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Abstract
Title of dissertation: The regulation and role of dendritic mitochondrial fission during
long-term potentiation
Sai Sachin Divakaruni, Doctor of Philosophy, 2018
Dissertation directed by Thomas A. Blanpied, Ph.D., Associate Professor, Department of
Physiology and Program in Neuroscience
Neurons continuously modify their synaptic strength to encode memories and to
adapt to experience and the environment. Long-term potentiation (LTP) is a critical cellular
mechanism of this adaptation and is the prevailing form of synaptic plasticity. Baseline
synaptic function is bioenergetically demanding, and this demand is elevated during
episodes of synaptic plasticity. Therefore, mitochondrial functions, such as ATP synthesis
and calcium handling, are likely essential for plasticity. Furthermore, mitochondrial
functions themselves are regulated by mitochondrial dynamics including fission, fusion,
and motility. Although axonal mitochondria have been extensively studied, LTP induction
predominantly occurs postsynaptically, where the roles of mitochondria are less well
understood. Additionally, mitochondrial fission has recently garnered interest because it is
necessary for development and is required for normal mitochondrial function, and because
perturbed fission is associated with many neurological and psychiatric diseases. However,
whether or how fission in dendrites supports ongoing synaptic transmission and plasticity
is still unclear. Furthermore, although the molecular mechanisms underlying mitochondrial
fission have been well described in other cell types, little is known about how
mitochondrial fission is accomplished in neurons, particularly in dendrites, or how
neuronal activity might modulate these mechanisms.

Here I tested the hypothesis that LTP expression requires an increase in
dendritic mitochondrial fission that is triggered during LTP induction. Mitochondria
in dendrites at rest are stationary and rarely undergo fission. However, I found that
chemical induction of LTP (cLTP) by NMDAR activation in cultured rat hippocampal
neurons prompted a rapid burst of dendritic mitochondrial fission. Mitochondrial fission
canonically requires actin nucleation and membrane constriction by the GTPase dynaminrelated protein 1 (Drp1). Consistent with this, inhibition of actin polymerization or
expression of a dominant negative (DN) mutant or knockdown of Drp1 each suppressed
the cLTP fission burst. Furthermore, the GTPase Dynamin 2 (Dyn2) was recently
implicated in fission in cell lines, and I found similarly that expressing DN Dyn2 abolished
the fission burst. Drp1 function is also known to be regulated by phosphorylation, with
CaMKII as a possible activator based on studies of non-neuronal cells. In line with this, I
found that fission was triggered by cytosolic calcium elevation via glutamate photolysis at
dendritic spines, and also that the fission burst was prevented by acutely inhibiting CaMKII
activation or by prohibiting Drp1 phosphorylation. I then tested whether mitochondrial
fission is required for LTP expression. Knocking down Drp1 or expressing DN Drp1
suppressed dendritic spine growth and synaptic AMPA receptor trafficking following LTP
induction. Furthermore, NMDAR-dependent LTP induction by high-frequency stimulation
(HFS) of Schaffer collaterals in acute hippocampal slices decreased dendritic
mitochondrial length in area CA1. Remarkably, postsynaptic expression of DN Drp1
prevented HFS LTP at Schaffer collateral-CA1 synapses in slices, with no effect on basal
transmission or on intrinsic electrophysiological properties of neurons. Furthermore, I
found that cLTP stimulation produced transient elevations of dendritic mitochondrial

calcium (i.e. mCaTs), and that expression of DN Drp1 suppressed the frequency,
amplitude, and duration of evoked mCaTs.
These data illustrate a novel pathway whereby synaptic activity controls
mitochondrial fission, and show that dynamic control of fission is required for LTP
induction perhaps by modulating mitochondrial calcium handling. Impaired synaptic
function is implicated in myriad neuropsychiatric diseases, many of which are also
associated with mitochondrial dysfunction. Therefore, our findings raise the important
question of whether neuronal mitochondrial dysfunction contributes to cognitive
impairment in these diseases by perturbing dendritic and/or synaptic plasticity.
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PREFACE
“Who am I?” I ponder this question often – in times of trial and tribulation, as well
as of triumph and joy. Although this question may seem simple, it is quite the opposite: its
supreme complexity demands substantial introspection and it is absolutely fundamental to
our conscious existence. Nevertheless, it is still at its core a purely philosophical question.
Although the search for the answer to this question – which may be alternatively phrased
as the “search for Self” or the “quest for Soul” – is at the very core of our humanity and
our human experience (and of course is not necessarily limited to humans alone!), we will
likely never attain a mechanistic answer, and thus a true understanding, to such a question
through only philosophical exercises. So, the question evolves to become: what is the entity
that comprises our cognitive functions and produces our so-called Self?
Probably as far in the past as oral and written history permit us to delve, we can
find evidence of the mind (i.e. manas – Sanskrit, ménos – Ancient Greek, etc.) being
attributed with the control of our cognitive faculties. One example of this is borrowed from
the Vedic Brihadaranyaka Upanishad (v. 1.5.3) from India (c. 1000-700 BCE), which
reads:
manasā hyeva paśyati, manasā sṛṇoti |
kāmaḥ saṃkalpo vicikitsā śraddhā'śraddhā
dhṛtir adhṛtir hrīr dhīr bhīr ityetadsarvaṃ mana eva ||
It is with the mind that one sees, and one hears with the mind.
Desire, intent, doubt, faith, faithlessness
Resoluteness, instability, shame, intelligence, and fear are all of the mind.
Notably, similar conclusions and statements were made by many philosophers from many
other ancient civilizations as well. Therefore, because the mind was identified as the
putative agent responsible for our cognitive functions, the question again evolved: where
is the mind located? This question was debated over the last several millennia, but through
many seminal contributions that I cite in this dissertation, as well as countless others, it has
come to be understood that the brain is the seat of the mind.
Therefore, by definition, the brain is responsible for every thought that has ever
occurred, every word that has ever been spoken or written, every action that has ever been
performed, and every emotion ever felt. The brain is responsible for our appreciation and
application of mathematics, physics, chemistry, biology, and also art, history, religion, and
politics. It is responsible for why we remember the gentle sounds of our parents speaking
with us, the loving embrace of our doting grandparents, the likes and dislikes of our
siblings, the comforting touch of our spouses and partners, and the laughter of our dear
friends. The brain is where the memories of my discussions with my father and my
mother’s cooking are stored – and as I write this, I begin to especially crave her
viii

ramamulagakaya-dosakaya pappu (lentils with tomato and cucumber). Indeed, the brain is
responsible for everything we have and will ever perceive.
Because the brain is comprised of biological matter, it is ultimately the role of the
neuroscientist – one who studies the biology of the nervous system, including the brain –
to not only apply a biological perspective to these philosophical questions, but to also try
and determine, through rigorous hypothesis development and experimental design and
testing, the basis of the mind by asking “What biological mechanisms in the brain make us
who we are?” The challenge to answer this question is at the core of why I chose to pursue
a PhD in neuroscience because, after all, what could be more tantalizing and universal? In
addition, as a burgeoning physician scientist, I am further motivated to study brain function
because dysfunction of cells, circuits, and synapses within the brain underlie all
neurological and psychiatric disease, the economic and human costs of which continue to
devastate our society. Therefore, it has been not only a great opportunity, but also a great
honor and privilege to pursue this PhD. During this journey, I have developed significantly
as a scientist and person, and am excited to continue developing throughout my career. It
is my hope that the body of work outlined in this dissertation will not only contribute a
meaningful droplet in a massive ocean of past studies but will also assist future
investigations, all of which may one day permit us to comprehend the cellular and
molecular basis of the mind.
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CHAPTER 1: INTRODUCTION
Section 1. Introduction to synapses and plasticity
The brain is the seat of the mind
Even in written records from ancient civilizations, such as Egypt c.1700 BCE, the
human brain was associated with our behavior – a suggestion that would be disputed for
millennia (Gross, 1987). Among those advocating for the brain were physician-scientists,
such as Alcmaeon and Hippocrates from Greece (c. 400 BCE) (Gross, 1987) and Sushruta
from India (c. 600 BCE) (Banerjee et al., 2011), predominantly based on observations of
diseases such as epilepsy in people with head and brain damage. It was they who first
proposed that the brain housed the mind (i.e. manas – Sanskrit, ménos – Ancient Greek).
However, subsequent Greek philosophers such as Plato and Aristotle (c. 400-300 BCE)
famously denied the role of the brain, instead attributing this function to the heart, for
example (Gross, 1987). The turning point in this dispute was reached due to systematic
brain dissections spanning centuries by anatomists including Herophilos, Erasistratos,
Galen, and Vesalius, who suggested that the brain was the locus of intelligence as well as
the regulator of body functions (Gross, 1987). Thus, this global effort spanning centuries
suggested that the brain is the seat of the mind. Nevertheless, the question as to how the
brain could accomplish this monumental task continued to loom large.

Plastic modification of the brain may underlie learning and memory
Philosophers and psychologists between the 18th and 20th centuries began collecting
and developing a series of models and observations to answer this very question. Although
through the course of history several models of learning and memory have been proposed,
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which may indeed be intertwined, here I will describe the concept of associative learning,
which is one of the earliest models, as well as the one most related to this dissertation1.
The concept of associative learning was first proposed by David Hartley in the mid18th century, who wrote:
“Any sensations A, B, C, etc. by being associated with one another a
sufficient number of times, get such a power over the corresponding ideas
a, b, c, etc. that any one of the sensations A, when impressed alone, shall be
able to excite in the mind b, c, etc. the ideas of the rest. Sensations may be
said to be associated together, when their impressions are either made
precisely at the same instant of time, or in the contiguous successive
instants.” (Hartley, 1749)
Thus, due to the strong association of sensations with one another, presentation of a single
sensation could produce the recollection of the others. It was Alexander Bain, however,
who first expanded on Hartley’s theory of associativity and proposed that all animal
behavior involves the recollection of stored memories, which is only feasible by association
during retention. He wrote:
“An animal going to the water to quench its thirst performs an intelligent
act; in order to [perform] this act the creature had to associate in its mind
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Here I refer to several influential individuals to illustrate the development of the idea but
acknowledge that many more made substantial contributions that were not included. Thus,
this is by no means an exhaustive list of contributions, but rather a relative timeline.
Furthermore, when possible, I include original quotes directly from their works to not only
illustrate the clarity of thought but to also depict how one model laid the foundation for the
next in this truly awe-inspiring and global endeavor. I would like to acknowledge
Markram, H., Gerstner, W., and Sjostrom, P.J. (2011). A history of spike-timing-dependent
plasticity. Frontiers in synaptic neuroscience 3, 4. for pointing me toward several primary
sources.
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the feeling of thirst with the place and the appearance of water and the
movements requisite to approach it…This associating principle is the basis
of Memory…Actions, Sensations, and States of Feeling, occurring
together…tend to grow together…in such a way that when any one of them
is afterwards presented to the mind, the others are apt to be brought up in
idea.” (Bain, 1855)
A couple decades later, Bain postulated that actual changes to brain matter, specifically the
growths at “cell or corpuscle junctions” must underlie memory (my emphasis):
“And now as to the mechanism of retention: for every act of memory…
there is a specific grouping, or co-ordination, of sensations and movements,
by virtue of specific growths in cell junctions…If the brain is a vast network
of communication between sense and movement…by innumerable
conducting fibres, crossing at innumerable points, - the one way to make
one definite set of currents induce a second definite set is in some way or
other to strengthen the special points of junction where the two sets are most
readily connected, so that a preference shall be established, and in that
particular line of communication. The special growths accompanying
memory must operate at these cell or corpuscle junctions.” (Bain, 1873)
This ability of brain matter to change, which he agreed must underlie memory, was defined
as plasticity by William James, who wrote:
“Plasticity, then, in the wide sense of the word, means the possession of a
structure weak enough to yield to an influence, but strong enough not to
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yield all at once…habit in living beings [is] due to the plasticity of the
organic materials of which their bodies are composed.” (James, 1890)
James also surmised that memory would depend on the persistence of the paths due to
plasticity:
“Memory being thus altogether conditioned on brain-paths, its excellence
in a given individual will depend partly on the number and partly on the
persistence of these paths.” (James, 1890)
Thus, the ideas for learning and memory, which would not only persist but would also
continue to be tested today, were formulated. Yet a major question remained: what attribute
of brain matter could support its apparent need to change?

The brain is comprised of neurons connected by synapses
It was the development of the light microscope in the 17th century and the later
development of the Golgi stain in the 19th century that shed light on this issue. Using these
tools, Santiago Ramón y Cajal made a series of discoveries in the late 19th century that
earned him the label: “the father of modern neuroscience”.
Cajal2, in 1888, published two findings that are central to neuroscience today: 1)
the brain is comprised of individual cells of various shapes and sizes that are not connected
(i.e. the neuron doctrine) and 2) neuronal dendrites are covered with “espinas” (a.k.a.
dendritic spines) (Yuste, 2015). A year later, Cajal described that these dendritic spines
(Fig. 1.1A) are present in mammalian brains and hypothesized them to be the junctions
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Here I cite and summarize mostly from a review by Yuste, R. (2015). The discovery of
dendritic spines by Cajal. Front Neuroanat 9, 18., in which his translations of sections of
Cajal’s monographs are included.
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Figure 1.1. Synapses are the connections between neurons. A) Modified
original drawing of a dendrite covered with dendritic spines by Ramón y
Cajal, 1889. Modified from (Yuste, 2015). B) Electron micrograph of synapse
ultrastructure. A: axon terminal, S: dendritic spine, D: dendrite, purple arrow:
dendritic mitochondrion. Josef Spacek, John Fiala, Kristen Harris, Atlas of
Ultrastructural Neurocytology, 2004 http://synapseweb.clm.utexas.edu/atlas.

between the axon of one cell and the dendrite of another, which Sir Charles Scott
Sherrington would later term “synapses” (Foster, 1897; Sherrington, 1906). Furthermore,
inspired by Luigi Galvani’s work from the 1790’s suggesting that nerve fibers can
propagate electrical charge, later identified to be action potentials by Emil du Bois
Reymond in the 1840’s (Piccolino, 2006), Cajal formulated the concept of dynamic
polarization wherein, after receiving impulses from a previous cell’s axon via their spines,
dendrites would propagate this impulse to the cell body and then again to the axon (Yuste,
2015). Lastly, and most relatedly to this dissertation, it was Cajal who first hypothesized
that axon terminals (presynaptic compartment) and dendritic spines (postsynaptic
5

compartment) of these synapses between neurons could undergo activity-dependent
changes (Yuste, 2015), which he thought must underlie the formation of memories
(Mayford et al., 2012). Thus, within the span of a decade Cajal had provided an incredible
boost to the fields of neuroscience and psychology by providing specific cellular substrates
for the alterations to brain matter first proposed by Bain decades earlier.
Altogether, by the turn of the 20th century, another global endeavor spanning ~150
years, had produced a working hypothesis describing the role of neurons, synapses, and
synaptic plasticity in the behavior of learning and memory. Indeed, it is this model that
catapulted the neuroscience revolution of the 20th and early 21st centuries and that has
persisted today (Fig. 1.1B). However, experimental suggestions toward this associationdependent increase in the efficacy of synaptic transmission remained elusive.

Plastic modification of neurons may underlie learning and memory
Perhaps one of the earliest experimental findings for associative learning were those
of Ivan P. Pavlov who, through studies on dog salivation, described classical conditioning
(Pavlov, 1910, 1927). In this experimental form of learning, a neutral stimulus (e.g. musical
note), which normally does not produce a physiological response (e.g. salivation), produces
a response when paired with an unconditional stimulus (e.g. meat) that naturally produces
the same unconditional response. This connection:
“is a loose one, easily interrupted, and needs constant repetition of the
associated stimuli to preserve it…By such means functional activity is
better adapted to surrounding conditions, while, on the other hand,
readjustment is readily permitted when the conditions alter.” (Pavlov, 1910)
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Even B.F. Skinner, who questioned the universality of classical conditioning and instead
suggested that operant conditioning may provide a more reliable explanation, stated that
“the strength of an operant is proportional to its frequency of occurrence” (Skinner, 1938).
Nearly simultaneously, the Polish neurophysiologist Jerzy Konorski and the
Canadian psychologist Donald Hebb, who is most well recognized for this form of learning
that has since come to be known as Hebbian learning accomplished by Hebbian synaptic
plasticity, more explicitly synthesized the role of repetitive and associative stimulation in
the formation of memory. They wrote (my emphasis):
“In a normal animal the application of a stimulus evoking an orientation
reaction leads to changes of a two-fold kind in the nervous system. First…a
cycle of acute changes, which consist in some transient excitato-inhibitory
configuration…on the other hand the stimulus inaugurates certain
permanent and irreversible changes…The first property…we call
excitability. The second property…we shall call plasticity...Plastic changes
would be related to the formation and multiplication of new synaptic
junctions between the axon terminals of one nerve cell and the some (i.e.
the body and the dendrites) of the other.” (Konorski, 1948)
“When an axon of cell A is near enough to excite a cell B and repeatedly
or persistently takes part in firing it, some growth process or metabolic
change takes place in one or both cells such that A’s efficiency, as one of
the cells firing B, is increased. The most probable suggestion concerning
the way in which one cell could become more capable of firing another is
that synaptic knobs develop and increase the area of contact between the
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afferent axon and efferent soma (“soma” refers to dendrites and body, or all
of the cell except its axon).” (Hebb, 1949)
The first experimental and physiological evidence of such plasticity3 was published
by Kandel and Tauc in 1964 based on work in Aplysia, wherein they found that pairing a
weak test stimulus with, and preceding, a train of strong stimuli transiently augmented the
amplitude of the excitatory postsynaptic potentials (EPSPs) evoked by the weaker test
stimulus (Kandel and Tauc, 1964). However, what brain structures and synapses could
regulate memory in humans and other mammals? One answer to this question was inspired
by Scoville and Milner who noticed anterograde amnesia in a patient who had undergone
bilateral temporal lobe resection to treat severe epilepsy (Scoville and Milner, 1957). One
of the resected regions included the hippocampus, a structure which over time would
become famously synonymous with learning and memory. Performing experiments on the
hippocampi of rabbits, Bliss and Lomo then published a seminal paper in which they
described that tetanizing the perforant path afferent inputs to the dentate gyrus (DG) region
of the hippocampus produced long-lasting potentiation (later to be called long-term
potentiation) of the field EPSPs (fEPSPs) evoked by test stimulation of these same afferents
(Bliss and Lomo, 1973). Later, Bliss and Collingridge put forth a formal synaptic model of
learning and memory in which they state:
“External events are represented in the brain as spatiotemporal patterns of
neural activity, and it is these patterns of activity which must themselves be
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Here again, I include only select examples. Of course, much of this work was itself
inspired by the understanding of the electrical properties of neuronal excitability,
neurotransmission, and plasticity thanks to Sherrington, Adrian, du Bois Reymond,
Bernstein, Langley, Bernard, Elliott, Dale, Loewi, Hodgkin, Huxley, Eccles, Katz, Gerard,
and others.
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the agents of synaptic change. The location of storage, the engram of
learning and memory, must therefore be found among the synapses which
support activity-dependent changes in synaptic efficiency.” (Bliss and
Collingridge, 1993)
Thus, beginning with purely philosophical models in the 18th century that were now
updated based on experimental evidence from the mammalian central nervous system, the
field of neuroscience asked: what are the mechanisms that permit long-lasting changes to
synapses, which are thought to underlie learning and memory? In the decades since this
discovery, the field has come to appreciate many different forms of neuronal and synaptic
plasticity – potentiation and depression – that are induced and expressed postsynaptically
or presynaptically. In the ensuing sections, I summarize several select findings that are of
utmost relevance to my work.

Section 2. Long-term potentiation – the canonical form of synaptic plasticity
Properties of long-term potentiation
The first-described, most-studied, and best-understood form of synaptic plasticity
is long-term potentiation (LTP) (Malenka and Bear, 2004; Nicoll, 2017), on which my
thesis is focused. Long-term potentiation was first published, as mentioned, by Bliss and
Lomo (Bliss and Lomo, 1973), and is defined as the persistent elevation in the efficacy of
synaptic transmission by repetitive stimulation. Moreover, LTP has several properties that
make it a great neurophysiological model for [at least associative] learning and memory
based on the theories summarized in the previous section. First, LTP is saturable, meaning
that the enhancement of synaptic transmission efficacy at any given set of synapses has an
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upper limit (Bliss and Gardner-Medwin, 1973; Bliss and Lomo, 1973). Second, LTP
produces supralinear changes to the output from the postsynaptic neuron population
(EPSP-spike potentiation) (Bliss and Gardner-Medwin, 1973; Bliss and Lomo, 1973).
Third, LTP is cooperative in that a threshold of afferent excitation must be met
(McNaughton et al., 1978). Fourth, LTP is associative in that a subthreshold stimulation
can produce LTP heterosynaptically if a suprathreshold stimulation to the same neuron is
present at relatively the same time (Levy and Steward, 1979; McNaughton and Barnes,
1977), which is seemingly the cellular correlate of classical conditioning and behavioral
associativity. Fifth, LTP is input-specific in that only those synapses that are activated
during stimulation will become potentiated (Andersen et al., 1977; Levy and Steward,
1979). Given all these considerations, the field collectively asked: what are the cellular
mechanisms that give rise to synaptic changes during tetanic induction and that give rise
to these properties of LTP?

Molecular mechanisms underlying long-term potentiation
After nearly 50 years of research, we now know that though LTP can be induced
and expressed postsynaptically, presynaptically, or both, the predominant and canonical
form of LTP is postsynaptic (Nicoll, 2017). First, early work identified that preventing
glutamatergic activation of NMDA-sensitive ionotropic receptors (NMDARs) on the
dendrites of CA1 pyramidal neurons, by using the competitive antagonist APV, prevented
LTP but did not impair basal synaptic transmission itself (Collingridge et al., 1983a, b).
Furthermore, it was determined that these NMDARs are gated not only by glutamate, but
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also by membrane potential; specifically, by Mg2+ ions clogging the NMDAR channel pore
(Mayer et al., 1984; Nowak et al., 1984). Knowing this, it was determined that tetanizing

Figure 1.2. Molecular mechanisms underlying LTP induction and
expression. Canonically, LTP is induced by means of the NMDAR. Briefly, 1)
2+
depolarization of the postsynaptic membrane by AMPARs releases the Mg
2+
2+
block from NMDARs, which permit Ca entry. 2) Ca binds to calmodulin,
which activates CaMKII. CaMKII increases 3) AMPAR conductance and 4)
the number of synaptic AMPARs through phosphorylation. Modified from
(Bliss and Cooke, 2011)

afferents was not necessary to induce LTP; instead pairing postsynaptic depolarization with
single stimulation of afferents was sufficient for LTP (Gustafsson et al., 1987; Wigstrom
et al., 1986). Thus, since both the depolarization of the postsynaptic membrane and
glutamate binding to the receptor are necessary and sufficient for induction of LTP, the
NMDAR has come to be appreciated as a molecular coincidence detector for learning and
memory. Because NMDARs are Ca2+-permeable ion channels, it was then asked whether
11

Ca2+ entry into postsynaptic cells is required for LTP. Loading a Ca2+ chelator, EGTA, into
CA1 neurons prevented LTP (Lynch et al., 1983), whereas uncaging Ca2+ in these neurons
was sufficient to produce LTP (Malenka et al., 1988). Therefore, LTP is canonically4
induced in the postsynaptic compartment by NMDAR-dependent mechanisms (Fig. 1.2).
The field then asked whether LTP, being induced postsynaptically, was expressed
as a change to the presynaptic compartment (i.e. increased neurotransmitter release), or to
the postsynaptic compartment (i.e. increased neurotransmitter receptors). This dispute
spanned over a decade. Those in favor of presynaptic expression reported an increase in
the probability of glutamate release following induction, and therefore an increase in
synaptic transmission given a constant postsynaptic compartment (Bekkers and Stevens,
1990; Dolphin et al., 1982; Malinow and Tsien, 1990). However, a series of other
experiments instead suggested that a class of non-NMDA ionotropic glutamate receptors
sensitive to AMPA (AMPARs) on CA1 dendrites were responsible for the phenotype of
increased synaptic transmission during LTP (i.e. LTP increased these receptors) (Muller et
al., 1988). Moreover, the data supporting an increase in release probability could be
explained by a decrease in the number of synapses containing only NMDARs and no
AMPARs (i.e. silent synapses) via the increase in AMPARs upon LTP induction (i.e.
synaptic un-silencing) (Isaac et al., 1995; Liao et al., 1995; Manabe and Nicoll, 1994). As

4

I use the term canonically to refer to postsynaptic NMDAR-dependent LTP at the
Schaffer collateral-CA1 synapse as well as countless other excitatory synapses throughout
the brain. However, there are examples of LTP that are NMDAR-independent and induced
or expressed presynaptically that are not detailed in this dissertation since they are not
directly related to my work. Extensive reviews of these can be found in Malenka, R.C., and
Bear, M.F. (2004). LTP and LTD: an embarrassment of riches. Neuron 44, 5-21, Yang, Y.,
and Calakos, N. (2013). Presynaptic long-term plasticity. Frontiers in synaptic
neuroscience 5, 8. and elsewhere.
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such, LTP is canonically4 both induced and expressed postsynaptically, and the mechanism
of elevated synaptic transmission in LTP is an increase in synaptic AMPARs. So, then,
how does NMDAR-mediated Ca2+ influx cause an increase in synaptic AMPARs?
The process of answering this question revealed many molecules important for
synaptic plasticity, but none are as compelling or well-supported by the literature as
Ca2+/calmodulin-dependent protein kinase II (CaMKII). CaMKII is enriched in dendritic
spines after LTP induction (Otmakhov et al., 2004), and its activation by Ca2+/CaMbinding and autophosphorylation takes place within the first minute after stimulation
(Chang et al., 2017; Lee et al., 2009), which places it in the right compartment at the right
time to be considered an essential LTP molecule. Furthermore, inhibiting CaMKII
activation (autophosphorylation) or activity (phosphorylation of substrates) prevented LTP
(Malenka et al., 1989). Additionally, genetic knockout of CaMKII or knock-in of inactive
CaMKII not only prevented LTP, but also impaired spatial learning in the Morris water
maze (MWM) (Giese et al., 1998; Silva et al., 1992a; Silva et al., 1992b). Thus, CaMKII
was identified as an essential component of the molecular cascade during LTP (Lisman et
al., 2002; Lisman et al., 2012).
One of the main substrates of CaMKII during LTP induction is the AMPAR,
specifically the Ser831 residue on the GluR1 subunit (Barria et al., 1997a; Barria et al.,
1997b; Lee et al., 2000; Mammen et al., 1997). CaMKII-dependent phosphorylation of
AMPARs at this residue increases the number of AMPARs at synapses and also increases
the conductance of the receptors themselves (Benke et al., 1998; Derkach et al., 1999;
Hayashi et al., 2000; Lee et al., 2000), both of which serve to increase AMPAR-mediated
synaptic transmission, which is the phenotype of LTP. The precise mechanisms by which
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AMPARs are trafficked to synapses is the focus of an expansive literature that has been
reviewed extensively (Choquet and Triller, 2003). In the context of this dissertation, it will
suffice to say that this primarily involves lateral diffusion of extrasynaptic receptors into
the synapse but also exocytosis of new receptors (Jurado et al., 2013; Makino and Malinow,
2009; Penn et al., 2017; Wu et al., 2017), both of which importantly occur in dendrites and
spines. Furthermore, it should be noted that in addition to CaMKII, other kinases including
PKC and PKA have been associated with NMDAR-dependent LTP and increasing synaptic
AMPARs, which has also been extensively reviewed (Malenka and Bear, 2004). Taken
together, one of the main cellular and molecular mechanisms of LTP involves the increase
in surface synaptic AMPARs.
Another important mechanism and phenotype associated with LTP is that of an
increase in dendritic spine size, which is referred to as structural LTP (sLTP). Early
electron microscopy (EM) observations suggested that PSD area and dendritic spine size
are larger in CA1 after LTP (Buchs and Muller, 1996), and dendritic spines on cultured
neurons are indeed highly dynamic structures regulated by the actin cytoskeleton (Fischer
et al., 1998; Matus, 2000). Furthermore, pharmacological perturbation of actin
polymerization suppressed electrophysiological LTP (Kim and Lisman, 1999; Krucker et
al., 2000). The advent of two-photon imaging and glutamate photolysis further offered a
new and unique ability to correlate dendritic spine sLTP and AMPAR currents at individual
dendritic spines (Bagal et al., 2005; Matsuzaki et al., 2001). These elegant studies showed
that actin polymerization is regulated by NMDAR- and CaMKII-activation, all of which
promote sLTP and increase in AMPAR currents rather linearly at single dendritic spines
of hippocampal neurons (Bosch et al., 2014; Matsuzaki et al., 2001; Matsuzaki et al., 2004).
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However, it remains to be determined whether sLTP is required for AMPAR trafficking to
synapses, whether AMPAR trafficking to synapses is required for sLTP, or whether these
two processes occur independently in parallel.
Furthermore, though two-photon imaging coupled with glutamate photolysis
provides the unique ability to study LTP at single spines, it usually involves the application
of non-physiological concentrations of glutamate. Therefore, chemical induction of LTP
(cLTP) in cultured neurons is a valuable approach when using spatiotemporally resolved
microscopy to study dynamics of cellular and synaptic structures. NMDAR-dependent
cLTP paradigms have been around for decades and involve the application of glycine – a
co-agonist for the NMDAR (Johnson and Ascher, 1987) – alone (Lu et al., 2001), the
removal of chronic APV antagonism of NMDARs alone (Srivastava et al., 2011), and a
combination of glycine stimulation and APV withdrawal (Araki et al., 2015; Liao et al.,
2001). Expectedly, the latter is the most robust and has been shown to increase AMPAR
mEPSC by increasing synaptic AMPARs in an NMDAR- and CaMKII-dependent fashion
(i.e. synaptic un-silencing – a critical component of electrophysiological LTP) (Liao et al.,
2001). Taken together, dendritic spine sLTP along with synaptic AMPAR trafficking are
critical cellular mechanisms underlying electrophysiological LTP (Fig. 1.3). Strikingly,
this structural morphology of spines is most consistent with early models by Bain, Cajal,

Figure 1.3. General LTP
phenotypes. These include
increase in spine size,
increase in synaptic
AMPARs, and an increase
in synaptic transmission.
EPSC: excitatory
postsynaptic current.
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and Hebb as to mechanisms of activity-dependent changes during learning and memory.
The aforementioned literature provides a laundry list of molecules and mechanisms
that regulate the induction and expression of LTP including, but not limited to, NMDARs,
AMPARs, Ca2+, CaMKII, and actin. However, though much of what I have discussed here
has concerned the changes to the synapse proper, there are important considerations to be
made about the dendrites that house the dendritic spines. In other words, these so-called
“parent dendrites” must have mechanisms in place to adapt to the demands of synaptic
transmission. For example, the dendrite should be able to somehow buffer the massive Ca2+
influx to prevent excitotoxicity; it also has to enhance its resource production to support
the changes that are present; it may alter its own excitability such that other synapses onto
the same parent dendrite can become potentiated more readily to facilitate recruitment of
the neuron into the memory trace; and more. Yet surprisingly, the role of the dendritic
compartment, let alone the subcellular components within dendrites remains vastly
understudied in comparison to the dendritic spine.
However, there is evidence in the literature supporting important roles of different
dendrite-localized molecules and organelles in LTP. For example, protein synthesis is
necessary and sufficient for LTP (Barco et al., 2002; Pittenger et al., 2002), and is supported
by the recruitment of polyribosomes from the dendritic shaft following induction (Bourne
et al., 2007; Ostroff et al., 2002). Furthermore, just as NMDAR-dependent Ca2+ entry into
spines is required for LTP, LTP also requires calcium-induced Ca2+ release (CICR) from
Ca2+ buffering organelles (Emptage et al., 1999; Padamsey et al., 2018). These organelles
include the ER and mitochondria, and depletion of ER Ca2+ stores or prohibiting CICR
prevent LTP (Harvey and Collingridge, 1992; Obenaus et al., 1989) while promoting Ca2+
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release from internal stores facilitates LTP (Grigoryan et al., 2012). Thus, it is important
to further consider the roles of not only the dendritic spine, but also the dendrite and its
constituents in LTP.

The relationship between long-term potentiation and animal behavior
Lastly, one of the reasons why LTP has gained and sustained interest and attention
in the synaptic neuroscience field is its relevance to animal behavior. Indeed, spatial
learning in the MWM is impaired by inhibiting NMDARs (Morris et al., 1986) or
perturbing CaMKII presence or activity (Giese et al., 1998; Silva et al., 1992a) in vivo. In
addition, spatial learning in the MWM was suggested to require LTP by a study in which
lesion of one hippocampus and in vivo induction of LTP by HFS impaired MWM
performance, which suggested that the physiological and electrophysiological induction of
LTP utilize the same mechanisms (Moser et al., 1998). In addition, LTP is not exclusively
associated with the MWM task, as a form of inhibitory avoidance learning produced CA1
LTP that also occluded future in vivo LTP induction by HFS, suggesting that both of these
also utilized the same mechanisms (Whitlock et al., 2006). In vivo LTP is not exclusive to
the hippocampus, either, as fear conditioning produces LTP of AMPAR-mediated synaptic
transmission in lateral amygdala (Rogan and LeDoux, 1995; Rogan et al., 1997a, b).
Furthermore, following fear conditioning, optogenetic activation of auditory afferents to
the amygdala can evoke freezing response; and LTP and long-term depression (LTD – see
section 3) can increase or decrease the stability of the freezing response (Nabavi et al.,
2014). Lastly, though there reasonably is limited evidence for LTP in humans in view of
ethical considerations, recent studies have shown that stimulation, with electrodes that were
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implanted for therapeutic purposes in patients with pharmacoresistant epilepsy, of the
entorhinal area improved spatial memory (Suthana et al., 2012), and also memory
specificity in a person recognition task (Titiz et al., 2017). Altogether, LTP is the canonical
form of synaptic potentiation and is thought to be the prevailing cellular and molecular
correlate of learning and memory. Its continued study is therefore of immense importance
to the pursuit of understanding neural mechanisms of information processing and storage.

Section 3. Additional forms of synaptic plasticity
Though the aforementioned mechanisms of LTP comprise the most widelyaccepted and best-understood mechanism of synaptic potentiation, there are other
postsynaptic mechanisms by which long-lasting changes to synaptic transmission can be
accomplished. Importantly, it should be noted that whether these occur in more
physiological contexts, and whether they occur truly independently of canonical LTP
remains to be fully studied. These forms include but are not limited to spike-timing
dependent plasticity (STDP), homeostatic plasticity, and neurotrophin-mediated plasticity.
These have all been reviewed extensively elsewhere (Debanne and Poo, 2010; Malenka
and Bear, 2004; Markram et al., 2011; Schinder and Poo, 2000; Turrigiano, 2012;
Turrigiano and Nelson, 2004), and because they are not directly related to my dissertation,
they are not discussed in detail here.

Spike-timing dependent plasticity (STDP)
Notably, of these additional forms of long-lasting synaptic potentiation, the most
relevant to this dissertation is STDP. Evidence in support of STDP was found even in the
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first LTP paper (Bliss and Lomo, 1973), in which HFS also generated a supralinear spike
in the soma of pyramidal cells (termed EPSP-spike potentiation). STDP is still defined as
NMDAR-dependent potentiation of synaptic transmission, but the main difference from
LTP is that the postsynaptic depolarization comes not from AMPAR-mediated synaptic
transmission, but rather by the proper timing of back-propagating action potentials (bpAPs)
from the soma (Debanne and Poo, 2010; Malenka and Bear, 2004; Markram et al., 2011).
However, importantly, STDP requires dendritic Ca2+ influx via voltage-gated Ca2+
channels (VGCC) and is prevented by Ca2+ chelators (Jaffe et al., 1992; Jaffe et al., 1994;
Kullmann et al., 1992). The summation of this Ca2+ signal observed in dendrites is
supralinear (i.e. greater than expected from the sum of the synaptic input and the bpAP
alone) and it was long ago suggested that synaptically-activated CICR (Emptage et al.,
1999) could play an important role in STDP (Linden, 1999), lending importance to Ca2+buffering organelles in the dendrite such as mitochondria and the ER, as has been reviewed
quite recently (Padamsey et al., 2018).

Homeostatic plasticity
Additionally, there are mechanisms in place in neurons that regulate neuronintrinsic excitability, which is defined as the ability of a neuron to participate in
electrochemical signaling. Take, for example, homeostatic plasticity, which is defined as
the response to altered intrinsic excitability of a given cell in response to chronic activity
or inactivity (Malenka and Bear, 2004; Turrigiano, 2012; Turrigiano and Nelson, 2004). In
this paradigm, the total absence of synaptic transmission will, for example, increase the
excitatory drive of the afferent axon to release acetylcholine (Sandrock et al., 1997) or
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suppress the ability of the synapse to remove acetylcholine by acetylcholinesterase from
the system (Berg and Hall, 1975), as was observed at the neuromuscular junction (NMJ).
Alternatively, it can increase the resources of the postsynaptic neuron itself to be more
receptive to synaptic transmission (i.e. it will increase its intrinsic excitability), as was
originally observed by an increase in synaptic AMPARs in cortical neurons following bath
application of tetrodotoxin (TTX) to prevent AP-evoked neurotransmitter release
(Turrigiano et al., 1998). In fact, this is one of the mechanisms involved in cLTP
stimulation paradigms wherein chronically-applied APV is withdrawn (Liao et al., 2001;
Srivastava et al., 2011). Thus, although homeostatic plasticity is not itself directly relevant
to the dissertation at hand, it is important to be aware that neurons are equipped with
mechanisms that enable global alterations to excitability.

Regulation of neuronal excitability may underlie memory formation
These mechanisms may increase a given neuron’s ability to be recruited into a
memory by lowering the threshold (i.e. cooperativity – a fundamental component of LTP)
for other synapses on that same neuron to undergo LTP in the future. Indeed, this was
observed by a recent study in which the expression of a dominant-negative voltagedependent K+ channel or the overexpression of CREB increased neuronal excitability by
reducing K+ efflux and, thereby, the afterhyperpolarization (Yiu et al., 2014). Both of these
manipulations, as well as the use of designer drugs exclusively activated by designer drugs
(DREADDs) and optogenetics to artificially depolarize neurons immediately prior to
conditioning, led to an increase in the fear conditioning response (Yiu et al., 2014). John
Lisman and colleagues recently put forth an extensive review to propose a couple
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hypotheses suggesting that memory requires both synaptic modifications and changes to
neuronal excitability (Lisman et al., 2018). The first, which they term “allocate-to-link”,
suggests that increasing a neuron’s excitability biases this neuron’s allocation into the
memory trace, similar to the data summarized previously (Yiu et al., 2014). They liken this
allocation to how our computer hard drives allocate memory prior to storage to increase
efficiency. The second, not mutually exclusive, hypothesis is called “assembly
consolidation”. In this hypothesis, the authors consider examples of information storage in
which many cells that represent similar information (e.g. place cells in the hippocampus
storing information of location and patterns in the environment) continue to fire together,
thereby strengthening their interconnectedness. This results in a more stable memory
ensemble, or engram. The stability of this engram is supported by consolidation. Together,
these hypotheses suggest that plasticity of more than just a single synapse on to a neuron
(e.g. plasticity at multiple synapses or plasticity of neuronal excitability) would be required
for a neuron to become recruited and stably supported within an engram. More recent data
have begun to suggest that this is prevalent in rodent learning and memory (Sheffield and
Dombeck, 2018), and therefore these hypotheses are highly relevant to this dissertation.

Brief discussion on synaptic depression
Until now I have only discussed types and mechanisms of synaptic potentiation, as
these are most relevant to my thesis, but it is important to note that there are several
mechanisms of synaptic depression as well, which have been extensively reviewed
(Malenka and Bear, 2004). Because these are not directly related to this dissertation, I will
only briefly summarize some early finding here. The best-studied form of synaptic
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depression is long-term depression (LTD), which includes an NMDAR-dependent type, a
metabotropic glutamate receptor (mGluR) type, and endocannabinoid-mediated type as
well (Malenka and Bear, 2004). The canonical form of LTD, like LTP, is NMDARdependent. NMDAR-dependent LTD requires stimulation at low frequency rather than
high frequency (Dudek and Bear, 1992) and subsequent Ca2+ influx into dendritic spines
(Mulkey and Malenka, 1992). Indeed, postsynaptic Ca2+ uncaging was sufficient to
produce LTD, similar to LTP (Yang et al., 1999). However, instead of activating CaMKII,
LTD expression requires Ca2+-dependent activation of the protein phosphatase calcineurin
to deactivate inhibitor 1 (Mulkey et al., 1994), which disinhibits protein phosphatase 1
(Mulkey et al., 1993), which in turn dephosphorylates AMPAR GluA1 subunit Ser845
(their PKA-dependent phosphorylation site) to decrease AMPAR channel open probability
(Banke et al., 2000). This causes reduction of AMPAR transmission, which is the canonical
phenotype of LTD. The reduction in AMPAR-transmission is also attributable to
endocytosis of AMPARs (Luscher et al., 1999). Furthermore, though LTD maintenance is
prevented by application of the protein synthesis inhibitor anisomycin (Kauderer and
Kandel, 2000; Sajikumar and Frey, 2003), similarly to LTP, the transcriptional inhibitor
actinomycin-D does not prevent it (Manahan-Vaughan et al., 2000) unlike LTP.
Altogether, it is clear that many synaptic and dendritic mechanisms are shared between
LTP and LTD. It is therefore possible that the spatial and temporal pattern of activation of
a synapse or a set of synapses is likely to be especially important for distinguishing the
two, which again points to a possible important role for the dendritic shaft compartment in
the proper integration of these signals.
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Summary
Taking together the information presented in these last two sections, it is clear that
plasticity mechanisms, canonically and best exemplified by LTP, require several
appropriately-timed mechanisms that take place in both the dendritic spine and the
dendritic shaft. However, one important question that remains understudied in synaptic
neuroscience is: what are the mechanisms that enable neurons and specifically dendrites to
not only permit modifications to their synapses, but to also adapt to the constantly changing
bioenergetic burden placed on them by synaptic transmission and plasticity?

Section 4. Bioenergetic demands of synaptic transmission and plasticity
The brain is a large consumer of resources
Consistently among all vertebrates, the central nervous system (CNS) is a large
consumer of total body oxygen and this is especially true in warm-blooded vertebrates,
where the brain oxygen consumption is typically greater than spinal cord oxygen
consumption (Mink et al., 1981). However, because the brain mass of these animals is
exponentially different, humans consume the most total brain oxygen (Mink et al., 1981).
Indeed, whereas the consumption by the CNS of total body oxygen is ~6-8% in mice and
rats, this value in humans is measured to be ~20.4% (Mink et al., 1981). Indeed, the oxygen
consumption by the brain alone is ~20.2%, which is 99% of the oxygen consumption by
the human CNS (Mink et al., 1981). This represents the estimated brain metabolic rate in
adult humans, but in developing children, especially between the ages of 1 and 15, this rate
is much higher (up to 48%), which is thought to support normal brain development
(Chugani, 1998; Goyal and Raichle, 2018).
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It is unsurprising that the brain is such a huge consumer of metabolic resources.
Intriguingly, across six mammalian rodent and primate species, the ratio of brain glucose
consumption to estimated neuronal number ratio, which is presumed to reflect the glucose
usage per neuron given a homogeneous use among neurons, is remarkably consistent – on
the order of 10-9 µmol/min (Herculano-Houzel, 2011). This suggests that there are neuronintrinsic mechanisms supporting both energy supply and usage. Furthermore, glucose
consumption by the cerebral cortex is greater than that of the cerebellum (HerculanoHouzel, 2011), suggesting that cognitive functions of the brain may be especially
energetically demanding. Based on these estimates, it was further extrapolated that the
brain utilized ~497.9 µmol glucose/min, which equates to at least 516 kCal/day of energy
(Herculano-Houzel, 2011). Thus, given that the average person consumes ~2000 kCal/day,
~25% of daily caloric intake is utilized to support brain function. As such, it is evident that
the brain is a massive metabolic sink, but the question remains as to what processes of the
brain are most responsible for this usage.

Synaptic transmission consumes the bulk of neuronal ATP
Neurons5 are electrically excitable cells and this excitability is what permits
neurons the capacity for communication. Because they are excitable, their membranes are,
by definition, responsible for maintaining electrochemical gradients with the extracellular
environment. Indeed, based on modeling studies, the ATP usage to maintain the neuronal

5

The brain is comprised of neurons as well as glial cells including astrocytes,
oligodendrocyte, microglia, and ependymal cells. Each serves important roles in the brain
and consumes energy. However, in the context of this dissertation, I will primarily discuss
the energy requirements of neuronal function within the brain.
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resting membrane potential (RMP) is estimated to be ~3.5-fold greater than that used to
maintain glial RMP (Attwell and Laughlin, 2001). Modeling and calculations suggest that
the percent energy consumed by housekeeping neuronal functions, i.e. those that are
responsible for maintaining or restoring the RMP, are as follows (in ascending order): 4%
for glutamate recycling, 4% for reversal of presynaptic Ca2+ entry, 20% for reversal of Na+
entry at RMP, 22% for reversal of Na+ entry in the context of an AP, and 50% for the
reversal of ion fluxes through postsynaptic receptors (Attwell and Laughlin, 2001; Harris
et al., 2012). From these modeling-based estimates, it is impressive that the majority
(~80%) of neuronal energy usage is thought to be due to synaptic transmission.

Ionotropic glutamate receptors impose the largest energy burden at the synapse
Among the energy usage of excitatory synaptic transmission of different variations,
computational models suggest that postsynaptic AMPA and NMDA ionotropic glutamate
receptors (iGluRs) consume ~40% each, totaling ~80%, whereas the cost of ATP due to
mGluR-mediated transmission, glutamate recycling, vesicle cycling, and maintaining
presynaptic Ca2+ gradients altogether is ~20% (Attwell and Laughlin, 2001; Harris et al.,
2012). Even in the context of energy use to maintain the RMP, postsynaptic iGluRs were
estimated to consume nearly 40% of the total energy (Attwell and Laughlin, 2001; Harris
et al., 2012), suggesting that iGluR-mediated transmission is particularly energetically
demanding.
Experimentally, imaging studies show decreased autofluorescence of NADH, an
electron donor for the electron transport chain, in the context of AMPAR or NMDAR
activation (Brennan et al., 2006; Kasischke et al., 2004; Shuttleworth et al., 2003).
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Similarly, as a follow-up to their earlier modeling studies, Hall et al. measured tissue
oxygen levels and imaged intracellular NADH levels in rat hippocampal slices during
electrical activity, and also found an increase in oxygen and NADH consumption,
indicative of the utilization of energy substrates during activity (Hall et al., 2012).
Furthermore, by using NBQX to inhibit AMPARs, APV to inhibit NMDARs, Cd2+ to
inhibit VGCCs, and TTX to prevent APs, the group determined that 46% of oxygen
consumption during electrical activity was attributable to AMPARs and NMDARs and
26% was due to postsynaptic APs, whereas 11% and 17% was used for presynaptic APs
and presynaptic Ca2+ handling, respectively (Hall et al., 2012), which are very similar to
previous modeling-based estimates (Attwell and Laughlin, 2001) as well as other
experimental results (Brennan et al., 2006; Shuttleworth et al., 2003). Taken together, these
measures also suggest that the postsynaptic compartment is responsible for the majority
(~72%) of the measured energy usage during synaptic transmission.
For this reason, it was recently proposed that certain properties of synapses may
have evolved in part to limit the energy burden to a sustainable level. For example, it was
recently proposed that there may be diminishing returns on the number of iGluRs per
synapse, such that the ratio of information processed to energy consumed is exponentially
and inversely correlated to the number of postsynaptic iGluRs after an inflection point
(Harris et al., 2012). Because AMPAR content and synapse size are thought to scale
linearly, it was similarly proposed that another reason why synapses may be restricted in
size would be to limit the energy burden (Attwell and Gibb, 2005). Furthermore, one
explanation as to why AMPARs have low affinity for glutamate binding could be to
promote quick inactivation when glutamate is removed in order to limit energy
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consumption (Attwell and Gibb, 2005). Despite these hypotheses, the relationship between
synaptic transmission, let alone plasticity, and neuronal energy supply and demand is
relatively untested.
Additionally, the mean number of AMPAR and NMDARs at hippocampal CA3CA1 synapses is estimated to be ~58-70 and 5-30, respectively (Spruston et al., 1995). The
number of receptors activated during quantal release may be ~35 AMPARs, and 2
NMDARs (Spruston et al., 1995). These single-channel recording-based estimates are in
line with later EM immunogold estimates, which suggest the range of synaptic AMPARs
to be ~0-80 (Nusser et al., 1998). However, despite the dramatic differences in receptor
numbers, both NMDARs and AMPARs consume ~40% of the energy cost of synaptic
transmission (Attwell and Laughlin, 2001; Harris et al., 2012). The reason for the apparent
~20-fold greater energy demand per NMDAR during synaptic transmission also remains
to be determined, but it may be in part due to the Ca2+ permeability of NDMARs, their
greater conductance and greater channel open probability, and the additional energy
required to maintain this ionic gradient. Taken together, although much more experimental
evidence is required, it is likely that postsynaptic ionotropic transmission is the largest
consumer of energy in neurons.

LTP increases ATP consumption and requires an increase in ATP synthesis
Given that the largest burden on excitatory synaptic transmission is likely due to
iGluRs (Attwell and Laughlin, 2001; Harris et al., 2012), it seems likely that LTP, which
as detailed in Section 2 can be broadly summarized as NMDAR-dependent elevation of
AMPAR-mediated synaptic transmission, would place additional energetic demands on
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synapses and neurons. Additionally, during LTP, dendritic spines undergo sLTP requiring
actin polymerization (see Section 2), and this too is ATP-demanding (Korn et al., 1987).
Trafficking of AMPARs themselves may also elevate the energy demand, but surprisingly
there is little-to-no data in the literature regarding this process. By definition, passive
diffusion of receptors on the surface of the cell would not require ATP. However, whether
postsynaptic exocytosis of receptors and/or targeted trafficking of extrasynaptic AMPARs
into the synapse require ATP remains to be determined. Still, in view of these few and
broad mechanisms alone, let alone the myriad other steps involved in LTP many of which
were detailed previously, it is likely that LTP elevates neuronal energy demand.
Consistent with this prediction, hippocampal LTP indeed involves an elevation of
ATP synthesis, as measured by increased 2-deoxyglucose (2DG) uptake (Wieraszko,
1982). Furthermore, cytosolic ATP levels in axons are decreased immediately following
HFS, as measured using ratiometric FRET-based fluorescent reporters (Trevisiol et al.,
2017). Thus, there seems to be a critical balance between increased demand and increased
synthesis of ATP during LTP. It would be expected, then, that preventing ATP synthesis
in the context of LTP induction, would prevent LTP. In line with this prediction, preventing
mitochondrial ATP synthesis by inhibiting Complex I with rotenone was found to have no
deleterious effect on basal synaptic transmission but to prevent LTP in hippocampal slices
(Kimura et al., 2012). Surprisingly, there is very limited data in the literature addressing
the energy utilization, requirement, and production during LTP, let alone during different
forms of synaptic plasticity. As such, better understanding these mechanisms is essential
to understand how exactly neurons are able to maintain excitability during regular synaptic
transmission and to sustain all the adaptations that take place during plasticity.
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Section 5. Mitochondria are the principal regulators of neuronal bioenergetics
Mitochondria are the main source of neuronal ATP

Figure 1.4. Mitochondria sustain energetically demanding
synaptic transmission. Purple stars: the bulk of utilization of
mitochondrially derived ATP is due to AMPARs and NMDARs.
Modified from (Harris et al., 2012)
Mitochondria are the primary regulators of cellular bioenergetics and provide ~90%
of the ATP generated in neurons (Sokoloff, 1960). It was recently observed that ATP
synthesis during HFS requires mitochondria as glycolysis alone is insufficient (Trevisiol
et al., 2017). Furthermore, at least presynaptically, it was determined that theta-burst
stimulation (TBS) LTP in hippocampus was associated with mitochondria that had wider
cristae, which could suggest increased surface area for ATP synthesis (Smith et al., 2016).
This is supported by additional evidence from two-photon imaging of brain slices
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suggesting that electrical stimulation of Schaffer collaterals produced a reduction of NADH
signal intensity in CA1 (Brennan et al., 2006; Kasischke et al., 2004; Shuttleworth et al.,
2003). NADH is an electron donor in the electron transport chain (ETC), and so NADH
consumption is therefore a measure, albeit indirect, of oxidative phosphorylation. In a
similar study, both extracellular oxygen and intracellular NADH were simultaneously
assessed in rat hippocampal slices, and it was determined that electrical activity increased
oxygen consumption and reduced NADH for oxidative phosphorylation (Hall et al., 2012).
In this same report, the group applied various pharmacological inhibitors – NBQX for
AMPARs, APV for NMDARs, Cd2+ for postsynaptic VGCC, and TTX to prevent APs –
and determined that 46% of oxygen consumption during electrical activity was attributable
to AMPARs and NMDARs and 26% was due to postsynaptic APs, whereas 11% and 17%
was used for presynaptic APs and presynaptic Ca2+ handling, respectively (Hall et al.,
2012). As aforementioned, these data suggest that postsynaptic iGluRs are the primary
consumers of neuronal energy, and moreover indicate that oxidative phosphorylation is the
primary supporter of nearly all the events that take place during synaptic transmission (Fig.
1.4). This conclusion is further supported by evidence wherein increased single unit
activity in cerebral cortex is correlated with decreased tissue oxygenation (Malonek and
Grinvald, 1996; Thompson et al., 2003).
Because postsynaptic iGluRs are the primary consumers of energy during synaptic
transmission (Attwell and Laughlin, 2001; Hall et al., 2012; Harris et al., 2012), and
because mitochondria are the primary source of neuronal ATP, it is reasonable that >60%
of mitochondria are found within dendrites and soma, whereas fewer mitochondria are
found throughout axons (Attwell and Laughlin, 2001; Wong-Riley, 1989). Indeed, several
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recent studies and my own data (to be shown later) similarly suggest that mitochondria are
found all throughout the complex dendritic arbor (Chang et al., 2006; Faits et al., 2016; Fu
et al., 2017; Lopez-Domenech et al., 2016). Furthermore, among mitochondria in both the
dendritic and axonal compartments, the majority are found at synapses (Chang et al., 2006).
Though glycolysis itself produces ATP used for synaptic transmission, this may be more
relevant presynaptically than postsynaptically because of the local presence of glycolytic
enzymes (Jang et al., 2016). Additionally, this may also explain the greater density of
mitochondria in dendrites than axons. Even then, presynaptic vesicle cycling still requires
mitochondrially-derived ATP (Ashrafi and Ryan, 2017; Pathak et al., 2015; Rangaraju et
al., 2014), and even in axons, nearly half of mitochondria are found at boutons (Shepherd
and Harris, 1998). Thus, it seems that neurons have adapted to meet the energy
requirements of synaptic transmission by housing mitochondria near synapses. However,
the mechanisms by which synaptic mitochondria can respond adequately and in a timely
fashion to the demands of synaptic transmission remain relatively unclear.
The predominant signals driving mitochondrial ATP synthesis are thought to be an
increase in cytosolic ADP, or an increase in mitochondrial matrix Ca2+. First, ATP
hydrolysis during activity produces ADP, which pushes ATP synthase toward oxidative
phosphorylation by mass effect to sustain steady state of ATP/ADP ratio (Chance and
Williams, 1955). The second mechanism involves mitochondrial Ca2+ influx during
micromolar elevations of cytosolic Ca2+ (Rizzuto et al., 2012), which will be discussed in
detail in the following subsection. Briefly, cytosolic Ca2+ elevations at micromolar
concentrations drive Ca2+ influx into mitochondria to then activate tricarboxylic acid
(TCA) cycle dehydrogenases such as pyruvate dehydrogenase, α-ketoglutarate
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dehydrogenase, and isocitrate dehydrogenase, which are involved in oxidative
phosphorylation (Chouhan et al., 2012; Denton, 2009; Duchen, 1992; Santo-Domingo and
Demaurex, 2010; Szabadkai et al., 2006). In addition to directly activating matrix enzymes,
cytosolic Ca2+ elevations at sub-micromolar concentrations in neurons can activate the
malate/aspartate shuttle aralar, which drives NADH elevation in mitochondria, which then
promotes ATP synthesis (Ashrafi and Ryan, 2017; Gellerich et al., 2009; Palmieri et al.,
2001; Pardo et al., 2006). Further understanding the specific mechanisms that regulate
mitochondrial ATP synthesis in neurons, and especially dendrites, will undoubtedly
provide insight into how these organelles are able to support the demands of synaptic
transmission and plasticity.

Neuronal mitochondria are calcium buffering organelles
One of the most important signals in synaptic transmission and plasticity is the
elevation of cytosolic Ca2+. Therefore, it is of utmost importance to understand the
mechanisms by which cells can regulate the amount of free Ca2+ in their cytosol. One such
mechanism is the uptake of cytosolic Ca2+ into the mitochondrial matrix (Rizzuto et al.,
2012), and it has become increasingly clear that neuronal mitochondria are very responsive
to Ca2+ changes in the cytosolic space, which I occasionally refer to here as
extramitochondrial Ca2+.
In neurons, mitochondria respond readily to the presence and pattern of
extramitochondrial Ca2+ elevations, especially following NMDAR activation. For
example, it was observed nearly 20 years ago that stimulation of striatal neurons with 100
µM NMDA produced a cytosolic Ca2+ elevation that was immediately followed by
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mitochondrial Ca2+ elevations, both of which were reported by Ca2+-sensitive dyes (Peng
and Greenamyre, 1998). Though application of the Ca2+ ionophore ionomycin, the kainite
receptor agonist kainate, and depolarization of the cell membrane with KCl all produced
cytosolic and mitochondrial Ca2+ elevations, these were less temporally coupled to the
cytosolic Ca2+ compared to NMDA stimulation (Peng and Greenamyre, 1998). In a
subsequent study, repetitive NMDA stimulation of cultured hippocampal neurons
produced repetitive cytosolic and mitochondrial Ca spikes (Wang and Thayer, 2002),
suggesting that mitochondria can respond to varying patterns of excitation. Furthermore,
this study also found that 20 µM NMDA and 200 µM NMDA not only produced different
amplitudes of cytosolic Ca2+ elevations, as perhaps is expected, but also of mitochondrial
Ca2+ elevations (Wang and Thayer, 2002), suggesting that mitochondria in neurons can
respond to varying magnitudes of excitation. These early studies used Ca2+-sensitive dyes,
but studies utilizing more recently developed genetically-encoded Ca2+ sensors such as
GCaMP targeted to the mitochondrial matrix also report mitochondrial Ca2+ changes in
response to glutamate stimulation in cultured cortical neurons (Li et al., 2014).
However, it is essential to note that all of these important early studies utilized
severe excitotoxic stimuli. For example, even 30 µM NMDA was observed to cause
dendritic beading and neuronal death in organotypic slices (Ikegaya et al., 2001). 30 µM
glutamate and 1 µM glycine produced dendritic beading and total fragmentation of the
mitochondrial network (Rintoul et al., 2003). Similarly, 100 µM glutamate coupled with
10 µM glycine and 0.5 µM TTX also produced dendritic beading within 20 minutes
(Greenwood et al., 2007). Thus, it is of great interest and importance to determine whether,
during physiological patterns of activity, mitochondria also buffer dendritic Ca2+ and, if so,
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what physiological roles this may have. Still, it is evident that mitochondria are capable of
responding to cytosolic Ca2+ signals in the context of a dynamic range of excitation, and
so it is important to consider the mechanisms that permit mitochondrial Ca2+ handling,
which are becoming increasingly clear, and their functions.

Mechanisms of mitochondrial calcium handling
Import of Ca2+ into the mitochondrial matrix is mediated by the mitochondrial Ca2+
uniporter (MCU), a channel housed within the inner mitochondrial membrane (Baughman
et al., 2011; De Stefani et al., 2011). Ca2+ in the mitochondrial matrix can either remain
free, to participate in several tasks that will be discussed below or can be bound to inorganic
phosphate (Ca-PO4-OH), which is typically imported into mitochondria along with Ca2+,
thereby forming hydroxyapatite crystals (Bielawski and Lehninger, 1966). Mitochondrial
Ca2+ efflux is accomplished primarily by means of the Na+/ Ca2+ exchanger (NCLX)
(Boyman et al., 2013; Crompton et al., 1977; Palty et al., 2010; Wang and Thayer, 2002),
but also the mitochondrial permeability transition pore (mPTP) (Haworth and Hunter,
1979). The identity of the mPTP was recently suggested to be either the c subunit of the
F0/F1 ATP synthase complex (Bonora et al., 2013; Mnatsakanyan et al., 2017), or the Ca2+activated β subunit (Giorgio et al., 2017). However, similar experiments from a different
laboratory suggested that neither the b or c subunits are the mPTP (He et al., 2017a; He et
al., 2017b). Nevertheless, though the identity of the mPTP remains to be determined, its
persistent opening leads to the release of cytochrome C from the mitochondrial
intermembrane space, activation of the caspase cascade, and subsequent apoptosis (Giorgi
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et al., 2012). However, transient opening of the mPTP is the primary mechanism by which
mitochondria participate in CICR (Ichas et al., 1997; Mnatsakanyan et al., 2017).

Functions of mitochondrial calcium handling in neurons
Mitochondrial Ca2+ handling is thought to serve many functions (Fig. 1.5) in
neurons, in addition to ATP synthesis, which can be broadly categorized into presynaptic
and postsynaptic mechanisms. Presynaptically, the role of mitochondria Ca2+ handling is

Figure 1.5. Schematic of mitochondrial Ca2+ handling and Ca2+2+
dependent regulation of mitochondrial metabolism. Mitochondrial Ca
activates isocitrate dehydrogenase (IDH), α-ketoglutarate dehydrogenase (αKGDH), and pyruvate dehydrogenase PDH. Complex IV and complex III may
2+
2+
also be regulated by matrix Ca . Matrix Ca may also regulate OXPHOS and
.2+
mPTP by binding the F1Fo-ATP synthase. Cytosolic Ca activates Aralar. O2
: reactive oxygen species (ROS). Modified from (Llorente-Folch et al., 2015)
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conflicting. One recent study found, using presynaptically-targeted GCaMP5 in cultured
hippocampal neurons, that boutons containing a mitochondrion had ~50% reduction in
their cytosolic Ca2+ response following 10 Hz electrical stimulation, that this was prevented
by pharmacologically inhibiting the MCU with RU360, and that these boutons had ~30%
reduction in synaptic vesicle release after the same stimulation (Vaccaro et al., 2017). This
suggests a role for mitochondria and Ca2+ handling in synaptic homeostasis. However, in
another study, knockdown of MCU had no effect on vesicle exocytosis (Marland et al.,
2016). Instead, this increased synaptic vesicle endocytosis by ~20% (Marland et al., 2016).
These findings are in direct contrast to earlier reports suggesting that sustained vesicle
release following repetitive trains of stimulation was only possible in boutons containing a
mitochondrion (Sun et al., 2013), and that during LTP induction in hippocampus, vesicles
are preferentially released from boutons containing mitochondria (Smith et al., 2016).
Lastly, very early reports suggest that mitochondrial CICR was required for post-tetanic
potentiation due to neurotransmitter release at the crayfish neuromuscular junction (Tang
and Zucker, 1997). Therefore, in view of possible important roles in presynaptic
transmission, more study on the role of presynaptic mitochondria is necessary to tease out
what roles, and in which contexts, mitochondria and mitochondrial Ca2+ handling serve.
Postsynaptically, a very early report suggested that there may be an increase in
mitochondrial Ca2+ uptake in DG following HFS LTP (Stanton and Schanne, 1986).
Furthermore, it was recently observed that Miro1, a protein involved in anchoring
mitochondria to the microtubule cytoskeleton, is a Ca2+ sensor and, in the context of
NMDAR-activation and Ca2+ influx, is responsible for arresting mitochondrial motility in
dendrites adjacent to dendritic spines (Macaskill et al., 2009). Interestingly, a recent report
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suggested that Miro1 may directly interact with the N-terminus of MCU on the surface of
the outer mitochondrial membrane, perhaps to function as a gate to mitochondrial Ca2+
import (Niescier et al., 2018). However, there is extremely sparse literature regarding the
role of postsynaptic mitochondria, let alone mitochondrial Ca2+ handling in dendrites, in
physiological contexts. Because most plasticity mechanisms are regulated by a rise in
postsynaptic Ca2+, it is of immense importance to study the role of mitochondrial Ca2+
handling in dendrites in this context.

The role of mitochondria in generating reactive oxygen species
In addition to ATP synthesis and Ca2+ buffering, mitochondria are also the primary
sources of reactive oxygen species (ROS) generation. Mitochondrial Ca2+ influx generally
precedes ROS generation (Depp et al., 2017) and using RU360 to inhibit MCU in dorsal
horn neurons prevents ROS generation (Kim et al., 2011). Interestingly, it was recently
observed that chemical induction of LTP in hippocampal culture produced flashes of ROS
in dendritic mitochondria, termed mitoflashes (Fu et al., 2017). These mitoflashes occurred
~10-30 minutes after stimulation and coincided with enhanced actin enrichment in
dendritic spines, which represented structural LTP (Fu et al., 2017). Interestingly, treating
neurons with a ROS scavenger prevented this sLTP (Fu et al., 2017). Finally, in the context
of a sub-threshold two-photon glutamate photolysis stimulation paradigm wherein sLTP
was only transient and could not be maintained, irradiating dendrites with 720 nm light to
artificially produce ROS was able to maintain sLTP (Fu et al., 2017). Nevertheless, the role
of neuronal and specifically dendritic mitochondrial ROS generation remains understudied
and could have many important implications for synaptic plasticity.
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Mitochondrial dysfunction in neurological and neuropsychiatric diseases
Because mitochondria are multifunctional organelles, it is unsurprising that their
dysfunction is associated with several neurological and neuropsychiatric diseases. For
example, disruption of PINK1 and Parkin-mediated regulation of mitophagy of depolarized
mitochondria following oxidative stress is associated with Parkinson’s disease (Chen and
Chan, 2009; Guzman et al., 2010; Youle and Narendra, 2011). In addition, in Huntington’s
disease, mutated huntingtin disrupts mitochondrial trafficking to synapses (Kim et al.,
2010; Shirendeb et al., 2012; Trushina et al., 2004), perhaps due to depleted ATP or Ca2+
buffering and subsequent excitotoxicity (Fan and Raymond, 2007; Panov et al., 2002).
Furthermore, mitochondrial dysfunction is implicated in Alzheimer’s disease in several
ways: cytochrome C release and apoptosis of neurons (Maurer et al., 2000), mitochondrial
fission/fusion imbalance, possibly due to Aβ-dependent S-nitrosylation of Drp1 (Cho et
al., 2009; Wang et al., 2009), mPTP opening by excessive ROS leading to cell death (Du
et al., 2008; Sheehan et al., 1997), and impaired mitochondrial motility (Rui et al., 2006).
Consequently, it is evident that mitochondria regulate neuronal physiology by providing
and handling important bioenergetic resources, and that when the mechanisms regulating
mitochondrial function go awry this gives rise to severe pathological states. For these
reasons, studying mitochondrial function in the context of synaptic transmission and
plasticity is critical.

Section 6. Mitochondrial form and function in neurons
Mitochondria are highly dynamic organelles, and mitochondrial functions are
themselves regulated by mitochondrial dynamics including motility, fusion, and fission
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(Fig. 1.6). Because of the unique bioenergetic demands placed on neurons by synaptic
transmission and plasticity, and because mitochondria are the principal regulators of
neuronal bioenergetics, maintaining the appropriate distribution and function of synaptic
mitochondria is likely critical for synaptic function.

Figure 1.6. Mitochondrial dynamics regulate mitochondrial function.
2+

Mitochondrial motility, fusion, and fission regulate mitochondrial Ca handling,
ATP synthesis, and ROS generation. Modified from (Mishra and Chan, 2016)
Mitochondrial motility
Mitochondrial transport is one mechanism that promotes the appropriate
distribution and function of mitochondria in neurons. Presynaptically, for example,
mitochondrial motility through, and presence at, boutons is required to sustain synaptic
vesicle exocytosis and endocytosis (Pathak et al., 2015; Sun et al., 2013). However,
whereas the function of postsynaptic mitochondrial motility remains to be determined, it
has been suggested that mitochondria are recruited to dendritic spines following significant
cellular depolarization (Li et al., 2004) and are arrested in dendrites following NMDAR
activation (Macaskill et al., 2009), and that preventing postsynaptic motility causes the
retraction of dendrites (Lopez-Domenech et al., 2016).
The mechanisms of mitochondrial motility in neurons have been well-studied and
have been reviewed extensively (Friedman and Nunnari, 2014; MacAskill and Kittler,
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2010; Misgeld and Schwarz, 2017; Mishra and Chan, 2016; Sheng and Cai, 2012). Briefly,
anterograde transport (i.e. toward + end of microtubule) in neurons is accomplished by the
kinesins KIF5 and KIF1B (Kanai et al., 2000; MacAskill and Kittler, 2010; Nangaku et al.,
1994; Tanaka et al., 1998). These kinesins are important for both trafficking in axons
(Pilling et al., 2006) and dendrites (Macaskill et al., 2009). Furthermore, mitochondria are
latched onto kinesins primarily through three major proteins: Miro1, TRAK/milton, and
syntaphilin. Miro1 is a Ca2+ sensor that is found directly on the OMM, is required for
axonal mitochondrial motility by participating in Ca2+-mediated and glutamate-driven
arrest of mitochondria presynaptically (Wang and Schwarz, 2009) and postsynaptically
(Macaskill et al., 2009), respectively. Miro1 binding to microtubule motors, then, is
accomplished via interactions with adaptor proteins such as TRAKs (Glater et al., 2006)
and Milton (Stowers et al., 2002). Within TRAKs, TRAK1 is thought to be an adaptor for
both kinesin and dynein in axons, thereby suggesting a role in both antero- and retrograde
(i.e. toward the – end of microtubules) transport (van Spronsen et al., 2013). TRAK2, on
the other hand, is thought to be enriched in dendrites and to interact primarily with dynein,
and this too can accomplish both anterograde and retrograde trafficking in dendrites due to
bipolarity of their microtubule cytoskeleton (van Spronsen et al., 2013). Lastly, syntaphilin
(Kang et al., 2008) is a presynaptic-specific adaptor protein, which binds kinesin and, by
displacing mitochondrial adaptors, contributes to the presynaptic arrest of mitochondria.
Mitochondrial motility is linked to the energy state of the cell, since mitochondrial
trafficking is dependent on the ADP/ATP ratio (i.e. high ATP – more movement, high ADP
– arrest) (Mironov, 2007). This suggests that mitochondria may sense the need for energy,
stop to provide energy substrates, and then continue to move. Furthermore, mitochondrial
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motility is arrested in the presence of Ca2+ in both axons and dendrites (Macaskill et al.,
2009). In addition, whereas axonal mitochondria were traditionally considered to be
extremely motile, this may instead reflect the developmental age of the neuron since
motility has been observed to decrease over time (Lewis et al., 2016). Mitochondrial
motility may also be intertwined with mitochondrial fusion and fission. For example,
preventing mitochondrial fission suppresses mitochondrial axonal transport (Berthet et al.,
2014; Ishihara et al., 2009) and reduces dendritic mitochondrial content (Li et al., 2004),
while preventing fusion causes perinuclear aggregates to form (Baloh et al., 2007).
Lastly, mutations in proteins that regulate mitochondrial motility impair cell health
and are known to cause neurological and neuropsychiatric diseases (Chen and Chan, 2009;
Court and Coleman, 2012; Itoh et al., 2013; Schon and Przedborski, 2011; Sheng and Cai,
2012). For example, mutations in proteins that bind to mitochondria, TRAK1, and Miro1,
such as DISC1 (Ogawa et al., 2014), are associated with numerous forms of mental illness
including schizophrenia and depression (Brandon and Sawa, 2011; Porteous et al., 2011;
Soares et al., 2011). Similarly, other impairments to mitochondrial trafficking are linked to
numerous forms of neurodegeneration and mental illness (Baloh, 2008; Brandon and Sawa,
2011; Court and Coleman, 2012; Itoh et al., 2013; Porteous et al., 2011; Schon and
Przedborski, 2011; Soares et al., 2011). Together, it is likely that mitochondrial motility is
an important mechanism by which mitochondria support cellular function.

Mitochondrial fusion
Mitochondrial fusion is the process wherein multiple mitochondria fuse both their
inner mitochondrial membrane (IMM) and outer mitochondrial membrane (OMM) to form
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a single mitochondrion. Like motility, the mechanisms and functions of mitochondrial
fusion have also been well-studied in neurons and this has also been reviewed extensively
(Chen and Chan, 2009; MacAskill and Kittler, 2010; Mishra and Chan, 2016).
Briefly, mitochondrial fusion is regulated by three dynamin-related GTPases:
Mitofusin 1 (Mfn1), Mitofusin 2 (Mfn2), and Optic Atrophy 1 (Opa1). Mfn1 and 2 are
found on the OMM and regulate OMM fusion (Chen et al., 2003), whereas Opa1 is found
on the IMM and regulates IMM fusion (Wong et al., 2000). Fusion begins when Mfn1 and
2 on OMM of adjacent mitochondria become tethered together, followed by OMM fusion,
interaction between Opa1 on the individual mitochondrial matrices, IMM fusion, and
possibly finished by proteolytic cleavage of Opa1 by Yme1L/Oma1 (Chen et al., 2003;
Mishra et al., 2014; Mishra and Chan, 2016; Wong et al., 2000).
Importantly, mitochondrial fusion is essential for development (Chen et al., 2003).
In all cell types, mitochondrial fusion is thought to allow the mixing of mitochondrial
matrix components such as mitochondrial DNA in order to maintain mitochondrial health
(Chen et al., 2005; Chen et al., 2010), and mutations to fusion proteins are associated with
mitochondrial bioenergetic disfunction by disrupting oxidative phosphorylation (Chen et
al., 2005; Cogliati et al., 2013; Mourier et al., 2015). In neurons, experimental mutations
to fusion impair dendrite morphogenesis (Norkett et al., 2016), synapse formation (Fang et
al., 2016) and oxidative phosphorylation (Chen et al., 2007). Furthermore, in humans,
mutations to Mfn2 cause Charcot-Marie Tooth Disease Type 2A (Zuchner et al., 2004),
while mutations to Opa1 cause autosomal dominant Optic Atrophy Type 1 (Alexander et
al., 2000; Delettre et al., 2000). Thus, fusion too is an important component of
mitochondrial dynamics.

42

Mitochondrial fission

Figure 1.7. Mitochondrial fission is a multistep process. A) The site of
fission on mitochondria is first marked by ER, which then produces actindependent constriction and recruitment of Drp1 to the OMM. B) Drp1
constriction of the OMM is followed by recruitment of Dyn2. C) Dyn2
finalizes fission by cleaving the OMM. Modified from (Pagliuso et al., 2017).
Though much is known about the mechanisms regulating, and the functions served
by, motility and fusion in neurons, surprisingly less is known about neuronal mitochondrial
fission in comparison. Mitochondrial fission is the process wherein a single mitochondrion
divides to form multiple daughter mitochondria (Fig. 1.7). Furthermore, it is known that
mitochondrial fission is also absolutely essential for embryonic development (Ishihara et
al., 2009; Wakabayashi et al., 2009). Additionally, mitochondrial fission is involved in
mitophagy (Burman et al., 2017), which is dependent on the PINK-1/Parkin pathway
(Narendra et al., 2008; Youle and Narendra, 2011). As such, there is much data and many
reviews that discuss extensively the role of fission and fusion in the context of cell stress,
mitophagy, and cell death (Westermann, 2010; Youle and van der Bliek, 2012).
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Canonically, mitochondrial fission requires the cytosolic GTPase Dynamin-related
protein 1 (Drp1) (Labrousse et al., 1999; Smirnova et al., 2001), whose activity is tightly
regulated by intracellular signaling cascades (Chang and Blackstone, 2010). Indeed, Drp1
activity and its translocation to the OMM are regulated by several forms of posttranslational modifications including phosphorylation at Ser616 (Taguchi et al., 2007),
Ser637 phosphorylation (Han et al., 2008) or dephosphorylation (Cereghetti et al., 2008;
Chang and Blackstone, 2007; Cribbs and Strack, 2007), S-nitrosylation of Cys644 (Cho et
al., 2009), SUMOylation of various lysine residues (Figueroa-Romero et al., 2009; Prudent
et al., 2015), O-GlcNAcylation at Thr585 and 586 (Gawlowski et al., 2012), and Spalmitoylation of cysteine residues (Napoli et al., 2017).
Once at the mitochondrion, Drp1 binds to one or more of several receptors on the
OMM including mitochondrial fission 1 protein (Fis1) (Qi et al., 2013), mitochondrial
fission factor (Mff) (Liu and Chan, 2015), and mitochondrial dynamics protein (MiD) 49
and 51 (Loson et al., 2013). Next, stepwise constriction of Drp1 helical rings by GTP
hydrolysis promotes the constriction and consolidation of the mitochondrial dual lipid
bilayer (Basu et al., 2017; Francy et al., 2017; Kalia et al., 2018; Rosenbloom et al., 2014).
Lastly, the final membrane scission event of mitochondrial fission, per a single recent
study, is mediated downstream of Drp1-dependent constriction by Dynamin 2 (Dyn2), a
ubiquitously expressed dynamin GTPase (Lee et al., 2016).
Prior to Drp1 maturation at sites of mitochondrial fission, however, several other
mechanisms occur. Strikingly, fission preferentially occurs at ER-mitochondrial junctions
(Friedman et al., 2011), and this may have several explanations. First, fission requires actin
nucleation by the ER-bound formin, INF2 (Ji et al., 2015; Korobova et al., 2013) and the
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mitochondria-bound formin-binding protein Spire1c (Manor et al., 2015). This actin
polymerization at sites marked for fission (Ji et al., 2015; Li et al., 2015; Moore et al.,
2016) permits myosin-mediated actin contraction that can constrict the OMM (Ji et al.,
2015; Korobova et al., 2014) and can also directly recruit Drp1 to these sites (Hatch et al.,
2014; Ji et al., 2015).
Secondly, ER-mitochondrial interactions have long been reported in various cell
types to promote mitochondrial Ca2+ influx via ER Ca2+ release (Csordas et al., 2006;
Csordas et al., 2010; Rizzuto et al., 1998). However, only recently has this ERmitochondrial Ca2+ transfer been shown to precede mitochondrial fission (Chakrabarti et
al., 2018; Cho et al., 2017), which also requires actin polymerization by INF2 (Chakrabarti
et al., 2018). Lastly, a recent study illustrated another role for the ER in mitochondrial
division in that Drp1 may occasionally oligomerize on the ER itself through interactions
with ER-localized Mff and Fis1, and then become transferred to mitochondria to promote
mitochondrial fission (Ji et al., 2017).
Yet, despite this elegant and expansive literature, data regarding the regulation of
mitochondrial fission in neurons are nearly absent. Nevertheless, what limited data do exist
suggest that similar mechanisms may be involved. For example, Drp1 phosphorylation, by
CaMKIa, may promote fission (Han et al., 2008). Furthermore, Drp1 S-nitrosylation, in the
pathological context of Alzheimer’s disease, may promote fission (Cho et al., 2009). In
addition, Drp1 phosphorylation by CaMKII, which is the essential kinase for LTP, can
decrease mitochondrial length in cardiomyocytes (Xu et al., 2016), suggesting an increase
in fission. Recently, elevated levels of Drp1 phosphorylation at Ser616 were associated
with shorter mitochondria in dendrites of D1 medium spiny neurons within the nucleus
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accumbens in the context of a mouse model of cocaine addiction (Chandra et al., 2017).
These data point toward control of Drp1 activity as possibly essential in regulating
mitochondrial fission in neurons, and this remains to be thoroughly investigated.
Similarly, there is some evidence that mitochondrial fission may regulate neuronal
and synaptic development and maintenance. For example, preventing mitochondrial fission
reduces axon outgrowth and regeneration in the retina (Lathrop and Steketee, 2013),
decreases dopaminergic bouton density in the ventral tegmental area (Berthet et al., 2014),
causes aberrant dendrite growth and synaptogenesis in the cerebellum (Liu and Shio,
2008), and impairs synaptic transmission in the hippocampus (Oettinghaus et al., 2016;
Shields et al., 2015). In addition, preventing and promoting fission either decreased or
increased synapse density, respectively, in cultured hippocampal neurons (Dickey and
Strack, 2011). Similarly, another study found that overexpressing Drp1 increases synapse
markers in cultured hippocampal neurons (Li et al., 2008). These effects suggest that
mitochondrial fission may regulate mitochondrial bioenergetics in neurons, and this too
remains to be investigated, especially since synaptic transmission and plasticity are such
energetically demanding processes.
The role of mitochondrial fission in mitochondrial bioenergetics includes, but is not
limited to, promoting ATP synthesis, promoting ROS generation, and altering Ca2+
handling. First, it was recently observed that prohibiting fission for several weeks to several
months by conditional knockout of Drp1 impaired basal hippocampal synaptic
transmission and causes hippocampal atrophy secondary to cell death, likely due to a
reduction of hippocampal ATP synthesis, (Oettinghaus et al., 2016; Shields et al., 2015).
Second, Drp1 activity was found to be required for ROS-mediated fragmentation of
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neuronal mitochondria by Aβ (Hung et al., 2017). In addition, preventing Drp1 interaction
with its receptor Fis1 prevented the elevation of mitochondrial ROS in another pathological
context (Qi et al., 2013). Lastly, it was recently observed that conditional knockout of Drp1
may increase mitochondrial Ca2+ buffering capacity, albeit in macrophages (Wang et al.,
2017).
In light of these observations that fission may maintain synapses and may be
important for mitochondrial bioenergetics, one might predict that fission impairments are
associated with human cognitive deficits. Indeed, this is the case. First, nonsense mutations
in Drp1 are neonatal lethal (Waterham et al., 2007; Yoon et al., 2016). Also, human
mutations in proteins that promote Drp1 s-palmitoylation and fission are associated with
memory impairment and increased anxiety (Napoli et al., 2017). Missense mutations in
Drp1 are associated with slowly progressive infantile encephalopathy, mild cognitive
impairment, psychomotor delay, childhood epileptic encephalopathy, status epilepticus,
and more (Fahrner et al., 2016; Nasca et al., 2016; Sheffer et al., 2016; Vanstone et al.,
2016). Lastly, mutations in Mff are also associated with developmental delay and seizures
(Koch et al., 2016; Shamseldin et al., 2012), whereas mutations in Dyn2 are associated
with cognitive impairment and dementia (Bitoun et al., 2005; Kamagata et al., 2009).
Taken together, it is of immense importance to determine whether and in which
physiological contexts mitochondrial fission may be regulated in neurons. Fortunately, the
elegant and extensive literature on mitochondrial fission mechanisms from the past decade
provide the unique and compelling opportunity to test this thoroughly for the first time.
Intriguingly, an early study reported that silencing neurons with TTX increased the ratio of
dendritic mitochondrial fusion to fission, while depolarizing neurons with KCl caused
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promoted dendritic mitochondrial fission over fusion in a Drp1-dependent fashion (Li et
al., 2004). Furthermore, preventing fission reduced the dendritic mitochondrial density as
well as the number of mitochondria at dendritic spines (Li et al., 2004). These data suggest
that neuronal activity may regulate dendritic mitochondrial fission.
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Section 7. Hypothesis and specific aims
In summary, synaptic transmission is bioenergetically demanding and these
demands are elevated during episodes of synaptic plasticity including LTP, which is the
prevailing cellular correlate of learning and memory. Mitochondrial fission regulates
mitochondrial bioenergetics in neurons. Furthermore, mitochondrial fission impairments
are associated with human cognitive diseases. However, the mechanisms underlying
mitochondrial fission in neurons and whether or how mitochondrial fission contributes to
LTP is untested. At the onset of my thesis project, I tested whether dendritic mitochondrial
fission is triggered in the context of LTP. Chemical induction of LTP (cLTP) prompted a
rapid burst of dendritic mitochondrial fission, which was dependent on NMDAR activation
and preceded the increase in dendritic spine size and surface AMPARs (see Chapter 3:
Results). These initial observations led me to hypothesize that LTP requires an increase
in dendritic mitochondrial fission during induction.
The work I undertook in this thesis aimed to test this hypothesis by investigating
three specific aims:
•

Aim 1: To determine whether the cLTP fission burst is accomplished by fission
mechanisms conserved with other cell types

•

Aim 2: To determine whether dendritic mitochondrial fission is required for LTP

•

Aim 3: To determine the mechanisms between NMDAR activation, mitochondrial
fission, and LTP expression
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CHAPTER 2: METHODS
All experimental protocols were approved by the University of Maryland School of
Medicine Institutional Animal Care and Use Committee.

Neuronal cultures and transfection
Dissociated hippocampal neurons from embryonic day 18 Sprague Dawley rats were
prepared and were plated on cleaned 18mm coverslips (Warner) as previously described
(Frost et al., 2010; MacGillavry et al., 2013). Coverslips were coated beforehand overnight
with poly-L-lysine (Sigma). Cells were transfected at DIV 17-19 using Lipofectamine 2000
(Invitrogen), with 0.5 µg/µL of DNA per plasmid, and imaged 4 days later.

Reagents
Drugs (in µM):
D,L-APV (APV, 200, Sigma), picrotoxin (PTX, 50, Sigma), tetrodotoxin (TTX, 0.5,
Millipore), strychnine (STR, 1, Sigma), glycine (Gly, 400, Sigma), Jasplakinolide (Jasp,
0.5, Invitrogen), Latrunculin A (Lat A, 10, Sigma), KN-93 (10, Millipore), KN-92 (10,
Millipore), Mdivi-1 (10, Sigma), and CGP52432 (2, Tocris). For reagents solubilized in
DMSO (Sigma), the final amount of DMSO was ≤0.1% by volume. MNI-Glutamate
(Tocris) was prepared to a final concentration of 2 mM from single-use stock aliquots.

Antibodies:
Primary: anti-Drp1 (rabbit, D6C7, CST, 1:50), anti-Homer1 (rabbit, Synaptic
Systems,1:500), Anti-GluA2 (mouse, Millipore MAB397, 1:100). Secondary: Ax647
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(Jackson Immuno) and Atto565 (Hypermol) conjugated goat or donkey anti-rabbit or antimouse secondary antibodies (1:200) were used.

Expression constructs:
I am grateful to the following individuals for generously donating published
plasmid and virus constructs. GFP-Drp1, Mito-DsRed, and MitoRGeco was a gift from H.
Higgs. GFP-Drp1DN was a gift from S. Strack. GFP-Dyn2 and GFP-Dyn2DN were gifts
from P. Welling and Pietro De Camilli. SEP-GluA1 and SEP-GluA2 were gifts from R.
Huganir. I thank T. Kristian for generously donating transgenic mice expressing MitoeYFP driven by a CaMKII promoter. GFP::Drp1-miRNA, GFP::Drp1-controlRNA, AAVCre-YFPDrp1, AAV-Cre-YFPDrp1DN, and AAV-Mito-DsRed were gifts from M. Lobo.

Subcloning and mutagenesis:
mCherry::Drp1-miRNA and mCherry::Drp1-controlRNA were generated from the
original GFP:: variants using in vitro assembly (IVA) (Garcia-Nafria et al., 2016).
miRNA –
TGCTGGATGAACCGAAGAATAAGTTCGTTTTGGCCACTGACTGA
CGAACTTATTTCGGTTCATC
Control –
TGCTGGTAGTTGTACTCCAGCTTGTGGTTTTGGCCACTGACTGA
CCACAAGCTAGTACAACTAC
Briefly, the RNA-containing vector was excised from the plasmid via PCR using the
following forward and reverse primers (5’-3’):
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FW – GCCGTCGATCGTTTAAAGGGAG
REV – GGTTTTAAAGCCTGCTTTTTTGTACAAACT
mCherry DNA was similarly acquired via PCR using the following forward and reverse
primers (5’-3’), which also anneal to the 3’ and 5’ end, respectively, of the vector DNA:
FW - GCAGGCTTTAAAACCATGGTGAGCAAGGGCGAGGA
REV – TAAACGATCGACGGCTACTTGTACAGCTCGTCCATGCC
PCR was performed using KAPA HiFi DNA polymerase (Fischer Scientific or
Sigma-Aldrich). Following PCR, the reaction tubes were treated with Dpn1 enzyme, which
recognizes methylated adenosine, to digest any residual template DNA. 0.8% agarose gel
electrophoresis was performed on the PCR products, followed by gel extraction using Gel
DNA Recovery Kit (Zymo Research). The purified vector and insert were mixed together
at a 1:1 molar ratio and heat-shock transformed into NEB5α cells (New England Biolabs;
NEB). GFP-Drp1-S616A and -S616D were designed from GFP-Drp1 via site-directed
mutagenesis using a commercially-available kit (Q5, NEB).
S616A-FW – TATGCCAGCAgctCCACAAAAAGGC
S616A-REV – ATTGGAATTGGTTTTGATTTTTC
S616D-FW – TATGCCAGCAgatCCACAAAAAGGC
S616D-REV – ATTGGAATTGGTTTTGATTTTTC
All subcloning was confirmed to be successful by Sanger sequencing in addition to test
transfections.
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Chemical LTP induction protocol
A protocol to chemically prompt activation of synaptic NMDARs to increase
synaptic strength reliably in hippocampal cultures (cLTP) was refined (Araki et al., 2015;
Liao et al., 2001; Lu et al., 2001; Xie et al., 2005). Briefly, cultured hippocampal neurons,
plated at a density of 50k cells per coverslip, were transfected at DIV17-19, incubated in
200 µM APV 24 hrs later, and imaged 3 days later. Cells were preincubated for 1-4 hrs in
extracellular solution containing 200 µM APV, 0.5 µM TTX, 1 µM STR, and 50 µM PTX.
In structural LTP and mitochondrial fission experiments, 3 frames (5-minute
interval = 1/300 Hz) were collected in basal solution, 3 frames after APV/Mg2+ withdrawal
and simultaneous addition of 400 µM glycine, and 8 frames after wash-out. The negative
control for cLTP stimulation was stimulation in the presence of APV (referred to in the
text as +APV). In the mitochondrial fission/re-fusion experiment, following the 8 washoutframes, an additional 4 frames (15-minute interval) were collected. For Homer1-GluA2
immunocytochemistry experiments, cells were in each solution for the same amount of
time and fixation was performed at the end of the wash-out period. In mitochondrial Ca2+
imaging experiments, 300 frames (100 ms exposure) were collected in basal solution,
followed by 1800 frames in the same stimulation as above.

Immunocytochemistry
Cells were fixed with 4% paraformaldehyde and 4% sucrose (PFA/Sucrose) in
phosphate-buffered saline (PBS, pH 7.4) for 10 min at room temperature (RT), followed
by three 10-minute washes with 100 mM glycine in PBS (PBS/Gly). Cells were then
permeabilized and blocked using 0.1% BSA or 5-10% donkey or goat serum in PBS/Gly
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with 0.1% Triton X-100, followed by incubation with primary antibody (3 h RT or 4 °C
overnight) and secondary antibodies (1 h RT) that were diluted in blocking buffer (without
triton for secondary antibody solution). Coverslips were either imaged immediately or
mounted onto slides using DABCO (Sigma) dissolved in Perma-Fluor (Thermo) for
imaging the next day. To label surface synaptic AMPARs, a recently reported protocol
(Wu et al., 2017) was followed. Briefly, neurons were fixed in PFA/Sucrose for 15 minutes
on ice and immunostaining for GluA2 was performed without permeabilization. Following
thorough washing in PBS/Gly, neurons were permeabilized and immunostained for
Homer1. Secondary antibody labeling of both primary antibodies was then performed
simultaneously.

Tissue Clearing
Tissue clearing was performed on hippocampal slices that were fixed in 4% PFA
using a modified CUBIC approach (Susaki et al., 2014). Briefly, slices were placed in
modified CUBIC Reagent-1A – 10%wt Triton, 5%wt NNNN-tetrakis (2-HP)
ethylenediamine, 10%wt urea, and 1/200 volume 5 M NaCl (all Sigma) – that was diluted
to 50% in dH2O, and gently shaken for 24 hours at 37 ºC. The slices were then transferred
and shaken in 100% Reagent-1A for another 24-48 hrs. Slices were then stored in Reagent1A at 4ºC prior to imaging.
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Confocal microscopy
Cultured hippocampal neurons:
Imaging was performed on two confocal microscopes. Data represented in Figures
3.1, 3.2A,E, 3.3B-C, 3.4, 3.9A-F, and 3.10A,H-J, were collected using a spinning disk
CSU-22 confocal system (Andor, Yokogawa) and Zyla4.2 sCMOS camera (Andor),
mounted onto an Olympus IX-81 inverted microscope. A 60x 1.42 NA oil-immersion
objective (Olympus) was used for imaging, yielding a final effective pixel size of 108.3
nm. Laser illumination was provided using an Andor Laser Combiner (Andor), emission
filters (Semrock), and motorized filter wheel (Sutter). To control for non-homogeneous
illumination of the field-of-view in quantitative co-localization experiments, images were
acquired from the same camera region. Data in Figures 3.2 B-D, 3.3A,D-I, 3.5, 3.6, 3.7,
3.8, 3.9G-J, 3.10B-G,K, 3.13, 3.14, and 3.15 were collected using an Andor Dragonfly
spinning disk confocal system, which had a measured pixel size of 103.31 nm. Andor
Borealis uniform illumination technology with the Dragonfly permitted quantitative colocalization experiments from the entire 2048 x 2048-pixel sCMOS field of view. For
fission and structural LTP experiments, maximum intensity projections were acquired from
0.5 µm-step z-stacks of 7 planes (live cells) or 13 planes (fixed cells), using a piezoelectric
z-focus device (Prior) to auto-focus to the center plane, and 200 ms camera exposure per
channel. For mitochondrial Ca2+ imaging experiments, a single z plane was imaged using
2x2 binning and 100 ms camera exposure of a single channel, with 300 baseline frames
and 1800 post-stimulation frames. Before and after each timelapse, a 7-plane two-channel
z-stack was acquired. Acquisition was controlled by iQ3.2 software (Andor). Live-cell
imaging was performed in extracellular solution containing the following (in mM): NaCl
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(150), KCl (3), MgCl2 (1), CaCl2 (2), HEPES (10), D-glucose (10), pH 7.4, with
temperature controlled by an objective collar heater (Bioptechs) set to 37 ºC. For long-term
imaging in mitochondrial fission/re-fusion experiments I used a customized Tokai-Hit
CO2, temperature, and humidity-controlled chamber (Tokai Hit, STR).

Fixed and cleared acute hippocampal slices:
Imaging for data represented in Fig. 3.11A,D was performed using an ORCA
Flash4.0 sCMOS camera (Hamamatsu) mounted on a Nikon CSU-W1 spinning disc
confocal microscope system (Nikon) in the University of Maryland School of Medicine
Confocal Core Facility. Low magnification images were acquired using a 4x air (0.2 NA,
20 mm WD), whereas high magnification imaging was performed with a 60x waterimmersion (1.2 NA, 0.31 mm WD) objective with an effective pixel size of 108.3 nm that
was loaned to us by W.J. Lederer. Slices were placed on glass-bottom 35 mm dishes
(MatTek, #P35G-1.5-14-C) in CUBIC Reagent-1A. 100-µm z-stacks were collected using
a 0.25 µm z-step size and 300 ms exposure with the 25 µm pinhole. The beginning of the
z-stack was defined as ~75 microns from the bottom of the slice to avoid quantifying
mitochondrial length in tissue damaged during the slicing process. 3 stacks were collected
per slice, 1 each from proximal, medial, and distal CA1 stratum radiatum (orientation:
move away from CA3 – go toward EC). The average length of mitochondria from the three
regions was calculated and this was then used for quantification.
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Glutamate photolysis
Photolysis was performed using the Andor Dragonfly and FRAPPA systems. MNIglutamate was kept protected from ambient light and was applied (2 mM) to coverslips
only after finding cells that displayed spontaneous activity in the presence of TTX. A 60
second train of 500 µs, 405 nm laser pulses at 1 Hz was used for photolysis, similar to
reported protocols (Chang et al., 2017; Fu et al., 2017; Sinnen et al., 2017). Images were
acquired as a combination of z-stacks for both MitoDsRed and GCaMP6f, and single-plane
time-series for GCaMP6f alone, using a piezoelectric center z autofocus device, with 50
ms camera exposure.

Stereotactic injections
Mice were anesthetized using 4% isoflurane in a small induction chamber. After
the initial induction, isoflurane was maintained at 1% for the remainder of the surgery.
Animals were placed in a stereotaxic instrument and their skull was exposed. 33-gauge
Hamilton syringe needles were used to inject 0.6 μl of: AAV-MitoDsRed, AAV-Cre-GFP,
and either AAV-Cre-YFPDrp1 or AAV-Cre-YFPDrp1DN bilaterally into area CA1 of
hippocampus (in relation to bregma: anterior/posterior, -2.5 mm; medial/lateral, ±1.5 mm;
dorsal/ventral, -1.3 mm; 10° angle). Mice were then returned to the vivarium for 3 weeks
to allow for recovery and maximal virus expression.
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Acute slice electrophysiology
Field EPSP recordings:
Standard methods were used to prepare 400µm-thick transverse hippocampal slices
from 6-8-week-old mice as described previously (Cai et al., 2013; Kallarackal et al., 2013).
Briefly, dissection was done in ice-cold artificial cerebrospinal fluid (ACSF) containing
the following (in mM): 120 NaCl, 3 KCl, 1 NaH2PO4, 2 MgSO4, 2.5 CaCl2, 25 NaHCO3,
and 20 glucose, bubbled with 95% O2/5% CO2. Slices were allowed to recover for a
minimum of 1 hour at room temperature (20–22°C). Slices were then examined, using a
fluorescence microscope, for the expression and accuracy of the viral injections. Only
slices that displayed virus expression in CA1 alone were used in the study. Next, slices
were transferred to a submersion-type recording chamber and perfused with ACSF. The
CA2/CA3 region was then removed to sever reciprocal connections and prevent
spontaneous epileptiform discharge. Picrotoxin (100µM) and CGP52432 (2µM) were
included during recording to block GABAA and GABAB receptors, respectively.
Extracellular recording of local field excitatory postsynaptic potentials (fEPSPs)
was performed to assess the synaptic strength of Schaffer collateral connections (SC-CA1).
Recording pipettes containing ACSF (3–5 MΩ) were placed 100–150μm from the
concentric bipolar tungsten stimulating electrodes in the stratum radiatum to record SCCA1 responses. fEPSPs were recorded using n.p.i. (NPI) amplifiers amplified 1000x,
filtered at 3 kHz, and digitized at 10 kHz.
Basal transmission was assessed by delivering stimuli (100 µs; 0.05 Hz) of
increasing intensity to assess synaptic transmission over a broad range of responses. The
amplitude of the fiber volley (FV) was used as an indicator of stimulus intensity and
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normalization of a response to its FV allowed for direct comparison from different stimuli.
Six consecutive responses were averaged and the initial slope of the first 1.8-2.0 ms was
used an indicator of the strength of the AMPA receptor-mediated component of the evoked
response.
Stimulus intensity was then set at 150% of threshold intensity, resulting in a fEPSP
of 0.1– 0.2 mV. Responses were binned into minute averages and fEPSPs were elicited for
a >30 min baseline period to ensure stable responses prior to the induction of LTP using a
high frequency stimulation protocol (HFS; 4 trains of 100 pulses delivered at 100 Hz; 1
min inter-train interval). Stimulation was then resumed at 0.05 Hz for the duration of the
experiment.

Whole-cell recordings
Hippocampal dissection was performed in cold N-methyl-D-glucamine artificial
cerebrospinal fluid (NMDG-ACSF) containing (in mM) 92 NMDG, 2.5 KCl, 1.25
NaH2PO4, 30 NaHCO3, 20 HEPES, 25 glucose, 0.5 CaCl2, 10 MgSO4 ·7H2O and bubbled
with carbogen (95% O2-5% CO2). Slices recovered for approximately 10 minutes in
NMDG-ACSF at 32°C. Slices were then transferred to ACSF containing (in mM) 120
NaCl, 3 KCl, 1.0 NaH2PO4, 1.5 MgSO4 ·7H2O, 2.5 CaCl2, 25 NaHCO3, and 20 glucose
and bubbled with carbogen (95% O2-5% CO2) and recovered for one hour at 20–22°C.
They were then transferred to a submersion-type chamber for recording and superfused at
20–22°C (flow rate 0.5–1 ml/min).
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Cells were visualized under differential interference contrast using a 60x water
immersion objective (Nikon Eclipse E600FN). Infected CA1 cells were identified by their
expression of YFP.
Whole-cell current clamp recordings were obtained using an Axopatch 200B
amplifier (Axon Instruments, Union City, CA) and digitized with a Digidata 1440 analogdigital converter (Instrutech, Elmont, NY). Patch pipettes were pulled to resistances of 38MΩ. Patch pipettes were filled with a solution containing 130mM K-gluconate, 5mM
KCl, 2mM MgCl2-6H2O, 10mM HEPES, 4 mM Mg-ATP, 0.3mM Na2-GTP, 10mM Na2phosphocreatine, and 1mM EGTA. The extracellular solution consisted of ASCF and
50μM picrotoxin. Input resistance was calculated by delivering a series of hyperpolarizing
current steps to pyramidal neurons (−50 pA for approximately 500ms) and measuring the
voltage deflection. The maximum firing rate of neurons was determined by delivering
increasing depolarizing current steps and calculating the maximum frequency at which the
cells could fire faithfully. Action potential threshold was measured by delivering a ramp of
depolarizing current to cells, and the voltage at which the first action potential fired was
recorded.

Data analysis and statistics
Experiments were performed with the investigators blinded to experimental
conditions (e.g. expression construct, stimulation, inhibitor, animal, etc.). The blind was
not broken until data analysis was complete.
Mitochondrial length and dendrite length were measured using MyToe (Lihavainen
et al., 2012), and ImageJ plugin NeuronJ (Meijering et al., 2004), respectively. Dendritic

60

spine density was performed by counting the number of spines and dividing by the
analyzed length of dendrite. This was done in ImageJ by a second investigator who was
blinded to the experimental conditions. To compare basal spine size, spine area was
measured using automated threshold-based integrated morphometry analysis in
MetaMorph (Molecular Devices). Here, area was used in lieu of intensity in order to control
for differences in fluorescent protein expression levels between cells. To compare
structural changes during LTP, spine area, volume, and surface AMPAR data were
analyzed using ImageJ and custom-written MetaMorph journals and Matlab (MathWorks)
scripts. Briefly, drift and movement were first corrected for using the ImageJ plugin
StackReg (Thevenaz et al., 1998). Then, ROIs around spines were blindly selected, and
background-subtracted integrated intensity of membrane-mCherry or SEP-GluA1,2
fluorescence was measured using automated MetaMorph journals. Only spines that
remained within the ROI for the duration of imaging were used. Post hoc, data were
normalized to the average of the first three baseline frames within each ROI using Matlab.
Baseline subtraction using a negative control was performed in Prism (GraphPad) to
account for mem-mCherry and -mRuby photobleaching. Initial and final spine size change
was quantified by subtracting the average values of the three baseline frames from either
the first three or the final three frames after stimulation.
Mitochondrial fission events were counted frame by frame using ImageJ, while
blinded, similar to previous strategies (Ji et al., 2015; Li et al., 2004). The number of fission
events was normalized to the dendrite length in which fission was analyzed, which range
ranged from 3000 µm to 16000 µm per group in cLTP experiments. The change in fission
events was calculated by subtracting the average of the number of fission events in two
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baseline points from the point immediately after stimulation, during which the burst of
fission occurred. When baseline fission is reported, the bar graphs represent the average
fission of the first two baseline points, analyzed from the first three baseline frames. In
glutamate photolysis experiments, the length of dendrite analyzed was less, ~1000 µm per
group, since only regions exhibiting an increase in GCaMP6f ∆F/F could be used and
because a randomly-selected dendritic segment of a similar length was selected from the
same cell as a negative control. The distance between sites of mitochondrial fission and
dendritic spines on the same dendrite branch that had undergone LTP was measured by
first identifying single point ROI at the dendritic shaft base of structurally potentiated
spines in ImageJ while blinded to the mitochondrial signal. Then, mitochondrial fission
events were identified as above and another single point ROI was used to label the fission
spot, and point-to-point distance was measured using the line tool. An upper limit for the
distance was set at 50 µm and only the nearest mitochondrial fission site to a given
potentiated spine was reported. For mitochondrial re-fusion, cLTP fission burst events were
identified and marked and the timecourse of re-fusion of these fission events was
determined.
For Drp1 immunocytochemistry quantification using ImageJ, regions of interest
(ROIs) were drawn while visualizing GFP fluorescence and blinded to Ax647
fluorescence, which was measured. Surface synaptic AMPAR intensity was quantified in
MetaMorph. ROIs were drawn using automated thresholding of Homer1 to demarcate the
synapse while blinded to GluA2 data. Then, the average GluA2 intensity within a Homer1
mask-defined ROI was measured.
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For analysis of GCaMP6f intensity, ROIs were drawn around thresholded masks of
averaged images using custom-written automated MetaMorph journals. ∆F/F was
calculated in Matlab as (Fend – Fbeginning)/Fbeginning, where Fend was measured from the
averaged image of the last 200 frames after stimulation and Fbeginning was measured from
the averaged image of the first 200 frames before stimulation. The color map was made
using ImageJ.
For quantification of electrophysiological experiments, fEPSP slope values were
averaged and quantified over a 3 min period preceding HFS, and a 3 min period at the end
of the manipulation. fEPSP values were quantified relative to the average value of the 10minute baseline period immediately preceding the first manipulation. To analyze the
AMPAR-mediated responses, the window was fixed in the initial rising phase of the
response, 2–5 ms after its initiation.
Mitochondrial length in the hippocampal slice LTP experiment was normalized to
the pooled average of the mean mitochondrial lengths of each slice from both groups. Slices
in which APV treatment failed to return the fEPSP slope to baseline (defined by at least
less than 10% of the baseline average) were excluded from analysis.
Analysis of mitochondrial Ca2+ was performed as follows. First, an average
intensity projection of the baseline frames was created, followed by background
subtraction in ImageJ. Next, a mask of individual mitochondria was created by intensitybased thresholding and binary operations in MetaMorph. Average intensity values within
mitochondrial regions defined by this mask were then collected from the Mito-R-GECO
timeseries in MetaMorph and underwent background subtraction based on a background
region. ΔF/F (i.e. (F- F0)/F0) was then calculated in Matlab, in which F was defined as the
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average intensity value and F0 was iteratively calculated every 600 frames from the average
of the smallest 5 average intensity values, in order to account for photobleaching. Traces
with excessive noise or unrealistically large ΔF/F values were filtered out. Events from the
remaining sweeps were detected in Clampfit by hand while blinded, using Threshold
Search. Clampfit-analyzed data of different properties of the mitochondrial Ca2+ traces
were then compiled in Matlab prior to statistical analysis.
Statistics for all experiments were performed using GraphPad Prism and all figures
were prepared using Microsoft PowerPoint. Briefly, column statistics were first performed
and a D’Agostino-Pearson omnibus normality test was used to determine whether the
sample values were likely from a Gaussian distribution. If so, the appropriate parametric
test without assuming equal variance was used, and if not, the appropriate non-parametric
test was used. Pearson and Spearman analyses were performed for correlations and are
reported in the main text. For analysis of two groups, either a parametric t-test with Welch’s
correction or a non-parametric Mann-Whitney test was performed. For analysis of two
groups in the photolysis experiment, a paired t-test was used since data in the control and
experimental groups were both acquired from the same cell, simultaneously. For analysis
of distributions, a Kolmogorov-Smirnov test was used. For analysis of three or more groups
across one factor, One-way ANOVA (either ordinary or Kruskal-Wallis) was performed,
with a post hoc Dunn’s test only if significant. The reported post hoc value is with respect
to the mentioned control. For comparison of two or more factors (e.g. time and stimulation,
expression construct and time, etc.), a Two-way ANOVA was performed, and post hoc test
(either Sidak, Dunnett, or Tukey, as recommended) for multiple comparisons was
performed only if the interaction p-value and/or the p-value of the factor of interest were
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significant. For Two-way ANOVA, several p-values are reported for each test including
for the interaction, factor of interest, and post hoc comparison.
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CHAPTER 3: RESULTS
Chemical LTP induction increases dendritic mitochondrial fission
To test whether mitochondrial fission is impacted during LTP, I transfected
cultured hippocampal neurons with mitochondrial matrix-targeted DsRed (MitoDsRed) (Li
et al., 2004) and GFP. The typical neuron contains densely-packed mitochondria in the
soma, scarce and small mitochondria in axons, and tubular mitochondria throughout the
dendritic arbor (Fig. 3.1A). At rest, mitochondria occupy ~62% of the dendritic tree length
(0.624 ± 0.063, data not shown) and rarely move, ~88% of dendritic spines have a
mitochondrion at the base of the spine neck (0.876 ± 0.028, data not shown), and total
mitochondrial length scales linearly with dendritic length across many dendritic arbor sizes
(Fig. 3.1B, n = 11 cells/7 coverslips/4 cultures, Pearson r = 0.716, p = 0.013; R2 = 0.513, p
< 0.0001). These data suggest that mitochondria are found throughout dendrites and near
most synapses, consistent with recent reports (Faits et al., 2016; Fu et al., 2017; LopezDomenech et al., 2016).
I then refined an established protocol to chemically induce NMDAR-dependent
LTP (cLTP) (Araki et al., 2015; Liao et al., 2001; Lu et al., 2001; Srivastava et al., 2011)
in neurons transfected with membrane-targeted mCherry (membrane-mCherry) to
delineate cell morphology, and super-ecliptic pHluorin (SEP)-tagged GluA1 and GluA2
(SEP-AMPARs) to depict cell-surface AMPARs (Fig. 3.1C). cLTP stimulation, compared
to stimulation in the presence of the competitive NMDAR antagonist APV (+APV),
increased dendritic spine volume over time by ~30% (Fig. 3.1D, ncLTP = 239 spines/4
cells/2 coverslips/2 cultures, n+APV = 67/3/2/2, pinteraction < 0.0001) and surface AMPARs
by ~10% (Fig. 3.1E, pinteraction = 0.001), hereby referred to as structural LTP (sLTP).
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I found that cLTP stimulation produced a rapid and transient elevation in dendritic
mitochondrial fission events (Fig. 3.1F-G, 0.035 ± 0.009 events/µm, n = 7 cells/5
coverslips/2 cultures), hereby referred to as the cLTP fission burst. The fission burst was
prevented by APV (Fig. 3.1F-G, 0.007 ± 0.004 events/µm, n = 7/5/2, pinteraction = 0.03, pstim,
ptime, and p2.5 < 0.0001), and temporally preceded structural LTP (sLTP) (Fig. 3.1D-G,
3.2A). I then subtracted the number of fission events after stimulation by each cell’s own
baseline, hereby referred to as fission change, to control for any differences between
baseline levels of fission between groups. The fission change was ~9-fold greater in cLTPstimulated cells (Fig. 3.1H, 0.027 ± 0.006 ∆ fission events/µm), than controls (0.003 ±
0.002 ∆ fission events/µm, p < 0.001), further indicating that the cLTP fission burst was
NMDAR-dependent.
To determine how long the mitochondria remained divided following cLTP
stimulation and wash-out, I extended my imaging for an extra hour (Fig. 3.2B). I found
that the vast majority of the fission events during the cLTP fission burst (Fig. 3.2C, cLTP2.5:

0.004 ± 0.002 events/µm, cLTP7.5: 0.011 ± 0.002, n = 10 cells/5 coverslips/3 cultures,

p < 0.005) were sustained for the duration of imaging, even at 112.5 minutes after
stimulation (i.e. 97.5 minutes after wash-out) (Fig. 3.2D, sustained112.5: 71.7 ± 9.4%, refused112.5: 28.3 ± 8.9%, p112.5 < 0.01). Indeed, the fission event re-fusion rate was
consistently low throughout the experiment (Fig. 3.2C, prefusion > 0.2). These data suggest
that the cLTP-driven fission events are long-lasting.
Because nearly every spine had a mitochondrion at the base of the spine neck, I
asked whether fission of dendritic mitochondria was spatially restricted to potentiated
dendritic spines. I found that nearly all spines undergoing sLTP were on a parent dendrite
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that also contained a cLTP-driven fission event in the same imaging field of view (90.3%,
data not shown). I then measured the distance between a subset of these sLTP spines and
the nearest site of mitochondrial fission in the same parent dendrite and found the median
distance to be ~7-8 µm (Fig. 3.2E, median ± 95% CI: 7.59 ± 2.62, n = 65 spines/6 cells/3
coverslips/2 cultures). Only ~1.5% of these fission events occurred at the base of spines,
whereas approximately half occurred within 8 µm and half occurred beyond that mark.
These data suggest that although sLTP almost always occurs on a parent dendrite in which
a fission event has previously occurred, the fission event itself does not necessarily occur
immediately beneath those spines themselves.
Thus, taking into consideration these data and the relative timecourses of the fission
burst and sLTP, I hypothesized that LTP expression requires an increase in dendritic
mitochondrial fission during LTP induction.

Mitochondrial fission burst utilizes mechanisms conserved with other cell types
Mitochondrial fission canonically requires the GTPase Drp1 in non-neuronal cell
types (Smirnova et al., 2001). If fission is necessary for LTP, Drp1 should be found at sites
of cLTP-induced dendritic fission events. I thus transfected neurons with GFP-tagged wildtype Drp1 (GFPDrp1) and MitoDsRed. I found that sites of fission were co-localized with
growing puncta of GFPDrp1, which separated soon after fission (Fig. 3.3A, FIG. 3.4A), as
previously reported in other cells (Ji et al., 2015; Lee et al., 2016). Thus, I predicted that
preventing Drp1 function would prevent the cLTP fission burst. I first tested this by
transfecting neurons with a plasmid promoting shRNA-mediated knock-down of
endogenous Drp1, and replacing it with a GFP-tagged, single-amino acid (K38A), GTP-

68

null mutant Drp1 (GFPDrp1DN) (Fig. 3.3A), which functions as a dominant negative
mutant and prevents fission in other cell types (Merrill et al., 2011; Smirnova et al., 2001).
Strikingly, the cLTP fission burst was abolished in GFPDrp1DN-expressing cells (Fig.
3.3B, cLTP2.5: 0.010 ± 0.002 events/µm, +APV2.5: 0.005 ± 0.002, ncLTP = 8 cells/5
coverslips/4 cultures, n+APV = 10/5/4, pinteraction = 0.691, p2.5 = 0.679), whereas it was
maintained in cells expressing GFPDrp1 (cLTP2.5: 0.025 ± 0.008 events/µm, +APV2.5:
0.007 ± 0.002, ncLTP = 6/5/4, n+APV = 10/5/4, pinteraction < 0.01, p2.5 < 0.0001). Furthermore,
GFPDrp1DN prevented the stimulation-induced fission change, while cells expressing
GFPDrp1 maintained a ~10-fold difference (Fig. 3.3C, cLTPDrp1: 0.021 ± 0.004 Δ
events/µm, +APVDrp1: 0.002 ± 0.001, cLTPDN: 0.007 ± 0.002, +APVDN = 0.0001 ± 0.001,
pinteraction = 0.006, pDrp1 < 0.0001, pDN = 0.1). Directly comparing the two expression groups
further suggested that the burst (p2.5 = 0.0003) and change from baseline (pcLTP = 0.0006)
required Drp1 function (Fig. 3.3B-C).
To ensure that this effect was not due to differential expression of Drp1 when using
either of these constructs, I performed immunocytochemistry for Drp1 in cells expressing
MitoDsRed and GFP, GFPDrp1, or GFPDrp1DN (Fig. 3.4B). I found that the Drp1 staining
intensity in dendrites (GFP: 2091 ± 231.7 AU, GFPDrp1: 2039 ± 335.5, GFPDrp1DN:
1863 ± 200.1) was not significantly different among the three groups (Fig. 3.4C, nGFP = 15
cells/5 coverslips/2 cultures, nDrp1 = 9/4/2, nDN = 12/5/2, p = 0.334). Furthermore, neither
the cLTP fission burst (Fig. 3.4D, cLTPGFP: 0.034 ± 0.006 events/µm, +APVGFP: 0.002 ±
0.002, pinteraction = 0.647, p2.5 = 0.631) nor the change in fission events from baseline (Fig.
3.4E, cLTPGFP: 0.032 ± 0.006 Δ events/µm, +APVGFP: -0.0001 ± 0.001, pinteraction = 0.026,
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pexpression = 0.114, pcLTP = 0.095) were significantly different between cells expressing GFP
or GFPDrp1 (GFP: ncLTP = 3 cells/2 coverslips/2 cultures, nAPV = 7/3/2).
Additionally, to rule-out potential off-target effects of expressing the DN Drp1 on
a knockdown background, I tested the effect of Drp1 knockdown alone by transfecting
neurons with plasmids containing GFP and Drp1 miRNA or control miRNA (Fig. 3.5A),
as previously described (Chandra et al., 2017). After 4 days, expressing Drp1 miRNA
(miR) reduced Drp1 staining intensity by ~34% in dendrites compared to controls (Fig.
3.5B, control: 143.3 ± 19.0 AU, miR: 93.9 ± 7.4, ncontrol = 14 cells/6 coverslips/3 cultures;
nmiR = 15/5/3, p < 0.05). I then tested whether Drp1 miR suppressed the fission burst (Fig.
3.5D). However, I did not observe a significant suppression of the fission burst (Fig. 3.5E,
control: 0.010 ± 0.003 events/µm, miR: 0.006 ± 0.002, ncontrol = 9 cells/4 coverslips/3
cultures, nmiR = 11/5/3, pinteraction = 0.81) or the change in fission events from baseline (Fig.
3.5F, control: 0.008 ± 0.002 Δ events/µm, miR: 0.005 ± 0.002, p = 0.395). Therefore, I
extended the expression time to 10 days and found that this slightly increased the reduction
of Drp1 to ~43% (Fig. 3.5C, control: 99.0 ± 10.07 AU, miR: 56.8 ± 9.0, ncontrol = 16 cells/4
coverslips/2 cultures, nmiR = 15/4/2, p = 0.004). Furthermore, after 10 days, Drp1
knockdown significantly suppressed both the fission burst (Fig. 3.5G, control: 0.016 ±
0.002 events/µm, miR: 0.007 ± 0.002, ncontrol = 19 cells/4 coverslips/2 cultures, nmiR =
17/3/2, pinteraction < 0.0001, p2.5 < 0.0001) and the change in fission events by ~57% (Fig.
3.3D, control: 0.014 ± 0.002 Δ events/µm, miR: 0.006 ± 0.001, p = 0.001).
Lastly, I tested whether more acutely prohibiting Drp1 function with a
pharmacological inhibitor would similarly prevent the fission burst. I treated cells with
Mdivi-1 (10 µM, 1-2 hr) (Cassidy-Stone et al., 2008) and found that, compared to DMSO,

70

it suppressed both the cLTP fission burst (Fig. 3.5H, Mdivi-1: 0.015 ± 0.003 events/µm,
DMSO: 0.022 ± 0.004, nMdivi-1 = 16 cells/6 coverslips/5 cultures, nDMSO = 21/6/5, ptime <
0.0001, p2.5 = 0.0006) as well as the fission change from baseline by ~39% (Fig. 3.5I,
Mdivi-1: 0.011 ± 0.002 Δ events/µm, DMSO: 0.018 ± 0.002, p = 0.010). It should be noted,
however, that it was recently determined that Mdivi-1 may have additional off-target
effects in neurons, such as on Complex I of the electron transport chain (Bordt et al., 2017),
which may also contribute to its effect on fission. Nevertheless, my data using DN Drp1,
Drp1 miR, and Mdivi-1 taken together suggest that the cLTP fission burst requires Drp1
function.
Because actin polymerization is also required for fission in non-neuronal cells
(Hatch et al., 2014), I predicted that perturbing actin dynamics would prevent the cLTP
fission burst. I tested this by treating cells expressing GFP and MitoDsRed, with either
Jasplakinolide (500 nM, 1-2 hr), an actin depolymerization inhibitor, or Latrunculin A (10
µM, 1-2 hr), an actin polymerization inhibitor. I found that treating cells with
either inhibitor strongly impaired the fission burst, compared to DMSO-treated cells (Fig.
3.3E, DMSO: 0.027 ± 0.004 events/µm, Jasp: 0.014 ± 0.003, LatA: 0.016 ± 0.003, nDMSO =
13 cells/5 coverslips/3 cultures, nJasp = 8/3/3, nLatA = 13/3/3, pinteraction = 0.263, ptreatment =
0.001, pJasp < 0.0001, pLatA < 0.0001). Likewise, compared to DMSO controls (0.022 ±
0.003 ∆ events/µm), the subtracted fission change with Jasplakinolide (0.010 ± 0.003,
pANOVA = 0.019, pJasp = 0.047) or Latrunculin A treatment (0.011 ± 0.002, pLatA = 0.025)
was ~50% attenuated (Fig. 3.3F), suggesting that actin dynamics contribute to the cLTP
fission burst.
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A recent study suggested that the final membrane scission event of mitochondrial
fission is actually mediated downstream of Drp1-dependent constriction by Dyn2, a
ubiquitously expressed dynamin GTPase (Lee et al., 2016). I studied whether the cLTP
fission burst required Dyn2 by transfecting cells with MitoDsRed and either GFP-tagged
wild-type Dyn2 (GFPDyn2), or a single amino acid (K44A) GTP-null mutant Dyn2
(GFPDyn2DN) (Fig. 3.3G), which was shown to prevent fission in non-neuronal cells (Lee
et al., 2016). Compared to GFPDyn2, GFPDyn2DN impaired the cLTP fission burst by
~63% (Fig. 3.3H, DN: 0.006 ± 0.002 events/µm, Dyn2: 0.016 ± 0.003 events/µm, nDN = 12
cells/5 coverslips/4 cultures, nDyn2 = 12/7/4, pinteraction = 0.03, p2.5 < 0.0001). Similarly,
GFPDyn2DN impaired the fission change by ~75% (Fig. 3.3I, 0.003 ± 0.001 ∆ events/µm)
compared to GFPDyn2 (0.012 ± 0.002 ∆ events/µm, p = 0.0001). These data implicate
Dyn2 in neuronal mitochondrial fission for the first time and indicate that the cLTP fission
burst requires Dyn2 function, in addition to Drp1 and actin dynamics.

Mitochondrial fission selectively occurs at sites of cytosolic calcium elevation
Because the cLTP fission burst was dependent on activation of NMDARs (Fig.
3.1F-H), which are Ca2+-permeable, I predicted that fission occurs selectively at sites of
elevated dendritic Ca2+. To test this, I adapted a glutamate photolysis protocol, which is
known to induce LTP via postsynaptic Ca2+ influx (Chang et al., 2017; Fu et al., 2017;
Sinnen et al., 2017), and targeted several spines along a single parent dendrite to locally
and reversibly increase dendritic Ca2+ in cells expressing GCaMP6f and MitoDsRed (Fig.
3.6A,E). Dendritic GCaMP6f intensity increased and decayed after each pulse in the
photolysis train, similar to spine GCaMP6f during single-spine photolysis (Chang et al.,

72

2017), and returned to baseline at the end of the train (Fig. 3.6B). Furthermore, the rise in
GCaMP6f intensity was restricted to dendritic branches nearby the sites of glutamate
photolysis in every cell imaged (Fig. 3.6C-D, ∆F/Funstim: -0.139, ∆F/Fstim: 0.866, n = 13
cells/8 cs/3 cultures, p < 0.0001). In this assay, mitochondria within dendritic branches
experiencing an increase in GCaMP6f ∆F/F (Fig. 3.6C-D) underwent ~15-fold more fission
events (Fig. 3.6E-G, 0.044 ± 0.017 events/µm) than in unstimulated branches (0.003 ±
0.002 events/µm) immediately after the stimulation train (pinteraction = 0.011, p1.5 = 0.0003).
This elevation of fission was transient, similar to the cLTP fission burst (Fig. 3.1G).
I asked whether the change in dendritic Ca2+ is a predictor of dendritic
mitochondrial fission. However, the density of fission events was low and the total dendrite
length analyzable in this assay was restricted to the regions in which Ca2+ was elevated
following photolysis, which varied cell to cell. Thus, I separated regions that did not have
a fission event immediately after the train for this analysis (Fig. 3.6H, gray circles).
Strikingly, among stimulated and unstimulated regions that had a fission event after the
train (Fig. 3.6H, blue circles), GCaMP6f ∆F/F and fission events/µm were tightly
correlated (Spearman r = 0.655, p = 0.034), and ∆F/F was a significant predictor of
mitochondrial fission (R2 = 0.546, p = 0.009). Thus far, my results suggest that NMDAR
activation during LTP induction initiates the mitochondrial fission machinery through a
Ca2+-dependent mechanism.

CaMKII and Drp1 phosphorylation are required for mitochondrial fission burst
I next sought to determine how cytosolic Ca2+ fluctuations are conveyed to the
mitochondrial fission machinery. CaMKII promotes fission in cardiomyocytes by

73

promoting Drp1 translocation to mitochondria via phosphorylation at Ser616 (Xu et al.,
2016). I first tested the role of CaMKII in the fission burst by treating cells expressing GFP
and MitoDsRed with the specific inhibitor of CaMKII, KN-93. KN-93 (10 µM, 1-2 hr)
abolished the fission burst, compared to cells treated with the inactive form, KN-92 (10
µM, 1-2 hr) (Fig. 3.7A, 93: 0.006 ± 0.002 events/µm, 92: 0.015 ± 0.003, n93 = 9 cells/4
coverslips/4 cultures, n92 = 13/4/4, pdrugs = 0.044, p2.5 < 0.005). Indeed, KN-93 impaired
the fission change by ~90% (Fig. 3.7B, 93: 0.001 ± 0.002 ∆ events/µm, 92: 0.009 ± 0.002,
p = 0.013), suggesting that CaMKII activation is required for the cLTP fission burst. Next,
I tested whether CaMKII is capable of regulating dendritic mitochondrial length at
baseline, by expressing GFP, or GFP-tagged wild-type (WT), constitutively active
(T286D; CA), or dominant negative (K42M; DN) variants of CaMKII (Fig. 3.8).
Expressing WT CaMKII did not affect mitochondrial length compared to cells expressing
GFP alone (Fig. 3.7C, median ± 95% CI - GFP: 1.524 ± 0.181 µm, WT: 1.653 ± 0.005,
nGFP = 1241 mitochondria/4 cells/3 coverslips/3 cultures, nWT = 4369/9/5/3, pANOVA <
0.0001, pWT = 0.174). However, CA CaMKII decreased mitochondrial length (1.188 ±
0.026 µm, nCA = 7910/20/5/3, pCA < 0.0001), and DN CaMKII increased length (1.756 ±
0.077, nDN = 6453/16/5/3, pDN = 0.049), compared to WT CaMKII, suggesting that CaMKII
is dynamically involved in regulating neuronal mitochondrial fission over a range of
activity levels.
I then asked whether Drp1 phosphorylation at serine 616, a known substrate for
CaMKII in other cell types, was required for the cLTP fission burst. Because, in our hands,
we found that commercially-available Drp1 phospho-antibodies were not phosphospecific, I instead expressed phospho-null (S616A; inactive) and phospho-mimetic
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(S616D; active) variants of GFPDrp1, similar to previous reports (Cho et al., 2014).
Compared to WT Drp1 (Fig. 3.7E, Drp1: 0.013 ± 0.002 events/µm, nDrp1 = 6 cells/2
coverslips/2 cultures), S616A mutant suppressed the fission burst by ~69% (S616A: 0.004
± 0.002, nS616A = 6/3/2, pgroups < 0.0001, pS616A = 0.0003), while the S616D mutant enhanced
the fission burst by ~54% (S616D: 0.020 ± 0.006, nS616D = 5/2/2, pS616D = 0.007). Baseline
fission rate was 3.5-fold higher in the S616D neurons (Fig. 3.7F, S616D: 0.007 ± 0.002
events/µm, pANOVA = 0.027, pS616D = 0.041), as would be expected from a hyperactive
mutant, but no different in the S616A group (S616A: 0.001 ± 0.001, pS616A = =0.951),
compared to neurons expressing Drp1 alone (Drp1: 0.002 ± 0.0005). Though I found there
to be no statistical significance between the change in fission from baseline between the
three groups (Fig. 3.7G, Drp1: 0.011 ± 0.002 ∆ events/µm, S616A: 0.002 ± 0.001, S616D:
0.014 ± 0.005, pANOVA = 0.127), there is a robust and statistically-trending reduction of
~82% in the fission change in S616A-expressing neurons compared to Drp1 neurons,
consistent with my fission burst data (Fig. 3.7E). Together, all these data suggest that
CaMKII activation and Drp1 phosphorylation at Ser616, a known substrate for CaMKII
per previous studies, are required for the cLTP fission burst.

Dendritic mitochondrial fission is required for spine structural LTP
The cLTP fission burst (Fig. 3.1G) preceded dendritic spine sLTP (Fig. 3.1D-E),
suggesting it may be a prerequisite for LTP expression. I tested this by transfecting cells
with membrane-mCherry and either GFPDrp1 or GFPDrp1DN (Fig. 3.9A) and determined
that spines in GFPDrp1 cells underwent sLTP as usual (Fig. 3.9B, ncLTP = 518 spines/10
cells/6 coverslips/5 cultures, n+APV = 133/4/3/3, pinteraction < 0.0001). Surprisingly, though
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spines in GFPDrp1DN cells also underwent sLTP (Fig. 3.9B, ncLTP = 267/6/6/6, n+APV =
571/15/8/6, pinteraction < 0.0001), the final percent change in spine volume more than 50
mins after cLTP stimulation was reduced by ~60%, compared to cells expressing GFPDrp1
(Fig. 3.9C, Drp1: 11.050 ± 1.356 %, DN: 4.564 ± 1.391, pinteraction = 0.056, pexpression = 0.008,
pcLTP = 0.001). This finding suggests that fission contributes significantly to dendritic spine
structural remodeling.
To determine whether fission is required for the amplification of surface AMPARs
at the synapse, I immunocytochemically labeled GluA2 and Homer1, a postsynaptic
scaffolding protein (Fig. 3.10A). Among untransfected cells, those that received cLTP
stimulation had ~30% greater surface synaptic AMPAR intensity (Fig. 3.9D, 2907 ± 110.3
AU, ncLTP = 498 synapses/≥17 cells/9 coverslips/3 cultures) than unstimulated cells (2160
± 85.5, nunstim = 476/≥16/9/3, pANOVA < 0.0001, punstim < 0.0001) or +APV-stimulated
controls (2362 ± 106, n+APV = 286/≥8/5/3, p+APV = 0.002). Similarly, within the GFPDrp1
group, cLTP stimulated cells had ~45% greater AMPAR intensity (Fig. 3.9E, 2704 ± 157.6,
ncLTP = 249/6/3/2) than unstimulated (1878 ± 61.6, nunstim = 546/9/4/2, pANOVA < 0.0001,
punstim < 0.0001) or +APV-stimulated cells (1771 ± 96, n+APV = 134/2/2/2, p+APV < 0.0001).
However, expressing GFPDrp1DN eliminated the difference in surface synaptic AMPAR
staining intensity (Fig. 3.9F). Within this group, cLTP stimulated cells did not have greater
staining intensity (2394 ± 175.6 AU, ncLTP = 217/11/6/3) than unstimulated (2020 ± 105.7
AU, nunstim = 231/7/5/3, pANOVA = 0.028, punstim = 0.129) or +APV-stimulated cells (2537 ±
133, n+APV = 181/6/3/3, p+APV = 0.767), suggesting that mitochondrial fission is required
for the increase in surface synaptic AMPARs during LTP.
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To again account for possible off-target effects of the DN Drp1, I determined
whether Drp1 knockdown would impair sLTP. Here using SEP-AMPARs, I first tested
whether expressing plasmids containing mCherry and Drp1 miRNA, which impairs the
cLTP fission burst after 10 days (Figs. 3.5G, 2D), would impact surface AMPAR
trafficking (Fig. 3.9G) compared to control miRNA. Surface AMPAR trafficking was
significantly impaired in cells expressing the Drp1 miR compared to controls (Fig. 3.10K,
nmiR = 562 spines/13 cells/3 coverslips/2 cultures, ncontrol = 711/9/3/2, pinteraction < 0.0001,
pexpression < 0.0001, ptime < 0.0001). I found an ~59% suppression in the percent change of
SEP-AMPARs by Drp1 miR immediately after stimulation (Fig. 3.9H, control: 4.353 ±
0.665, miR: 1.781 ± 0.554, p = 0.003), and that the final percent increase in surface
AMPARs was likewise attenuated by ~36% (Fig. 3.9I, control: 11.168 ± 1.024, miR: 7.176
± 0.957, p = 0.005). I also tested using mem-mRuby whether Drp1 knockdown would
impair dendritic spine structural remodeling by transfecting neurons with plasmids
containing GFP and Drp1 miRNA or control RNA (Fig. 3.10B). Drp1 miR significantly
reduced dendritic spine growth to ~57% of controls (Fig. 3.9J, cont52.5: 1.409 ± 0.035,
miR52.5: 1.175 ± 0.028, ncontrol = 607 spines/9 cells/2 coverslips/2 cultures, nmiR = 494
spines/7 cells/2 coverslips/2 cultures, pinteraction < 0.0001, pexpression < 0.0001, ptime <0.0001).
These data confirm the role of Drp1-dependent mitochondrial fission in dendritic spine
growth and surface AMPAR trafficking during LTP.
Because I found Dyn2 to also be required for the cLTP fission burst, I asked
whether its function was similarly required for sLTP. I testing this by expressing memmCherry and GFPDyn2 or GFPDyn2DN (Fig. 3.10C). I found that dendritic spine growth
was prevented in cells expressing DN Dyn2 compared to WT (Fig. 3.10D, nDN = 414
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spines/9 cells/5 coverslips/3 cultures, nDyn2 = 331/9/4/3, pinteraction < 0.0001, pexpression <
0.0001, ptime < 0.0001) and that the final percent change was prohibited (Fig. 3.10E, Dyn2:
7.535 ± 1.535, DN: -3.735 ± 2.736, p = 0.0004). It should be noted that these results may
not be due to the effect of DN Dyn2 on the cLTP fission burst alone (Fig. 3.3H-I) since the
same mutant was previously observed to reduce dendritic spine membrane dynamics
(Jaskolski et al., 2009) and AMPAR endocytosis (Carroll et al., 1999). I next tested the
effect of more acutely prohibiting fission using a pharmacological inhibitor of
mitochondrial division, Mdivi-1, which I found to suppress the cLTP fission burst (Fig.
3.4F-G). In those same cells in which I observed the effects on fission, I found that Mdivi1 also suppressed dendritic spine growth (Fig. 3.10F, nMdivi-1 = 724 spines/16 cells/6
coverslips/5 cultures, nDMSO = 963/21/6/5, pinteraction = 0.067, pdrugs < 0.0001, ptime < 0.0001)
and the final percent change in spine size by ~59% (Fig. 3.10G, Mdivi-1: 3.769 ± 1.314,
DMSO: 9.258 ± 1.433, p = 0.005), compared to controls. These data further suggest that
the cLTP fission burst is required for dendritic spine growth during LTP.
I then asked whether mitochondrial fission plays a role in maintaining dendritic
spine density or size at baseline, or if this phenomenon is instead solely important during
acute periods of elevated synaptic activity. Spine density was not different between cells
expressing GFPDrp1DN (Fig. 3.10H, 3.64 ± 0.22 spines/µm, n = 15 cells/11 coverslips/4
cultures) or GFPDrp1 (3.71 ± 0.46 spines/µm, n = 11/7/3, p = 0.887). Furthermore, cells
expressing GFPDrp1DN had a negligible (~5%) but statistically significant (Fig. 3.10I-J,
0.675 ± 0.009 µm2, n = 838 spines/21 cells/14 coverslips/6 cultures) reduction in baseline
spine area than cells expressing GFPDrp1 (0.712 ± 0.009 µm2, n = 651/14/9/5, p = 0.016).
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Taken together, these experiments demonstrate that dendritic mitochondrial fission is
required for dendritic spine sLTP.

Mitochondrial fission is required for electrophysiological LTP in hippocampal slices6
Having determined that mitochondrial fission is integral to structural LTP in
culture, I asked whether fission is required for electrophysiological measures of LTP in
intact tissue. First, we utilized a transgenic mouse line which expresses MitoEYFP driven
by a CaMKII promoter (Chandrasekaran et al., 2006), and prepared acute hippocampal
slices. We recorded AMPAR-mediated field excitatory postsynaptic potentials (fEPSPs) in
CA1 of these transgenic hippocampi before and after high-frequency stimulation (HFS) of
Schaffer collaterals (Fig. 3.11A). Following HFS, slices bathed in normal ACSF (LTP)
exhibited potentiation lasting at least 35 minutes, whereas slices that were stimulated in the
presence of APV (+APV) returned to baseline (Fig. 3.11B, nLTP = 4 slices, n+APV = 4 slices,
pinteraction < 0.0001, pdrug < 0.0001, ptime < 0.0001. Indeed, HFS produced robust elevation
of the fEPSP slope amplitude (Fig. 3.11C, 211.7 ± 20.21%, pinteraction < 0.0001, pLTP <
0.0001), whereas APV treatment prevented this effect (Fig. 3.11C, +APV: 107.4 ± 4.78,
p+APV > 0.9999, pLTPvAPV < 0.0001). Recording was halted at 35 minutes to preserve slice
health for imaging. After recording, the slices were then fixed and underwent tissue

6

Before I begin, I would like to thank the amazing scientists, colleagues, and friends who
performed most of the experiments in this section: Dr. Adam Van Dyke, Ph.D. performed
all of the field electrophysiology LTP experiments, Dr. Tara Legates, Ph.D. performed all
of the whole-cell electrophysiology, and Dr. Ramesh Chandra, Ph.D. performed all of the
stereotactic injections and also generated all viral reagents utilized in these experiments. I
also thank Dr. Tibor Kristian, Ph.D. for generously donating MitoEYFP mice. Last, but
certainly not least, I am grateful to Drs. Scott M. Thompson, Ph.D. and Mary Kay Lobo,
Ph.D. who provided essential experimental guidance as well as key resource support
through the many trials and tribulations of these difficult but valuable experiments.
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clearing (Susaki et al., 2014). I then collected z-stacks of the MitoEYFP signal from CA1
stratum radiatum from both groups (Fig. 3.11D). Comparison of mitochondrial length in
the two groups indicated that HFS slices contained mitochondria that were ~10% shorter
than when in the presence of APV treatment (Fig. 3.11E, LTPlength: 1.556 ± 0.029 µm,
LTPnorm 94.48 ± 2.55%, +APVlength: 1.679 ± 0.036, +APVnorm: 105.5 ± 3.25, p = 0.0396).
These data suggest that LTP induction causes dendritic mitochondrial fission in slices.
We next tested whether fission is required for LTP in slices. We next prepared acute
hippocampal slices from mice injected with AAV-Cre-GFP and AAV-Cre-YFPDrp1 into
CA1 of one hippocampus and AAV-Cre-YFPDrp1DN into the other. Only slices with
visible expression in CA1 alone were used for assessing synaptic transmission. We
recorded AMPAR-mediated fEPSPs in CA1 before and after high-frequency stimulation
(HFS) (Fig. 3.11F). Following HFS, both groups exhibited potentiation lasting at least 60
minutes (Fig. 3.11G). We determined that HFS produced only mild LTP in DN Drp1 slices
(144.63 ± 10.7%, pinteraction < 0.0001, pDN = 0.029), but robust LTP in slices expressing WT
Drp1 (247.7 ± 21.78, pDrp1 < 0.0001). Strikingly, the magnitude of LTP was impaired to
~70% of controls by Drp1DN (Fig. 3.11H, pexpression < 0.0001).
To determine whether the effect was due to impaired intrinsic electrophysiological
properties of CA1 neurons, we used whole-cell patch clamp of pyramidal neurons in CA1
expressing WT Drp1 or DN Drp1 (Fig. 3.12A). We found no difference between the groups
in a battery of assays measuring membrane resistance (Fig. 3.12B, Drp1: 135.2 ± 11.63
MΩ, DN: 148.8 ± 8.47, nDrp1 = 7 slices/4 mice, nDN = 10 slices/6 mice, p = 0.476),
capacitance (Fig. 3.12C, Drp1: 69.83 ± 7.76 pF, DN: 58.31 ± 4.71, p = 0.476), resting
membrane potential (Fig. 3.12D, Drp1: -59.06 ± 2.16 mV, DN: -59.36 ± 3.15, p = 0.610),
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action potential threshold (Fig. 3.12E-F, Drp1: -48.88 ± 6.87 mV, DN: -45.94 ± 1.25, p =
0.610), input resistance (Fig. 3.12G, Drp1: 178.2 ± 28.58 MΩ, DN: 243.6 ± 27.17, p =
0.171), and maximum firing rate (Fig. 3.12H-I, Drp1: 10.5 ± 3.57 Hz, DN: 10 ± 2.02, p =
0.867). These data are consistent with a recent report of the effect of acute Mdivi-1
treatment (Chandra et al., 2017).
To determine whether the effect on LTP was due to impaired basal synaptic
transmission, we applied a range of stimulation intensities in YFPDrp1 and YFPDrp1DNinfected slices and quantified the AMPAR-component of the postsynaptic responses,
which were indistinguishable between the two groups (Fig. 3.12J). Indeed, there was no
significant difference in the postsynaptic response between the two groups at a stimulation
intensity that produced a fiber volley amplitude of ~ 0.2 mV (Fig. 3.11F, Drp1: 0.065 ±
0.015 mV/ms, DN: 0.088 ± 0.025, nDrp1 = 8 slices/6 animals, nDN = 9/7, p = 0.448). These
data suggest that preventing mitochondrial fission did not affect baseline synaptic
transmission. As such, suppressing mitochondrial fission for 2-3 weeks in vivo does not
impair basal synaptic transmission or intrinsic electrophysiological properties of CA1
neurons. Taken together, these data suggest that mitochondrial fission is not only essential
for sLTP of dendritic spines, but is also required for normal expression of functional LTP
at CA3-CA1 synapses.

LTP induction increases dendritic mitochondrial calcium transients (mCaTs)
Mitochondria are extremely important Ca2+ buffering organelles (Rizzuto et al.,
2012). Furthermore, activity of the mitochondrial Ca2+ uniporter (MCU) in the
hippocampus is thought to be enhanced during HFS-LTP (Stanton and Schanne, 1986).
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Mitochondrial matrix Ca2+ serves many functions that could in turn support LTP such as:
enhancing ATP synthesis (Duchen, 1992), promoting ROS generation (Kim et al., 2011),
calcium-induced Ca2+ release (Giorgio et al., 2017), etc. Therefore, I asked whether
dendritic mitochondrial fission in the context of LTP induction could regulate the ability
of mitochondria to buffer Ca2+.
I first tested whether mitochondrial matrix Ca2+ is elevated in the context of LTP
induction. I transfected neurons with a genetically-encoded red fluorescent mitochondrial
matrix Ca2+ sensor – Mito-R-GECO – and GFP (Fig. 3.13A). Dendritic mitochondria had
very stable matrix Ca2+ at baseline but nearly all mitochondria (87.9 ± 0.05%, data not
shown) exhibited transient elevations of mitochondrial Ca2+, hereby referred to as mCaTs,
following cLTP stimulation (Fig. 3.13B-C,G, cLTPbase: 0.004 ± 0.001 Hz, cLTPstim: 0.010
± 0.0005, ncLTP = 247 mitochondria/9 cells/9 coverslips/5 cultures, pinteraction = 0.005, pcLTP
< 0.0001). This frequency increase was prevented by APV (Fig. 3.13D-G, +APVbase: 0.002
± 0.001 Hz, +APVstim: 0.004 ± 0.001, n+APV = 76/7/7/5, p+APV = 0.742, pcLTPvAPV < 0.0001).
However, when mCaTs did occur even in the presence of APV, the amplitude (Fig. 3.14A,
ΔF/F cLTP: 2.337 ± 0.146, ΔF/F+APV: 2.156 ± 0.162, pinteraction = 0.864, pcLTPvAPV = 0.968),
duration (Fig. 3.14A, cLTPstim: 21.929 ± 0.766 s, +APVstim: 19.78 ± 1.69, pinteraction = 0.409,
pcLTPvAPV = 0.754), and integrated intensity over time – a proxy for charge transfer (Fig.
3.14A, cLTPstim: 32.908 ± 30.832 ((ΔF/F)*s), +APVstim: 24.172 ± 3.578, pinteraction = 0.964,
pcLTPvAPV = 0.999) – were unaffected, suggesting that neurons with unperturbed
mitochondrial shape have characteristic shape to their mitochondrial Ca2+ influx curve.
Thus, to my knowledge, these data identify for the first time that dendritic mitochondria
experience transient elevations of matrix Ca2+ during NDMAR-dependent LTP induction.
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Dendritic mitochondrial fission is required for cLTP-evoked mCaTs
My data suggest that LTP requires an increase in dendritic mitochondrial fission
and that dendritic mitochondria experience an increase in matrix Ca2+ during LTP
induction. This increase in matrix Ca2+ could support LTP through several mechanisms, as
supported by the literature. However, though it recently has become understood that an
increase in matrix Ca2+ precedes fission (Chakrabarti et al., 2018; Cho et al., 2017), the
effect of mitochondrial fission on the ability of mitochondria to buffer Ca2+ remains
understudied. Thus, I tested whether preventing dendritic mitochondrial fission would
impact the cLTP-evoked mCaTs by expressing MitoRGECO and GFP-tagged Drp1 (Fig.
3.15A-C) or Drp1DN (Fig. 3.15D-F). First, I observed that neurons expressing DN Drp1
experienced a cLTP-evoked increase in dendritic mCaT frequency (Fig. 3.15G, DNbase:
0.001 ± 0.0003 Hz, DNstim: 0.007 ± 0.0003, nDN = 271 mitochondria/8 cells/8 coverslips/4
cultures, pinteraction < 0.0001, pDN < 0.0001) as did neurons expressing WT Drp1 (Fig. 3.15G,
Drp1base: 0.001 ± 0.0003, Drp1stim: 0.012 ± 0.0003, nDrp1 = 345/9/9/4, pDrp1 < 0.0001).
Furthermore, neurons expressing Drp1 had no difference in the percent of mitochondria
exhibiting mCaTs (94.6 ± 0.02, data not shown) or mCaT frequency compared to neurons
expressing GFP alone (p = 0.1045, data not shown). However, DN Drp1 impaired the
cLTP-evoked mCaT frequency by ~42% (Fig. 3.15G, pDrp1vDN < 0.0001). In addition to
suppressing the mCaT frequency, Drp1DN, compared to WT Drp1 also impaired the mCaT
amplitude by ~32% (Fig. 3.15H, ΔF/FDrp1: 2.193 ± 0.079, ΔF/F DN: 1.494 ± 0.072, pinteraction
= 0.42, pstim = 0.006, pDrp1vDN < 0.0001), duration by ~27% (Fig. 3.15H, Drp1: 25.866 ±
0.625 s, DN: 18.968 ± 0.739, pinteraction = 0.071, pstim = 0.0001, pDrp1vDN < 0.0001), and
integrated intensity over time by ~52% (Fig. 3.15H, Drp1: 32.024 ± 1.467 ((ΔF/F)*s), DN:
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15.422 ± 0.949, pinteraction = 0.129, pstim = 0.004, pDrp1vDN < 0.0001). Taken together, these
data suggest that dendritic mitochondrial fission, in addition to being required for structural
and electrophysiological LTP, is required for dendritic mitochondrial Ca2+ handling.

84

Data Figures
Figure 3.1. cLTP stimulation increases dendritic mitochondrial fission.
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Figure 3.1. cLTP stimulation increases dendritic mitochondrial fission. A)
Representative images of pyramidal neuron expressing GFP and MitoDsRed. Scale bar: 50
µm. B) Total mitochondrial length and total dendrite length are correlated across many
different cell sizes. Each gray circle represents one cell; black line is linear regression. CE) cLTP stimulation increases dendritic spine volume and surface AMPARs. (C)
Representative spines (yellow arrows). Scale bar: 5 µm. (D) Group spine volume and (E)
surface AMPAR data. F-H) cLTP stimulation induces a rapid and large burst of dendritic
mitochondrial fission, which is dependent on NMDAR activation. (F) Top: cLTP
stimulation induces dendritic mitochondrial fission (white arrowheads) before spine
growth (yellow arrows). Bottom: APV treatment prevents fission burst. Scale bar: 5 µm.
G,H) (G) Time-series and (H) change from baseline fission events per micron of dendrite.
Data represented as mean ± SEM. *: p<0.05, **: p<0.005, ***: p<0.0005. Also see Figure
3.2.
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Figure 3.2, related to Figure 3.1. cLTP-evoked fission events are long lasting and not
spatially restricted to sLTP spines. A) Representative images illustrating cLTP-evoked
fission burst (white arrowheads) preceding dendritic spine growth (yellow arrows). Scale
bar: 10 µm. B) Representative images of a cLTP-evoked fission event (white arrowhead)
lasting for at least 112.5 minutes after stimulation. Scale bar: 2 µm. C-D) cLTP-evoked
fission events are long lasting. (C) Timecourse of fission (black trace) followed by refusion timecourse (red). (D) Most cLTP-evoked fission events are sustained. E)
Distribution of distances between sLTP dendritic spines and nearest cLTP-evoked
mitochondrial fission event within the same parent dendrite. Data represented as mean ±
SEM. ns: p>0.05, **: p<0.005, ***: p<0.0005.

87

Figure 3.3. Molecular mechanisms underlying cLTP fission burst.
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Figure 3.3. Molecular mechanisms underlying cLTP fission burst. A) Top: Growing
Drp1 puncta (yellow arrows) are found at sites of cLTP-evoked dendritic mitochondrial
fission (white arrowheads) in cultured hippocampal neurons. Bottom: Drp1DN puncta on
dendritic mitochondria are not associated with fission sites. Scale bar: 5 µm. Time in
seconds. B-D) cLTP fission burst is Drp1-dependent. (B) Time-series and (C) change from
baseline fission events per micron of dendrite in neurons expressing WT or DN Drp1. (D)
Change from baseline in neurons expressing control or Drp1 miRNA. E,F) Actin dynamics
contribute to cLTP fission burst. G-I) cLTP fission burst is Dyn2-dependent. (G)
Representative images of dendrites, spines, and mitochondria in neurons expressing WT
or DN Dyn2. Data represented as mean ± SEM. ns: p>0.05, *: p<0.05, **: p<0.005, ***:
p<0.0005. Also see Figures 3.4 and 3.5.
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Figure 3.4, related to Figure 3.3. Expressing GFPDrp1 does not impact mitochondrial
fission. A) Representative images of growing Drp1 puncta (yellow arrows) at sites of
cLTP-evoked dendritic mitochondrial fission events (white arrowheads). Scale bar: 5 µm.
Time in seconds. B) Representative images of immunocytochemistry labeling of Drp1 in
neurons expressing GFP, GFPDrp1, or GFPDrp1DN. Scale bar: 5 µm. C) Drp1 staining
intensity is not different between the three groups. D,E) cLTP fission burst is not
significantly different between cells expressing GFP or GFPDrp1. Data represented as
mean ± SEM. ns: p>0.05, ***: p<0.0005.
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Figure 3.5, related to Figure 3.3. cLTP fission burst is Drp1 dependent – additional
support. A) Representative images of immunocytochemistry labeling of Drp1 in neurons
expressing control (cont.) or Drp1 miRNA (miR). Scale bar: 5 µm. B-C) Drp1 staining
intensity is reduced after (B) 4 days and (C) 10 days of expressing miR. D) Representative
images of cLTP-evoked fission events (white arrowheads) in neurons expressing cont. or
miR for 10 days. Scale bar: 10 µm. Time in minutes. E-F) Expressing miR for 4 days does
not impair cLTP fission burst. G) Expressing miR for 10 days impairs fission burst. H-I)
Mdivi-1 suppresses the cLTP fission burst. Data represented as mean ± SEM. ns: p>0.05,
*: p<0.05, **: p<0.005, ***: p<0.0005.
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Figure 3.6. Cytosolic calcium elevation triggers mitochondrial fission
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Figure 3.6. Cytosolic calcium elevation triggers mitochondrial fission. A)
Representative dendrites from cultured hippocampal neuron expressing GCaMP6f. Blue
circles: stimulated spines. Scale bar: 10 µm. B) Representative time-series illustrating
transient increase in dendrite GCaMP6f intensity following multi-spine glutamate
photolysis. C) Color map illustrating spatial proximity of increase in GCaMP6f ∆F/F to
stimulated spines. D) Glutamate photolysis only causes an increase in GCaMP6f ∆F/F in
dendrites nearby stimulated spines, compared to unstimulated branches of the same cell.
Each point represents an individual dendritic region. E-H) Mitochondrial fission
selectively increases at sites of local cytosolic calcium elevation. (E) Representative image
of MitoDsRed within same neuron. Yellow inset: mitochondrion in GCaMP6f ∆F/F < 0
region. Cyan inset: mitochondria in GCaMP6f ∆F/F > 0. (F) Timeseries of insets in E.
Fission events (white arrowheads). Scale bar: 5 µm. (G) Timecourse of mitochondrial
fission events following photolysis train in stimulated and unstimulated region. Data
represented as mean ± SEM. (H) Dendritic GCaMP6f ∆F/F is correlated with, and is
predictive of, dendritic mitochondrial fission. Each point represents an individual dendritic
region. Open gray circles: regions with zero fission events. Blue circles: regions with at
least one fission event. *: p<0.05, ***: p<0.0005.
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Figure 3.7. CaMKII and Drp1 phosphorylation are required for LTP fission burst.
A-B) CaMKII activation is required for cLTP fission burst. Data represented as mean ±
SEM. C) CaMKII activity level controls baseline mitochondrial length. Data represented
as median ± 95% CI. D-G) Drp1 Ser616 phosphorylation is required for the cLTP fission
burst. (D) Representative timeseries of cLTP fission burst (white arrowheads) in neurons
expressing MitoDsRed and GFP-tagged WT, S616A (phospho-null), or S616D (phosphomimetic) Drp1 variants. Scale bar: 5 µm. (E) Fission burst is prevented by Drp1 S616A.
(F) Baseline fission rate is enhanced by S616D. (G) Fission change from baseline among
the three groups. Data represented as mean ± SEM. ns: p>0.05, *: p<0.05, **: p<0.005,
***: p<0.0005.
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Figure 3.8, related to Figure 3.7, CaMKII mutant examples. Representative images of
neurons expressing MitoDsRed and GFP-tagged WT, DN (K42M), or CA (T286D)
CaMKII variants. Scale bar: 25 µm.

95

Figure 3.9. Dendritic mitochondrial fission is required for structural LTP.
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Figure 3.9. Dendritic mitochondrial fission is required for structural LTP. A-C)
Dendritic spine growth after cLTP stimulation is impaired in neurons expressing
GFPDrp1DN. (A) Representative dendrites illustrating dendritic spine growth after
stimulation (yellow arrows). Scale bar: 5 µm. Time in minutes. (B) Spine volume
timeseries and (C) final percent change in spine volume are impaired by Drp1DN. D-I)
Mitochondrial fission is required for increasing surface synaptic AMPARs during LTP.
(D-F) GFPDrp1DN prevents increase in surface synaptic AMPARs immunocytochemistry. (G-I) Drp1 miRNA (miR) prevents increase in surface AMPARs –
SEP-AMPARs. (G) Representative dendrites and timeseries from neurons expressing
control (cont) or Drp1 miRNA. Scale bar: 5 µm. Time in minutes. (H) Initial and (I) final
change in surface AMPARs are impaired. J) Drp1 miR prevents dendritic spine growth
after cLTP stimulation. Data represented as mean ± SEM. ns: p>0.05, **: p<0.005, ***:
p<0.0005.
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Figure 3.10, related to Figure 3.9. Dendritic mitochondrial fission is required for
structural LTP.
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Figure 3.10, related to Figure 3.9. Dendritic mitochondrial fission is required for
structural LTP – additional support. A) Fission is required for change to surface
synaptic AMPARs after cLTP. Representative images of immunocytochemistry labeling
of surface synaptic AMPARs in untransfected neurons or neurons expressing GFPDrp1 or
GFPDrp1DN that are unstimulated, cLTP-stimulated, or +APV-stimulated. White insets
and bottom rows: untransfected. Yellow insets and top rows: transfected. Larger scale bars:
5 µm. Inset scale bars: 500 nm. B) Drp1 miR impairs dendritic spine sLTP. Representative
timeseries of dendrites expressing mem-mRuby and control (cont) or Drp1 miRNA (miR).
Scale bar: 5 µm. Time in minutes. C-E) Dendritic spine sLTP requires Dyn2 function. (C)
Representative timeseries of dendrites expressing mem-mCherry and GFPDyn2 or
GFPDyn2DN. Scale bar: 5 µm. Time in minutes. (D-E) Dyn2DN impairs dendritic spine
sLTP. F-G) Mdivi-1 suppresses dendritic spine sLTP. H) Expression of GFPDrp1DN does
not impact dendritic spine density. I-J) Expression of GFPDrp1DN has a small effect on
spine area. K) Timeseries of surface AMPAR trafficking in neurons expressing control or
Drp1 miRNA. Data represented as mean ± SEM. ns: p>0.05, **: p<0.005, ***: p<0.0005.
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Figure 3.11. Dendritic mitochondrial fission is required for electrophysiological LTP.
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Figure 3.11. Dendritic mitochondrial fission is required for electrophysiological LTP.
A-E) HFS of Schaffer collaterals produces shorter mitochondria in CA1 stratum radiatum
in acute hippocampal slices. (A) Representative image of cleared acute hippocampal slice
from MitoEYFP transgenic mouse with schematic of stimulation paradigm. Yellow box:
example imaging region. Scale bar: 500 µm. (B-C) HFS produces robust NMDARdependent LTP. (D) Example of CA1 mitochondria in slices after HFS in normal ACSF
(left) and +APV (right). Scale bar: 10 µm. (E) HFS produces shorter mitochondria in CA1
dependent on NMDAR activation. F-H) Preventing dendritic mitochondrial fission with
DN Drp1 suppresses HFS-LTP in hippocampal slices. (F) Left: Diagram of
electrophysiology experiment design in hippocampal slice infected with YFPDrp1DN.
Right: Example traces illustrating LTP of CA1 fEPSPs in slices expressing Drp1 or
Drp1DN. (G) Group data showing the effect of DN Drp1 on HFS of CA1 fEPSPs over
time. (H) Drp1DN impairs HFS LTP of Schaffer collateral-CA1 synapses. (I) Basal
AMPAR synaptic transmission is not impacted by infecting slices with Drp1DN. J) Solid
boxes, black lines = findings of the current study. Dashed boxes, gray lines = proposed
mechanisms. Data represented as mean ± SEM. ns: p>0.05, *: p<0.05, ***: p<0.0005. Also
see Figure 3.12.
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Figure 3.12, related to Figure 3.11. Intrinsic electrophysiological properties and basal
synaptic transmission are unaffected by DN Drp1. A) Representative image of wholecell patch clamp onto CA1 neuron infected with WT Drp1. Black lines outline patch
pipette. B-I) Expressing DN Drp1 does not affect (B) membrane resistance, (C)
capacitance, (D) resting membrane potential, (E-F) AP threshold, (G) input resistance, or
(H-I) maximum firing rate. Representative traces of (E) ramp depolarization and (H)
rheobase. J) Basal AMPAR synaptic transmission is not impacted by infecting slices with
Drp1DN. CA1 fEPSPs in response to stimuli delivered at graded intensity to CA3 Schaffer
collaterals. Each line represents responses from single slice with either WT or DN Drp1.
Data represented as mean ± SEM. ns: p>0.05.
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Figure 3.13. cLTP stimulation increases the frequency of mitochondrial calcium
transients (mCaTs). A) Representative images of cLTP-stimulated cultured hippocampal
neuron expressing GFP and MitoRGECO. Scale bar: 25 µm. B) Representative timeseries
of single dendritic mitochondrion depicting two cLTP-evoked mCaTs. Scale bar: 2 µm. C)
Representative ∆F/F traces from dendritic mitochondria depicting cLTP-evoked mCaTs.
D) Representative image of +APV-stimulated cultured hippocampal neuron. Scale bar: 25
µm. E) Representative timeseries (Scale bar: 4 µm) and F) ∆F/F traces of individual
dendritic mitochondria showing no mCaTs following stimulation. G) cLTP stimulation
causes an NMDAR-dependent increase in dendritic mCaT frequency. Data represented as
mean ± SEM. ns: p>0.05, ***: p<0.0005.
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Figure 3.14, related to Figure 3.13. Dendritic mCaTs have characteristic properties.
A) mCaT amplitude, B) duration, C) and area under the curve are not significantly different
before and after cLTP or +APV stimulation. Data represented as mean ± SEM. ns: p>0.05.
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Figure 3.15. cLTP-evoked dendritic mCaTs require mitochondrial fission. A,D)
Representative image of cLTP-stimulated cultured hippocampal neuron expressing
MitoRGECO and (A) GFP Drp1 or (D) Drp1DN. Scale bar: 25 µm. B,E) Representative
timeseries of single dendritic mitochondrion depicting cLTP-evoked mCaTs in (B)
GFPDrp1 or (E) Drp1DN neurons. Scale bar: 2.5 µm. C,F) Representative ∆F/F traces
from dendritic mitochondria depicting cLTP-evoked mCaTs in (C) GFPDrp1 or (F)
Drp1DN neurons. G-J) cLTP-evoked mCaT (G) frequency, (H) amplitude, (I) duration,
and (J) integrated area require dendritic mitochondrial fission. Data represented as mean ±
SEM. ns: p>0.05, *: p<0.05, **: p<0.005, ***: p<0.0005.
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CHAPTER 4: DISCUSSION
Section 1. Introduction
In this thesis, I tested the hypothesis that an increase in dendritic mitochondrial
fission is required for LTP. I observed that during NMDAR-dependent LTP induction,
dendritic mitochondria underwent a ~10-fold increase in the rate of fission events, which
was dependent on cytosolic Ca2+, CaMKII, actin, Drp1 phosphorylation and function, and
Dyn2. These data suggest that similar molecules may participate in regulating
mitochondrial fission in neurons and non-neuronal cells, and therefore raises the questions
as to how and when these molecules are recruited and activated to actually produce fission
in dendrites, and in which physiological and pathological contexts these may be involved.
Importantly, I found that fission is required for each classic aspect of LTP
expression: the increase in dendritic spine size (structural LTP), the increase in synaptic
AMPAR number, and the potentiation of synaptic transmission. This effect did not arise
from a general disruption of synaptic transmission overall, as I found no effect of
prohibiting fission on dendritic spine density or basal spine size in cultured neurons, or on
intrinsic electrophysiological properties or basal synaptic transmission in acute slices. The
lack of an effect on basal transmission but impaired LTP emphasizes the unforeseen, acute
role of mitochondrial fission during LTP induction, and sets this study apart from others
wherein longer periods of prohibiting fission impaired basal transmission along with gross
alterations to synapse, cell, and tissue morphology (Oettinghaus et al., 2016; Shields et al.,
2015). Thus, a rapid and transient elevation in dendritic mitochondrial fission rate during
LTP induction is required for LTP expression (Fig. 4.1).
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Figure 4.1. Conclusion model. LTP requires a rapid burst of dendritic
2+

mitochondrial fission during induction, which regulates mitochondrial Ca .
Solid lines and boxes: identified in this study. Dashed line: proposed.

NMDAR-mediated Ca2+ entry is necessary and sufficient for LTP (Collingridge et
al., 1983a; Lynch et al., 1983; Malenka et al., 1988; Morris et al., 1986). Intriguingly,
mitochondria are dynamic and efficient buffering organelles for cytosolic Ca2+ (Rizzuto et
al., 2012). Furthermore, it has also been suggested that NMDA stimulation of neurons can
elevate mitochondrial Ca2+ (Wang and Thayer, 2002). Therefore, using a geneticallyencoded and mitochondrial matrix-targeted Ca2+ indicator, I tested whether LTP induction
causes an increase in mitochondrial Ca2+. I found that LTP induction produced transient
elevations of dendritic mitochondrial Ca2+ – “mCaTs”. Furthermore, preventing
mitochondrial fission prevented these LTP-evoked mCaTs (i.e. reduced frequency,
amplitude, and duration). Mitochondrial Ca2+ can regulate their role in ATP and ROS
production and in Ca2+-induced Ca2+ release (CICR) (Mnatsakanyan et al., 2017; Rizzuto
et al., 2012; Sena and Chandel, 2012). Therefore, it will be important to determine for what
physiological reasons mitochondrial Ca2+ handling is required for LTP.
In the ensuing sections, I will discuss the mechanisms of how dendritic
mitochondrial fission is regulated in neurons during LTP induction, and will suggest other
possible regulatory steps. I will then discuss mitochondrial Ca2+ handling in neurons, its
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regulation by fission, and its roles in mitochondrial bioenergetics especially in the context
of LTP. Lastly, before concluding the dissertation, I will discuss other possible means by
which dendritic mitochondria may regulate synaptic plasticity and how mitochondrial
dysfunction may be a causal agent in neuropsychiatric disease.

Section 2. Regulation of mitochondrial fission in neurons
The cLTP fission burst was dependent on NMDAR activation, cytosolic Ca2+
elevation, CaMKII activation, actin polymerization, Drp1 phosphorylation and function,
and Dyn2. The role of elevated cytosolic Ca2+, actin polymerization, and Drp1
phosphorylation is considered to be canonical fission based on experiments in nonneuronal cells, suggesting that some fission regulatory mechanisms may be conserved
across many cell types (Pagliuso et al., 2017). Previously, the ratio of mitochondrial fusion
and fission rates in pyramidal cell dendrites was reported to increase or decrease in the
presence of TTX or KCl, respectively (Li et al., 2004). However, because the mechanisms
underlying these processes are unclear it is important to study how, in neurons and
particularly in dendrites, mitochondrial fission may be accomplished in different contexts.
In this study, I identified CaMKII activation to be an essential signal for producing the
cLTP fission burst, and further found that, in basal conditions, CaMKII activity states can
regulate mitochondrial length. In addition, I identified for the first time that Dyn2 is a
regulator of mitochondrial fission in neurons. Therefore, my findings not only reveal an
unusually acute activation of fission during LTP induction, but also delineate a novel
mechanism by which neuronal activity may control mitochondrial fission rate.
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Cytosolic Ca2+ elevations trigger mitochondrial fission across cell types
The first step in the cLTP fission burst is NMDAR-mediated Ca2+ influx, since
inhibiting NMDARs prevented fission whereas elevating cytosolic Ca2+ via glutamate
photolysis was sufficient to cause fission in the local dendritic area. These data are
consistent with other reports in which experimentally elevating cytosolic Ca2+ increased
fission rate from baseline. For example, mitochondrial fission rate is normally pretty low
in U2OS cells (Ji et al., 2015). However, treating cells with 4 µM ionomycin, which is a
plasma membrane ionophore that permits Ca2+ entry into cells, produced an ~3-fold
elevation in the fission rate (Ji et al., 2015). Similarly, 30-100 µM histamine increases
cytosolic Ca2+, in this case through release from ER stores, and also produces an elevation
in mitochondrial fission rates in U2OS cells (Chakrabarti et al., 2018). Therefore, it seems
that the mitochondrial fission machinery in different cell types is triggered by cytosolic Ca
Ca2+ elevations.

CaMKII is an LTP kinase that regulates dendritic mitochondrial fission
In search for the cytosolic messenger responsible for conveying this Ca2+ signal to
fission proteins, for two reasons I tested the role of CaMKII, a necessary and sufficient
LTP kinase (Lisman et al., 2012). First, CaMKII regulates actin dynamics during LTP (Kim
et al., 2015; Matus, 2000; Okamoto et al., 2009), and actin is required for fission (Hatch et
al., 2014). Secondly, there is some evidence in the literature that CaMKII may participate
in fission. For example, one study reported that stimulating adult cardiomyocytes with 100
nM isoproterenol reduced mitochondrial length, which required phosphorylation of Drp1
by CaMKII (Xu et al., 2016). Another study reported that Aβ stimulation of neurons
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promoted Drp1 phosphorylation and decreased mitochondrial length by Akt, which itself
was activated by CaMKII (Kim et al., 2016). Lastly, preventing CaMKII activation in
neurons prevented Wnt5a-dependent Ser616 phosphorylation (Godoy et al., 2014).
However, in C. elegans neurons, Unc-43 – a homologue of CaMKII – was reported to
phosphorylate Drp1 Ser637, as well as other residues, to suppress its function (Jiang et al.,
2015). Therefore, though the literature posits some hints toward a role for CaMKII in
fission, there was a need for further investigation.
In this study, I found that the cLTP fission burst required CaMKII activation. This
suggests that Ca2+ influx through NMDARs activates CaMKII, which then activates the
mitochondrial fission machinery to cause the fission burst. Furthermore, I found that
outside the context of LTP, simply transfecting neurons with constitutively active CaMKII
produced shorter mitochondria, whereas expressing a dominant negative CaMKII
produced longer mitochondria, compared to WT CaMKII, which itself had no effect
compared to neurons with endogenous CaMKII. In the context of my previous findings,
this suggests that CaMKII is dynamically able to regulate dendritic mitochondrial length.
CaMKII, however, may not necessarily be the only LTP-associated kinase that is
also able to regulate fission in dendrites. For example, one study suggested that another
member of the Ca2+/calmodulin protein kinase family, CaMKIα, may regulate
mitochondrial fission by phosphorylating Drp1 at Ser616 following VGCC-mediated Ca2+
entry into neurons (Han et al., 2008). This serine reside is the same site for CaMKIImediated phosphorylation. Furthermore, though not well-studied, CaMKIα is also thought
to be required for dendritic spine structural LTP in cultured hippocampal neurons (Fortin
et al., 2010). Another study suggested that calcineurin-mediated dephosphorylation of
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Drp1 at its inhibitory phosphorylation site, Ser637, could promote mitochondrial fission in
HeLa cells following arachidonic acid stimulation, which increases cytosolic Ca2+
(Cereghetti et al., 2008). Although, calcineurin was first identified, and is best-known, as
a phosphatase involved in the induction of NMDAR-dependent LTD (Mulkey et al., 1994),
another report suggests that its activation may also be required for VGCC-dependent LTP
(Onuma et al., 1998). Therefore, further study on the possible role for calcineurin
regulation of fission is warranted, and could have implications regarding a broader role for
dendritic mitochondrial fission beyond NMDAR-dependent LTP.
Perhaps, the most interesting non-CaMKII regulator of mitochondrial fission in
neurons, however, is protein kinase A/cyclic AMP-dependent protein kinase (PKA). First,
PKA was described decades ago as a necessary LTP kinase (Frey et al., 1993). However,
whereas CaMKII is required for the induction and maintenance of early phase of LTP (ELTP; < 3 hrs) (Lisman et al., 2012), PKA is required for the maintenance of LTP during
the late phase (L-LTP; >3 hrs), which is dependent on protein synthesis (Frey et al., 1988).
During L-LTP, PKA triggers activation of cAMP response element (CRE)-dependent gene
expression (Impey et al., 1996), which among other things, upregulates AMPAR synthesis
(Nayak et al., 1998).
Intriguingly, PKA is recruited to the OMM by the OMM-anchored A Kinase
Anchoring Protein 1 (AKAP1) (Merrill et al., 2011). Once bound to AKAP1, PKA can also
phosphorylate Drp1; however, it does so at Ser637, which is the inhibitory serine residue,
and has been found to inhibit mitochondrial fission and produce longer mitochondria
(Chang and Blackstone, 2007; Cribbs and Strack, 2007). Forcibly preventing
mitochondrial fission in neurons via excessive PKA/AKAP1 interaction reduced synaptic
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density, whereas preventing AKAP1 interaction with PKA increased density (Dickey and
Strack, 2011). However, I found that cLTP stimulation evoked CaMKII-dependent fission
events that lasted at least 112.5 minutes in culture, and also that CA1 dendritic
mitochondria were shorter, compared to controls, for at least 35 minutes after HFSstimulation of Schaffer collaterals in slices. Both of these timepoints fall within the E-LTP
time window, where CaMKII activity dominates. Thus, it would be interesting to determine
whether after the transition into L-LTP, the LTP-evoked fission events undergo refusion
driven by PKA activation. This is untested, but has interesting implications since it could
suggest that bidirectional control of mitochondrial fission and refusion through Drp1
regulation is required for both stages of LTP.

Regulation of fission GTPases Drp1 and Dyn2
I found that expressing DN Drp1 or Drp1 miRNA, and inhibiting Drp1 with Mdivi1 all suppressed the cLTP fission burst. Drp1 was the first fission protein identified
(Labrousse et al., 1999; Smirnova et al., 2001), and is the best studied. Drp1 is recruited to
the OMM by actin nucleation and myosin-mediated contraction of these filaments (Hatch
et al., 2014; Ji et al., 2015). Drp1 then binds to one or more of several receptors housed on
the OMM including Fis1 (Qi et al., 2013), Mff (Liu and Chan, 2015), and MiD49 and
MiD51 (Loson et al., 2013). Drp1 helical rings then hydrolyze GTP and constrict and
consolidate the mitochondrial dual lipid bilayer (Basu et al., 2017; Francy et al., 2017;
Kalia et al., 2018; Rosenbloom et al., 2014).
Drp1 activity and translocation to mitochondria are tightly regulated by
intracellular signaling cascades and post-translational modifications (PTMs) (Chang and
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Blackstone, 2010). For example, Drp1 and fission are promoted by its phosphorylation at
Ser616 (Taguchi et al., 2007). In this study, I found that expressing a phoshpo-null Drp1
S616A mutant suppressed the cLTP fission burst. Furthermore, I found that expressing a
phospho-mimetic Drp1 S616D mutant enhanced basal mitochondrial fission rates. Both of
these findings are consistent with the literature, and also suggest that this residue may be
directly phosphorylated by CaMKII to drive the fission burst, though I did not test this.
Drp1 has another phospho-regulation site as well. Dephosphorylation of Drp1 at Ser637 is
thought to promote fission in neurons (Cereghetti et al., 2008; Chang and Blackstone, 2007;
Cribbs and Strack, 2007; Dickey and Strack, 2011). However, another study found that
phosphorylation of Drp1 at Ser637 may be important for fission (Han et al., 2008).
Phosphorylation and dephosphorylation of Ser637 are regulated by PKA and calcineurin
in many cell-types as mentioned, and therefore it will be interesting to better resolve the
details of this mechanism.
Though phosphorylation of Drp1 is the best studied PTM, Drp1 can undergo
various other modifications (Fig. 4.2). Drp1 can undergo S-nitrosylation of Cys644 (Cho
et al., 2009), SUMOylation of various lysine residues (Figueroa-Romero et al., 2009;
Prudent et al., 2015), O-GlcNAcylation at Thr585 and 586 (Gawlowski et al., 2012), and

Figure 4.2. Drp1 posttranslational
modifications. Drp1 function can be
modified in various way through several
amino acid residues. Modified from
(Cho et al., 2013).
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S-palmitoylation of cysteine residues (Napoli et al., 2017). In these studies, S-nitrosylation
and S-palmitoylation were observed to occur in neurons, whereas SUMOylation was
observed immortalized cell lines and O-GlcNAcylation was observed in cardiomyocytes.
Interestingly, a human mutation in one palmitoyl acyltransferase – the enzyme responsible
for S-palmitoylation – was found in transgenic mice to reduce Drp1 associated with
mitochondria, to decrease ATP levels, and to produce behavioral deficits (Napoli et al.,
2017). In addition, O-GlcNAc transferase (OGT) – the enzyme responsible for OGlcNAcylation, is enriched in dendritic spines, and knocking out OGT reduced synaptic
AMPAR content in cultured cortical neurons (Lagerlof et al., 2017), while decreased levels
of OGT in the paraventricular nucleus of the hypothalamus in transgenic mice was
associated with reduced mEPSC frequency and hyperphagic-obesity (Lagerlof et al.,
2016). All these findings suggest that, in addition to phosphorylation of Ser616 (putatively
by CaMKII), neurons, and dendrites in particular, may have several mechanisms in place
to regulate Drp1-dependnent mitochondrial fission in an activity-dependent fashion.
Until very recently, Drp1-dependent constriction was thought to be the final step in
mitochondrial fission. However, in U2OS, COS-7 and other cells, the final membrane
scission event of mitochondrial fission was found to be mediated downstream of Drp1dependent constriction by Dynamin 2 (Dyn2), a ubiquitously expressed dynamin GTPase
(Lee et al., 2016). In line with this, I found that prohibiting Dyn2 function by expressing a
DN mutant abolished the cLTP fission burst. However, because Dyn2 was only recently
identified as a fission protein – to the best of my knowledge, my findings are only the
second time it has been accredited with this function, and the first time in neurons – the
signaling cascades that regulate Dyn2 remain to be determined. However, because Dyn2 is
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the only dynamin required for neuronal development (Ferguson and De Camilli, 2012),
and since mitochondrial fission itself is necessary for development (Ishihara et al., 2009;
Wakabayashi et al., 2009), it will be extremely important in future studies to determine: a)
the mechanisms of activity-dependent regulation of Dyn2 in neurons and b) whether the
essential function of Dyn2 during development is in fission, endocytosis, or both.
Lastly, in this study I did not test which of the four known Drp1 receptors (Mff,
Fis1, MiD 49/51) on the OMM is required for the LTP fission burst. However, Fis1 is
known to have roles in regulating neuronal mitochondrial fission (Qi et al., 2013).
Similarly, recently published and unpublished data also suggest a role for Mff in neurons
(Chan et al., 2018, doi: 10.1371/currents.hd.a4e15b80c4915c828d39754942c6631f; Lewis
et al., 2018, doi: 10.1101/276691 – proper citations awaiting PMID). In addition, recent
findings suggest that Mff may contribute to oligomerization/maturation of a subset of Drp1
on the ER membrane prior to translocation to mitochondria (Ji et al., 2017). Furthermore,
per data acquired using cell lines, while MiD 49/51 are not the predominant Drp1 receptors,
their role becomes more prominent in the absence of Mff and Fis1 (Loson et al., 2013).
Yet, perplexingly, all four receptors are expressed at once. Therefore, it will be quite
interesting to determine: a) whether these receptors are all expressed on the same
mitochondrion at the same time, b) if so, whether they are homogeneously distributed on
the OMM or heterogeneously clustered – perhaps serving in a “molecular assembly line”
for the different stages of fission, c) whether the different receptors play different roles in
regulating mitochondrial fission, d) whether or how they may have different affinities for
Drp1 based on Drp1 PTMs, and e) whether or how they themselves can be regulated in
different activity states.
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In conclusion, the cLTP-evoked dendritic mitochondrial fission burst is canonical
in that it utilizes Ca2+, Drp1, and actin. Additionally, this study identifies for the first time
a role for CaMKII and Dyn2 in dendritic mitochondrial fission, let alone in LTP. Further
evidence toward the mechanisms regulating mitochondrial fission in neurons will not only
help support or refute this claim, but will also shed light onto how synaptic activation of
dendritic spines may regulate the structure and dynamics of organelles in dendrites.

Section 3. Regulation of dendritic mitochondrial Ca2+ handling by fission
NMDAR-mediated Ca2+ entry is necessary and sufficient for LTP (Collingridge et
al., 1983a; Lynch et al., 1983; Malenka et al., 1988; Morris et al., 1986). Furthermore, this
Ca2+ signal is likely amplified by the dendritic compartment. Indeed, LTP also requires
calcium-induced Ca2+ release (CICR) from Ca2+ buffering organelles (Emptage et al.,
1999; Padamsey et al., 2018), the largest of which include the ER and mitochondria, since
depletion of ER Ca2+ stores or prohibiting ER-CICR prevented LTP (Harvey and
Collingridge, 1992; Obenaus et al., 1989) while promoting Ca2+ release from internal stores
facilitated LTP (Grigoryan et al., 2012).
Mitochondria are dynamic and efficient buffering organelles for cytosolic Ca2+
(Rizzuto et al., 2012). Mitochondrial Ca2+ can regulate its structure (Chakrabarti et al.,
2018; Cho et al., 2017), as well as its function in ATP and ROS production and in Ca2+induced Ca2+ release (CICR) (Mnatsakanyan et al., 2017; Rizzuto et al., 2012; Sena and
Chandel, 2012).
In neurons, mitochondria respond readily to the presence and pattern of
extramitochondrial Ca2+ elevations, such as following NMDAR activation. NMDA
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stimulation of striatal and hippocampal neurons produced temporally-coupled cytosolic
followed by mitochondrial Ca2+ elevations (Peng and Greenamyre, 1998; Wang and
Thayer, 2002), suggesting that mitochondria directly buffer NMDAR-permitted Ca2+.
Moreover, although treatment of neurons with ionomycin, kainite, and KCl also produced
both cytosolic and mitochondrial Ca2+ elevations, these were less temporally coupled (Peng
and Greenamyre, 1998), further suggesting a unique relationship between for NMDARs
and mitochondrial Ca2+ uptake. Nevertheless, these studies were performed under
excitotoxic levels of stimulation (Ikegaya et al., 2001), and therefore it remained to be
tested whether dendritic mitochondria could buffer Ca2+ under more physiological
conditions.
Early observations suggested that HFS LTP in hippocampus was associated with
increased activity of the mitochondrial Ca2+ uniporter (MCU) (Stanton and Schanne, 1986).
Using a genetically-encoded and mitochondrial matrix-targeted Ca2+ indicator, I found that
LTP induction produced transient elevations of dendritic mitochondrial Ca2+ – termed
“mCaTs”. Furthermore, preventing mitochondrial fission prevented these LTP-evoked
mCaTs (i.e. reduced frequency, amplitude, and duration). This suggests that LTP induction
regulates mitochondrial Ca2+ through mitochondrial fission, which may have implications
for mitochondrial function and, thereby, LTP expression. In this section I discuss several
of these mechanisms and possibilities.

Fission-dependent regulation of cLTP-evoked mCaTs
Mitochondrial Ca2+ influx is driven by cytosolic Ca2+ elevations at micromolar
concentrations nearby the MCU – either reflecting dramatic changes to the whole cytosol
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or more subtly within Ca2+ microdomains between mitochondria and the ER (Baughman
et al., 2011; De Stefani et al., 2011; Rizzuto et al., 2012; Szabadkai et al., 2006). Ca2+ in
the mitochondrial matrix can either remain free or can form hydroxyapatite crystals by
binding to inorganic phosphate (Ca-PO4-OH) (Bielawski and Lehninger, 1966), which is
transported into mitochondria along with Ca2+. Mitochondrial Ca2+ efflux is accomplished
primarily by means of the Na+/Ca2+ exchanger (Boyman et al., 2013; Crompton et al., 1977;
Palty et al., 2010; Wang and Thayer, 2002), but also the mitochondrial permeability
transition pore (mPTP) (Haworth and Hunter, 1979).
Interestingly, the literature, similar to my findings, suggests a prominent role for
fission in regulating mitochondrial Ca2+ handling through its effect on altering
mitochondrial shape (i.e. decreased matrix volume, increased surface area to volume ratio,
etc.). For example, preventing fusion of skeletal muscle mitochondria, thereby shifting the
equilibrium toward fission, reduced cytosolic Ca2+ oscillations perhaps by increased
mitochondrial Ca2+ sequestration (Eisner et al., 2014). Also, overexpressing Fis1 in HeLa
cells produced shorter mitochondria that were only found surrounding the nucleus, but had
no effect on mitochondrial Ca2+ uptake from internal ER stores that also have a perinuclear
distribution (Frieden et al., 2004). These data are consistent with my findings that
expressing WT Drp1 had no effect on mCaTs compared to cells with endogenous Drp1.
Another study found that mitochondrial fission decreased mitochondrial
interconnectedness and propagation of mitochondrial Ca2+ waves (Szabadkai et al., 2004).
The same study also reported that shorter mitochondria had elevated mitochondrial Ca2+
uptake relative to longer ones (Szabadkai et al., 2004). Furthermore, a separate study
suggested that expressing DN Drp1 increased the duration of “kiss-and-run” fusion events
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in H9c2 cells by ~10 fold, and also increased the probability of full fusion (Liu et al., 2009).
Lastly, increasing mitochondrial volume in HeLa cells was associated with a reduction in
the amplitude and duration of histamine-dependent elevation of mitochondrial Ca2+
(Bianchi et al., 2006). These data are consistent with my findings that preventing fission
by expressing DN Drp1 decreased the frequency, amplitude, and duration of mCaTs during
LTP induction.
Fission may also affect mitochondrial Ca2+ buffering by decreasing the ability of
mitochondria to form hydroxyapatite crystals. First, these crystal deposits initiate on the
cristae of the IMM (Greenawalt and Carafoli, 1966). Interestingly, Drp1-dependent
mitochondrial fission has been observed to shorten cristae (Costa et al., 2010), and to
reduce the inter-cristae distance (Germain et al., 2005). This could, therefore, permit an
increase in matrix free Ca2+, which is not only the entity represented by the fluorescent
changes observed with dyes and genetically-encoded sensors, but is also the entity that
participates in mitochondrial Ca2+-mediated regulation of metabolism (Mnatsakanyan et
al., 2017; Rizzuto et al., 2012; Sena and Chandel, 2012). Therefore, though not tested in
my experiments, it would be interesting to determine using either super-resolution live-cell
microscopy or EM whether fission during LTP induction is associated with changes to
mitochondrial cristae. Nevertheless, the literature suggests a variety of ways by which
Drp1-dependent mitochondrial fission may modulate mitochondrial Ca2+ handling.

Mitochondrial Ca2+ handling is similar across cell types and stimulations
During LTP induction, I found the mCaT frequency to be ~0.01 Hz, and the events
themselves to occur with a fast ~2.4-fold increase in amplitude from baseline, followed by
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a slow decay back to baseline that took, on average, ~22 seconds. The shape of these
mCaTs were very similar to the mitochondrial response in the context of different stimuli
from several previous reports. For example, ATP stimulation of M4 cells produced a
mitochondrial Ca2+ spike that also lasted ~20 seconds (Rizzuto et al., 1992). In addition,
though the duration of the mitochondrial Ca2+ spike following ionomycin (~120 seconds)
or histamine (~60 seconds) was longer in U2OS cells, the shape of the transients
themselves were similar to the mCaTs as they had a fast rise and slow decay to baseline as
well (Chakrabarti et al., 2018). In neurons, excitotoxic-levels of NMDA stimulation,
kainite stimulation, or KCl treatment each produced mitochondrial Ca2+ elevations that
lasted for ~130 seconds, but these elevations had a different shape – fast rise, followed by
a plateau for ~60 seconds, then a decay over ~60 seconds (Peng and Greenamyre, 1998).
The decay following NMDA stimulation was slow and relatively linear, similar to my
findings, but the decay after kainite or KCl stimulation was faster (Peng and Greenamyre,
1998). A subsequent study found that NMDA stimulation of hippocampal neuronal
cultures produced similar mitochondrial Ca2+ spikes lasting ~1-2 minutes (Wang and
Thayer, 2002). Lastly, a recent study reported that ATP stimulation of NIH3T3 cells also
produced fast rising and slow decaying mitochondrial Ca2+ spikes lasting ~75 seconds
(Hirabayashi et al., 2017). The same study also reported the effect of electrical field
stimulation on mitochondrial Ca2+ in dendrites of cortical neurons in culture (Hirabayashi
et al., 2017). In this study, 20 APs delivered at 10 Hz to the field produced a mitochondrial
Ca2+ spike lasting more than7 50 seconds with a fast rise and a slow decay. Therefore, the
striking similarity among mitochondrial Ca2+ elevation in different cell types and across
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The figures do not include the time-point at which the Ca2+ levels return to baseline.
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different stimulation paradigms suggests that the mechanisms of mitochondrial Ca2+ influx,
buffering, and efflux could be highly conserved in various contexts.
In all but one of the previous studies, however, the various stimuli produced a single
cytosolic Ca2+ and mitochondrial Ca2+ spike. However, Wang and Thayer found that 20
µM NMDA and 200 µM NMDA not only produced different amplitudes of cytosolic Ca2+
elevations, as perhaps is expected, but also produced different amplitudes of mitochondrial
Ca2+ elevations (Wang and Thayer, 2002). Finally, the same study showed that, in the
context of repeated NMDA pulses, each cytosolic Ca2+ spike was immediately coupled
with a mitochondrial Ca2+ spike. This aspect of repetitive cytosolic Ca2+ spikes is reflective
of LTP induction, based on previous studies8 (Chang et al., 2017; Isomura and Kato, 1999).
Thus, it seems that mitochondrial Ca2+ elevations not only respond to the presence of
extramitochondrial Ca2+, but also to its amplitude and frequency.
It should be noted, however, that my findings are seemingly contradictory to data
presented in two recent reports, one published and one unpublished, which raises
interesting implications. First, it was recently observed that the process of efferocytosis,
wherein phagocytes such as macrophages remove dead cells, requires Drp1-dependent
mitochondrial fission that is trigged by presentation of apoptotic cells (AC) to these
macrophages (Wang et al., 2017). Notably, AC presentation produced a cytosolic Ca2+
elevation in macrophages that had a slow rise time (time-to-peak ~30 minutes) and was
sustained for the duration of the experiment (at least 20 minutes after peak, 50 minutes
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Also based on my own observations of dendritic Ca2+ in pyramidal neurons expressing
GCaMP6f during uncaging-LTP induction paradigm, as well as qualitative observations
by cLTP-stimulation of neurons expressing GCaMP6f, which were not quantified and
therefore are not included in this dissertation.
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after stimulation9) (Wang et al., 2017). This cytosolic Ca2+ elevation was followed ~20-25
minutes later by an increase in mitochondrial Ca2+. The mitochondrial Ca2+ elevation also
had a slow rise (~10 minutes), and was also sustained for the duration of the experiment
(i.e. reached a plateau and did not decrease) (Wang et al., 2017). Drp1 cKO, in this context,
suppressed the cytosolic Ca2+ elevation and increased the mitochondrial Ca2+ signal. Thus,
the authors concluded that Drp1-dependent mitochondrial fission by AC presentation in
macrophages decreases mitochondrial Ca2+ buffering, presumably by decreasing
mitochondrial matrix volume, thereby promoting a sustained elevation of cytosolic Ca2+
(Wang et al., 2017). This discrepancy with my findings may be due to differences in
mitochondrial Ca2+ handling between neurons and macrophages but, given the similarities
between mitochondrial Ca2+ handling across different cell types and contexts as I detailed
above, this seems unlikely.
Instead, there are a few striking differences in the temporal quality of the Ca2+
elevations that could hint at more likely explanations. The first is that, experimentally, I
performed my imaging at 10 Hz, whereas this group imaged at 0.0033 Hz. Thus, the
observations being made here are on entirely different time scales (10s of seconds vs. 10s
of minutes). As such, it remains untested whether macrophage mitochondria similarly
experience transient Ca2+ elevations. However, if this were the only reason for the
discrepancy, one would expect that I would have observed a gradual increase in
mitochondrial Ca2+ following stimulation. Yet each mCaT returned to baseline on average
after ~22 seconds. Furthermore, unlike in U2OS cell, striatal neurons, and hippocampal
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The figures do not include the time-point at which the Ca2+ levels return to baseline, or
whether this occurs at all.
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neurons in which the temporal coupling between cytosolic Ca2+ elevation and
mitochondrial Ca2+ elevation was on the order of seconds, in Wang et al., the coupling was
on the order of tens of minutes (Wang et al., 2017). Lastly, whereas in all of the
aforementioned stimulation paradigms across different cell types the cytosolic Ca2+
elevations were themselves also transient, this property was apparently absent in
macrophages during efferocytosis. Interestingly, the group report that cKO of MCU and
Drp1 together suppresses the effect of Drp1 cKO alone by ~50% (i.e. there is less of a
reduction in the cytosolic Ca2+ elevation following AC stimulation) (Wang et al., 2017),
suggesting that mitochondria are indeed buffering the cytosolic Ca2+ despite being
temporally uncoupled. Lastly, the duration of the mitochondrial Ca2+ elevation during
efferocytosis matched the duration of cytosolic Ca2+ elevation. Therefore, despite the
obvious differences in the conclusions, these data also suggest that the timing of cytosolic
Ca2+ signaling to mitochondria is the key determinant of mitochondrial Ca2+ handling.
My findings also differ from another unpublished but pre-printed study, in which
the effect of knocking down (kd) the Drp1 receptor Mff were tested. In this study, Mff kd
produced a ~3-fold increase in the amplitude of axonal mitochondrial Ca2+ elevations
during 20AP, 10Hz stimulation of a field of neurons in culture (Lewis et al., 2018, doi:
10.1101/276691). This reduction was reasonably attributed to an increase in axonal
mitochondrial length. However, it is essential to note that the study reported that Mff kd
had no effect on dendritic mitochondrial length. Interestingly, a seemingly contradictory
previous report suggested that expressing an active form of Mff in neurons decreased
mitochondrial length in dendrites (Toyama et al., 2016). Thus, it remains to be determined,
but is possible, that the mechanisms regulating basal and activity-dependent mitochondrial

123

fission in axons and dendrites are different. This is reasonable since mitochondria in axons
are shorter than in dendrites – which may suggest more fission than fusion – per my own
findings, unpublished findings of a separate group (Lewis et al., 2018, doi:
10.1101/276691), and findings in the literature (Chang et al., 2006). Nonetheless, it is
evident that mitochondrial Ca2+ handling can be regulated by mitochondrial fission. What,
then, could be the role of this regulation, especially in the context of LTP?

Section 4. Proposed roles of fission and mCaTs in regulating LTP
In this study, I found that fission was required for each classic aspect of LTP
expression: the increase in dendritic spine size (structural LTP), the increase in synaptic
AMPAR number, and the potentiation of synaptic transmission. These effects are unlikely
to be caused by overall effects to synaptic transmission since no effect on spine density or
size in cultured neurons at baseline, or on intrinsic electrophysiological properties or basal
synaptic transmission in acute slices were observed. These data are consistent with another
study reporting no change in intrinsic neuronal excitability following pharmacological
inhibition of fission (Chandra et al., 2017).
Several mechanisms could explain how an increase in postsynaptic fission could
support LTP expression (Fig. 4.3). First, fission may promote LTP by enhancing ATP
synthesis. Indeed, fission is required for normal oxygen consumption and ATP synthesis
(Benard et al., 2007; Parone et al., 2008), and a variety of findings suggest this is important
for maintaining hippocampal structure and function (Ishihara et al., 2009; Oettinghaus et
al., 2016; Shields et al., 2015). Second, fission may contribute to LTP by regulating
mitochondrial ROS generation (Hung et al., 2017; Kim et al., 2011), and ROS may
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Figure 4.3. Multiple mechanisms by which enhanced mitochondrial
Ca2+ handling may promote and sustain LTP. Solid boxes and lines:
findings of current study. Dashed boxes and lines: proposed
mechanisms. Purple numbers: order in which they will be discussed.
modulate Rac1-dependent actin dynamics (D'Ambrosi et al., 2014), which is integral to
LTP (Matus, 2000). Interestingly, both mitochondrial ATP and ROS production are
regulated by mitochondrial Ca2+ (Rizzuto et al., 2012; Sena and Chandel, 2012). Therefore,
here I will discuss these and other ways in which fission, through modulating mitochondrial
Ca2+ handling, can support LTP.

The interplay between mitochondrial fission, Ca2+, ATP synthesis, and LTP
First, fission and mCaTs could support LTP by enhancing ATP synthesis. Synaptic
transmission is energetically demanding and LTP is through to increase this demand
(Attwell and Gibb, 2005; Attwell and Laughlin, 2001; Hall et al., 2012; Harris et al., 2012).
Indeed, hippocampal LTP induction consumes ATP (Trevisiol et al., 2017) and involves
an elevation of ATP synthesis (Wieraszko, 1982), and mitochondrial ATP synthesis is
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required for LTP (Kimura et al., 2012). An essential signal driving mitochondrial ATP
synthesis is an increase in mitochondrial matrix Ca2+, as previously discussed. Indeed, an
early study reported an increase in MCU activity in CA1 during HFS LTP (Stanton and
Schanne, 1986). Mitochondrial Ca2+ that is free within the matrix can then activate TCA
cycle dehydrogenases such as pyruvate dehydrogenase (Denton et al., 1972), αketoglutarate dehydrogenase, and isocitrate dehydrogenase (Rutter and Denton, 1988),
which produce substrates used in oxidative phosphorylation (Chouhan et al., 2012; Denton,
2009; Duchen, 1992; Santo-Domingo and Demaurex, 2010; Szabadkai et al., 2006).
Furthermore, mitochondrial fission was also recently reported to be a regulator of
hippocampal mitochondrial ATP synthesis (Oettinghaus et al., 2016; Shields et al., 2015).
As such, further understanding the specific mechanisms that regulate mitochondrial
ATP synthesis in dendrites will undoubtedly provide insight into how these organelles are
able to support the demands of synaptic transmission and plasticity. Specifically, it will be
interesting to more thoroughly test on what timescales LTP stimulation increases dendritic
ATP consumption and production, and whether or how this interacts with mitochondrial
dynamics. Live-cell imaging of ATP is limited by tools that are currently available.
Namely, ratiometric FRET sensors are available and are constantly being upgraded, but
require the occupation of two emission filters and are easily saturable nonlinear reporters
(Berg et al., 2009; Imamura et al., 2009; Saito et al., 2012; Tantama et al., 2013).
Bioluminescent sensors, meanwhile, are dim reporters that require long (~1 minute)
exposure time making them untenable for fast imaging, and also require long preincubation
periods with a bioluminescent substrate in addition to expressing the enzyme (Rangaraju
et al., 2014). Thus, developing bright and fast intensiometric sensors of ATP may be
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necessary. With such tools, it will be possible to determine whether preventing
mitochondrial fission or Ca2+ uptake will decrease ATP production and therefore cause an
ATP deficit and impair LTP. Furthermore, if so, it may be possible to determine whether
saturating glycolysis in the absence of oxidative phosphorylation or fission can rescue any
LTP impairments. Finally, presynaptically, cristae become wider after LTP induction
(Harris et al., 2012), but there is no data regarding such remodeling in dendrites. Therefore,
using EM, it will be interesting to test whether after LTP induction dendritic mitochondria
also reorganize their cristae, and if fission plays a role in this process.

The interplay between mitochondrial fission, Ca2+, ROS production, and LTP
Secondly, fission and mCaTs could support LTP by enhancing ROS generation.
Mitochondria are the main sources of ROS, and mitochondrial Ca2+ influx precedes this
process (Depp et al., 2017; Kim et al., 2011; Murphy, 2009). Intriguingly, it was recently
observed that a glycine stimulation cLTP paradigm in hippocampal culture produced
flashes of ROS in dendritic mitochondria, termed mitoflashes (Fu et al., 2017). These
mitoflashes occurred ~10-30 minutes after stimulation and coincided with enhanced actin
enrichment in dendritic spines, representing sLTP (Fu et al., 2017). Interestingly, treating
neurons with a ROS scavenger prevented this sLTP (Fu et al., 2017). Finally, in the context
of a sub-threshold two-photon glutamate photolysis stimulation paradigm wherein sLTP
was only transient and could not be maintained, irradiating dendrites with 720 nm light to
artificially produce ROS was able to maintain sLTP (Fu et al., 2017). The authors
speculated that ROS may promote sLTP by interacting with the dendritic spine actin
cytoskeleton, and this has been suggested previously (D'Ambrosi et al., 2014). Though this
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study did not report whether prior to the mitoflash, mitochondrial structure was altered it
should be noted that the timescale of the mitoflashes (~10-30 minutes after stimulation) is
later in time than the timescale of the fission burst (within the first 2.5 minutes, but lasting
nearly 2 hours) that I observed. Interestingly, Drp1 activity was found to be required for
ROS-mediated fragmentation of neuronal mitochondria by Aβ (Hung et al., 2017), and
preventing Drp1 interaction with its receptor Fis1 prevented the elevation of mitochondrial
ROS in another pathological context (Qi et al., 2013). This could suggest that one role for
the cLTP fission burst in LTP is enhancing dendritic ROS generation. However, evidence
on the interplay between fission and ROS in physiological contexts, let alone synaptic
plasticity, is missing.
Development of better tools to monitor ROS will further assist in the investigation
of this important topic. Indeed, existing ROS sensors may be pH sensitive and in the same
study a pH-sensitive red fluorescent protein was even used to depict mitoflashes. Because
mitochondrial Ca2+ elevation and ensuing metabolic changes could alter the pH of the
mitochondrial matrix, it may not be possible with current tools to accurately measure
mitochondrial ROS. With improved tools, it will be feasible to test whether preventing
fission decreases mitochondrial ROS, and whether this process is dependent on or
independent of altering mCaTs. If fission is responsible for the mitoflashes, it will be
interesting to determine whether, in the absence of fission, artificially elevating dendritic
ROS is sufficient to prevent LTP impairment. Thus, although the role of neuronal and
specifically dendritic mitochondrial ROS generation remains understudied, it has several
interesting and possibly important implications for synaptic plasticity.
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The interplay between mitochondrial fission, Ca2+, cytosolic Ca2+, and LTP
A third way by which fission and mitochondrial Ca2+ may regulate LTP is through
CICR. In physiological contexts, dendritic Ca2+ transients reflect the interplay of synaptic
and dendritic NMDARs, voltage-gated Ca2+ channels, back-propagating action potentials,
and intracellular Ca2+ sources (Higley and Sabatini, 2008; Linden, 1999). The temporal
and spatial summation of synaptic inputs can thus result in supralinear Ca2+ increases over
large extents of the dendrite (Dudman et al., 2007), linking active inputs with local
plasticity (Carter et al., 2007; Major et al., 2008).
Mitochondria influence cytosolic Ca2+ via their own Ca2+ uptake and release
(Rizzuto et al., 2012). Mitochondrial CICR is accomplished when matrix Ca2+ binds to and
activates a channel in the inner mitochondrial membrane, which may be the c or β subunit
of the F0/F1 ATP synthase complex per recent studies (Bonora et al., 2013; Giorgio et al.,
2017; Mnatsakanyan et al., 2017). Interestingly, whereas ER CICR is more well-studied in
the context of LTP (Emptage et al., 1999; Grigoryan et al., 2012; Harvey and Collingridge,
1992; Obenaus et al., 1989; Padamsey et al., 2018), mitochondrial CICR via transient
opening of the mPTP has been observed to play a role in plasticity – specifically in posttetanic potentiation at the crayfish neuromuscular junction (Ichas et al., 1997; Tang and
Zucker, 1997). Interestingly, mitochondrial Ca2+ also upregulates ROS production
(Murphy, 2009), which can also activate the mPTP (Mnatsakanyan et al., 2017; Wang et
al., 2008; Zorov et al., 2014). Furthermore, fission could influence this process by
modulating mitochondrial Ca2+ uptake and buffering (see Section 3), and through its effects
on ROS production (Hung et al., 2017; Kim et al., 2016; Qi et al., 2013).
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For these reasons, it will be important in future studies to determine whether
preventing mitochondrial Ca2+ uptake or release will prevent fission and LTP expression.
Current tools to test these predictions are limited because pharmacological inhibitors of the
MCU, namely RU360, are not cell permeable and are nonspecific (Kamer and Mootha,
2015). On the other hand, genetic knockdown of MCU has been observed to elongate
mitochondria and reduce fission rate (Chakrabarti et al., 2018; Wang et al., 2017), and so
it will be difficult to interpret outcomes as dependent purely on the alteration of
mitochondrial shape, Ca2+ handling, or both. For this reason, development and use of
reagents that acutely and reversibly inhibit the MCU will be important and informative.
In addition to modulating mitochondrial CICR directly, fission and mCaTs may
also influence cytosolic Ca2+ indirectly. For example, by altering the dendritic distribution
of mitochondria (Li et al., 2004; Macaskill et al., 2009), fission could amplify any of these
effects within local regions of the neuron. In addition, fission or mCaTs could impact Ca2+
signaling at ER-mitochondrial Ca2+ microdomains. First, ER-mitochondrial Ca2+ transfer
precedes fission following ionomycin stimulation in U2OS cells (Chakrabarti et al., 2018),
and this transfer occurs in cortical neuron dendrites following electrical stimulation as well
(Hirabayashi et al., 2017). Interestingly, in addition to all the aforementioned effects on
mitochondrial metabolism, mitochondrial Ca2+ uptake and release may also regulate ER
Ca2+ uptake and release. For example, following histamine stimulation of HeLa cells,
cytosolic Ca2+ was followed by ER CICR (Ishii et al., 2006). Similar to other reports
(Chakrabarti et al., 2018; Hirabayashi et al., 2017), this study reported that mitochondria
imported some of this Ca2+. Subsequent mitochondrial Ca2+ release into the cytosol through
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the Na+/ Ca2+ exchanger was followed by more ER CICR, and so on and so forth in an
oscillatory fashion (Ishii et al., 2006).
I similarly found that a single cLTP stimulation produced multiple mCaTs in
sequence within the same mitochondrion. However, whether this reflects a similar
oscillatory effect, or whether it reflects the repetitive stochastic stimulation of dendritic
spines on the same dendrite remains to be determined. Yet, because very few mitochondria
actually are found within dendritic spines based on my observations and the literature
(Bourne and Harris, 2008; Li et al., 2004), ER-mitochondrial Ca2+ signaling may be a way
by which dendritic mitochondria can be informed of synaptic activation, even in instances
when the NMDAR-mediated Ca2+ influx is restricted to the dendritic spine head. In any
case, different roles of feedback by mitochondrial Ca2+ onto ER Ca2+ stores have been
reviewed previously (Rizzuto et al., 2012) and one particularly intriguing effect could be
on ER store-operated Ca2+ entry, which contributes to maintaining resting levels of
cytosolic Ca2+ in neurons as well as to signaling during LTP and other forms of synaptic
plasticity (Majewski and Kuznicki, 2015). As such, it will be interesting to determine
whether disrupting ER-mitochondrial association in dendrites, perhaps by manipulating
PDZD8 (Hirabayashi et al., 2017), or ER-dependent actin polymerization by manipulating
INF2 could have an impact on fission, mCaTs, mitochondrial bioenergetics, and/or LTP.
These may have intriguing behavioral implications as it was recently identified that
dendritic Ca2+ spikes, which may be due to Ca2+ release from internal stores, precede the
formation and predict the precision of place fields in the CA1 region of hippocampus in
vivo (Sheffield and Dombeck, 2015; Sheffield et al., 2017). In sum, there are diverse means
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by which mitochondrial fission could modulate the kinetics and amplitude of dendritic Ca2+
fluctuations and thus alter the threshold for plasticity near active synapses.

The interplay between mitochondrial Ca2+ handling, ATP synthesis, ROS production, and
CICR – reflection on the mitochondrial bioenergetic state
Based on the aforementioned literature, it is evident that mitochondrial fission and
mitochondrial Ca2+ handling, either in parallel or in sequence, may support LTP by
regulating mitochondrial ATP synthesis, ROS generation, and CICR. Furthermore, as
mentioned, it should be recalled that all of these different bioenergetic roles impact one
another as well: fission requires GTP hydrolysis and therefore ATP, and also requires
mitochondrial Ca2+; mitochondrial Ca2+ enhances ATP synthesis, ROS generation, and
CICR; the processes underlying mitochondrial ATP synthesis generate ROS; ROS
promotes fission and CICR; and more. As such, it is difficult to consider or assess any one
of these important processes as occurring in a vacuum. Instead, it may be more appropriate
to consider the sum total of all of these processes as representing the mitochondrial
bioenergetic state as a whole, and to realize that mitochondrial dynamics regulate this state.

Section 5. Dendritic mitochondria and synaptic plasticity – a broader perspective
Dendritic mitochondrial bioenergetics and LTP threshold
As proposed in recent reviews (Lisman et al., 2018; Rogerson et al., 2014), memory
formation may require a combination of input-specific synaptic activation as well as a
generalized elevation in local or global excitability of the dendrite or neuron. Such local or
global mechanisms may increase a given neuron’s ability to be recruited into a memory
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trace – or engram – by lowering the threshold for other synapses on that same dendrite or
neuron to undergo LTP in the future. This is reminiscent of both cooperativity and
associativity, which are a fundamental attributes of LTP, which state that in order for LTP
to occur from one input, either a threshold of excitation must be met (McNaughton et al.,
1978), or sub-threshold stimulation must be coupled with a supra-threshold stimulation to
the same neuron from a different afferent input (Levy and Steward, 1979). Interestingly, a
previous study found that enhancing neuronal excitability in several ways each increased
the recruitment of neurons during a learning task, and enhanced the formation of a memory
of that task (Yiu et al., 2014). Similarly, optogenetic activation of neurons in the DG or
CA1 of hippocampus was utilized to artificially recruit neurons into a memory trace and to
produce a false memory and concomitant behavioral response (Ramirez et al., 2013). These
data suggest that neuronal excitability may increase the probability that a neuron may be
recruited into and be stably supported within an engram.
Therefore, one possible mechanism underlying LTP and memory formation could
be the alteration of one or more aspects of the mitochondrial bioenergetic state – including
ATP synthesis, ROS generation, and Ca2+ handling – following NMDAR-dependent
changes to mitochondrial dynamics (e.g. the dendritic mitochondrial fission burst).
Interestingly, I found that the median distance between a spine undergoing LTP and its
nearest fission event to be ~8 µm, but some were closer and some were further apart. This
distance could reflect the so called “allocate-to-link” or “neuronal allocation” hypotheses
(Lisman et al., 2018; Rogerson et al., 2014). Other phrase reflecting the same concept could
be “dendrite priming”, “neuronal priming”, and “metaplasticity.” Colloquially, these
suggest that the dendrite may serve to inform nearby synapses that a neighboring synapse
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has undergone LTP induction, and may then set into action mechanisms to not only
maintain LTP at that synapse, but also to promote LTP among the neighboring synapses.
One possible exception to the importance of the dendrite in plasticity induction and
expression may be LTP at single dendritic spines (ssLTP). This is best exemplified
experimentally by single-spine glutamate photolysis, which can cause a rapid (i.e. within
seconds) and robust (i.e. several-fold) increase in dendritic spine size and AMPARmediated transmission (Bosch et al., 2014; Matsuzaki et al., 2004). In this paradigm, it is
thought that activated CaMKII, which is necessary and sufficient for LTP, does not traverse
the spine neck into the dendritic shaft (Chang et al., 2017; Lee et al., 2009). However,
CaMKII itself is quite mobile (Lu et al., 2014) and does diffuse across the neck into
dendritic spines during LTP induction (Otmakhov et al., 2004). Nevertheless, it is possible
that all requisite molecules for ssLTP, including CaMKII, actin, and receptors, may be
within the activated spine itself. If so, ssLTP would perhaps not require dendritic
mitochondrial fission, or anything else within dendrites for that matter. Although this
remains to be determined, it could be tested, for example, by comparing ssLTP following
glutamate uncaging at spines that are near or far from a dendritic mitochondrion. If both
spines are equally able to undergo LTP, even in the absence of fission, this could suggest
that single-spine photolysis has some unique property (e.g. rapid time-scale of induction,
supra-physiological amounts of glutamate used for stimulation, etc.) such that it does not
require activity-dependent modulation of dendrite constituents. Alternatively, it could
suggest each individual dendritic spine is equipped with intrinsic mechanisms to participate
in synaptic computation and plasticity.
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Whether or not ssLTP requires integration of signals in the dendrite, however, there
is experimental evidence for dendritic integration during NMDAR-dependent LTP in the
context of behavioral paradigms. For example, it was recently determined that the
recruitment of a substantial percent of place cells into place fields is preceded by dendritic
Ca2+ spikes requiring NMDAR activation (Sheffield and Dombeck, 2015, 2018; Sheffield
et al., 2017). These findings are consistent with conclusions by several groups regarding
metaplasticity and LTP thresholding that were described above (Lisman et al., 2018;
Ramirez et al., 2013; Yiu et al., 2014). In addition, despite previous general consensus that
the dendritic spine neck prevented Ca2+ entry into the dendritic shaft, recent experimental
and modeling data suggest that the spine neck is a restrictive, rather than preventive,
compartment (Bono and Clopath, 2017; Kwon et al., 2017; Schiller et al., 2000; Weber et
al., 2016). Therefore, it is possible that NMDAR-permitted Ca2+ may directly serve as the
plasticity-inducing signal to the dendritic compartment. In this scenario, it would not be
necessary for activated CaMKII to traverse the spine neck into the shaft at all, since
dendritic Ca2+ could perhaps activate dendritic CaMKII.
Furthermore, there are reported instances of other molecules traveling from a single
activated dendritic spine to neighboring spines to accomplish a similar goal. For example,
two-photon glutamate photolysis at a single dendritic spine was found to reduce the LTP
threshold at nearby spines of hippocampal pyramidal neurons (Harvey and Svoboda, 2007).
The distance of the reduced threshold was ~10 µm, and this lasted for ~10 minutes (Harvey
and Svoboda, 2007). Consistent with this, another group reported that transient LTP at one
spine can become maintained if sustained LTP was previously induced at a neighboring
spine (Govindarajan et al., 2011). One molecule responsible for this reduced threshold is
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Ras, a single-subunit small GTPase that is involved in activating intracellular signaling
cascades that regulate dendritic spine structure and dynamics (Hering and Sheng, 2001).
Specifically, Ras activation lasted for ~5 minutes and spread ~10 µm from the single spine
that underwent NMDAR-dependent LTP induction (Harvey et al., 2008). A similar study
reported the spread of RhoA for ~5 minutes and ~5 µm (Murakoshi et al., 2011). However,
not all molecules spread; for example, Cdc42 (Murakoshi et al., 2011) and activated
CaMKII (Chang et al., 2017) are thought to have more restricted diffusion. In addition, it
has also been observed during a seed-reaching task that de novo formed spines in motor
cortex tended to form nearby one another – within ~5 µm – in vivo (Fu et al., 2012), further
suggesting a role for the regulation of local dendrite excitability and plasticity thresholds.
The possibility of a similar role for the mitochondrial bioenergetic state in this
process is best exemplified by two recent studies. In the first, a sub-threshold sLTP
stimulation paradigm that normally produces only transient sLTP in hippocampal cultures
could be converted to produce lasting sLTP by artificially forcing local dendritic
mitochondria to produce ROS (Fu et al., 2017). This important finding illustrates that
mitochondrial function can impact synaptic plasticity on short timescales and raises the
question of whether or how fission may contribute to this process. In the second study, it
was found that cocaine administration in a mouse model was associated with increased
Drp1 mRNA and decreased mitochondrial length in dendrites of D1 medium spiny neurons
in the nucleus accumbens (Chandra et al., 2017). This study further reported that ether
pharmacological inhibition or genetic knockdown of Drp1 both suppressed the effect of
cocaine self-administration on neurons, and also reduced cocaine seeking (Chandra et al.,
2017). Importantly, the study also reported that enhancing fission by expressing a
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constitutively active Drp1 in these neurons enhanced cocaine seeking (Chandra et al.,
2017). Thus, these recent and intriguing findings suggest that dendritic mitochondria, and
fission in particular, could have important roles in regulating synaptic plasticity in both
physiological contexts such as learning and memory and pathological states such as drug
addiction, further emphasizing the need for future study.
As such, with the development of tools to more acutely and reversibly control
mitochondrial fission and various components of the mitochondrial bioenergetic state, one
could determine whether enhancing the bioenergetic state could promote LTP by reducing
LTP threshold in a local dendritic region. One such experiment could involve the use of
whisker stimulation in mice to produce NMDAR-dependent LTP in barrel cortex (Zhang
et al., 2015). Interestingly, a recent study illustrated that such stimulation produced
NMDAR- and CaMKII-dependent fission of dendritic ER in mouse cortex as well
(Kucharz and Lauritzen, 2018). It will be truly interesting to determine whether
mitochondria may also be similarly regulated and, if so, whether this functions to contribute
to LTP thresholding and memory allocation.

Mitochondrial bioenergetics in other plasticity contexts
The bulk of the discussions and all of the experiments in this thesis centered on
NMDAR-dependent LTP, the canonical form of synaptic plasticity and the prevailing
cellular and molecular mechanism of learning and memory. However, all of the hypotheses
generated from the data and detailed above in the discussion predict that any energyconsuming activity-dependent modulation to synapses and neurons including, but not
limited to, LTP, LTD, STDP, homeostatic plasticity, potentiation or depression of
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inhibitory synapses, etc. may all require activity-dependent modulation of mitochondrial
fission and Ca2+ handling and, putatively, their bioenergetic state. Furthermore, because
the mitochondrial fission machinery is triggered by cytosolic Ca2+ elevations, this need not
necessarily only occur by means of the NMDAR. As such, plasticity paradigms involving
VGCC activation, mGluR activation, etc. may all possibly involve dendritic mitochondrial
fission and Ca2+ regulation as well. Because various induction mechanisms at the level of
the dendritic spine have been reported, it is reasonable to speculate that the dendrite must
contain universal mechanisms that can respond to and integrate a variety of signals that it
receives from spines and from the soma. Therefore, better understanding the role of the
dendrite as a key signaling compartment in the process of synaptic plasticity will better
inform our understanding of the molecular and cellular mechanisms of learning and
memory.

Section 6. Research in retrospective and conclusions
The work I undertook in this thesis tested the hypothesis that LTP requires an
increase in dendritic mitochondrial fission during induction by investigating three
specific aims:
Aim 1: To determine whether the cLTP fission burst is accomplished by mechanisms
conserved with other cell types
•

Result 1.1: Prohibiting Drp1 function prevented the cLTP fission burst

•

Result 1.2: Inhibiting actin dynamics suppressed the cLTP fission burst

•

Result 1.3: Preventing Dyn2 function prevented the cLTP fission burst
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Aim 2: To determine whether fission is required for structural and electrophysiological
LTP
•

Result 2.1: Preventing fission attenuated spine growth after cLTP stimulation

•

Result 2.2: Preventing fission suppressed the increase in surface AMPARs

•

Result 2.3: LTP induction produce dendritic mitochondrial fission in brain slices

•

Result 2.4: Prohibiting fission in CA1 dendrites prevented LTP of CA1 fEPSPs in
acute hippocampal slices

Aim 3: To determine the mechanism between NMDAR activation, mitochondrial fission,
and LTP expression
•

Aim 3a: To determine how NMDAR activation causes mitochondrial fission
o Result 3.1: Focal cytosolic calcium elevation triggered local mitochondrial
fission
o Result 3.2: Preventing CaMKII activation prevented the cLTP fission burst
o Result 3.3: Expressing constitutively active (CA) or DN CaMKII increased
or decreased basal mitochondrial length, respectively
o Result 3.4: Preventing phosphorylation and activation of Drp1 prevented
cLTP fission burst
o Result 3.5: Phospho-mimic (constitutively active) Drp1 increased baseline
fission

•

Aim 3b – To determine whether fission contributes to LTP via altered calcium
handling
o Result 3.7: cLTP stimulation increased mitochondrial matrix calcium

139

o Result 3.8: Preventing fission suppressed mitochondrial matrix calcium
elevations

Research in retrospective
It should be noted that the conclusions from my findings are intended to be confined
by the data I was able to collect, which themselves are limited by the techniques utilized.
Here I will discuss some limitations in the present study. First, the bulk of my experiments
utilized cLTP stimulation in cultured neurons in order to maximally ascertain spatiallyand temporally-resolved imaging of synaptic and subcellular structures and dynamics.
However, cLTP stimulation involves the bath application of glycine and other drugs that
may not represent the more specific activation of synapses that could happen in vivo.
Nevertheless, electrical field stimulation and single-spine glutamate photolysis also have
their own limitations (i.e. unreliability, supra-physiological levels of glutamate, etc.).
Optogenetic induction of LTP by activating presynaptic terminals could be possible, but
this would limit the ability to perform multi-color live-cell imaging and, furthermore, the
kinetics of channel-rhodopsins are likely not the same as kinetics of Ca2+ channels present
at active zones. Thus, because cLTP stimulation for LTP induction has been the most
reproducible and widely-used method, it was utilized in this study in face of its limitations.
Cultured neurons were utilized for the majority of the study because they facilitate
high spatiotemporal resolution imaging (i.e. lower density, less light scattering, etc.) and
because they are relatively easy to manipulate with genetics or pharmacology compared to
slices in vitro or brains in vivo. However, the culture density is not reflective of the neuronal
density in the brain, the extracellular matrix is not as extensive, the ratios of glial cells to
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neurons may not be representative, and neurons are not spatially organized into distinct
laminae, which probably requires the use of properly-timed chemotaxic and synaptogenic
cues. Thus, when possible, certain key experiments were performed in more intact tissue
to lend more confidence to the conclusions first derived from culture experiments.
However, for the sake of fast confocal microscopy of live-cell microscopy experiments,
the cultured neuronal preparation was still utilized in the majority of the study.
Second, the bulk of experiments utilized the expression of fluorescent proteintagged molecules in primary cultured hippocampal neurons. When possible overexpression
artifacts and off-target effects of dominant negative constructs were monitored with
immunocytochemistry and alternative approaches. However, these are limited to the
expected potential undesirable effects because it is untenable to assess the effect of
introducing an exogenous protein on every single cellular process. Yet, this possibility
remains. Even in the face of this limitation, however, I favored the use of expression
constructs as manipulation tools over the use of pharmacology when possible because
expression constructs enable the spatial restriction of an effect to a single cell. For example,
the actin manipulations utilized in this study may affect not only the dendrite being imaged
but also the axon terminals that are responsible for releasing glutamate via synaptic vesicle
trafficking and exocytosis. Furthermore, expression constructs enable live-cell imaging,
whereas, although immunocytochemistry may facilitate the labeling of endogenous
molecules, it is not readily usable for live-cell purposes.
In addition to experimental limitations, some of the analysis in this study is also
limited. For example, it is not possible using confocal microscopy and fluorescent probes
to get an accurate count of the number of receptor molecules at a given synapse. As such,
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it is assumed that the fluorescence intensity is reflective of the number of proteins at a
given synapse, and that the single-molecule distributions of fluorescence intensities are not
significantly different from synapse to synapse or cell to cell. Because this limitation is
present, however, whenever possible I performed within-synapse normalization to
baseline. This way, I can estimate the relative change within a single synapse based on its
initial fluorescence signal. Yet, this too is limited by photobleaching of fluorescent probes
over the course of imaging, which may cause me to underestimate any effect. Thus, when
possible I performed background-subtraction based on a negative control for timedependent imaging, but this was not tenable or performed for all experiments. Lastly, all
of the mitochondrial fission analysis (not the mitochondrial length analysis, which was
automated) was performed by hand. Fission is a dynamic process and fission analysis
requires the knowledge of spatial information from previous, current, and subsequent timepoints. Furthermore, dendrites morph, mitochondrial fluorescent probes also change in
intensity over the course of imaging, and mitochondrial move linearly along a dendrite
(albeit infrequently), which all prevent the ability to measure fission automatically over the
span of 1-2 hours. Lastly, there is no known positive molecular signal that indicates the
successful completion of a fission event, and which could then be tagged to a fluorescent
protein to indicate fission sites. In face of these limitations, but to reduce bias, I performed
all the analysis while blinded similar to several other groups, but this is still limited and
therefore likely not a perfect method to accurately describe the absolute rate of fission. To
address this concern, controls were utilized on the same experiment day in every
experiment to provide a relative comparison. Altogether, the data in this study are limited
by the techniques utilized, which then restrict the interpretations and conclusions derived.
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Hopefully the interpretations and speculations are restricted to the data, however, as this is
the best possible outcome in qualitative and quantitative biology.
Conclusions
Several mitochondrial functions including ATP synthesis, Ca2+ handling, and ROS
generation are particularly important for synaptic transmission, and the burden on these
functions is likely exacerbated during LTP (Harris et al., 2012). I observed that during
NMDAR-dependent LTP induction, dendritic mitochondria underwent a ~10-fold increase
in the rate of fission events, which was dependent on cytosolic Ca2+, CaMKII, actin, Drp1
phosphorylation and function, and Dyn2. These data suggest that neuronal mitochondria,
via fission, may serve as sensors of plasticity induction. Indeed, I found that fission was
required for each classic aspect of LTP expression: the increase in dendritic spine size
(structural LTP), the increase in synaptic AMPAR number, and the potentiation of synaptic
transmission. Furthermore, I found that LTP induction produced transient elevations of
dendritic mitochondrial Ca2+, which required mitochondrial fission. Mitochondrial Ca2+
can regulate its bioenergetic state (Mnatsakanyan et al., 2017; Rizzuto et al., 2012; Sena
and Chandel, 2012), and therefore it is tempting to speculate that local interaction of
dendritic signaling with nearby mitochondria supports plasticity at appropriately activated
synapses in vivo.
In light of the observations that fission is important for mitochondrial bioenergetics
and synapse maintenance, and is necessary for synaptic plasticity, one might predict that
fission impairments are associated with human cognitive deficits. Indeed, this is the case.
First, nonsense mutations in Drp1 are neonatal lethal (Waterham et al., 2007; Yoon et al.,
2016). Human mutations in proteins that promote fission are associated with memory
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impairment and increased anxiety (Napoli et al., 2017). Missense mutations in Drp1 are
associated with slowly progressive infantile encephalopathy, mild cognitive impairment,
psychomotor delay, childhood epileptic encephalopathy, status epilepticus, and more
(Fahrner et al., 2016; Nasca et al., 2016; Sheffer et al., 2016; Vanstone et al., 2016). Lastly,
mutations in Mff are also associated with developmental delay and seizures (Koch et al.,
2016; Shamseldin et al., 2012), and mutations in Dyn2 are associated with cognitive
impairment and dementia (Bitoun et al., 2005; Kamagata et al., 2009). Therefore, my
findings raise the important possibility that impaired mitochondrial fission plays a causal
role in synaptic and cognitive deficits seen in neuropsychiatric diseases. Further
investigation into these findings will reveal mechanisms of neuropsychiatric disease
pathogenesis, will inform the pursuit of different therapeutic strategies, and will also shed
light on the cellular and molecular underpinnings of the cognitive functions of the brain.
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