). Interestingly, although neither change quite manages

to reach statistical significance, the number of SSBs increases from P8 to P10

by about 45% as the number of NSBs decreases by about 30%. Together, these

findings could indicate that at P10, when spinogenesis first begins, it is more

favorable to form synapses on pre-existing boutons than it is to assemble new

ones.

At P12, dramatic spinogenesis causes a near doubling in overall synap-

tic density from P10 levels. This increase in synapses is evidently too much

for the small pool of pre-existing boutons. The number of multi- and nonsy-

naptic boutons remains stable between P10 and P12, but the number of single

synaptic boutons doubles (5.5B). Rather than continuing to form more mul-
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Figure 5.5: Small single synaptic boutons are assembled with new dendritic
spines at P12. A) Relative frequencies of SSBs, MSBs, and NSBs at each age. A greater
proportion of boutons have one or more postsynaptic partners at P12 than at P10 or P8
(χ2(4) = 14.7, p < 0.001). B) Overall, the number of boutons per cubic micrometer increase
dramatically from P8 to P12 (F2,5 = 52.4, p < 0.001). SSBs (F2,5 = 62.3, p < 0.001) and
MSBs (F2,5 = 12.5, p = 0.011) both significantly increase in number from P8 to P12. There
is no significant change in NSBs (F2,5 = 5.29, p = 0.058).
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tisynaptic boutons or convert more nonsynaptic boutons as they did at P10,

P12 animals assemble brand new single synaptic boutons to go with the new

spine synapses.

5.2.3 Correlation Between PSD Area and Synaptic Vesicles During
Early Postnatal Development

From P8 to P12, dendrites change from supporting a small number

of large shaft and filopodial synapses to supporting a larger number of small

spine synapses. It has long been known that PSD area, spine head volume,

and synaptic vesicle counts are well correlated with each other (Lisman &

Harris 1993), which implies that matching pre- and postsynaptic structure

over the course of development is critical for normal synaptic function. Hence,

it was of interest to examine whether a shift in boutons’ vesicle compositions

occurs in conjunction with the creation of small spine synapses.

In order to assess changes in synaptic vesicle composition that accom-

panied spinogenesis, we also counted docked and non-docked vesicles in each

of the boutons within the sample volumes. Although nonsynaptic boutons

have similarly small numbers of vesicles at all ages (5.6A), the number of vesi-

cles changes dramatically at synaptic boutons over the course of the second

postnatal week. From P8 to P10, the number of reserve vesicles clustered

at synapses increases dramatically at single synaptic boutons (5.6A); there

was also an increase in the number of vesicles in MSBs, although this did not

reach significance. From P10 to P12, however, the average number of vesicles
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at SSBs and MSBs decreases back to P8 levels as new boutons are added. At

all three ages, the number of docked vesicles per synapse remains stable at all

types of boutons (5.6B).

To further investigate coordination between pre- and postsynaptic mor-

phology, examined changes in the relationship between synapse sizes and vesi-

cle numbers. At all three ages, the number of non-docked vesicles was cor-

related with the total amount of synaptic area per bouton (5.6C). From P8

to P10, however, there was a sharp increase in the regression slope, which

suggests an increase in the density of vesicles clustered around synapses. This

increase in the regression slope was preserved from P10 to P12, even though

the synapses added at P12 are smaller and have smaller reserve pools. The

number of docked vesicles per squared micron of PSD area does not change

between P8 and P10 but increases dramatically from P10 to P12 5.6D). New

spine synapses formed at P12 thus have smaller numbers of reserve vesicles

but more competent release sites than the shaft and filopodial synapses found

at P10.

5.2.4 Dense Core Vesicles and Amorphous Vesicular Clumps Are
Used to Build New Boutons at P12

Subcellular resources found at nascent synapses in cultured neurons,

embryonic spinal cord, and injured saphenous nerve fibers include amorphous

vesicular clumps (AVCs) and small dense core vesicles (DCVs). To deter-

mine whether these same subcelluar structures were being used as substrates
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Figure 5.6: The correlation between PSD area and vesicles is preserved as
new synapses are added. A) Number of non-docked vesicles per bouton by type and
age; red asterisks indicate significant differences from P10. Overall, synaptic boutons have
more vesicles at P10 than they do at P8 or P12 (F2,186 = 8.9, p < 0.001). This difference is
entirely accounted for by a significant increase in vesicles per SSB (F2,152 = 4.52, p = 0.012).
There is no significant difference in the number of vesicles per NSB or MSB at any age. B)
The number of docked vesicles per synapse remains stable at all ages in all bouton types. C)
The number of non-docked vesicles per squared micrometer of PSD area increases from age
P8 to P10 (F1,91 = 10.7, p = 0.0015) but does not change from P10 to P12 (F1,146 = 0.30,
p = 0.58). D) The number of docked vesicles per squared micron of PSD area does not
change between P8 and P10 (F1,65 = 1.75, p = .019), but it increases significantly from P10
to P12 (F1,113 = 12.2, p < 0.001).
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for building new boutons at P12, we investigated their relative frequency in

synaptic and nonsynaptic boutons at each age.

At all three ages, 27-38 % of all synaptic boutons contained mitochon-

dria. There were no significant differences between the three ages. At P8,

nearly 75% of all single- and multisynaptic boutons contained AVCs. By P10,

the proportion of boutons with boutons with AVCs had dropped to approx-

imately half (5.7A), possibly because they had been incorporated into the

reserve pools of pre-existing boutons. At P12, the frequency of both AVCs

and DCVs was dramatically reduced (5.7A), likely because they had been

used to build new single synaptic boutons.

In nonsynaptic boutons, mitochondria were only found about 15% of

the time at P8 and P10. By P12, mitochondria were present in 27% of all

NSBs, but this increase did not reach significance (5.7B). AVCs were found

in nearly forty percent of all NSBs at both P8 and P10. Like the AVCs found

in synaptic boutons, these were dramatically reduced by P12. Interestingly,

DCVs were significantly increased in NSBs by P10, only to disappear again

at P12. Nonsynaptic clusters of amorphous and dense core vesicles likely were

converted into new single synaptic boutons at P12.

5.2.5 Mitochondrial Frequency Increases Throughout Development

Building new synapses is energetically demanding, so I naturally won-

dered whether mitochondria were increasing in frequency or activity in order to

meet this energy demand. The proportion of synaptic boutons within my sam-
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Figure 5.7: Amorphous Vesicular Clumps and Dense Core Vesicles Build New
Boutons. A) Percentage of all boutons with synapses that contain each organelle. The
percentage of boutons that contain mitochondria does not vary during the second postnatal
week (χ2(6) = 2.78, p = 0.25). Dense core vesicles significantly decrease in frequency by
P12 (χ2(6) = 12.7, p = 0.048). Amorphous vesicular clumps do not significantly change
between P8 and P10 (χ2(1) = 3.73, p = 0.15), but they decrease significantly from P10
to P12 (χ2(1) = 13.9, p < 0.001). B) Percentage of all nonsynaptic boutons that contain
each organelle. The percentage of NSBs with mitochondria does not significantly change
with age(χ2(6) = 1.02, p = 0.6). Amorphous vesicular clumps decrease significantly by P12
(χ2(1) = 6.02, p = 0.014). Dense core vesicles increase from P8 to P10 (χ2(2) = 5.22,
p = 0.022) and then decrease again from P10 to P12 (χ2(1) = 6.10, p = 0.013).
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ple volumes that contained mitochondria did not appear to change between p8

and P12. However, preliminary data I had collected suggested that mitochon-

dria were smaller at P12 than at younger ages, and their frequency did subtly

increase in nonsynaptic boutons (5.7A). In order to determine whether mito-

chondria truly had undergone no change in frequency, it was thus of interest

to investigate their size and frequency along axon segment lengths.

As I described in the previous chapter, I calculated mitochondrial den-

sity along axon segments by dividing the total number of mitochondria found

in each segment by the total length of each segment. Mitochondrial volumes,

which were measured in RECONSTRUCT TM, were only recorded for mito-

chondria that fell within the boutons in our sample volumes (n = 38 at P8,

n = 36 at P10, n = 45 at P12).

At P8, mitochondria were significantly larger than they were at older

ages (5.8B) and occurred at a frequency of 1 per 12 µm (5.8C). By P10, the

frequency of mitochondria had not significantly changed 5.8C, but they had

gotten significantly smaller (5.8B). At P12, mitochondria were less than half

the size of P8 mitochondria (5.8B). Their frequency had increased by fifty

percent to 1 per 8 µm. Mitochondria must therefore be undergoing fission at

a higher rate at P12 in order to supply newly minted boutons with ATP.

5.3 Discussion

This set of studies unveiled the process by which synapses are assem-

bled as juvenile rats develop the ability to express enduring LTP. On the
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Figure 5.8: Mitochondria become smaller and more frequent from P8 to P12.
A) Representative 3D reconstructions of CA1 axonal segments from P8, P10, and P12
perfusion-fixed rats. End-to-end lengths listed below each axon. B) Mitochondria become
progressively smaller between P8 and P12 (F2,120 = 53.4, p < 0.001). C) By P12, the
number of mitochondria per micron axon length is significantly increased compared to P8
and P10 levels (F2,192 = 5.76, p = 0.0037).

postsynaptic side, dendrites support a small number of large shaft and filopo-

dial synapses. On P10, there is a modest increase in the number of shaft

synapses and a small handful of dendritic spines appear. Suddenly, on P12,

spinogenesis dramatically increases, so that a majority of synapses are on true

spines instead of on filopodia or dendritic shafts. Presynaptic maturation

nicely parallels postsynaptic maturation. On P8, in spite of the large size of

shaft synapses, relatively few vesicles cluster near them. By P10, the few new
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synapses that form do so on preexisting boutons, as evidenced by the increase

in multisynaptic spines, and the number of vesicles that cluster near synapses

increases. At P12, the dramatic upswing in the number of spine synapses is

perfectly matched by an increase in single synaptic boutons. For the total

amount of PSD area per bouton, these new boutons have similar numbers

of non-docked vesicles and greater numbers of docked vesicles than P10 bou-

tons, which implies that while smaller, these new boutons are no less effective.

As these increases in vesicle clustering and synapse building occurred, both

amorphous vesicle clumps and docked vesicles were used up. On P12, as these

subcellular resources were being rapidly assembled into boutons, mitochondria

underwent fission in order to supply them with energy. Genesis of spines, as-

sembly of boutons, and increased mitochondrial fission all co-occurred right at

the onset age of LTP, implying that all three are critical for its expression.

Spinogenesis ramps up at P12 but begins at P10. The fact that den-

drites are at least capable of forming spines at P10 suggests that a single TBS

may prime P10 slices to support LTP after a subsequent TBS by encouraging

spines to form. Interestingly, initial synaptogenesis between P8 and P10 oc-

curs on preexisting boutons, much like the additional spinogenesis that occurs

during LTP at P15. Would TBS-induced spines also form on pre-existing bou-

tons, or would they assemble new ones? I suspect the machinery is already in

place for new boutons to be built. At P10, the number of nonsynaptic boutons

that contain dense core vesicles doubles. Nonsynaptic boutons also frequently

contain amorphous vesicular clumps at both P8 and P10. Those are likely to
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be identical to the synaptic vesicle transport packets seen in cultured neurons

(Ahmari & Smith 2002, Sabo et al. 2006). If one round of TBS stimulates the

stabilization of spines, it also probably concurrently converts those packets of

amorphous and dense core vesicles into synaptic boutons.

Alternatively, a round of TBS could exert all of its effects on the presy-

naptic compartment. Reserve vesicle clustering increases precipitously from

P8 to P10, which I think is likely to be due to the incorporation of some of

those large amorphous vesicles. Although the decrease in AVC frequency is

not quite significant at P10, those amorphous vesicles are considerably larger

than the round glutamatergic vesicles seen in adults. It is easy to imagine that

one large amorphous vesicle has enough membrane surface area to make sev-

eral round, glutamatergic vesicles. Measuring the surface area of each would

provide a fairly easy answer to that question. Could building larger reserve

pools be what triggers the ability to support subsequent plasticity? In both

P15 and adult animals, mobilizing reserve vesicles appears to be important

for maintaining LTP. Dr. Guan Cao and I already performed some single and

spaced TBS experiments on acute slices from P10 rats. I processed the tissue

from three experiments and prepared test thins of each. The tissue quality ap-

pears to be good 5.9, so the obvious next step is to prepare series and collect

data in order to see whether one TBS causes changes in pre- or postsynaptic

structure.

As new boutons are assembled at P12, amorphous vesicular clusters

and dense core vesicles are used up and mitochondria increase in frequency
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Spine?

Figure 5.9: Test thin from P10 TBS Slice. Cropped image from large area CA1 test
thin taken from P10 TBS slice experiment. Tissue was sampled from approximately 100 µ
away from the air surface of the slice. Putative spine labeled in the middle of the section.
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in order to fuel incorporating these subcellular building blocks into new bou-

tons. Synaptic vesicle clustering appears to become denser in parallel with

the building of boutons. More analyses should be done in order to figure out

which subcellular resources are most critical for converting AVCs into mature

appearing synaptic vesicle clusters.

The findings from this preliminary study of synaptic structural devel-

opment lay the groundwork for future experiments that will help determine

what elements of synaptic structure may be necessary for supporting enduring

plasticity.
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Chapter 6

Closing Remarks and Future Directions

The studies presented in this dissertation revealed a critical role for

mitochondria in the presynaptic component of LTP. At P15, boutons with

nearby mitochondria have larger synapses and more vesicles than those far-

ther than three µm from them, which suggested the possibility that diffusion

of ATP from nearby mitochondria was at least sufficient for clustering synap-

tic vesicles. However, the only boutons that managed to mobilize any vesicles

at any time point following LTP induction were those that actually contained

mitochondria. Clearly, diffusion from nearby mitochondria is insufficient for

fueling enhanced vesicle cycling during LTP. Adult boutons without mito-

chondria were able to mobilize their docked vesicles 30 minutes following LTP,

which raises the interesting possibility that in the mature system, glycolysis

can at least transiently fuel enhanced vesicle cycling. As was the case in juve-

nile rats, however, reserve pool mobilization at both thirty minutes and two

hours required presynaptic mitochondria.

Mitochondria themselves also undergo structural changes during LTP.

Adult mitochondria undergo fusion, possibly because there are fewer boutons

to supply with energy (Bourne et al. 2013). P15 mitochondria become smaller
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without experiencing any change in frequency, which prompted me to look

closely at the internal structure of mitochondria following LTP at both ages.

In both P15 and adult rats, mitochondrial cristae became wider and matrix

became more compact as they shifted from orthodox to condensed configura-

tions. Mitochondria thus are likely to ramp up their respiration rates during

LTP in order to supply active boutons with ATP.

I also demonstrated coordination between the pre- and postsynap-

tic compartments during the development of synapses. Control stimulation

caused elimination of both small spines and their presynaptic partners, but

LTP brought both back to perfusion-fixed levels. In addition, new spine syn-

pases also formed on pre-existing boutons, as evidenced by an increase in

multisynaptic boutons. Developmental spinogenesis proceeded similarly. An

increase in MSBs at P10 was followed by the genesis of brand new SSBs at

P12. Amorphous vesicular clusters decreased slightly at P10 as they were in-

corporated into pre-existing boutons and then dramatically at P12 in order to

generate new clusters. Dense core vesicles were also used up at P12, in order

to lay down the active zone proteins needed for vesicle docking. Mitochondrial

fission increased in axons at P12, suggesting that more mitochondria were

needed to fuel the creation of new boutons.

As was briefly discussed in chapter three, I think it is of interest to de-

termine why adult and P15 boutons without mitochondria differ in their ability

to enhance readily releasable pool vesicles. At weaning, when their diets switch

from consisting of primarily of fats to consisting primarily of carbohydrates,
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rat neurons dramatically increase their capability of taking up and using glu-

cose (Vannucci 1994, Nehlig 2004). It would actually be extremely easy to

test whether anaerobic glycolysis fuels enhanced readily releasable pool kinet-

ics at the 30 minute time point in adults. We would merely have to redo the

thirty-minute adult slice experiments in the presence of betahydroxybutyrate

(or even lactate) in order to force neurons to use oxidative phosphorylation

only. I do not think this would interfere with dendritic function because adult

dendrites contain enormous mitochondria that practically fill the entire shaft.

If it necessitates mitochondria for docked vesicle release, then only the boutons

that contain mitochondria will lose their docked vesicles.

Certain transgenic mouse models would lend well to further exploration

of the role mitochondria play in presynaptic structural plasticity. Recent work

in cultured hippocampal neurons demonstrates that ATP binding by synapsin

IIa is critical for mobilizing vesicles from the reserve pool and preventing vesicle

depletion during 10 Hz stimulation (Shulman et al. 2015). This same ATP

binding site could potentially be mediating the effect mitochondria seem to

have on reserve pool mobilization. It would be extremely interesting to see

whether long-lasting effects on presynaptic vesicle composition during LTP

can occur without binding of ATP by synapsin IIa.

Another protein whose function would allow us to put the necessity of

presynaptic mitochondria to the test is synthaphilin. Syntaphilin, which is

only targeted to axonal mitochondria, causes mitochondria to become docked

at synapses by interfering with the interaction between kinesin-1 and micro-
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tubules (Kang et al. 2008, Chen & Sheng 2013). Loss of function mutations

in syntaphilin cause virtually all mitochondria in axons to move without stop-

ping. Syntaphilin knockout mice tend to have enhanced post-tetanic potenti-

ation since their boutons lack mitochondrial calcium sequestration, but they

also experience rapid synaptic depression from depletion of their readily re-

leasable pools (Kang et al. 2008). By preventing activity-dependent docking

of mitochondria, could syntaphilin prevent presynaptic LTP expression? Al-

ternately, by enabling mitochondria to be equally shared among all boutons,

could knocking down syntaphilin expression actually cause an even greater

fraction of boutons to mobilize their vesicles? So far, most experiments on

syntaphilin knock-out mice has been done on cultured neurons so that the

movement of mitochondria could be tracked. No one has yet managed to cor-

relate mitochondrial docking or motility with the ability to express TBS-LTP.

In chapter 4, I correlated presynaptic structural plasticity with in-

creased energy demand by examining the internal structure of mitochondria.

A potential problem with the approach I used was that the thickness of our

sections made seeing obliquely sectioned cristae difficult. After all, the average

orthodox mitochondrial crista is around 15-18 nm wide, which is much smaller

than our 45-60 thick nm sections. Furthermore, while measuring the width of

clearly visible cristae with cross-sectioned cristae is a less subjective proxy for

mitochondrial conformation than simply categorizing them, it is also some-

what sensitive to the sectioning orientation of the cristae. That being said,

I am not terribly concerned that my measurements of cristae width were far
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off the mark. My average mitochondrial cristae measured around 15-18 nm

wide, which is in agreement with the literature (Perkins et al. 2010, Patten

et al. 2014). Nevertheless, EM tomography, which creates virtual sections

that have thickness in the 2-3 nm range, would be better able to resolve mi-

tochondrial cristae. We would only be able to use tomography for a small set

of mitochondria, but we would still at least be able to make accurate mea-

surements of cristal volume and surface area and compute the ratio between

cristal and matriceal surface area, which I feel would be a more meaningful

measurement of matrix condensation.

Finally, more investigation needs to be made into the subcellular re-

sources that supply the building materials for dendritic spines. It is clear that

mitochondria are important for fueling bouton development and vesicle mobi-

lization during plasticity, but are they also critical for building spine synapses?

In the dendrites of adults and older cultured neurons, mitochondria are several

microns long and more or less fill the dendritic shaft (Chang & Reynolds 2006).

Some 3D reconstructions I prepared out of curiosity tell a decidedly different

story about dendritic mitochondria during early development, however (6.1).

At P8 and P10, there are long segments of dendritic shaft that are completely

devoid of mitochondria, which is not typical of mature dendrites (Popov,

Medvedev, Davies & Stewart 2005). Interestingly, mitochondria appear to

sometimes get trapped and twisted around inside of some of the more varicose

regions of dendrites (6.1), much like they do inside of degenerating axons in

aged monkeys (Kuwajima et al. 2013). During development, it is possible that
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the varicose regions of dendrites ”trap” organellar resources like mitochondria,

smooth endoplasmic reticulum, and large amorphous vesicles in preparation

for spine and filopodial outgrowth. Tracking mitochondrial dimensions and

distribution during early postnatal development, before mitochondria reorga-

nize into longer networks, might give some insight into the resources needed to

establish a dendrite’s carrying capacity for synapses throughout development.

In closing, the studies I have presented here in this thesis are some of the

first of their kind. While it was known that mitochondria play a role in short

term plasticity, no one had really characterized their requirement for enduring

plasticity, let alone correlated their energy status with plasticity. Defects in

mitochondrial function and trafficking are a commonality to the end stages of

many neurodegenerative diseases, so it is critcal to fully understand their role

in fueling normal synaptic activity.
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P08 Dendrites

P10 Dendrites

Figure 6.1: Example 3D Reconstructions of dendrites from P8 and P10
perfusion-fixed rat hippocampus. Surprisingly, during early development, there are
long segments of dendrites (yellow, translucent) that contain no mitochondria (navy). In
some of the varicose regions, long mitochondria are twisted around, likely because of how
the microtubules are arranged.
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