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    ABSTRACT 

The central nervous system (CNS) is a living, breathing electrical circuit which learns and 

remembers by altering its own connectivity. Neurons, the electrical cells of the CNS, are thought 

to encode information by adjusting the strength of synaptic connections in an activity-dependent 

manner. Through processes known as associative synaptic plasticity (ASP), relevant synapses are 

strengthened, while irrelevant synapses are weakened, and the network learns the relationship 

between events. However, neural networks are stabilized by the seemingly contradictory force of 

homeostatic synaptic plasticity (HSP) and it is unclear how HSP can proceed without destroying 

information encoded at synapses by associative mechanisms. We studied the coexistence of HSP 

and ASP in the hippocampus, a highly plastic area of the mammalian brain essential for certain 

types of learning and memory.  

  We observed both in vitro and in vivo that, in mature hippocampal networks, HSP 

occurred at a distinct subset of synapses, namely those between the mossy fibers (MF) of dentate 

granule cells and the thorny excrescences (TE) of proximal CA3 pyramidal neurons. MF-TE 

synapses are some of the largest, strongest, and most elaborate synapses in the CNS. MF 

terminals are selectively enriched in the presynaptic vesicle-associated protein, synaptoporin, and 

in endogenous opioids. We found that synaptoporin was necessary and sufficient for homeostatic 

adaptation of MF-TE synapses. We also observed that opioids bidirectionally and selectively 

regulated MF-TE homeostasis. Kappa opioid receptor (OR) signaling was necessary and 
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sufficient for the upregulation of MF-TE in response to inactivity, while mu and delta OR 

signaling negatively constrained MF-TE synapses. Blockade of kappa OR signaling blocked 

homeostatic upregulation in vitro and delayed seizure progression in an animal model of 

temporal lobe epilepsy. Conversely, activation of kappa OR signaling mimicked homeostatic 

upregulation and exacerbated seizure progression.  

  We concluded that MF-TE synapses act as hippocampal “volume control”. The efficacy 

of MF-TE transmission can be homeostatically altered through designated signaling pathways, 

dynamically controlling the bandwidth of information entering downstream hippocampal 

networks which are free to encode information in distal dendrites via associative mechanisms. 

We therefore provide a new theory as to the coexistence of associative and homeostatic plasticity 

in the hippocampus. 
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INTRODUCTION 
 

   

Long before the discovery of the central nervous system (CNS), humans have wondered how we 

know what we know. For millennia, philosophy has been dominated by efforts to determine the 

basis of human knowledge. Before the term “epistemology” was even coined 
1
, the origin of 

human knowledge has been variously credited to the innate properties of the soul 
2
, to the eating 

of a forbidden fruit 
3
, or to divine illumination 

4
. While the conclusions have been different, the 

central goal has remained the same: to not only understand the world around us, but to 

understand how we understand it. 

  In the last 500 years, investigations into the basis of human knowledge have moved from 

the realm of philosophy into the realm of science. The transition is coincident with the latest 

scientific revolution, generally accepted to have begun in the mid-16
th

 century with the major 

works of Nicolaus Copernicus 
5
 and Andreas Vesalius 

6
. The paradigm shift of the last half-

century reconfigured epistemology, as well as most other fields, to have empiricism at the core. 

The theory of empiricism explicitly rejects the theories of a priori or divinely inspired 

knowledge. Within the empirical mindset, human knowledge is thought to be acquired through 

our interaction with the world, collectively known as sensory experience.  

                                                 
1
 James Frederick Ferrier coined the English term “epistemology” (from the Greek episteme = knowledge, logos = 

study of) in the mid-19
th

 century though this is a rough translation of the German term “Wissenschaftslehre” 

(Doctrine of Scientific Knowledge) coined by Johann Gottlieb Fichte roughly a century before. 
2
 Plato’s Theaetetus (369 B.C.) is a dialogue on the nature of knowledge which outlines his theory of epistemology. 

Rene Descartes also supported the notion that truth was an innate property of the human soul. On innate truths: 

“[W]e come to know them by the power of our own native intelligence, without any sensory experience.” 1643 

letter, AT 8b: 166-167. 
3
 “In the day ye eat thereof, then your eyes shall be opened, and ye shall be as gods, knowing good and evil” King 

Jame’s Bible, Genesis 3:5 
4
 Augustine: “The mind needs to be enlightened by light from outside itself, so that it can participate in truth, 

because it is not itself the nature of truth. You will light my lamp, Lord.”  Confessions, IV.xv 25 
5
 De revolutionibus orbium coelestium, 1543 

6
 De humani corporis fabrica, 1543 
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  We currently believe that knowledge is acquired through experience. The sensory basis 

of human knowledge is not a modern concept: the major English language advocates of sensory-

based empirical knowledge, John Locke and David Hume, resuscitated many ideas enumerated 

by Aristotle 
7
. Our current epistemological endeavors occur within the paradigm of this 

revamped Aristotelian empiricism: we know what we know because of sensory experience which 

can be rationally assembled into knowledge. This assumption therefore breaks the empirical 

search for the origin of human knowledge into two components: (1) What enables sensory 

experience? (2) How can sensory experience be assembled into knowledge?  

 

“I am a brain, Watson. The rest of me is a mere appendix.” 
8
 

To the first question, we have an answer: the central nervous system enables sensory experience. 

The CNS is a collective term for the brain and spinal cord, including the associated sensory 

organs. Historically, many of the insights into the physical basis of sensory experience have 

come from the study of the eye. The eye has been recognized as the organ of sight for millennia, 

and the systematic study of the eye has led both philosophers and scientists to the conclusion that 

the brain must be at least partially involved in sensation. With the gradual decriminalization of 

human dissection beginning in the Renaissance, artists, scientists and surgeons progressively 

assembled an understanding of the brain’s role in sensory perception. The eye was established as 

the organ of sight, the ear the organ of sound, the tongue the organ of taste, and so forth, and 

suspiciously all of them were in direct communication with the brain. The scientific community 

currently accepts the CNS as the basis of all sensory experience.  

                                                 
7
 Aristotle: “What the mind thinks must be in it in the same sense as letters are on a tablet which bears no actual 

writing; that is just what happens in the case of the mind.” On the Soul, 3.4 430a1. 
8
 Arthur Conan Doyle, The Adventure of the Mazarin Stone. 
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  We therefore come to the second question: how can sensory experience be assembled 

into knowledge? To this question, we have no conclusive answer. However, we have many small 

observations which we hope to assemble into one large answer, arguably the largest in human 

history. We are trying to understand how the human central nervous system turns sensory 

experience into knowledge, how it learns and remembers, how it knows what it knows.  

  In the 21
st
 century, scientific investigations into the basis of human knowledge focus 

almost exclusively on the CNS, which is widely accepted to be the organ of thought and 

intelligence. Historically, we have credited numerous organs or cavities as the physical substrates 

of thought:  the ancient Egyptians as well as Aristotle (335 BCE) considered the heart as the 

organ of intelligence, Leonardo da Vinci preferred the ventricles (1504), René Descartes 

advocated for the pineal gland (1649). However, the scientific community currently accepts 

Hippocrates’ assertion that both sensation and intelligence are due to CNS function 
9
. The CNS 

is what processes sensory information and transforms it into knowledge. The CNS is also what 

gives rise to consciousness, the awareness of our own knowledge and experience with the world. 

We can trace the origins of our studies to at least 380 BC: 

“Now, that which imparts truth to the known and the power of knowing 

to the knower is what I would have you term the idea of good, and this 

you will deem to be the cause of science.” (Plato, Republic VI, 508). 

The CNS is what imparts truth to the known and the power of knowing to the knower. The latest 

front in the epistemological war lies in the territory of neuroscience. 

                                                 
9
 Hippocrates is considered the first known advocate of the brain-basis of epilepsy, then considered the sacred 

disease: “This disease seems to me to be no more divine than others; but it has its nature such as other diseases have, 

and a cause whence it originates, and its nature and cause are divine only just as much as all others are, and it is 

curable no less than the others... Its origin is hereditary, like that of other diseases…. [T]he brain is the cause of this 

affection, as it is of other very great diseases.” On the Sacred Disease, 400 B.C.E. 

 



4 

 

Neuroepistemology: The neural basis of knowledge 

We currently believe that the CNS is the physical substrate of knowledge, and that this 

knowledge is built upon sensory experience. However, if the CNS is the structure within us that 

learns and remembers, what is the structure within the CNS that learns and remembers? 

  The CNS is a complex network of living, breathing electrical wires. Instead of copper, 

the wires of CNS electrical circuits are made of neurons, a type of electrically excitable cell. Like 

all other cells in the body, neurons are fluid-filled sacs circumscribed by a relatively 

impermeable membrane and contain an independent world equipped with power plants, railroad 

tracks, libraries, factories, and garbage disposals. Unlike many cells in the body, neurons have 

evolved an added function: the ability to conduct electrical impulses (i.e., to efficiently move 

charge). The distinct properties of neuronal membranes allows their walls to double as a physical 

barrier and a communication system. Imagine if the Great Wall of China circumscribed the 

whole country and were made of fiber optic cables. The same barrier that is used to keep 

invaders out could also be used to rapidly transmit information along the entire border. 

  Unlike electrical networks, which consist of continuous electrical elements that conduct 

charges in a prescribed manner, neural networks are built from neurons which are discontinuous 

with each other. Neurons are instead connected to each other at specialized junctions, called 

synapses. At synapses, electrical signals from one neuron are converted into chemical signals. 

The chemical signals are collectively known as neurotransmitters, small molecules which are 

packaged into vesicles and housed at the end of each neuron, known as the axon terminal. When 

the appropriate Morse code is received at the axon terminal, the neurotransmitters are dumped 

out of the cell, like a smoke signal. Nearby cells contain receptors for specific neurotransmitters. 

These neurotransmitter receptors can function either as gates, directly admitting electrical 
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charges into the target cell, or as windows, relaying information into the cell indirectly. 

Depending on the nature of the neurotransmitter receptor, the released chemical signal may 

initiate electrical signals in the target neuron, continuing the relay of electrochemical conduction. 

  Why would neural networks alternate fast, faithful information transfer (electrical 

conduction) with slow, imprecise information transfer (chemical conduction)? One potential 

benefit is the inclusion of adaptability in an otherwise fixed electrical network. Synapses are 

points of potential modification at which electrical transmission can be dramatically altered 

without changing any of the electrical properties of the constituent neurons. Think of a neural 

network as the U.S. highway system: if you want to slow down traffic on I-95, you don’t have to 

change the speed limit signs all down the Northeast Corridor, you just have to jam up one 

intersection. Altering the properties of synapses allows neural networks to dynamically adjust 

their activity patterns without having to physically alter their connectivity patterns. 

  Synapses are remarkably dynamic, a phenomenon known as “synaptic plasticity.” The 

properties of synapses can be altered over time, on both short and long timescales. Synapses can 

become transiently depressed or overly enthusiastic, through processes known as short-term 

plasticity. Alternately, the effectiveness of synaptic transmission can be enhanced or diminished 

in a semi-permanent fashion, through processes known as long-term plasticity. The long-term 

plasticity of synapses is thought to underlie the CNS ability to learn and remember 
1
.  

  Currently, we believe that the CNS encodes information by changing the efficacy of 

synaptic transmission, through processes collectively known as associative synaptic plasticity. 

Almost 70 years ago, Donald Hebb theorized that synaptic connections are reinforced in an 

activity-dependent manner, leading to the postulate that neurons which “fire together, wire 
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together” 
2
. The strength of synaptic connectivity could be dynamically altered to reinforce 

“relevant” neural behavior, while weeding out “irrelevant” behavior.  

  Since the original Hebbian postulate, huge amounts of evidence has been compiled to 

suggest that neurons do in fact alter synaptic connectivity in an activity-dependent manner. 

Neurons are constantly receiving input at synapses throughout the dendritic tree. Inputs can 

either be excitatory (increasing the likelihood of action potential generation) or inhibitory 

(decreasing the likelihood of action potential generation). When synaptic input exceeds a certain 

threshold, an action potential is generated. Neurons reinforce synaptic connections following 

rules of spike timing-dependent plasticity (STDP) 
3–5

. When an action potential is fired, synapses 

that were active in the period just prior to the action potential are considered “relevant” to the 

generation of the action potential. The relevant synapses will therefore be reinforced 
6
. 

Meanwhile, synapses that were active after the action potential are considered “irrelevant” to the 

generation of the action potential, and will be weakened 
6
. In this manner, synapses are altered in 

a semi-permanent fashion through the opposing forces of long-term potentiation (LTP) and long-

term depression (LTD). These persistent forms of synaptic strengthening and weakening 

establish patterns of connectivity which encode information 
1,7

. 

  How exactly is the strength of synaptic transmission altered? Synapses are the junctions 

between the axon of one cell (the presynaptic neuron) and the dendrite of another (the 

postsynaptic neuron). Neurotransmitters are produced by the presynaptic neuron and are stored 

in small vesicles at axon terminals. Action potentials arriving in the axon will stimulate the 

release of the vesicles, causing neurotransmitter to flood the synapse. The postsynaptic side of 

the synapse is covered with neurotransmitter receptors, which communicate electrical or 

chemical signals to the postsynaptic cell. Once a synapse has been formed, synaptic transmission 
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can be altered by increasing either the presynaptic or the postsynaptic components of 

transmission. More neurotransmitter can be released, more receptors can be expressed, or the 

properties of the receptors can be altered. In addition, new synaptic junctions can be formed. 

  We are interested primarily in excitatory synapses, the most common form of synapse 

within the CNS. At excitatory synapses, the neurotransmitter is generally glutamate. Electrical 

information is transmitted to the postsynaptic cell through three types of glutamate receptor, 

namely AMPA-, NMDA-, or Kainic acid-type receptors (AMPARs, NMDARs, and KARs). At 

typical excitatory synapses, plasticity is determined by the relative states of AMPA and NMDA 

receptors. In response to large amounts of glutamate release, positive charges entering the 

postsynaptic cell through AMPA receptors (AMPAR) will depolarize the cell membrane. The 

depolarization will cause positive charges including calcium to enter the cell through NMDA 

receptors (NMDAR) 
8,9

. The downstream effects of calcium entry and high synaptic activity will 

activate a number of protein kinases including calcium/calmodulin-dependent protein kinase II 

(CaMKII), protein kinase A, and protein kinase C, all of which are capable of phosphorylating 

AMPARs. AMPAR phosphorylation increases the strength of synaptic transmission by 

increasing the number of AMPARs at synapses 
10–15

 and by increasing the strength of 

transmission through each individual receptor 
16–19

. Additionally, calcium influx and CaMKII 

activity will activate programs of gene transcription 
20,21

 which persistently strengthen synapses 

through increased production of synaptic proteins. Through these processes, synapses can 

undergo long-term potentiation. Conversely, low levels of calcium influx will activate a different 

set of intracellular signaling pathways, including those which activate the phosphatase 

calcineurin. Under these conditions, AMPAR will be dephosphorylated and removed from 

synapses, leading to synaptic long-term depression. Disruption of the normal activity-dependent 
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regulation of AMPAR phosphorylation 
22–24

, protein synthesis 
25,26

, or synaptic remodeling 
27,28

 

disrupts the ability of neurons to properly undergo long-term potentiation and depression, and 

disrupts certain types of memory 
22,23,25–28

.   

   

“À la récherche du temps perdu” 
10

: The hippocampal basis of memory 

The role of excitatory synaptic plasticity has been most extensively studied in the hippocampus, 

a small three-layered region of the brain known to be crucial for episodic, declarative memory 
29–

34
. Up until roughly 60 years ago, memory was thought to arise from the activity of neural 

networks distributed throughout the brain. However, in the 1950s, Brenda Milner, a student of 

Donald Hebb, accumulated evidence that removal an isolated area of the brain – the anterior 

hippocampus and associated cortex 
11

  – resulted in memory loss 
34,35

. The role of the 

hippocampus in memory was most spectacularly revealed by the patient Henry Gustav Molaison, 

known to neuroscience as HM 
36

. Molaison suffered from debilitating epilepsy that was 

unresponsive to drug treatment. Having identified the medial temporal lobe as the source of the 

seizures, the neurosurgeon William Scoville removed the anterior hippocampus, the amygdala, 

and the surrounding cortex (parahippocampal gyrus) from both sides of the brain. The 

consequences were severe memory loss, in the form of anterograde amnesia, the inability to form 

new memories 
34

. Amazingly, his overall intelligence was not negatively affected and his ability 

to learn motor tasks was intact. It is now accepted that declarative, episodic memory  - both not 

other types of memory and learning – arises from a designated area within the medial temporal 

lobe, the hippocampal formation. 

                                                 
10

 Marcel Proust, In Search of Lost Time. 1913. 
11

 Surgical removal of portions of the temporal lobe was performed in “psychotic” or epileptic patients. 
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  How does the hippocampus remember? The hippocampus is part of a processing loop 

which receives input from surrounding cortical areas and binds it together into episodes which 

can be subsequently recollected 
30

. The hippocampal processing circuit can be simplistically 

described as a three-part circuit, with cortical information flowing from the dentate gyrus (DG) 

to the CA3 area, and from CA3 to the CA1 area before returning to the cortex (Figure i). Input 

from the entorhinal cortex arrives via the perforant path which synapses in the more distal 

dendritic portions of DG, CA3, and CA1 neurons (Figure i, red). Granule cells in the dentate 

gyrus powerfully innervate CA3 neurons on their proximal dendrites via axons called mossy 

fibers (Figure i, orange). CA3 neurons extensively innervate each other through auto-associative 

axons known as recurrent collaterals (Figure i, blue). CA3 neurons also innervate CA1 targets 

through axons called Schaffer collaterals (Figure i, blue). CA1 neurons finally project processed 

information out to the entorhinal cortex.  

  The hippocampal basis of memory is thought to be the auto-associative networks of the 

CA3 region 
37–39

. The CA3 auto-associative network receives inputs from the entorhinal cortex 

through two avenues: directly via EC axons (the perforant path) and indirectly through axons 

from DG granule cells (the mossy fibers). In the rat hippocampus, the CA3 network is made up 

of 300,000 pyramidal neurons, each of which receives input from roughly 6000 other CA3 

pyramidal neurons 
39

.  Neural information arriving from the cortex can be bound together in the 

extensively reciprocally innervated networks of the CA3 region 
37,38

. Each CA3 neuron has 

12,000 CA3 synapses to encode information via Hebbian mechanisms 
39

. Once information has 

been associated in the CA3 networks, CA3 neurons project to CA1 neurons via axons known as 

Schaffer collaterals (Figure i). CA3-CA1 synapses are thought to “recode” the memories 

bundled together in CA3, allowing for subsequent retrieval when commanded by the cortex 
39

. 
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Input from the perforant path to CA3 and CA1 synapses is thought to provide the information 

which initiates retrieval from CA3 networks 
40

. 

  DG granule cells are thought to regulate input into CA3 networks. The synapses between 

the entorhinal perforant path and the granule cell dendrites also undergo Hebbian plasticity 
41,42

, 

and this process is thought to sparsify or orthogonalize EC input 
39,43–46

, much of which is 

redundant. DG filtering essentially reduces the bandwidth of arriving cortical information, 

limiting the input to the highly excitable CA3 networks. The powerful mossy fiber synapses onto 

CA3 neurons are also thought to drive learning when CA3 networks need to be modified 
40

.  

  The DG regulation of CA3 networks is a highly dynamic process. Unlike other neural 

populations, DG granule cells continue to proliferate throughout adulthood 
47,48

. Neurogenesis 

occurs outside the hippocampus and migrating cells integrate into the dentate gyrus throughout 

life 
49–52

. Adult neurogenesis and the integration of new DG neurons has traditionally been 

thought to improve hippocampal learning and memory 
45,48,53,54

, by improving pattern separation. 

Exercise 
55

 or pharmacological treatments (e.g., antidepressants 
56,57

) which demonstrate 

cognitive benefits in humans promote DG neurogenesis. Destroying populations of DG neurons 

after learning has been shown to destroy the encoded memory 
58,59

. However, recently DG 

incorporation and memory formation has been shown to be competitive: the incorporation of 

new memories competes with existing memories, promoting forgetting 
60

. 

   

 

 

 



11 

 

“That little room has elastic walls” 
12

: Homeostatic synaptic plasticity 

The current theory of learning and memory maintains that information is stored through 

persistent changes in synaptic strength. Relatively brief periods of synaptic activity (milliseconds 

to minutes) can change synaptic strength in a seemingly permanent manner. The theory of 

associative synaptic plasticity was postulated in the mid-20
th

 century 
2
 and experimental support 

for long-term changes in synaptic strength in vivo were observed in a groundbreaking study 

roughly 40 years ago 
41

. However, at the close of the 20
th

 century, a devastating blow to the 

associative synaptic plasticity theory of learning and memory came from the finding that 

synapses are subject to another type of activity-dependent change, known as homeostatic 

synaptic plasticity (HSP). Over the course of development, neurons are tuned to a certain level of 

optimal synaptic and neuronal activity. If activity levels are subsequently altered, neurons will 

initiate compensatory programs of synaptic plasticity to restore activity to optimal levels. For 

example, following long periods of activity (hours to days), neurons will weaken or dismantle 

synapses 
61–63

; conversely, chronic inactivity will cause an upregulation of synaptic efficacy 

61,62,64–66
.  

  The negative feedback mechanisms of HSP are thought to be essential for network 

stability. However, the theoretical implications of HSP are deeply problematic for the theory of 

synaptic plasticity-based memory systems 
67,68

. HSP and ASP have been temporarily 

conceptually reconciled through the ‘synaptic scaling’ hypothesis 
61

. In the synaptic scaling 

                                                 
12

 Arthur Conan Doyle, A Study in Scarlet, 1887. In his first literary appearance, the legendary Sherlock Holmes 

stated: “I consider that a man's brain originally is like a little empty attic... A fool takes in all the lumber of every 

sort that he comes across, so that the knowledge which might be useful to him gets crowded out, or at best is 

jumbled up with a lot of other things, so that he has a difficulty in laying his hands upon it. Now the skillful 

workman is very careful indeed as to what he takes into his brain-attic. He will have nothing but the tools which 

may help him in doing his work, but of these he has a large assortment, and all in the most perfect order. It is a 

mistake to think that that little room has elastic walls and can distend to any extent. Depend upon it there comes a 

time when for every addition of knowledge you forget something that you knew before.”  
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theory, homeostatic changes are multiplicative, occurring at all synapses throughout the dendritic 

tree. In this manner, overall synaptic strength is altered, but the relative weights of individual 

synapses are maintained, preserving the encoded synaptic information. The synaptic scaling 

theory has received varying degrees of support in vitro and in vivo. However, the vast majority of 

these studies have been performed in relatively immature neural networks which are still 

developing. HSP of developing networks may have important implications in 

neurodevelopmental conditions such as the autism spectrum disorders. However, our interest lies 

in HSP of established neural networks which have already encoded information. Many diseases 

and disorders of the nervous system involve a sudden (stroke, head trauma, seizure) or gradual 

(Alzheimer’s disease, Parkinson’s disease) change in the activity status of the brain. What are the 

consequences of network disruption in a network that was previously learning and remembering? 

Are homeostatic mechanisms insufficient to combat the change in activity status or are 

inappropriately deployed homeostatic programs responsible for the disorder?  
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CHAPTER I. Spatial segregation of homeostatic and associative 

synaptic plasticity in mature hippocampal neurons 

 

1.1 INTRODUCTION 

Neurons, the electrically excitable cells of the central nervous system (CNS), are wired together 

at specialized junctions called synapses. The remarkable capacity of the CNS to learn and 

remember appears to due to the plasticity of these synaptic connections between neurons. 

Neuronal activity alters the strength of synaptic transmission in two seemingly opposing ways. 

On short time-scales, synaptic strength is positively reinforced by activity through processes 

known as associative, or Hebbian, synaptic plasticity. “Relevant” synapses which were active 

during action potential firing are strengthened, in a process known as long-term potentiation 

(LTP), while “irrelevant” synapses are weakened, in a process known as long-term depression 

(LTD) 
5,69,70

. The synaptic changes achieved via associative plasticity produce patterns of 

synaptic strength along dendrites which are thought to encode information, underlying learning 

and memory 
1,41,71

. 

However, associative plasticity consists of positive feedback loops which are inherently 

destabilizing to neural networks. Fortunately, over longer timescales, neurons are known to 

recalibrate overall synaptic strength through negative feedback-mediated processes known as 

homeostatic synaptic plasticity (HSP). Prolonged neuronal silencing strengthens synapses, while 

prolonged hyperactivity weakens synapses 
61,62,64–66

. The recalibration process, known as 

homeostatic synaptic plasticity (HSP), is thought to stabilize neural networks 
72

. However, from 

the first discovery of HSP, it was recognized that the opposing forces of associative and 
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homeostatic plasticity seem to be at odds with each other 
67,68

. How can synapses by 

homeostatically adjusted without destroying information encoded by associative mechanisms?  

 To investigate the coexistence of homeostatic (HSP) and associative (ASP) synaptic 

plasticity within neurons, we turned our attention to the hippocampus, a highly plastic area of the 

mammalian brain essential for certain types of learning and memory 
23,33,34,39,44

. ASP has been 

observed during hippocampal-dependent learning 
71

 and disruption of this plasticity has been 

shown to block hippocampal-dependent learning and memory 
22,23,28

. Hippocampal ASP has 

already been studied extensively 
41,70,71,73–77

, so we chose to focus primarily on hippocampal 

HSP.  

 The predominant theory which reconciles HSP with ASP is the ‘synaptic scaling’ 

hypothesis 
61

. According to the synaptic scaling theory, HSP proceeds via uniform multiplicative 

changes occurring at all synapses throughout the dendritic tree. Thus, overall synaptic strength is 

altered, but the relative weights of individual synapses are preserved, thus preserving the 

encoded synaptic information. HSP has previously been examined in hippocampal neurons, 

although the majority of these studies were in developing networks (fewer than 2 weeks in vitro) 

64,78–82
 (see 

83
 for review). We wanted to investigate how HSP could occur in established neural 

networks which had already encoded information at synapses via ASP.  

  We first examined the coexistence of HSP and ASP in a reductionist system, using 

primary cultured hippocampal neurons. Chronic changes in network activity provoked 

bidirectional changes in synaptic strength, as measured either by immunostaining for synaptic 

proteins or by electrical recording of synaptic currents. Interestingly, these changes did not occur 

through the dendrite but were instead confined to proximal synapses, leaving distal synapses 

unchanged. When we induced ASP in cultured hippocampal neurons, proximal dendrites were 
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unresponsive, while distal synapses were potentiated. We therefore conclude that homeostatic 

and associative plasticity are spatially segregated in the dendritic tree, occurring at proximal and 

distal synapses, respectively. 

 

1.2 MATERIALS & METHODS 

All experiments were conducted in accordance with the Georgetown Animal Care and Use 

Committee guidelines.  

 

Primary hippocampal cultures 

Primary hippocampal cultures (~150 cells/mm
2
) were prepared from E19 rat embryo brains as 

previously described 
84–86

. Borosilicate glass coverslips (VWR International) were submerged for 

2 days in nitric acid, washed in distilled water for 1 day, and baked overnight at 200°C. For 

hippocampal neurons, coverslips were then transferred to 12-well plates, coated for 1 day at RT 

in poly-D-lysine (30 µg/ml, Sigma) diluted in borate buffer, washed once with sterile water 

(Cellgro), coated overnight with laminin (2 µg/ml, Roche), and washed four times with sterile 

water. Cell culture media was added to 12-well plates and incubated for >1hr at 37°C before 

dissection. Cell culture media consisted of penicillin/streptomycin-containing Neurobasal 

medium (Invitrogen) supplemented with 0.5 mM glutamine (Gibco) and either SM1 growth 

supplement (StemCell Technologies) and 25 µM glutamate or B27 growth supplement 

(Invitrogen) and 12.5 uM glutamate (Sigma).  

Timed-pregnant female Sprague-Dawley rats were euthanized with CO2 and E19 rat 

embryos were decapitated into ice cold HBSS. All protocols were in accordance with the 

Georgetown University Animal Care and Usage Committee guidelines. Hippocampi were 
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dissected out bilaterally under a dissecting scope in ice cold HBSS, washed, trypsinized, washed 

with trypsin inhibitor, washed with pre-warmed HBSS, and resuspended in HBSS. Neurons were 

then slowly dissociated manually using 3 sequentially smaller glass pipettes. Cells were counted 

and plated at ~75,000 cells/well (~150 cells/mm
2
). Neurons were grown at 37°C in a humidified 

chamber with 95% O2/5% CO2. Media was partially exchanged every week with plating media 

lacking glutamate.  

 

Pharmacological reagents and stimulations 

Drugs were obtained from the following sources: TTX, PTX, APV, CNQX, nimodipine, 

philanthotoxin-433, glycine, strychnine, and Advasep-7 (Sigma); LY487379 (Tocris), diazepam 

(Hospira). For all experiments, TTX (stock solution = 1 mM in H2O) was diluted in Neurobasal 

medium to a final concentration of 1 μM 
61,87

. For all experiments, PTX was freshly prepared in 

0.1 M NaOH and diluted to a final concentration of 100 µM in Neurobasal medium 
63,87

. For 

washout, drug-containing Neurobasal medium was removed after 24 hours and replaced with 

conditioned media for 1-2 days. Pharmacological activity blockade was also induced with the 

addition of antagonists of NMDARs (APV, 100 µM), AMPARs (CNQX, 40 µM), or L-type 

voltage-gated Ca
2+

 channels (nimodipine, 5 µM), or positive allosteric modulator of GABAA 

receptors (diazepam, 1 µM or 5 µM) to growth media for 24 hours. For a subset of experiments, 

EGTA (1.5 mM, 2-8 hrs) and/or thapsigargin (1 µM, 24 hrs) were added to growth media. 

Chemical LTP was induced via 5 minute incubation in Mg
2+

-free artificial CSF (in mM, from 

Fisher Scientific): 145 NaCl, 2.5 KCl, 1 CaCl2, 5 HEPES, 5 glucose, and 25 sucrose (330 mOsm, 

pH 7.4) supplemented with 200µM glycine to activate NMDA receptors and 1µM strychnine to 



17 

 

block glycine receptors 
10

. Neurons were then returned to conditioned media for recovery of at 

least 20 minutes. 

 

Antibodies 

-actinin EA-53 monoclonal, 

Synaptophysin SVP38, and MAP2HM-2 (Sigma); rabbit l-afadin 
88

; mouse Bassoon (Assay 

Designs); rat CTIP2 (AbCam); rabbit polyclonal GABAAR α1 subunit (Upstate 

Biotechnologies); mouse GFP monoclonal 3E6 (Quantum Biotechnologies); rabbit polyclonal 

GFP (Invitrogen); rabbit GluA1 N-terminal antibody (Calbiochem); mouse GluA2 N-terminal 

antibody (Millipore); rabbit Homer and pan-Shank rabbit 3856 (gifts of Eunjoon Kim, KAIST); 

mouse PSD-95 K28/43 (NeuroMabs); rabbit PSD-95 D27E11 (Cell signaling); mouse NR1 

(Pharmingen); rabbit Prox1 (Covance); mouse Py (gift of Michael Webb); rabbit synaptoporin 

and 550-conjugated mouse synaptotagmin-1 (Synaptic Systems GMBH); and SPAR 
89

. PSD-95 

and Shank colocalized precisely under all conditions examined and were used interchangeably as 

excitatory synaptic markers. 

 

Immunocytochemistry of cultured hippocampal neurons 

Neurons were analyzed at 10-14 DIV for young neurons and >21 DIV for mature stages. 

Hippocampal cultured neurons were fixed with one of 3 fixation methods. To visualize soluble 

proteins (e.g., GFP in transfected/infected neurons), neurons were fixed in 4% paraformaldehyde 

(PFA) / 4% sucrose / PBS for 10 min at RT. To visualize synaptic proteins, neurons were fixed 

in methanol at –20°C for 10 min. For combinations of target proteins (e.g., MAP2 + PSD-95), 
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neurons were fixed in 1% PFA / 4% sucrose / PBS for 7 min at RT before fixation in methanol 

for 7 min at –20°C.  

 After fixation, neurons were permeabilized with 0.01% Triton X-100 / PBS for 30 min at 

RT. Primary and secondary antibodies for immunostaining were incubated in GDB buffer (0.1%  

gelatin, 0.3% Triton X-100, 16 mM sodium phosphate pH 7.4, 450 mM NaCl). Neurons were 

incubated in primary antibody overnight at 4° C, washed for 30 min in PBS, incubated in 

secondary antibody for 2hrs at RT, washed for 15 min in PBS, and mounted using 4% N-propyl 

gallate. For immunostaining of cell surface receptors (Evers et al., 2010; Lin et al., 2000), live 

neurons were incubated with N-terminal specific anti-GluA1 or GluA2 antibody under 

nonpermeabilizing conditions, fixed, washed and treated with saturating concentrations of 

fluorescence-tagged secondary antibody. Cells were then permeabilized and stained for 

postsynaptic marker PSD-95.  

 

Imaging of primary hippocampal neurons 

For fluorescent intensity measurement, images were acquired using an Axiovert 200M (Zeiss) 

for conventional epifluorescence. Analysis of GluN1 and Shank correlation was performed using 

MetaMorph linescan function. For spine morphology analysis, images were acquired using a 

Fluoview FV-300 confocal microscope (Olympus). Confocal z-series image stacks 

encompassing entire dendrite segments were analyzed using MetaMorph software (Molecular 

Devices). Three dimensional reconstructions were created using Neuron Studio (CNIC, Mount 

Sinai School of Medicine) or Volocity (Improvision) software packages.  
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Quantification of proximal v. distal immunoreactivity 

For immunocytochemical readout of synaptic strength, neurons were stained with one of two 

postsynaptic scaffolding proteins, Shank or PSD-95. Shank and PSD-95 colocalized precisely 

and were used interchangeably as excitatory synaptic markers throughout. Under all conditions 

tested, the vast majority of PSD-95/Shank puncta were found to oppose presynaptic puncta 

visualized with Bassoon or synaptophysin. PSD-95 and Shank were therefore used as readouts of 

bona fide synapses. For computation of immunofluorescence intensity as a function of distance, 

dendrites were divided into 10-20 μm segments, starting from the cell body. In all morphological 

experiments ‘proximal’ was analyzed at 0-30 μm from the soma, and ‘distal’ was selected as a 

region 40-60 μm from the soma. Puncta were defined by thresholding images at two times 

background (staining within the dendritic shaft). Integrated intensity of puncta was measured for 

each segment. For each analysis, measurements were taken from 3 dendritic segments per 

distance bin. Individual synapse measurements were first grouped and averaged per neuron; 

means from several neurons were then averaged to obtain a population mean.  

 

Miniature EPSC recordings from culture hippocampal neurons 

DIV 21-27 neurons were incubated for 24 hr in normal growth media in the absence or presence 

of TTX (1 μM) or PTX (100 μM). For RNA interference studies, neurons were transfected after 

DIV 21 for at least 3 days prior to recording. For recording, neurons were transferred into room 

temperature (22-25°C) extracellular solution containing (in mM, all ingredients from Fisher 

Scientific): 145 NaCl, 2.5 KCl, 1 MgCl2, 1 CaCl2, 5 HEPES, 5 glucose, and 25 sucrose (330 

mOsm, pH 7.4). After 15 minutes wash in extracellular solution under slight agitation, whole-

cell patch-clamp recordings were made with borosilicate pipettes pulled to a final resistance of 3-
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6 MΩ (optimally 4.4 MΩ) using a Narishige pipette puller. Pipettes contained either potassium- 

or cesium-based internal solutions. Potassium gluconate-based internal solution contained (in 

mM, Fisher): 145 KGluconate, 5 EGTA, 5 MgCl2, 10 HEPES, 5 NaATP, 0.2 NaGTP (~285 

mOsm, pH 7.2) or 145 KGluconate, 0.5 EGTA, 5 MgATP, 10 HEPES, 0.2 NaATP (~285 mOsm, 

pH 7.2).  

Data were collected with an Axiopatch-ID amplifier, Bessel filtered at 2 kHz and 

digitized at 10 kHz using a Digidata 1440A and Clampex10 software (all from Molecular 

Devices). Miniature EPSCs were recorded from neurons voltage-clamped at -70 mV in 1 μM 

TTX with either 25 μM BMR or 50 μM PTX to block GABAA receptor-mediated currents. For a 

subset of experiments, NBQX (5 µM) was applied to confirm that mEPSCs were AMPAR-

mediated. CPP (10 μM), philanthotoxin (1 μM), LY487379 (5 μM), DCGIV (10 µM) and/or 

NBQX (5 μM) were all applied in the presence of TTX and BMR via y-tube. Input and access 

resistances were regularly monitored by 10 mV hyperpolarization steps. Only cells with holding 

currents <200 pA, resting Vm more negative than -50 mV, and stable series resistance (<10% 

change) were included in the analysis. Synaptic currents were detected offline using 

MiniAnalysis (Synaptosoft). Events were detected automatically (-5 pA amplitude, 15 pA*ms 

area threshold) and verified manually. All values are expressed as mean±SEM unless indicated.  

 

Local synaptic stimulation of cultured hippocampal neurons 

For local synaptic stimulation experiments, 2-5 MΩ (Narishige) borosilicate pipettes were filled 

with extracellular solution supplemented with 2 mM Ca
2+ 

and 500 mM sucrose. Pipettes were 

positioned directly above an isolated dendrite at proximal (<30 μm) or distal (>100 μm) 

locations. Positive pressure was applied to release a plume of hyperosmolar solution (visible with 
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DIC optics) onto the dendrite 
90,91

. Basal and sucrose-evoked mEPSCs were identified from 5 

second recordings extracted immediately before and after sucrose application. Only recordings in 

which at least 2 proximal and 2 distal stimulations were acquired from the same dendrite were 

used in the analysis. Recordings were continuously monitored for changes in access resistance 

and discarded if resistances changed >20%. Paired Student’s t-tests were used to compare pre- 

vs. post-stimulation values and proximal vs. distal stimulation values on the same dendrite; one-

way ANOVA and post hoc Tukey tests were used to compare groups. For a subset of 

experiments, the local stimulation protocol was repeated in the presence of TTX/BMR with 

kynurenic acid (200 µM).  

 

Calcium imaging 

Cell permeant (AM ester) Rhod-2 (Invitrogen) was reconstituted in 20% (w/v) Pluronic F-127 in 

DMSO to a stock concentration of 5mM. Cultured hippocampal neurons were incubated in 

normal growth media containing 5µM Rhod-2 AM for 30 minutes at 37° C before being washed 

in normal growth media for 10 minutes at 37°C. Cells were then transferred into ACSF for 

sucrose stimulation. Images were acquired at 20Hz using a CoolSnap HQ
2
 CCD camera 

(Photometrics) and Micro-Manager software for ImageJ. Calcium transients were extracted 

offline with manually determined ROIs set using ImageJ software. Auto- and cross-correlation 

analysis was performed using Spike2 software (Cambridge Electronic Design).  

 

Identification of cell types for recording 

Neurons were visualzed with an upright Zeiss Axioskop microscope equipped with differential 

interference contrast (DIC) optics and water immersion lenses (40 and 60X). All recordings of 
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untransfected cells were made from excitatory neurons identified using DIC optics. Pyramidal 

cells were visually selected based on morphological criteria established prior to the identification 

of excitatory cell types in vitro 
92

 (see Chapter 3), including soma size (~20 µm diameter), soma 

shape (generally round and slightly bulbous), and number of primary neurites (>4). DIC images 

of all recorded neurons were obtained, allowing for post hoc analysis of cell type. Based on the 

selection criteria and the composition of our cultures (CA3: 57.5±3.8%; DG: 31.1±5.9%; CA1: 

14.0±10.8%), the selected cells were mostly CA3 neurons with few CA1 and DG neurons.  

We assessed the activity state of the neurons using the 10
th

 and 90
th

 percentile values of 

control (NT) amplitude and frequency values to divide neurons into 3 activity categories: normal, 

upregulated (>90
th

 percentile amplitude or frequency) or downregulated (<10
th

 percentile 

amplitude or frequency). Of the populations sampled in Figure 1.1, roughly 70% of neurons 

recorded in each activity condition appeared in the “appropriate” activity state (PTX: 71.4% 

downregulated, 23.8% normal, 4.8% upregulated; NT: 69.2% normal, 19.2% downregulated, 

11.5% upregulated; TTX: 65.4% upregulated, 30.8% normal, 3.8% downregulated).  

 

Statistical analysis  

All data represent mean±SEM unless otherwise indicated (morphological characteristics of 

neuronal types are described as mean±SD). For two-sample comparisons vs. controls, unpaired 

Student’s t-test was used except where noted. For two-sample comparisons within neurons (e.g., 

baseline vs. sucrose stimulation, baseline vs. drug), paired Student’s t-tests were used. 

Kolmogorov-Smirnoff (K-S) tests were used for cumulative distributions. One-way ANOVA and 

post hoc Tukey tests were used for significance calculations with multiple comparisons.  
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1.3 RESULTS 

To investigate homeostatic synaptic plasticity (HSP) in established hippocampal networks, we 

disrupted the activity state of mature (>21 days in vitro [DIV]) cultured hippocampal neurons 

(Figure 1.1). Network activity was bidirectionally altered using well-characterized 

pharmacological paradigms. Chronic inactivity was produced by blocking action potentials with 

the reversible sodium channel blocker tetrodotoxin (TTX, 1 μM, 24 hr) 
61,64

. Chronic 

hyperactivity was produced by blocking network inhibition with the GABAA receptor antagonist 

picrotoxin (PTX, 100 μM, 24 hr) 
62,63

.  

 We first determined whether the changes in network activity had altered synaptic 

strength, indicative of homeostatic adaptation. Excitatory synapses are thought to encode 

information, so we therefore assayed homeostatic changes at excitatory synapses. Synaptic 

activity at excitatory synapses is mediated by a class of ion channels which are responsive to 

glutamate, the ionotropic glutamate receptors (iGluRs).  The AMPA receptor (AMPAR) is the 

predominant iGluR subtype expressed at excitatory synapses in the central nervous system. We 

therefore determined how much AMPAR-mediated synaptic activity was occurring in neurons. 

Individual synaptic currents can be recorded via whole-cell patch-clamp, a method of 

introducing an electrode into the intracellular environment of a neuron. We recorded AMPAR-

mediated miniature excitatory postsynaptic currents (mEPSCs) from neurons voltage clamped at 

-70 mV (Figure 1.1B). Each mEPSC represents the random release of one neurotransmitter 

vesicle onto one synapse. By recording the total population of mEPSCs from a neuron, it is 

possible to observe how much synaptic input the cell is receiving (mEPSC frequency) and how 

strong these inputs are (mEPSC amplitude). 
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 Compared to control neurons, neurons chronically treated with TTX had significantly 

elevated mEPSC amplitude (Figure 1.1B-D) and frequency (Figure 1.1B,D) (non-treated (NT): 

8.5±0.47 pA, 5.5±0.47 Hz; TTX: 12.1±0.92 pA, 9.3±0.87 Hz; P<0.001 vs. NT; one-way 

ANOVA and post hoc Tukey test), suggesting that synaptic efficacy had been increased. 

Conversely, neurons chronically treated with PTX had significantly decreased mEPSC amplitude 

and frequency (PTX: 6.1±0.34 pA, 3.6±0.41 Hz; P<0.01 vs. NT) (Figure 1.1B-D), suggesting 

that synaptic efficacy had been decreased. These results are in agreement with previous reports 

that synaptic efficacy is bidirectionally altered following chronic activity changes 
61–63,66,93

. We 

therefore concluded that our activity paradigms had successfully induced bidirectional 

homeostatic synaptic plasticity in mature hippocampal neurons. 

 To visually ascertain the changes in synaptic efficacy, we examined the accumulation of 

postsynaptic scaffolding proteins at excitatory synapses via immunostaining against Shank and 

PSD-95. In parallel to the observed increases in mEPSC frequency and amplitude, chronically 

inactive neurons (TTX-treated) had higher levels of Shank (Figure 1.1A) and PSD-95 (data not 

shown). Conversely, chronically hyperactive neurons (PTX-treated) had lower levels of Shank 

(Figure 1.1A) and PSD-95 (data not shown), in accordance with the decreased mEPSC 

frequency and amplitude. Since these immunocytochemical changes corresponded to the 

functional changes in mEPSCs, we used immunostaining as a visual readout of changes in 

synaptic strength. To verify that this immunostaining was a valid measure of synapses, we 

determined the degree of colocalization of postsynaptic PSD-95/Shank puncta with presynaptic 

markers bassoon or synaptophysin. The vast majority of PSD-95/Shank puncta were opposed to 

presynaptic markers bassoon or synaptophysin in both proximal and distal dendrites, under 

basal and TTX-treated conditions (Figure 1.2) (NT proximal, 93±1.5%; TTX proximal, 
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95±1.2%; NT distal, 96±1.0%; TTX distal, 97±1.1%, P>0.15, one-way ANOV). We therefore 

concluded that PSD-95 puncta likely represented authentic synapses
13

. 

 

Activity selectively and bidirectionally alters proximal synapses in mature neurons 

Since postsynaptic protein accumulation correlated with synaptic efficacy (Figure 1.1), we were 

able to use Shank or PSD-95 immunoreactivity as a rough morphological readout for synaptic 

changes. We used this morphological analysis to investigate whether HSP occurred uniformly 

throughout the dendritic tree, suggestive of ‘synaptic scaling.’ Under basal conditions, we 

observed a uniform distribution of Shank puncta along dendrites of pyramidal neurons (Figure 

1.3, NT). Interestingly, the increases and decreases in Shank immunoreactivity observed with 

TTX and PTX, respectively, occurred exclusively within proximal dendrites (0-

soma), with no change observed distally (>40 μm) (Figure 1.3, solid lines in B) (P<0.001 vs. 

NT; one-way ANOVA and Tukey test). Similar results were found for other PSD proteins, 

including PSD-95 (Figure 1.3B, dotted lines in B), Homer, α-actinin and SPAR (data not 

shown).  

 

Multiple inactivity paradigms induce selective proximal upregulation 

Action potentials are generated near the soma, at the proximal portion of the axon. We therefore 

wondered whether the proximal dendritic changes we observed were a general homeostatic 

mechanism or a specific adaptation to action potential blockade with TTX. To determine whether 

proximal upregulation was specific to action potential blockade, we investigated other modes of 

pharmacologically inducing network inactivity. Blockade of NMDARs  
62,94

, AMPARs 
62,66

, and 

L-type voltage-gated calcium channels 
81,95

 have all been used to examine the homeostatic 

                                                 
13

 Experiments in italics were performed by Dr. Kea Joo Lee. 
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responses to inactivity. Moreover, these forms of inactivity would directly alter postsynaptic 

signaling in dendrites rather than targeting action potential generation in the axon. We observed 

proximal PSD-95 upregulation with 24 hr activity blockade using antagonists of NMDARs 

(APV, 100 μM), AMPARs (CNQX, 40 μM), or L-type voltage-gated calcium channels 

(nimodipine, 5 μM) (TTX: 324.8±40.6% of NT, nim: 300.2±48.7%, APV: 237.8±18.5 %, all 

P<0.001 vs. NT; CNQX: 160.8±14.9%, P>0.05; one-way ANOVA and Tukey test) (Figure 

1.4A, left side). After 48hrs of activity blockade, we again observed significant proximal PSD-95 

upregulation (TTX: 230±23.1% of NT, nim: 272±23.1%, CNQX: 253±17.2%, all P<0.001 vs. 

NT; APV: 193±21.4%, P<0.05; one-way ANOVA and Tukey test) (Figure 1.4C). Under no 

conditions did we observe changes in distal synapses.  

 

Inactivity induces reversible time- and Ca2+-dependent proximal upregulation 

Homeostatic upregulation has been previously demonstrated to occur in response to diminished 

calcium (Ca
2+

) influx 
96

. To investigate the calcium-dependence of the homeostatic changes, we 

pharmacologically elevated intracellular Ca
2+ 

via thapsigargin (1 μM)-mediated emptying of 

internal stores 
97

 or removed extracellular Ca
2+ 

using the chelator, EGTA. Elevating cytosolic 

Ca
2+ 

with thapsigargin abolished the proximal upregulation seen in all activity conditions tested 

(TTX+thaps: 75.4±9.0% of NT; APV+thaps: 89.4±16.6%; CNQX+thaps: 52.0±9.0% of NT; all 

P<0.05 vs. no thaps; one-way ANOVA and Tukey test) (Figure 1.4A-B). We therefore 

concluded that elevation of cytosolic calcium was sufficient to block the homeostatic response.  

In the opposite experiment, we removed extracellular Ca
2+ 

with the chelator EGTA (1.5 

mM). EGTA treatment induced a time-dependent proximal upregulation (2 hrs EGTA: 

110.5±10.1% of NT; 4 hrs EGTA: 128.5±14.5%; 8 hrs EGTA: 184.7±14.5%) (Figure 1.4F) 
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which reached significance at 8hrs (P<0.01 vs. NT; one-way ANOVA and post hoc Tukey test) 

(Figure 1.4Dc). Removal of EGTA (restoration of extracellular Ca
2+

) reverted proximal PSD-95 

levels to control levels after 24 hrs (Figure 1.5Dd) (8 hrs EGTA: 184.7±14.5%; 8 hrs 

EGTA+reversal: 117.8±14.1%; ++P<0.01 treatment vs. reversal (REV); one-way ANOVA and 

post hoc Tukey test). These results suggest that diminished calcium influx is sufficient to induce 

proximal upregulation. EGTA did not significantly enhance the TTX effect (Figure 1.4Ed) 

(TTX: 331.0±27.1% of NT; TTX+EGTA: 355.9±44.6%), suggesting both the lack of action 

potential firing and the lack of calcium induce proximal homeostatic upregulation via the same 

intracellular pathways.  

To rule out the possibility that proximal adaptation was a side-effect of non-specific 

toxicity, we examined the reversibility of the homeostatic response. TTX-induced proximal 

upregulation (Figure 1.4Ea) was significantly diminished after 24 hours of recovery under 

normal activity conditions (Figure 1.4Eb) (TTX: 331.0±27.1% of NT; TTX+reversal: 

185.2±31.7%; P<0.05, one-way ANOVA and post hoc Tukey test) (Figure 1.4F) and completely 

reversible after 48 hrs of washout (data not shown), indicating a lack of nonspecific toxicity. 

Combined TTX/EGTA treatment was also reversible, although the process was slower, with 

proximal synapses still significantly upregulated at 24 hours (TTX/EGTA+reversal: 

249.5±23.0%) (Figure 1.4Ed). Taken together, these results suggest that calcium levels 

determine the direction of the homeostatic proximal adaption.   

 

Activity selectively and bidirectionally alters proximal synaptic efficacy 

Our functional recordings demonstrate that excitatory synapses are homeostatically altered 

(Figure 1.1) while our morphological analysis suggests that homeostatic adaptation occurs at 
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proximal synapses only (Figure 1.3). However, we wanted to functionally assay changes at 

proximal and distal synapses. To do so, we pressure-applied hyperosmolar sucrose solution to 

locally evoke synaptic activity along dendrites 
90,91

. We first determined that local sucrose 

application would be able to evoke synaptic activity in distinct synaptic populations (Figure 

1.5). We incubated neurons with a cell-permeant calcium indicator (Rhod-2 AM ester) and 

locally stimulated an isolated portion of the dendrite (Figure 1.5A, E).  We then visualized 

synaptic activity by measuring the calcium fluorescence in distinct regions of interest along the 

dendrite (movie in Figure 1.5B, F, quantification in Figure 1.5C, G). Brief sucrose pulses 

reliably elicited changes in calcium fluorescence at synapses (Figure 1.5C, F, red traces), as 

revealed by autocorrelations (Figure 1.5D, synapse 1 v. 1) and cross-correlations (Figure 1.5D, 

synapse 1 v. 2) between activity at individual synapses. Local stimulation consistently evoked 

activity at nearby synapses, but not synapses elsewhere on the dendritic tree (Figure 1.5C, G, 

pink traces). Changing the location of the synaptic stimulation by 30 µm was sufficient to evoke 

distinct synaptic populations (compare stimulation locations 1 and 2 in Figure 1.5). We therefore 

concluded that local sucrose application could reliably evoke distinct synaptic populations. 

 To directly test if functional changes at excitatory synapses were confined to proximal 

dendrites in mature hippocampal neurons, we locally stimulated synaptic subpopulations by 

pressure-applying hyperosmolar sucrose solution 
90,91

 to proximal (<30 μm) and distal (>100 μm) 

portions of dendrites from control and activity-manipulated pyramidal neurons and recorded the 

evoked synaptic currents (Figure 1.6). We first confirmed that sucrose application successfully 

evoked synaptic currents by comparing the frequency of mEPSCs recorded before and 

immediately after (<5s) sucrose stimulation. Sucrose stimulation increased mEPSC frequency 

over baseline in both proximal and distal locations of control, PTX- and TTX-treated neurons; 
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these changes achieved significance in all comparisons except distal PTX dendrites (Table 1.1, 

Figure 1.6C).  

 Currents, like waves, become ‘sloppier’ the farther they travel from their epicenter 
91,98

. 

Thus, when synaptic currents are recorded at the soma, as is the case for our mEPSC recordings, 

proximal currents will appear “faster” (smaller rise time) than distal currents. Indeed, we 

observed that proximally evoked events were significantly faster than distal ones on the same 

dendrite (proximal rise time: 5.64ms; distal rise time 6.06ms; P=3.71×10
-6

, paired t test 

[proximal v. distal], Figure 1.6H). Based on these findings, we concluded that sucrose 

stimulation successfully evoked distinct populations of synaptic currents at proximal and distal 

synapses. 

 We therefore compared the amplitude and frequency of proximal and distal synaptic 

currents evoked from control and activity-modulated neurons. Following activity manipulation, 

we observed bidirectional changes in the frequency of proximally evoked events (P=0.027, one-

way ANOVA) with no significant differences in distal event frequency (P=0.11, one-way 

ANOVA) (Figure 1.6C, Table 1.1). We also observed bidirectional changes in the amplitude of 

proximally evoked mEPSCs (PTX 7.6±1.6 pA, NT 9.9±1.1 pA, TTX 14.1±1.8 pA; P=0.026, 

one-way ANOVA) with no corresponding changes in distal amplitude (PTX 6.3±1.1 pA, NT 

8.1±0.7 pA, TTX 10.0±1.0 pA; P=0.052, one-way ANOVA) (Figure 1.6D-E, Table 1.2). We 

also observed bidirectional changes in mEPSC rise times (Figure 1.6G) (proximal: 5.64 ms, 

distal: 6.06 ms; ***P=3.71×10
-6

, paired Student’s t-test; n=24 neurons). Since proximal currents 

have smaller rise times, we hypothesized that the smaller rise times observed following inactivity 

were due to a larger proportion of currents originating in proximal dendrites.  
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 A prediction from synaptic scaling is that homeostatic adaptation alters the absolute 

strength of synapses, but preserves the relative weight. The passively recorded baseline mEPSC 

amplitude is a sample of mEPSCs recorded from throughout the dendritic tree and can therefore 

be considered a representation of the total synaptic population. We therefore converted the 

evoked mEPSC amplitudes into “synaptic weights” by expressing the evoked amplitude as a 

percent of the pre-stimulation baseline. Distal stimulation elicited currents of similar synaptic 

weight (evoked vs. baseline amplitude) in all activity conditions (NT 11.2±4.4% increase over 

baseline; TTX 15.4±6.9%; PTX 5.7±6.0%; P=0.58, one-way ANOVA), suggesting that distal 

synaptic strength remained constant relative to the global synaptic population (Figure 1.6F). 

However, the relative amplitude of proximal synapses was much larger in TTX-treated neurons 

and smaller in PTX-treated neurons (NT 27.8±4.1% increase over baseline; TTX 60.0±13.5%; 

PTX 13.4±7.4%; P=0.0093, one-way ANOVA) (Figure 1.6F). Thus, synaptic weight was not 

preserved following homeostatic activity manipulation. Instead, proximal synaptic weight was 

preferentially altered by network activity. 

The higher basal frequency and amplitude of TTX-treated neurons (Figure 1.6C-E) 

raised the possibility that the increased proximal amplitude observed with local stimulation may 

be due to the collision of monoquantal events or to contamination of the evoked population by 

events originating elsewhere in the dendritic tree. We therefore bath applied the nonselective 

glutamatergic antagonist kynurenic acid (200 µM) to globally diminish mEPSC amplitude and 

therefore detected frequency 
99

 (Figure 1.7A). The low-affinity binding of kynurenic acid 

allowed the blockade to be rapidly and locally displaced by sucrose application (Figure 1.7A-B). 

During kynurenic acid blockade, baseline mEPSC amplitude and frequency did not differ 

significantly between control and TTX-treated neurons (NT 7.7±0.68 pA, 3.9±0.99 Hz; TTX 
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8.7±0.46 pA, 3.0±0.93 Hz; P>0.21), and mEPSC frequency was comparable after proximal 

stimulation (NT 13.4±1.55 Hz; TTX 12.5±4.17 Hz; P=0.828). However, we again observed a 

large increase in the amplitude of proximally evoked mEPSCs (NT 6.9±0.34 pA,; TTX 

10.1±1.53 pA; P=0.027, one-way ANOVA and Tukey test) with no change in distal amplitude 

(NT: 6.4±0.40 pA; TTX 7.3±0.31 pA; P>0.05) (Figure 1.7B-C). Together with the 

morphological data, these results indicate that proximal synapses are selectively altered by 

activity. 

Inactivity selectively increases AMPARs at proximal synapses 

Inactivity has been previously reported to induce robust increases in surface and total levels of 

AMPAR subunits 
62,100

. In fact, selectively insertion of the GluA1 subunit has been shown to 

mediate the homeostatic responses to certain inactivity paradigms 
66

. We first examined the 

distribution of AMPAR subunits using immunocytochemistry. Chronic inactivity induced robust 

increases in both surface and total levels of both GluA1 (Figure 1.8A-B) and GluA2 (Figure 

1.8C) AMPAR subunits. However, these increases were observed only at proximal synapses 

(surface GluA1: NT 1.0±0.06, TTX 2.6±0.19; total GluA1: NT 1.0±0.24, TTX 2.0±0.25; surface 

GluA2: NT 1.0±0.17, TTX 1.7±0.30; total GluA2: NT 1.0±0.11, TTX 1.5±0.12; P<0.05, t-test vs. 

NT), with no changes observed in distal dendrites (surface GluA1: NT 1.00±0.09, TTX 

1.05±0.08; total GluA1: NT 1.00±0.25, TTX 1.06±0.15; surface GluA2: NT 1.00±0.16, TTX 

0.94±0.19; total GluA2: NT 1.00±0.14, TTX 1.17±0.13; P>0.38, t-test vs. NT) (Figure 1.8A-C) 

14
. The increase was more pronounced for GluA1 than GluA2, suggesting that homeostatic 

upregulation may occur through the insertion of GluA1 homomeric AMPARs as well as GluA1-

GluA2 heteromeric AMPARs. 

                                                 
14

 Experiments in italics were performed by Dr. Kea Joo Lee. 
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GluA1 homomeric AMPARs have faster kinetics and higher conductances 
101,102

, which 

might account for the larger (Figure 1.1, Figure 1.6D), faster (Figure 1.6G) currents we 

observed following inactivity. To determine whether the functional changes in mEPSC 

amplitude and rise time were due to homeostatic insertion of GluA1 homomeric receptors, we 

used philanthotoxin-433 (PhlTx, 1 µM) to selectively block AMPARs lacking the GluA2 

subunit. PhlTx application did not revert either mEPSC rise times (Figure 1.8F) or amplitudes 

(Figure 1.8D) of TTX-treated neurons to control levels (NT+PhlTx: 8.5±0.4 pA, 4.5±0.29 ms; 

TTX+PhlTx: 15.6±2.1 pA, 3.5±0.4 ms). Instead, while PhlTx had no effect on control neurons 

(P>0.15, paired t test ± PhlTx), in TTX-treated neurons blockade of GluA2-lacking AMPARs 

increased mEPSC amplitude further (TTX+PhlTx: 106.8±2.7% of TTX; P=0.02, paired t-test) 

(Figure 1.8E). This surprising result suggests that GluA1 homomeric receptors, which were 

blocked by philanthotoxin, represent relatively weak (small amplitude) synapses, while GluA2-

containing AMPARs represent the stronger synapses. We postulate that new synapses formed in 

response to inactivity start out relatively weak and predominantly contain GluA1 subunits, while 

existing synapses which contain both GluA1 and GluA2 subunits are strengthened. 

In addition to AMPA-type glutamate receptors (AMPAR), hippocampal pyramidal 

neurons express kainate-type glutamate receptors (KARs) 
103,104

. However, unlike AMPARs, 

levels of kainate receptors (GluK5) were not homeostatically altered (Appendix Figure A.1). 

Levels of the obligatory GluN1 subunit of NMDARs were also not increased in TTX-treated 

proximal dendrites (data not shown)
15

. Miniature EPSC amplitudes and rise times were similarly 

unaffected by blockade of NMDARs with CPP (rise times (in ms): NT: 6.6±0.4, NT+CPP: 

6.2±0.3, p = 0.139, paired t test ± CPP; TTX: 4.7±0.3, TTX+CPP: 5.1±0.3, p= 0.059, paired t test 

± CPP; amplitudes (in pA): NT: 8.3±0.6, NT+CPP: 8.65±0.7, p=0.436, paired t test ± CPP; TTX: 

                                                 
15

 Experiments in italics were performed by Dr. Kea Joo Lee. 
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13.8±1.4, TTX+CPP: 14.7±2.1, p=0.506, paired t test ± CPP). Homeostatic strengthening in 

mature neurons therefore appears to occur via preferential insertion of GluA1/2 heteromeric 

AMPARs into proximal synapses. 

 

Associative plasticity occurs at distal synapses  

Since HSP appeared to occur exclusively within proximal dendrites, we wondered where in the 

dendritic tree associative plasticity was occurring. We therefore pharmacologically induced the 

major form of associative strengthening, long-term potentiation (LTP), using a “chemical LTP” 

(cLTP) paradigm. Conventional LTP proceeds via AMPA receptor-mediated synaptic 

depolarization which is sufficient to activate NMDA receptors, normally inactive at 

hyperpolarized membrane potentials. NMDA receptor activation has been shown to be necessary 

for conventional LTP. However, direct application of NMDA easily induces excitotoxicity. 

Fortunately, NMDA receptors are ion channels opened by glutamate binding, but which require 

glycine as an obligatory co-agonist. We were therefore able to briefly but strongly activate 

NMDA receptors by stimulating neurons with glycine, while including strychnine to block any 

off-target activation of glycine receptors 
10

.  

To validate that our cLTP treatment successfully strengthened synapses, we recorded 

mEPSCs from neurons under control and cLTP conditions. As previously shown 
10,105

, cLTP 

significantly increased the amplitude of mEPSCs (NT: 11.3±0.5 pA, cLTP: 13.8±067 pA, 

P=0.0028, Student’s t-test, n=18-24) (Figure 1.9A-B), suggesting that synaptic strength is 

increased. Miniature EPSC frequency was not altered (NT: 5.2±0.8 Hz, cLTP: 6.8±0.6Hz, 

P=0.1036, Student’s t-test) (Figure 1.9A,C). The change in amplitude without an accompanying 

change in frequency suggests that synapses are strengthened postsynaptically putatively via 
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AMPAR insertion, rather than presynaptically via changes in the release probability, although an 

increase in the neurotransmitter content of vesicles could account for the change in mEPSC 

amplitude.  We saw no significant differences in access resistance (NT: 11.5±0.7 MΩ, cLTP: 

10.9±0.6 MΩ, P=0.5372, Student’s t-test) (Figure 1.9E) which would indicate that recording 

quality differed systematically between conditions. We also observed no significant differences 

in input resistance between groups (NT: 337.1±24.1 MΩ, cLTP: 398.3±22.7 MΩ, P=0.0658) 

(Figure 1.9F) which would suggest that the overall membrane conductances were altered by 

cLTP treatment. We therefore concluded that the chemical LTP paradigm effectively 

strengthened synapses. 

 To examine the coexistence of HSP and LTP, we chronically (24 hours) altered the 

activity state of mature hippocampal neurons after DIV 21 and then induced chemical LTP. To 

determine where in the dendritic tree LTP was occurring, we visualized AMPAR using 

immunostaining. In particular, we were interested in evaluating surface AMPAR expression; we 

therefore labeled surface-expressed AMPARs by immunolabeling in non-permeabilizing 

conditions under which the antibodies would be unable to reach AMPARs within the cell 
86

. As 

observed previously (Figure 1.8), HSP induced bidirectional changes in the accumulation of 

surface AMPARs, and these changes were observed only in proximal dendrites (NT 100.0±6.8, 

TTX 165.0±14.5% of NT, PTX 72.4±7.6, P<0.0001, one-way ANOVA) (Figure 1.10A, C-D) 

with no detected changes in distal dendrites (NT 77.3±6.3, TTX 83.2±7.0, PTX 83.2±7.7) 

(Figure 1.10B-D). As expected, chemical LTP increased surface AMPAR expression; however, 

these changes were observed exclusively within distal dendrites (NT cLTP 104.8±10.7, TTX 

cLTP 114.4±9.6, PTX cLTP 106.5±10.9) (Figure 1.10B, E-G).  



35 

 

These results suggest that associative synaptic strengthening occurs at distal synapses in 

mature hippocampal neurons cells, while homeostatic plasticity occurs at proximal synapses. 

This is the first demonstration of a spatial as well as functional separation of distinct forms of 

synaptic plasticity. 

 

1.4 DISCUSSION 

The synaptic scaling hypothesis of homeostatic synaptic plasticity (HSP) postulates that changes 

in synaptic strength occur globally throughout the dendritic tree, thus preserving the patterns of 

synaptic weights which encode information. However, in mature hippocampal networks, we 

have observed that HSP does not occur globally throughout the dendritic tree. Instead, HSP 

occurs through selective changes in the efficacy of proximal synapses. Intriguingly, associative 

synaptic plasticity (ASP) was confined to distal synapses. The two forms of synaptic plasticity 

are therefore spatially segregated, allowing for neuronal inputs to be homeostatically adjusted 

without destroying encoded information. 

 

To scale or not to scale: Developmental switch in mechanisms of homeostatic compensation 

Reports of HSP in vitro have consistently found that chronic inactivity induced with action 

potential blockade increases mEPSC amplitude but not frequency 
61,78,79,96,100,106,107

 (Table 1.3 

16
). Changes in mEPSC amplitude are traditionally considered to indicate a predominantly 

postsynaptic change in AMPAR receptor enrichment at synapses, while changes in mEPSC 

frequency are thought to indicate altered presynaptic release probability or a change in the 

number of synapses. HSP has therefore been concluded to be a postsynaptic phenomenon by 

which synaptic strength is multiplicatively scaled 
61

. 

                                                 
16

 Complete references from Table 1: 
61,62,64–66,78–80,94–96,106,107,109–111,113–118,264,271–273,325,326
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  However, these studies were conducted in relatively immature networks of neurons 

which had been growth for less than 14 days in vitro (DIV). It is important to remember that 

synaptic formation is still occurring at this developmental time point. Postsynaptic strength is 

established in the second week in vitro and remains constant after DIV 14 
95

. Disruption of 

network activity within the first 14 DIV would therefore influence the initial postsynaptic 

calibration, causing an increase in “set point” for mEPSC amplitude. Hippocampal neurons are 

known to developmentally scale synaptic strength in a manner proportional to the density of their 

constituent network 
108

: less dense networks which have fewer connections have larger unitary 

synaptic strength, while denser networks which have more connections have smaller unitary 

synaptic strength. Following TTX-induced action potential blockade, there is a decrease in 

synaptic transmission within the neural network. The low level of synaptic transmission may 

resemble that found in a sparsely connected network. Accordingly, action potential blockade 

early in development might induce the same scaling of synaptic strength seen with decreased 

neuronal plating density. It seems reasonable to assert that “HSP” of developing neural networks 

is actually just developmental calibration of unitary synaptic strength 
83

. 

  In contrast, in the third week in vitro (DIV 14-21), there is an explosion in functional 

connectivity in cultured hippocampal neurons, during which time mEPSC frequency increases 

dramatically 
95

. Disruption of overall activity during the third week in vitro is therefore more 

likely to provoke changes in mEPSC frequency. Indeed, investigations into HSP in slightly older 

neural networks (≥DIV 14) have often observed that inactivity provokes changes in both mEPSC 

amplitude and frequency 
64–66,78,79,109–111

 but see 
80,94,95

 (Table 1.3). Direct assay of presynaptic 

release probability in mature hippocampal neurons has shown bidirectional changes in 

neurotransmitter release with homeostatic adaptation 
112

. These findings suggest that the mode of 
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homeostatic adaptation may be distinct based on the developmental stage. Intriguingly, induction 

of hippocampal inactivity in vivo via local TTX infusion was found to induce distinct 

homeostatic compensations based on the age of the animal. In immature
17

 rats (postnatal day 15), 

local activity blockade with TTX increased both the amplitude and frequency of mEPSCs 

recorded from CA1 neurons 
113

. However, in juvenile rats (P30), local activity blockade 

increased mEPSC frequency while leaving mEPSC amplitude unchanged 
113

.  

  Our findings in mature hippocampal neurons (>21 DIV) support the assertion that the 

mode of homeostatic adaptation switches from a predominantly postsynaptic response early in 

development to a concerted pre- and post-synaptic response in established neural networks 

(Figures 1.1, 1.6, 1.8). 

 

Silence is golden: Homeostatic compensation in distinct inactivity paradigms 

TTX-induced blockade of voltage-gated Na
2+

 channels has historically been the most popular 

inactivity paradigm employed for in vitro studies of HSP in either primary cultures 

61,64,78,79,106,107,114
 or organotypic slices 

115–118
. However, other forms of inactivity have been used 

including AMPA receptor blockade 
61,65,66,94,109,111

, NMDA receptor blockade 
61,80,118

, L-type 

voltage-gated Ca
2+

 channel blockade 
96

, tetanus toxin blockade of presynaptic release 
119,120

, or 

hyperpolarization via expression of an inwardly-rectifiying K
+
 channel 

64
.  

  We have previously postulated 
83

 that the various inactivity paradigms should not be 

considered interchangeable as the loss of signaling with each type of inactivity differs. For 

example, action potential blockade with TTX would massively decrease but not completely 

eradicate presynaptic release, while tetanus toxin would completely abolish presynaptic release. 

                                                 
17

 Rats experience eye-opening at ~P14,  are weaned at ~P28, begin to substantially differ based on sex at ~P35, and 

are sexually mature at ~P42 
327

. 
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AMPA or NMDA receptor blockade would diminish postsynaptic Na
+
/K

+
 flux but each would 

have drastically different consequences on Ca
2+

 input, which is a critical determinant of 

homeostatic adaptation 
96

 (Figure 1.4). We hypothesized that different inactivity paradigms 

would produce distinct homeostatic compensations. For example, we supposed that blockade of 

voltage-gated Na
2+

 channels or L-type voltage-gated Ca
2+

 channels both of which are highly 

expressed on or near neuronal somata would produce compensations in proximal dendrites. In 

contrast, we hypothesized that blockade of AMPA or NMDA receptors localized at excitatory 

synapses throughout the dendrite might induce more global changes reminiscent of synaptic 

scaling. However, all of the inactivity paradigms tested (blockades of voltage-gated Na
2+

 

channels, NMDARs, AMPARs, and L-type voltage-gated Ca
2+

 channels) produced comparable 

results in our hands, inducing a large upregulation in proximal but not distal synaptic strength 

which was dependent on calcium levels (Figure 1.4). We therefore concluded that the mode of 

inactivity was not relevant for the selective homeostatic upregulation of proximal synapses. 

 

Agree to disagree: HSP and epilepsy treatments 

Epilepsy is generally considered a disorder of hyperactivity and current approved 

pharmacological treatments for epilepsy attempt to counter this perceived hyperactivity. 

However, coming from the perspective of homeostatic plasticity, the treatments for epilepsy 

seem paradoxical. The most popular pharmacological strategies to combat hippocampal 

hyperexcitability in epilepsy are to block voltage-gated sodium channels (e.g., phenytoin and/or 

carbamazepine), to block voltage-gated calcium channels (e.g., ethosuximide), to block 

glutamate-gated cation channels (e.g., felbamate and topiramate), or to activate GABAA 

receptors (e.g., barbiturates, benzodiazepines, and clonazepam). However, based on in vitro 
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findings, chronic blockade of voltage-gated sodium channels (with TTX), voltage-gated calcium 

channels (with nimodipine), or glutamate-gated cation channels (with CNQX or NBQX) 

achieves the same effect as chronic activation of GABAA receptors (with diazepam), namely 

upregulation of synaptic strength. Based on the findings of HSP, these approved medications 

would have an acute benefit but would exacerbate the underlying problems if epilepsy were a 

disorder of excessive excitation. Indeed, roughly 30% of patients are unresponsive to medication 

121
. These findings suggest that at least a subset of epilepsies may be due to inappropriate 

deployment of homeostatic upregulation programs which would not be helped, and in fact might 

be exacerbated by the current pharmacological regimes. 
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CHAPTER II. Mapping synaptic plasticity using cable properties of 

dendrites 

 

2.1 INTRODUCTION 

Synapses undergo activity-dependent strengthening or weakening, via processes known as 

synaptic plasticity. Through associative synaptic plasticity, specific synapses are modified, 

encoding patterns of synaptic strength 
5,41

 which are thought to store information and underlie 

learning and memory 
71

. A complementary form of adaptation, homeostatic synaptic plasticity 

(HSP), negatively constrains synapses 
61

 to stabilize neural networks 
122

. For instance, prolonged 

neuronal silencing homeostatically strengthens synapses, while prolonged hyperactivity weakens 

them 
61,62

.  

An outstanding question is how homeostatic adjustments can be implemented without 

destroying previously encoded information 
1,67

. The synaptic scaling model 
61

 proposes that all 

excitatory synapses in a neuron are homeostatically altered by the same proportion, thus 

preserving relative synaptic weights. However, it has been difficult to directly resolve whether 

HSP occurs globally throughout the dendritic tree. Visualizing synaptic protein accumulation via 

immunolabeling permits analysis of the spatial distribution of synaptic change, but is only an 

indirect read-out of synapse function. Conversely, recording AMPAR-mediated miniature 

excitatory postsynaptic currents (mEPSCs) is a direct functional readout of synaptic activity, but 

the dendritic distribution and origin of the somatically recorded currents is unknown. 

We recently observed that in mature hippocampal neurons in vitro and in vivo, chronic 

changes in neuronal activity did not equally affect all synapses  
87

. Instead, HSP was confined to 

the proximal dendrites (Chapter 1) 
87

. To better map the dendritic distribution of synaptic 
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activity, we extended existing work on passive cable properties of dendrites 
90,91,98,123

 to derive a 

parameter, the dendritic filtering index, that predicted the site of origin of somatically recorded 

mEPSCs. Using this analytical tool, we confirmed that HSP selectively and bidirectionally 

altered the frequency and amplitude of currents originating in proximal dendrites, while leaving 

distal synapses unchanged. These findings provide a novel approach for quantifying synaptic 

strength at different dendritic locations.  

 

2.2 MATERIALS & METHODS 

All experiments were conducted in accordance with the Georgetown Animal Care and Use 

Committee guidelines.  

 

Primary hippocampal cultures and drug treatments. All animal use was conducted in 

accordance with the Georgetown University Institutional Animal Care and Use Committee. 

Hippocampal cultures (~150 cells mm
-2

) were prepared from E19 rat embryos (both sexes) as 

described 
84

. Briefly, dissociated neurons were plated on coverslips coated with poly-D-lysine 

(30 µg/ml) and laminin (2 µg/ml) and grown in Neurobasal medium (Invitrogen) supplemented 

with SM1 (Stem Cell Technologies), 0.5 mM glutamine and 25 µM glutamate. Activity was 

altered via drug application at >21 DIV. TTX (Sigma), stock solution 1 mM in H2O, was diluted 

in Neurobasal to 1 µM final concentration 
87,124

. PTX (Sigma) was freshly prepared in 0.1 M 

NaOH and diluted to 100 µM final concentration in Neurobasal 
63,87

. 

 

Antibodies and immunolabeling. Hippocampal neurons were fixed in 4% 

paraformaldehyde/4% sucrose/PBS for 7 min at RT and methanol at –20°C for 7 min. Neurons 
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were permeabilized with 0.01% Triton X-100 in PBS for 30 min at RT and then immunostained 

with antibodies in GDB buffer (0.1% gelatin, 0.3% Triton X-100, 16 mM sodium phosphate pH 

7.4, 450 mM NaCl) at the following concentrations: rabbit GluA1 N-terminal antibody 

(Calbiochem, 1:100); mouse PSD-95 K28/43 (NeuroMabs, 1:200-400); rabbit PSD-95 D27E11 

(Cell Signaling, 1:200).  

 

Quantification of immunostaining. Images were acquired using an Axiovert 200M (Zeiss) for 

conventional epifluorescence and analyzed using MetaMorph software (Molecular Devices). The 

3 strongest dendrites of each neuron were traced and divided into 20 µm segments, starting from 

the soma. Puncta were defined by thresholding images at twice background (staining within the 

dendritic shaft). Integrated intensity was measured for each 20 µm segment and averaged per 

neuron; neuronal means were then averaged to obtain population means.  

 

Electrophysiology. DIV 21-27 neurons were incubated for 24 hr in normal growth media in the 

absence or presence of TTX (1 µM) or PTX (100 µM). For recording, neurons were transferred 

into room temperature (22-25°C) extracellular solution containing (in mM, all from Fisher 

Scientific): 145 NaCl, 2.5 KCl, 1 MgCl2, 1 CaCl2, 5 HEPES, 5 glucose, and 25 sucrose (330 

mOsm, pH 7.4). Whole-cell patch-clamp recordings were made with 3-6 MΩ (Narishige) 

borosilicate pipettes containing (in mM, Fisher): 145 KGluconate, 5 EGTA, 5 MgCl2, 10 

HEPES, 5 NaATP, 0.2 NaGTP (285 mOsm, pH 7.2). Data were collected with an Axiopatch-ID 

amplifier, Bessel filtered at 2 kHz and digitized at 10 kHz using a Digidata 1440A and 

Clampex10 software (all from Molecular Devices). Miniature EPSCs were recorded from 

neurons voltage-clamped at -70 mV in 1 μM TTX with 25 μM bicuculline methobromide 
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(Ascent Scientific) to block GABAA receptor-mediated currents, in the absence or presence of 

philanthotoxin 433 (1 µM, Sigma) to block GluA1 homomeric AMPARs. Input and access 

resistances were regularly monitored by 10 mV hyperpolarization steps. Cells were excluded for 

the following: holding currents >200 pA, input resistance <200 MΩ, access resistance >20 MΩ, 

resting Vm more depolarized than -50 mV, or unstable series resistance (<10% change). Synaptic 

currents were detected offline from 60s voltage-clamp traces using MiniAnalysis (Synaptosoft). 

Events were detected automatically (-5 pA threshold) and verified manually.  

 

Local synaptic manipulation. For local synaptic manipulation experiments, 2-5 MΩ 

(Narishige) borosilicate pipettes were positioned directly above an isolated dendrite at proximal 

(<30 µm) or distal (>100 µm) locations. Positive pressure was applied to release a plume of 

solution (visible with DIC optics) onto the dendrite 
90,91

. Pipettes were filled with extracellular 

solution supplemented with either 2 mM Ca
2+ 

and 500 mM sucrose (for stimulation) or 10 µM 

NBQX (for inhibition). Miniature EPSCs were identified from 5 second recordings extracted 

immediately before and after local drug application. Recordings were continuously monitored for 

changes in access resistance and discarded if resistances changed >20%.  

 

Dendritic filtering index. The shapes of individual mEPSCs were described using the dendritic 

filtering index, defined as the reciprocal of the slope
 
(i.e., rise time/amplitude); the slope captures 

the “steepness” of the current, and the reciprocal is taken so that more proximal currents have 

index values approaching zero. For each neuron, all mEPSCs were binned into 0.2 ms/pA groups 

according to filtering index. Total number and average amplitude of mEPSCs for each bin was 

calculated per neuron, which were then averaged to yield group distributions. In the retrospective 
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analysis of Bekkers & Stevens (1996) (Fig. 2I-J), the amplitude and rise time of individual 

mEPSCs was obtained manually by overlying graphs of the original data with a grid. Relative 

filtering indices (Fig. 4F) were obtained by grouping all values in Fig. 4E by condition (control 

and TTX-treated). For each condition, a linear relationship between filtering index and dendritic 

distance was observed (NT index = 0.0031(distance) + 0.8856, R
2
=0.344; TTX index = 

0.0018(distance) + 0.5062, R
2
=0.316). The relative change in filtering index versus distance was 

calculated by substituting distances (20-200 μm) into the equations. 

 

Statistical analysis. All data represent mean±SEM unless otherwise indicated (rise times and 

rise slopes in Fig. 2 are described as mean±SD or median with 25
th

-75
th

 percentiles). Group data 

were analyzed for normality (D-Agostino-Pearson omnibus test) prior to statistical comparison. 

Paired comparisons (within neurons), baseline and sucrose-evoked or NBQX-inhibited values 

(Fig. 3) used the nonparametric equivalent of the paired t-test (Wilcoxon signed rank test). For 

multiple comparisons, data were analyzed via one-way ANOVA and post-hoc Tukey test or 

nonparametric equivalent (Kruskal-Wallis test and post-hoc Dunn’s multiple comparison test). 

 

2.3 RESULTS 

We pharmacologically altered the activity of mature (>21 days in vitro (DIV)) hippocampal 

neurons and examined the dendritic distribution of synaptic proteins via immunostaining (Figure 

2.1). Chronic hyperactivity, induced with 24 hour blockade of synaptic inhibition using the 

GABAA receptor antagonist, picrotoxin (PTX) 
63,87

, decreased the expression of the synaptic 

scaffolding protein PSD-95 (Figure 2.1A,D) and the AMPA receptor subunit GluA1 (Figure 

2.1E). Conversely, chronic inactivity, due to 24 hour blockade of action potentials using the 
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voltage-gated Na
+
 channel blocker, tetrodotoxin (TTX) 

61,87
, increased the expression of both 

PSD95 and GluA1 (Figure 2.1). As previously reported (Chapter 1) 
87

, these bidirectional 

changes did not occur at all synapses, but instead were observed exclusively at synapses within 

proximal dendrites (Figure 2.1A-C). We observed significant increases in proximal PSD-95 

levels with inactivity and decreases in proximal PSD-95 with hyperactivity (proximal PSD95 as 

% of NT: NT 100.0±7.6, PTX 48.3±8.1, TTX 477.4±37.6, P<0.0001, Kruskal-Wallis test), but 

we observed no changes in distal PSD95 under any activity condition (NT 34.3±5.7, PTX 

44.9±7.4, TTX 36.4±6.2, P=0.230) (Figure 2.1A-D). Similarly, we observed bidirectional 

changes in proximal but not distal GluA1 expression (proximal GluA1 as % of NT: NT 

100.0±12.6, PTX 58.3±13.3; TTX 183.3±16.0, P<0.0001, Kruskal-Wallis test; distal GluA1: NT 

50.0±3.5, PTX 44.7±4.7, TTX 31.7±2.7, P=0.124, Kruskal-Wallis test) (Figure 2.1E). 

 

Mapping current origin using current shape 

We investigated whether a similar spatial distribution of synaptic activity could be observed 

functionally, by recording miniature excitatory postsynaptic currents (mEPSCs) using whole-cell 

voltage-clamp. However, previous attempts at mapping synaptic currents have shown that 

neither mEPSC amplitude nor kinetics (rise or decay time) alone are sufficient to resolve the 

dendritic origin of individual events 
90,91

. Consistent with these studies, when we somatically 

recorded mEPSCs from an individual neuron before and during local hyperosmotic sucrose 

stimulation 
90

 of three isolated regions of the dendrite (Figure 2.2B), the rise times of the three 

populations of evoked currents above did not differ significantly (median rise time [25
th

-75
th

 

percentile] in ms: proximal 2.9 [1.7 - 4.2], middle 3.0 [1.8 - 4.0], distal 3.3 [2.0 – 4.4]; P=0.130, 

Kruskal-Wallis test) (Figure 2.2D-F).  
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Upon close examination, we noted that currents evoked at proximal locations appeared 

“sharper”-looking than currents evoked at distal locations on the same dendrite (Figure 2.2B-C). 

Dendrites function as passive cables 
90,125

, attenuating both the amplitude and kinetics of synaptic 

currents. Like ripples emanating from a splash, currents that began tall and sharp (small rise and 

decay times) at their origin become smaller and broader (reduced amplitude with longer rise and 

decay times) proportional to the distance traveled along the dendrite 
98

 (Figure 2.2A). We 

therefore examined whether current shape could be used to determine dendritic origin.  

To quantify degree of sharpness, we formulated a parameter – the dendritic filtering 

index (D.F.I.), using the slope of each mEPSC to reflect the “steepness” of each current (Figure 

2.2C). We defined the D.F.I as the inverse slope (rise time/amplitude) such that small (putatively 

proximal values) approach zero, while large (distal) values approach infinity. The inverse rise 

slope of proximally evoked currents was significantly steeper than those of currents evoked 

distally in the same dendrite, as reflected in smaller D.F.I. values (median rise time [25
th

-75
th

 

percentile] in ms/pA: proximal 0.235 [0.132 – 0.403], middle 0.372 [0.215 – 0.567], distal 0.518 

[0.285 – 0.980]; P<0.0001, Kruskal-Wallis test and post-hoc Dunn’s multiple comparison) 

(Figure 2.2G-I). We observed similar results with the inverse decay slope (data not shown). 

These findings suggest that the steepness of individual synaptic currents is proportional to the 

distance traveled along the dendrite. Unlike either amplitude or kinetics alone, which can be 

equivalent for currents of very different shapes, the dendritic filtering index value presents a 

size-invariant measure of current shape.  

To validate that proximal currents were indeed “sharper” (smaller D.F.I.) than distal 

currents when recorded at the soma, we locally and bidirectionally manipulated proximal 

synapses (Figure 2.3A). Locally stimulating proximal dendrites by sucrose solution increased 
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the number of detected mEPSCs (248±137 (SD)% of baseline; P<0.0001, Wilcoxon signed rank 

test) (Figure 2.3B), while locally inhibiting proximal synapses with the AMPAR antagonist 

NBQX significantly decreased mEPSC number (53±24 (SD)% of baseline; P<0.0001, Wilcoxon 

signed rank test) (Figure 2.3C). We then examined the filtering index values of the stimulated or 

inhibited populations. Proximal stimulation significantly decreased the D.F.I. (baseline: 

1.02±0.47 (SD) ms/pA, proximal sucrose: 0.74±0.43 (SD) ms/pA; P=0.0004, Wilcoxon signed 

rank test) (Figure 2.3D-E), while proximal inhibition significantly increased this parameter 

(baseline: 0.54±0.33 (SD) ms/pA, proximal NBQX: 0.71±0.39 (SD) ms/pA; P<0.0001, 

Wilcoxon signed rank test) (Figure 2.3C-D,F), indicating that proximally evoked mEPSCs have 

steeper rise slopes than their distal counterparts. These results suggest that current shape, as 

reflected in D.F.I. value, is a strong indicator of the dendritic origin of somatically recorded 

mEPSCs. 

 

Dendritic filtering analysis maps independently recorded synaptic currents 

As an additional test of the D.F.I., we performed a retrospective analysis of mEPSCs recorded 

previously following local stimulation at three regions of an individual dendrite (at 44, 100, and 

165 µm) (Figure 2.4A-B). In this classic study, Bekkers and Stevens (1996) found extensive 

overlap of the amplitudes and rise times of the individual mEPSCs evoked at each distance 

(Figure 2.4C) (median rise times [25
th

-75
th

 percentile] in ms/pA: soma 0.800 [0.650-1.025], 

44µm 0.780 [0.650-1.000], 100µm 1.20 [0.873-1.650], 165µm 1.40 [1.025-1.938], Kruskal-

Wallis statistic = 32.2), eliminating these parameters as indicators of the dendritic origin. 

Applying our filtering index to these data, we could better resolve the mEPSC distributions 

(Figure 2.4D) (median rise times [25
th

-75
th

 percentile] in ms/pA: soma 0.0281 [0.0192-0.0415], 
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44µm 0.0346 [0.0236-0.0692], 100µm 0.0666 [0.0476-0.108], 165µm 0.140[0.115-0.231], 

Kruskal-Wallis statistic = 63.9). In particular there was little overlap between populations evoked 

at 44 versus 165 µm along an isolated dendrite (Figure 2.4D). Unlike the rise time, the D.F.I. 

values could distinguish between the populations evoked at 100 and 165µm (compare Figure 

2.4C2 and Figure 2.4D2). We also observed better separation between the mEPSCs evoked at 

44 and 100 µm with the D.F.I. value than with rise times alone. We therefore concluded that 

D.F.I. analysis is capable of mapping the dendritic origin of synaptic currents obtained by an 

independent experimenter.  

 

Activity homeostatically alters proximal synapses bidirectionally and preferentially 

We next recorded mEPSCs from control and activity-modulated neurons (Figure 2.5A) and used 

the filtering index to map the dendritic distribution of synaptic currents. As previously reported 

61,62,87
, chronic hyperactivity decreased synaptic efficacy, while chronic inactivity increased 

synaptic efficacy (amplitude in pA (mean±SEM): NT 8.0±0.5, PTX 6.1±0.4, TTX 10.8±0.8; 

P<0.0001, one-way ANOVA; frequency in Hz: NT 5.8±0.6, PTX 4.1±0.5, TTX 9.6±1.0; 

P<0.0001, one-way ANOVA). The D.F.I. was also bidirectionally altered with homeostatic 

modulation: TTX-treated neurons had significantly “sharper” currents while PTX-treated 

neurons had currents which were significantly broader (Figure 2.5A,D) (NT 0.91±0.06 ms/pA, 

PTX 1.29±0.08 ms/pA, TTX 0.62±0.05 ms/pA; P<0.0001, Kruskal-Wallis test and post-hoc 

Dunn’s multiple comparison).  

We calculated the number and amplitude of recorded currents as a function of filtering 

index to map the dendritic distribution of activity. Compared to controls, chronically inactive 

neurons had significantly more synaptic currents originating from proximal dendrites, while 
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chronically hyperactive neurons had significantly fewer proximal currents (NT 33.0±14.5, PTX 

6.4±3.5, TTX 172.9±41.6; P<0.0001, Kruskal-Wallis test) (Figure 2.5B, F). The amplitude of 

proximally originating currents was also bidirectionally altered by activity (NT 21.4±1.4 pA, 

PTX 17.0±1.4 pA, TTX 24.2±1.8 pA; P=0.0008, one-way ANOVA) (Figure 2.5C,E), with no 

significant differences in distal currents.  

 

Changes in current shape are not accounted for by recording quality, seal quality, or 

AMPAR subunit composition 

Recording and seal quality influence the sharpness of synaptic currents, with better and worse 

seals resulting in sharper and sloppier looking currents, respectively.. However, there were no 

differences in input resistance (P=0.696, one-way ANOVA), access resistance (P=0.357, one-

way ANOVA), or resting membrane potential (P=0.979, one-way ANOVA) among groups 

which would account for these changes in current shape. We also found no strong relationship 

between access resistance and either the average or median filtering index (average F.I. versus 

Raccess: R
2
=0.067, median F.I. versus Raccess: R

2
=0.095; Raccess = 10-25 MΩ) (Figure 2.6A1), even 

when we expanded the analysis to include recordings previously excluded due to poor seal 

quality (F.I. versus Raccess: R
2
=0.194, median F.I. versus Raccess: R

2
=0.199; Raccess = 10-55 MΩ) 

(Figure 2.6A2). Similarly, we found no strong relationship between input resistance and filtering 

index (F.I. versus Rinput: R
2
=0.155, Rinput = 200-500 MΩ) (Figure 2.6B1), even when including 

recordings outside the acceptable limits (F.I. versus Rinput: R
2
=0.0045, Rinput = 100-1000 MΩ) 

(Figure 2.6B2). We therefore concluded that recording parameters did not account for the 

changes in current shape. 
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AMPAR subunit composition can modulate both the amplitude and kinetics of mEPSCs 

126
 and homeostatic upregulation can be achieved via a subunit switch to higher conductance 

GluA1 homomeric receptors with faster kinetics 
66

. To determine whether AMPAR subunit 

composition accounted for the changes in rise slope, we recorded mEPSCs from control and 

activity-modulated neurons before and after blockade of GluA1 homomeric receptors with 

philanthotoxin. We observed no significant changes in D.F.I. in the presence of PhTx (NT 

P=0.101, TTX P=0.693, PTX P=0.700, paired t-test), suggesting that changes in subunit 

composition do not account for the group differences in current shape. This functional analysis 

supports our immunocytochemical findings that homeostatic adaptation occurs preferentially at 

proximal synapses, leaving distal synapses unchanged.  

 

Conversion of dendritic filtering index to dendritic distance  

We wanted to determine whether the D.F.I. could be converted directly into a dendritic distance. 

We therefore plotted the average D.F.I. of evoked mEPSCs against the stimulation distance. 

Within individual neurons, we observed linear distance-dependent changes in the D.F.I. of 

evoked mEPSC populations (Figure 2.7A), supporting previous findings 
98

. However, the 

variability between neurons, and in particular between conditions, limited our ability to correlate 

D.F.I. values directly with dendritic distance. The evoked mEPSC populations were recorded 

amidst ongoing synaptic activity which varied between neurons, making the average D.F.I. value 

less than precise. We therefore pooled the data within activity conditions (NT and TTX) and 

determined the relationship between average filtering index values and the distance at which the 

mEPSC population was evoked (Figure 2.7B). We noticed that the linear relationship between 

D.F.I. values and dendritic distance seemed similar between conditions, though the y-intercept 
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differed (Figure 2.7B). We took the linear equations yielded by the data in Figure 2.7B and 

solved for the projected D.F.I. value at each dendritic distance. We then expressed each D.F.I. 

value as a percent of the proximal value (D.F.I. at 20µm) (Figure 2.7C). In this way, we were 

able to quantify the degree of change in current shape that occurs as a function of dendritic 

distance, regardless of the initial current shape. Using this shape-invariant analysis, we observed 

that the relative relationship of proximal versus distal events was preserved across neurons and 

treatment groups (Figure 2.7C). Under all conditions, currents were attenuated by one-fourth at 

~100 μm and one-half by at 170 μm (corresponding to a 25% and 50% increase in D.F.I. 

compared to mEPSCs evoked at 20 μm) (Figure 2.7C). Taken together, our results validate the 

use of the filtering index for spatially mapping synaptic changes along neuronal dendrites. 

 

2.4 DISCUSSION 

We have devised an analytical parameter, the dendritic filtering index (D.F.I.), which exploits the 

inherent cable properties of dendrites to predict the origin of individual somatically recorded 

mEPSCs. We have demonstrated the ability of the D.F.I. to resolve synaptic currents evoked at 

distinct dendritic locations within individual dendrites. Currents evoked from proximal synapses 

represent the “sharpest”-looking mEPSCs within the total current population, and this property 

holds true across neurons (Fig. 3). The utility of a single parameter is necessarily limited. 

Combining D.F.I. values with other parameters (e.g. amplitude, charge transfer) in principal 

component analysis may provide greater discrimination in spatially resolving synaptic currents 

recorded from the soma via whole-cell patch clamp.  

Applying this analysis to independently obtained experimental data (Fig. 2I-J) 
90

 

suggests that the D.F.I. can unambiguously resolve dendritic distances of ~120 µm (we observed 
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essentially no overlap between the mEPSC populations evoked at 44 µm and 165 µm, Fig. 2J). 

However, the authors of the original study noted that, based on morphology, the recorded 

neurons were likely inhibitory in nature and our experience with morphological and functional 

analysis of hippocampal neurons in vitro supports this conclusion. In our hands, primary cultured 

hippocampal interneurons have mEPSCs with considerably smaller rise times and larger 

amplitudes than their excitatory counterparts (unpublished observations). The spatial resolution 

of our dendritic filtering analysis may therefore be lower in interneurons which have a smaller 

range of mEPSC rise times and therefore D.F.I values. In mature (>21 DIV) excitatory 

hippocampal neurons in vitro, which exhibit a much larger range of mEPSC rise times, the D.F.I. 

would be expected to resolve smaller dendritic distances. Even with a relatively crude synaptic 

stimulation paradigm (local pressure application of a plume of hyperosmolar sucrose solution), 

we were able to see significant differences in the D.F.I. of mEPSCs evoked roughly 40 µm apart. 

More precise synaptic stimulation (e.g., 2-photon glutamate uncaging) could be used to 

determine the spatial resolution of our dendritic filtering analysis.  

 

Dendritic distributions of synaptic activity 

Mapping the dendritic distribution of synaptic activity is particularly useful in the hippocampus 

which has precise stratification of inputs onto the dendritic tree. For example, the apical 

dendrites of CA3 pyramidal neurons receive 3 distinct functional inputs, each within a well-

defined dendritic layer: (1) proximal CA3 dendrites (within stratum lucidum) receive mossy fiber 

input from the dentate gyrus (DG), (2) more distal regions (stratum radiatum) receive inputs 

from CA3 recurrent collaterals, and (3) distal dendrites (stratum lacunosum) receive perforant 

path fibers from entorhinal cortex. Evaluating functional changes occurring in these distinct 
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pathways may therefore improve our understanding of the loci of different classes of synaptic 

adaptation and the computational consequences of altering a discrete subpopulation of synapses. 

At the individual neuronal level, functionally upregulating a small population of distal synapses 

would be expected to have considerably different effects on current summation and neuronal 

firing than strengthening a similarly sized population of proximal synapses. At the network level, 

these effects would be dramatically different if the proximal and distal inputs were from distinct 

pathways, as is the case in the hippocampus.  

 

The proximal dendritic locus of HSP 

Using our filtering analysis, we have established that homeostatic changes in excitatory synapses 

do not occur globally throughout the dendritic tree of mature hippocampal neurons. Instead, HSP 

occurs exclusively within proximal dendrites, as observed either by visualization of excitatory 

synaptic protein accumulation or analysis of the dendritic distribution of excitatory synaptic 

currents. Why should proximal excitatory synapses respond selectively to network activity? We 

have previously demonstrated 
87

 that in mature hippocampal neurons both in vivo and in vitro, 

homeostatic adaptation occurs at mossy fibers, the terminals of dentate granule cells. Notably, 

mossy fibers exclusively innervate the proximal dendrites of CA3 neurons. The selective 

homeostatic adaptation of a specific subset of synaptic connections, which exist within a discrete 

portion of the dendritic tree, allows for both spatial and functional segregation of HSP within 

neurons. Other forms of plasticity (e.g. Hebbian) are therefore potentially able to encode 

information at synaptic connections within distal dendrites and would not be disrupted by 

homeostatic compensations.  
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CHAPTER III. Homeostatic synaptic plasticity is confined to CA3 

neurons 

 

3.1 INTRODUCTION 

Neurons recalibrate synaptic strength in response to chronic changes in network activity: 

prolonged inactivity will strengthen synapses, while prolonged hyperactivity will weaken or 

dismantle synapses 
61–63,65,66

. The processes of synaptic recalibration, collectively known as 

homeostatic synaptic plasticity (HSP), are considered essential for the stability of neural 

networks 
127–129

. However, neural networks also encode information in the strength of synaptic 

connections through processes collectively known as associative synaptic plasticity (ASP) 
5,41

 

and these synaptic encoding mechanisms are thought to be the neural basis of learning and 

memory
1,33,70,71,130

. It is therefore unclear how HSP can proceed without compromising 

information encoded in established neural networks 
67,68

. 

 We explored this phenomenon in the hippocampus, an area of the brain essential for 

certain types of learning and memory 
29–34

. The hippocampus is a cortical processing loop: 

information arriving from the entorhinal cortex (EC) is filtered and bound together, before being 

projected back out to the entorhinal cortex. Within the hippocampus, information travels in a 

circuit from the EC to the dentate gyrus (DG) then to area CA3 and finally to area CA1 before 

returning to the entorhinal cortex 
30,131–133

 (Figure i, 3.3A). DG granule cells are thought to 

sparsify or orthogonalize EC input 
39,43,44,46

, which is bound together in the extensively 

reciprocally innervated networks of the CA3 region 
37,38

. CA3 projections to CA1 are thought to 

“recode” the memories bundled together in CA3, allowing for subsequent retrieval when 

commanded by the cortex. Associative synaptic plasticity has been extensively studied in the 
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hippocampus and distinct learning rules have been unearthed for the various types of synaptic 

connections. For example, the synapses between CA3 and CA1, the so-called Schaffer 

collaterals, demonstrate an NMDA receptor-dependent postsynaptic form of long-term 

potentiation (LTP). In contrast, the synapses between DG and CA3 neurons demonstrate an 

NMDA receptor-independent presynaptic form of LTP.  

 We wondered whether hippocampal synapses differed in their homeostatic synaptic 

plasticity rules as well. We therefore perturbed primary cultured hippocampal neurons in vitro 

and determined whether all neurons responded homeostatically. We observed that hippocampal 

excitatory neurons retain their in vivo cellular identity in vitro and can be biochemically or 

morphologically distinguished as DG, CA3, or CA1 neurons. Interestingly, we found that CA3 

neurons selectively responded to network activity, demonstrating pronounced bidirectional 

changes in synaptic efficacy and the accumulation of synaptic proteins. DG and CA1 neurons 

were unaffected by chronic activity perturbations, even after one-week of activity disruption.  

The homeostatic changes observed in CA3 neurons were confined to proximal dendrites, as we 

observed no compensatory synaptic changes at distal dendrites. Intriguingly, when we 

chronically manipulated the in vivo activity status of adult mice, we observed bidirectional 

changes in proximal CA3 dendritic spines, with no corresponding changes in distal CA3 spines 

or in CA1 spines. These results suggest that a subset of hippocampal synapses – those on the 

proximal dendrites of CA3 neurons – respond homeostatically both in vitro and in vivo, leaving 

other synapses unchanged to encode information by associative plasticity mechanisms. 
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3.2 MATERIALS & METHODS 

All experiments were conducted in accordance with the Georgetown Animal Care and Use 

Committee guidelines.  

 

Primary hippocampal cultures. Primary hippocampal cultures (~150 cells/mm
2
) were prepared 

from E19 rat embryo brains as previously described 
84–86

. Borosilicate glass coverslips (VWR 

International) were submerged for 2 days in nitric acid, washed 4 times in distilled water over the 

course of 24 hours, and baked overnight at 200°C. For hippocampal neurons, coverslips were 

then transferred to 12-well plates, coated for 1 day at RT in poly-D-lysine (30 µg/ml, Sigma) 

diluted in borate buffer, washed once with sterile water (Cellgro), coated overnight with laminin 

(2 µg/ml, Roche), and washed four times with sterile water. Cell culture media was added to 12-

well plates and incubated for >1hr at 37°C before dissection. Cell culture media consisted of 

penicillin/streptomycin-containing Neurobasal medium (Invitrogen) supplemented with 0.5 mM 

glutamine (Gibco) and either SM1 growth supplement (StemCell Technologies) and 25 µM 

glutamate or B27 growth supplement (Invitrogen) and 12.5 uM glutamate (Sigma).  

Timed-pregnant female Sprague-Dawley rats were euthanized with CO2 and E19 rat 

embryos were decapitated into ice-cold HBSS. All protocols were in accordance with the 

Georgetown University Animal Care and Usage Committee guidelines. Hippocampi were 

dissected out bilaterally under a dissecting scope in ice-cold HBSS, washed, trypsinized, washed 

with trypsin inhibitor, washed with pre-warmed HBSS, and resuspended in HBSS. Neurons were 

then slowly dissociated manually using 3 sequentially smaller glass pipettes. Cells were counted 

and plated at ~75,000 cells/well (~150 cells/mm
2
). Neurons were grown at 37°C in a humidified 

chamber with 95% O2/5% CO2. Media was partially exchanged every week with plating media 
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lacking glutamate.  

 

Antibodies. Antibodies were obtained from the following sources: Synaptophysin SVP38 

(Sigma); mouse Bassoon (Assay Designs); rat CTIP2 (AbCam); rabbit polyclonal GABAAR α1 

subunit (Upstate Biotechnologies); mouse GFP monoclonal 3E6 (Quantum Biotechnologies); 

rabbit polyclonal GFP (Invitrogen); rabbit GluA1 N-terminal antibody (Calbiochem); mouse 

GluA2 N-terminal antibody (Millipore); rabbit Homer and pan-Shank rabbit 3856 (gifts of 

Eunjoon Kim, KAIST); mouse PSD-95 K28/43 (NeuroMabs); rabbit PSD-95 D27E11 (Cell 

signaling); mouse NR1 (Pharmingen); rabbit Prox1 (Covance); mouse Py (gift of Michael 

Webb); rabbit synaptoporin (Synaptic Systems GMBH); and SPAR 
89

. PSD-95 and Shank 

colocalized precisely under all conditions examined and were used interchangeably as excitatory 

synaptic markers. 

 

Immunocytochemistry of cultured hippocampal neurons. Neurons were analyzed at 10-14 

DIV for young neurons and >21 DIV for mature stages. Hippocampal cultured neurons were 

fixed with one of 3 fixation methods. To visualize soluble proteins (e.g., GFP in 

transfected/infected neurons), neurons were fixed in 4% paraformaldehyde (PFA) / 4% sucrose / 

PBS for 10 min at RT. To visualize synaptic proteins, neurons were fixed in methanol at –20°C 

for 10 min. For combinations of target proteins (e.g., MAP2 + PSD-95), neurons were fixed in 

1% PFA / 4% sucrose / PBS for 7 min at RT before fixation in methanol for 7 min at –20°C.  

 After fixation, neurons were permeabilized with 0.01% Triton X-100 / PBS for 30 min at 

RT. Primary and secondary antibodies for immunostaining were incubated in GDB buffer (0.1%  
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gelatin, 0.3% Triton X-100, 16 mM sodium phosphate pH 7.4, 450 mM NaCl). Neurons were 

incubated in primary antibody overnight at 4° C, washed for 30 min in PBS, incubated in 

secondary antibody for 2hrs at RT, washed for 15 min in PBS, and mounted using 4% N-propyl 

gallate.  

 

Imaging and analysis of primary hippocampal neurons. For fluorescent intensity 

measurement, images were acquired using an Axiovert 200M (Zeiss) for conventional 

epifluorescence. Images were analyzed using MetaMorph software (Molecular Devices). 

Dendrites were traced freehand and regions were automatically generated centered on the 

dendrite. All regions were 20µm long (along the length of the dendrite) and 10µm wide (centered 

on the dendrite. Immunoreactivity was quantified by thresholding images, and measuring the 

integrated intensity of the immunolabeling in along dendrites.  

 

Morphological characterization of cell types. CA3 neurons were positively stained using Py 

antibody 
134

. DG neurons were positively stained using Prox1 (all DG neurons) and/or CTIP2 

(most DG neurons), while CA1 neurons were positively stained using CTIP2 
92

. Co-staining for 

excitatory synaptic markers Shank/PSD-95 and/or dendritic marker MAP2 revealed neuronal 

morphology, allowing for rapid morphological characterization of the 3 principal cell types.  

 

Identification of DG mossy fiber targets for SPO knockdown. In immunocytochemical 

experiments, GFP-positive mossy fiber boutons of granule cells were identified based on the 

presence of mossy fiber marker Synaptoporin-immunoreactive signals. In electrophysiological 

recordings, GFP-expressing dentate granule cells were identified at the time of recording based 
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on small somatic size, limited number of primary neurites (<3), and axonal branching patterns. 

Unlike the vast radial axonal arborizations of pyramidal neurons or interneurons, DG neurons 

had more limited and linear axonal arborizations. Axons emanated in one direction from the 

soma and collaterals were seen encircling pyramidal neurons. These collaterals contained large, 

bulbous boutons not seen in other excitatory cell types (certain interneurons also have bulbous 

boutons in vitro). Recordings were performed from untransfected pyramidal neurons which were 

innervated by large, bulbous boutons that could be unambiguously traced to a DG cell.  

 

Statistical analysis. All data represent mean ± SEM unless otherwise indicated (e.g., 

morphological characteristics of neuronal types are described as mean±SD). Data was analyzed 

in GraphPad Prism 5. All data was assessed for normality using a D’Agostino-Pearson omnibus 

test. For two-sample comparisons vs. controls, unpaired Student’s t-test (normal data) or Mann-

Whitney (non-noraml data) were used. For two-sample comparisons within neurons (e.g., 

baseline vs. sucrose stimulation, baseline vs. drug), paired Student’s t-tests (normal data) or 

Wilcoxon rank sum tests (non-normal data) were used. For multiple comparisons between 

normally distributed data, one-way ANOVA was performed to assess significance. Group 

differences were assessed post hoc using either Dunnett test (all groups v. control), Bonferroni 

tests (comparison between selected groups), or Tukey tests (comparison between all groups). For 

multiple comparisons between non-normally distributed data, Kruskal-Wallis tests were 

performed to assess significance. Groups differences were subsequently assessed using Dunn’s 

comparisons. Kolmogorov-Smirnoff (K-S) tests were used for cumulative distributions. 
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3.3 RESULTS 

We intended to study the homeostatic responses of excitatory neurons within the hippocampus. 

We therefore first needed to exclude inhibitory interneurons from our analysis. To identify 

interneurons, we immunostained neurons for the major inhibitory ion channel, the GABAA 

receptor, in particular the α1 subunit which the most ubiquitously expressed in GABAA receptors 

of the CNS 
135,136

. Immunolabeling with GABAAR α1 clearly separated the neurons into two 

distinct populations: one which brightly stained for GABAAR α1 throughout the entire dendritic 

tree (Figure 3.1A-B, white arrowheads), and one which only weakly stained for the subunit 

(Figure 3.1B, red arrows). The distribution of GABAAR α1 puncta differed between the two 

populations. In the strongly immunopositive population (putative interneurons), GABAAR α1 

puncta smoothly followed the dendritic shaft, which could be visualized with the dendritic 

marker MAP2 (Figure 3.1A-B, left). In the weakly immunopositive population (putative 

excitatory neurons), GABAAR α1 puncta only loosely dotted the dendritic shaft (Figure 3.2B, 

red arrows). The arrangement of GABAAR α1 puncta around but not on the dendritic shaft 

suggested that, in the weakly immunopositive cells, GABAARs were located on dendritic spines, 

small protrusions from the dendritic shaft. Conveniently, dendritic spines are a feature of 

excitatory but not inhibitory neurons 
137,138

. We therefore hypothesized that the weakly 

immunopositive cells were excitatory neurons, while the strongly immunopositive cells were 

inhibitory neurons. We quantified the proportion of interneurons within our cultures by recording 

the ratio of excitatory (EN) to inhibitory (IN) cells within a given field of view. We observed an 

EN-to-IN ratio of 5.5 (Figure 3.1C), indicating that 18.2% of neurons in vitro are inhibitory. In 

vivo quantification of the proportion of interneurons in the rodent hippocampus have suggested 
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that interneurons constitute 7-11% of the total cellular population 
134,139

, although these have 

been considered low estimates 
140

.  

 To determine whether the strongly GABAAR α1-positive population were, in fact, 

lacking dendritic spines, suggestive of interneurons, we immunostained neurons with both 

GABAAR α1 and the excitatory scaffolding protein PSD-95. PSD-95 immunolabeling also 

revealed two distinct patterns of staining. In a minority of cells (~20%), PSD-95 puncta smoothly 

followed dendrites (Figure 3.1A-B), while in the majority of neurons, PSD-95 puncta dotted 

dendrites less precisely (Figure 3.1B, red arrows). The strongly GABAAR α1-positive 

population coincided with the “smooth” PSD-95 population, while the GABAAR-negative cells 

showed the “spiny” PSD-95 staining. We therefore concluded that the pattern of either PSD-95 

or GABAAR α1 staining was sufficient to easily resolve interneurons versus excitatory neurons.  

 

Biochemical identification of excitatory cell types in vitro 

We next turned our attention to the excitatory neurons in vitro. In the intact hippocampus, there 

are three major excitatory cell types: (1) granule cells of the dentate gyrus (DG), (2) CA3 

pyramidal neurons, and (3) CA1 pyramidal neurons (Figure i). To determine which neuronal 

types existed in vitro, we used biochemical markers for the three major excitatory cells times in 

the hippocampus. DG granule cells are known to selectively express the transcription factor, 

Prox1 
92,141

, while CA3 pyramidal neurons are known to selectively express Py 
92,134

. Both DG 

granule cells and CA1 pyramidal cells express the transcription factor, CTIP2 
92,142

. Triple-

labeling primary hippocampal neurons allowed us to unambiguously distinguish the 3 major 

types of excitatory cells: DG (Prox1+ / CTIP2+ / Py-), CA3 (Prox1- / CTIP2- / Py+), and CA1 

(Prox1- / CTIP2+ / Py-) (Figure 3.2A, Table 3.1).  
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 Ideally, the identify of each cell type would be unambiguously determined by the 

combined use of Py, CTIP2, and Prox1 immunolabeling. However, this triple-labeling would, in 

most cases, occupy all available channels on conventional fluorescent microscopes and prevent 

further inquiry using immunocytochemistry. We therefore wondered whether biochemical 

markers could be used in combination with morphological analysis to identify cell types in vitro. 

 

Morphological identification of cell types in vitro  

Visual inspection of our cultures suggested that excitatory hippocampal neurons are not a 

homogenous population of cells in vitro. We observed distinct cellular morphologies, based on 

soma size and number of primary neurites, as revealed by immunolabeling with the dendritic 

marker, MAP2  or the excitatory scaffolding protein, PSD-95 (Figure 3.2B). We therefore 

examined whether morphological criteria can be used in combination with immunolabeling to 

determine all three cell types.  

 We first immunolabeled neurons with CTIP2, a transcription factor expressed in both DG 

and CA1 neurons in vivo 
92,142

 and in vitro 
87,92

 and measured the somatic area (Figure 3.2D) and 

number of primary neurites (Figure 3.2E-F) of the cell populations. CTIP2 positively 

immunolabeled two non-overlapping neuronal populations: one with small somata and few 

primary neurites, and another with large somata and many primary neurites (Figure 3.2B-C, 

Table 3.1). We postulated that the small cells were DG neurons, based on the morphology of DG 

neurons in vivo. We therefore immunolabeled neurons with Prox1, a transcription factor 

expressed in DG neurons but not CA3 or CA1 cells 
92,141

. CTIP2 and Prox1 both labeled the 

small neuronal population (Figure 3.2B-E), suggesting that these neurons are DG cells. Prox1 

failed to label the CTIP2+ population of neurons with large somata and several primary neurites 
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(Figure 3.2C). We concluded that the large CTIP2+ neurons were CA1 pyramidal cells (Figure 

3.2B). CTIP2 did not stain a population of intermediately sized and branched neurons (Figure 

3.2B-C), leading us to speculate that these were CA3 neurons. Indeed, the CTIP2-negative 

population of excitatory cells of moderate soma size and roughly 6-7 primary neurites was 

positively labeled with the CA3-marker Py (Figure 3.2C). Py also stained a subset of 

exceptionally large inhibitory neurons which were easily excluded based on the absence of 

dendritic spines and/or the restriction of excitatory synapses primarily to the dendritic shaft. The 

inhibitory nature of these Py+ neurons was confirmed with antibodies against the GABAA

subunit.  

 Encouragingly, when either somatic area (Figure 3.2D) or number of primary neurites 

(Figure 3.2E-F) were plotted as means ± SD or as frequency distributions, the populations were 

relatively distinct, suggesting that these measures can be used for individual neurons, not just 

averages of neuronal populations. We therefore concluded that CTIP2 can be used in 

combination with cell morphology to unambiguously determine the identity of all 3 cell types 

(Figure 3.2B, Table 3.1). DG neurons (Prox1+ / CTIP2+ / Py-) had small, often oblong somata 

and ~2-3 thin primary neurites (3.29±1.26 SD) which generally did not branch within the first 50 

µm. CA3 neurons (Prox1-/ CTIP2- / Py+) had large round or pyramidal somata and ~5-7 thick 

primary neurites (6.76±1.43 SD) which generally branched within the first 50 µm. CA1 neurons 

(Prox1- / CTIP2+ / Py-) had large round or oval somata and ~9-12 thin primary neurites 

(10.6±2.17 SD) which had a high uniform spine density under basal conditions. We were 

extremely encouraged to find that our morphological analysis of DG and CA3 neurons (in 

particular, soma size and number of primary neurites) was in agreement with previous work 

which used retrograde labeling to identify cell types in vitro 
143

. 
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DG granule cells preferentially innervate CA3 neurons in vitro 

In the intact hippocampus, the major excitatory cell types are connected in a precise manner. 

Inputs from the entorhinal cortex project to the dendrites of the granule cells in the dentate gyrus 

(Figure 3.3A). DG neurons then project to CA3 neurons via large specialized axons called 

mossy fibers. CA3 pyramidal cells innervate other CA3 neurons via a series of recurrent loops 

important for pattern completion and also project to CA1 neurons. CA1 neurons then complete 

the circuit by projecting back out to the entorhinal cortex.  

 Since the excitatory neurons of the hippocampus retain their biochemical characteristics 

in vitro (Figure 3.2), we wondered whether then also retain their patterns of connectivity. Our 

cultures consisted primarily of DG and CA3 neurons (Figure 3.2G), leading us to examine 

whether DG neurons appeared to innervate their CA3 targets. 

 The axons of DG neurons, named mossy fibers, are some of the most complex and 

fascinating axons in the nervous system. Mossy fibers contain two discrete types of axon 

terminals: (1) small, en passant terminals which innervate interneurons, and (2) large, elaborate, 

multi-site terminals which powerfully innervate excitatory CA3 cells within their proximal 

dendrites. Due to the structural and functional complexity of mossy fiber boutons, these 

terminals are selectively enriched in certain proteins, including synaptoporin (SPO), a vesicle-

associated protein related to synaptophysin 
92,144–146

. We therefore transfected neurons with GFP 

and stained for synaptoporin to determine whether the axon terminals of the CTIP2+ / Prox1+ 

(putative DG) neurons were synaptoporin-positive. When we traced the GFP-filled axons of 

morphologically or biochemically identified DG neurons (Figure 3.3E), we observed that the 

axons had particular large, bulbous boutons which stained strongly for synaptoporin and apposed 



65 

 

PSD-95 terminals on the postsynaptic target (Figure 3.3F). We concluded that these DG axons 

retained the biochemical characteristics of mossy fibers. 

 Intriguingly, when we examined the axons of GFP-transfected DG neurons, we observed 

that the SPO-positive mossy fiber terminals preferentially targeted Py-positive CA3 neurons 

(Figure 3.3C-D). The vast majority (76±4.2%) of SPO-positive mossy fiber terminals innervated 

Py-positive CA3 neurons, a much higher rate that would be expected by random walk. Mossy 

fibers are known to innervate interneurons in vivo (ref) and we observed that in vitro mossy fiber 

terminals innervated Py-positive interneurons (9±1.1%) (Figure 3.3D), as well as “off-target” 

Py-negative cells (15±2.0%) which may represent either a different class of interneurons or 

aberrant innervation
18

. These findings support previous observations 
92

 that hippocampal 

neurons in vitro retain not only their cellular identity, but also their patterns of connectivity.  

 

Homeostatic synaptic plasticity occurs preferentially in CA3 neurons in vitro 

In our initial studies (Chapter 1), we found that ~70% of morphologically identified pyramidal 

neurons responded homeostatically, as assayed by either immunocytochemistry or 

electrophysiology. To determine whether HSP occurred only in a subset of excitatory cell types, 

we used established immunocytochemical markers to distinguish among the three major 

excitatory cell types of the hippocampus, namely CA1/CA3 pyramidal neurons and DG granule 

cells. Since our cultures are predominantly CA3 and DG neurons (Figure 3.2G), we first 

examined whether homeostatic upregulation occurred in these cell types.  

We chronically inactivated mature hippocampal neurons (>21 DIV) through 24-hour 

action potential blockade with the reversible sodium channel blocker, tetrodotoxin (TTX). We 

then assayed homeostatic changes in synaptic efficacy by immunostaining for PSD95. When we 
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 Experiments in italics were performed by Dr. Kea Joo Lee. 
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immunostained neurons with Prox1 and CITP2 to positively label DG neurons (Figure 3.4A) 

and negatively label CA3 neurons (Figure 3.4B), we observed that PSD95 levels appeared 

unchanged in DG neurons following chronic inactivity, but were upregulated in CA3 neurons 

(Figure 3.4C).  

We therefore examined whether HSP was specific to CA3 neurons. As we have 

previously observed (Chapters 1 and 2), in mature hippocampal neurons in vitro homeostatic 

plasticity of excitatory synapses occurs exclusively within proximal dendrites and is not 

observed in distal dendrites. We quantified the percent of neurons showing proximal 

upregulation as a function of cell type. Immunostaining for CTIP2 revealed that most CTIP2-

negative (putative CA3) neurons displayed robust proximal synaptic upregulation in response to 

TTX (NT 2.2±1.5%; TTX 78.3±4.2%), while proximal immunoreactivity was not altered in 

CTIP2-positive (DG/CA1) neurons (NT 1.0±2.01%; TTX 3.8±3.8%; P=0.25, t-test vs. NT) 

(Figure 3.5A-B). These results suggest that neither DG neurons nor CA1 neurons demonstrate 

homeostatic responses to inactivity. 

To confirm that HSP was CA3-specific, we used Py antibody to positively label CA3 

neurons 
92,134

. Under basal conditions, few CA3 cells displayed proximal upregulation (Figure 

3.5C). PTX treatment further decreased this percentage, while TTX caused the great majority of 

CA3 cells to develop proximal dendritic PSD-95 clusters (NT 14±4%; TTX 91±2.8%; PTX 

4±1.6%; P<0.05, t-test vs. NT) (Figure 3.5C-D). Total Shank immunoreactivity was 

bidirectionally modulated in proximal, not distal, dendrites of Py
+

 CA3 neurons (proximal: NT 

1.0±0.12, TTX 4.9±0.82, PTX 0.3±0.04; P<0.001; distal: NT 0.8±0.10, TTX 1.1±0.17, PTX 
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0.9±0.08; P>0.27; t-test vs. NT) (Figure 3E)
19

. These results suggest that HSP occurs 

preferentially in CA3 neurons. 

We wondered whether the CA3-specific synaptic changes were merely due to a temporal 

delay in the onset of the homeostatic response program in the different cell types. We therefore 

inactivated mature hippocampal neurons for 1, 3, or 7 days and repeated our cell-type analysis. 

Once again, we observed robust proximal PSD95 upregulation in CA3 neurons (CA3 proximal 

(<20µm) dendrites: NT 100.0±21.2%, TTX 1d 196.2±37.3% of NT, TTX 7d 206.2±20.1; 

P<0.001, two-way ANOVA and post hoc Bonferroni test) (Figure 3.6A,D), with no changes in 

distal dendrites (CA3 distal (80-100µm) dendrites: NT 52.1±9.3%, TTX 1d 66.4±13.2% of NT, 

TTX 7d 46.9±6.0; P>0.05, two-way ANOVA and post hoc Bonferroni test). The maximal 

homeostatic response was achieved at one day, with no additive synaptic changes observed after 

one week (Figure 3.6D).  

We observed no homeostatic upregulation in the proximal dendrites of either DG neurons 

(DG proximal (<20µm) dendrites: NT 100.0±37.8, TTX 1d 112.3±32.4% of NT, TTX 7d 

117.9±49.6; P>0.05, two-way ANOVA and post hoc Bonferroni test) (Figure 3.6B,E) or CA1 

neurons (CA1 proximal (<20µm) dendrites: NT 100.0±17.1, TTX 1d 102.1±26.1% of NT, TTX 

7d 86.1±14.3; P>0.05, two-way ANOVA and post hoc Bonferroni test) (Figure 3.6C,F). In fact, 

after one day or one week of inactivity, we observed decreased PSD-95 immunoreactivity in the 

distal dendrites of DG neurons (DG distal (80-100µm) dendrites: NT 104.5±21.7%, TTX 1d 

49.8±16.1% of NT, TTX 7d 30.5±5.8; P<0.001 at distances 40-100µm, two-way ANOVA and 

post hoc Bonferroni test) (Figure 3.6B,E) and CA1 neurons (CA1 distal dendrites: NT 

81.4±22.1%, TTX 1d 40.7±9.2% of NT, TTX 7d 35.8±5.5%; P<0.01 at distances 40-100µm, 
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two-way ANOVA and post hoc Bonferroni test) (Figure 3.6C,F). These results suggest that CA3 

homeostatically respond to inactivity, while DG and CA1 neurons do not. 

To functionally confirm our immunocytochemical findings, we recorded AMPAR-

mediated mEPSCs from the different cell types in vitro. We transfected neurons with GFP and 

used our previously established morphological criteria to identify the 3 major cell types (Figure 

3.6G). DG cells were readily distinguished by having small somata and few (~2-3) primary 

dendrites (Figure 3.2B-F, 3.6B). CA3 cells had 5-7 primary neurites which were thicker and 

branched closer to the soma than CA1 cells which had more and thinner primary neurites with 

higher synaptic density (Figure 3.2B-F, Figure 3.6A,C). In response to 24 hours of action 

potential blockade with TTX, CA3 neurons exhibited increased mEPSC amplitude and frequency 

with TTX (NT: 9.0±1.2 pA, 5.7±1.4 Hz; TTX: 13.2±1.0 pA, 19.2±2.9 Hz, P<0.05, t-test vs. NT), 

whereas neither parameter was significantly altered in DG or CA1 neurons (DG: NT, 10.2±0.53 

pA, 8.5±1.3 Hz; TTX, 9.0±0.94 pA, 10.1±2.4 Hz; CA1: NT, 12.5±1.4 pA, 4.8±2.1 Hz; TTX, 

12.3±1.9 pA, 9.9±3.5 Hz; P>0.26 vs. NT) (Figure 3.6H-I). Collectively, these findings suggest 

that homeostatic adaptation of mature hippocampal neurons occurs preferentially in the proximal 

dendrites of CA3 neurons. 

 

Homeostatic synaptic plasticity occurs preferentially in CA3 neurons in vivo 

To test whether activity also regulates TEs in vivo, we altered neuronal activity in 3-month-old 

wild-type (WT) mice via chronic pharmacological manipulation of network inhibition. Activity 

was globally enhanced with the GABAA receptor antagonist PTX, delivered at sub-seizure 

threshold doses (1 mg/kg, i.p.), or dampened with the GABAA receptor positive allosteric 

modulator diazepam (Dzp, 2 mg/kg, i.p.). After 2 weeks of daily injection of Dzp, PTX, or vehicle 
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control, we used Golgi staining to examine the effects of chronic network activity modulation on 

dendritic spine morphology in the adult mouse hippocampus (Figure 3.7A,E,G). We observed 

that network activity bidirectionally altered TE morphology in proximal dendrites of CA3 

neurons (Figure 3.7A-B): total TE area was dramatically larger following chronic inactivity 

and smaller following chronic hyperactivity when compared to vehicle control-treated mice (NT 

19.8±1.4 µm
2
, Dzp 30.9±3.5, PTX 12.6±2.1; P<0.05, t-test vs. NT). Chronic inactivity 

significantly increased the size of individual TEs (NT 4.1±0.33 µm
2
, Dzp 6.4±0.72, PTX 

3.9±0.65; P<0.05) (Figure 3.7C), while chronic hyperactivity significantly decreased the 

number of proximal TEs (NT 4.8±0.20 TE, Dzp 4.8±0.49, PTX 3.6±0.32; P<0.05) (Figure 3.7D), 

likely because individual TE size shrank below the morphological criterion for scoring 

protrusions as TEs rather than spines (see Methods). 

To determine whether network activity specifically regulates TE morphology, we 

examined dendritic spines in the distal apical dendrites of CA3 (Figure 3.7E-F) and CA1 

(Figure 3.7G-H) pyramidal neurons. We observed no significant differences in spine density 

(Figure 3.7F,H) (CA3: NT 10.1±0.40 spines/10μm, Dzp 10.8±0.41, PTX 10.1±0.50; P=0.46; 

CA1: NT 6.8±0.19, Dzp 7.2±0.34, PTX 6.9±0.29; P=0.58; one-way ANOVA), spine head area 

(data not shown) or spine length (data not shown) in distal CA3 or CA1 dendrites. The proximal 

apical dendrites of CA1 neurons are normally devoid of spines and we observed no increases in 

spine density with Dzp (data not shown)
20

. These results suggest that global network activity 

bidirectionally and preferentially alters TE morphology and structural plasticity in the adult 

hippocampus. 
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 Experiments in gray italics were performed by Dr. Kea Joo Lee, Dr. Aaron Rozeboom, and Ryan Bellmore. 
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3.4 DISCUSSION 

Contrary to the synaptic scaling hypothesis that homeostatic synaptic plasticity occurs globally 

throughout the dendritic tree, we have observed that HSP occurs in a synapse- and cell-specific 

manner. Bidirectional changes in excitatory synaptic strength were observed only in proximal 

dendrites of CA3 neurons both in vitro and in vivo.  

 While proximal CA3 synapses were homeostatically altered by activity, we observed no 

homeostatic compensation in distal CA3 dendrites or in the dendrites of CA1 or DG neurons in 

vitro or in vivo. In fact, after one week of in vitro inactivity, the distal synapses of CA1 and DG 

neurons had significantly less PSD95 accumulated. This suggests that not only are CA1 and DG 

synapses not subject to homeostatic regulation, but that they must be actively maintained by 

activity. We have previously observed that distal synapses are unaffected during the negative 

feedback processes of homeostatic synaptic plasticity, but undergo a positive feedback-mediated 

form of associative synaptic plasticity called long-term potentiation (LTP). Taken together, we 

conclude that distinct plasticity rules apply at distinct synaptic connections in vitro. 

 Why would HSP be confined to proximal CA3 synapses, while associative plasticity 

occurs in distal dendrites? A fascinating possibility arises from the nature of hippocampal 

connections in vivo. Input into from the cortex is processed through a hippocampal circuit 

consisting of connections from DG  CA3  CA1, with CA3 neurons also extensively 

innervating each other. Throughout the hippocampus, synaptic input is highly stratified, with 

inputs synapsing in designated portions of the target neuron’s dendritic tree. For example, inputs 

arriving from the entorhinal cortex via the lateral and medial perforant path synapse in distinct 

regions on the distal and middle portions of DG neurons. CA3 neurons also receive input in a 

stratified manner. The most distal portion of CA3 dendrites receives input from the perforant 
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path, while the middle portion receives input from other CA3 neurons. Intriguingly, the proximal 

portion of CA3 neurons in vivo is the exclusive innervation territory of mossy fibers, the 

complex and powerful axons of DG granule cells.  It is therefore tempting to speculate that the 

selective homeostatic regulation of proximal CA3 synapses is due to a designated homeostatic 

function of mossy fibers.  

  

“[They] are who we thought they were
21

”: Neurons retain cellular identity in vitro 

We have independently confirmed the finding that hippocampal neurons retain their cellular 

identity in vitro 
92,143

. DG, CA3, and CA1 excitatory neurons could be unambiguously 

distinguished using cell-specific biochemical markers. We extended the practical utility of the 

biochemical approach by determining the morphological characteristics of the three major 

excitatory cell types. The combined biochemical and morphological identification strategy 

allowed us to distinguish the three major excitatory cell types with only one cellular marker, 

CTIP2.  

 The composition of our cultures differed fairly substantially from that reported previously 

92
. Our excitatory neurons were mostly CA3 (~58%), with smaller proportions of DG (31%) and 

CA1 (14%) neurons (Figure 3.2G). CA1 pyramidal neurons are known to be more sensitive to 

ischemia than their CA3 counterparts 
147,148

. We hypothesized that the high proportion of CA3 to 

CA1 pyramidal neurons in our cultures was due to greater CA1 cell death during the dissociation 

process. 

 In contrast, Williams et al. found that the excitatory neurons in their hippocampal 

cultures were mostly DG neurons (~53%), with CA1 (26%) and CA3 (21%) neurons making up 

smaller proportions 
92

. The enrichment of DG neurons could be due to the age of the dissected 
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rodent hippocampus: we used embryonic day 18 animals, while Williams et al. used postnatal 

day 0 animals. As the age of the source animal increases, myelination and dendritic arborization 

increases, resulting in greater damage during the dissociation procedure. DG neurons in vivo 

continue to proliferate throughout life, allowing for the possibility that DG granule cells in vitro 

are more plastic and would be more likely to survive the trauma of dissociation. This theory 

would not explain the discrepancy between the proportions of pyramidal neurons. We examined 

culture composition at DIV 21-28, in comparison to the analysis performed at DIV 12-15 by 

Williams et al. It is possible that CA1 neuronal survival in vitro decreases with age. Alternately, 

our cultures were grown under identical conditions with the exception that we supplemented the 

growth media with glutamate at plating, and glutamine throughout, while Williams et al. used 

only glucose. It is possible that these technical differences differentially affect the survival of the 

distinct cell types. 

 

“A thousand fibers connect us
22

”: Proper synaptic connectivity in vitro 

Considerably more astonishing that the preservation of cellular identity in vitro is the 

preservation of cellular connectivity. We found that DG neurons preferentially innervate CA3 

neuron in vitro, as is the case in vivo. Several adhesion molecules have been implicated in the 

formation of proper contacts between mossy fibers and CA3 pyramidal cells. CA3-expressed 

Netrin-1 has been suggested to mediate MF guidance 
149

, as have neural cell adhesion molecule 

(NCAM) 
150

, the nectin-afadin cell adhesion complex 
151

, and cadherin-9 
92

. However, based on 

the patterns of DG axonal growth, we postulate that CA3 neurons likely release diffusible 

guidance cues which attract MF axons 
152

. The diffusible semaphorin, Sema3F, has been found 
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actions run as causes, and they come back to us as effects.” 



73 

 

to repel mossy fibers 
149,153

 via binding to neuropilin-2 
154–156

. However, we do not know of any 

diffusible guidance cues which would attract mossy fibers to their CA3 targets. 

 The proper wiring of hippocampal neurons in vitro provides an excellent opportunity to 

explore the developmental guidance cues that mediate synaptic contacts. In addition, the 

maintenance of the synaptic connections in an accessible two-dimensional model allows for 

easier examination of the role of growth factors and pharmacological agents on specific synaptic 

populations. For example, certain drugs may specifically enhance transmission or connectivity 

between a subset of cells (e.g., DG and CA3 cells), while leaving other synaptic connections 

intact. For example, in striatal cultures, the dopamine 2 (D2) receptor agonist quinpirole 

selectively increased synaptic connectivity onto D2+ medium spiny neurons without affecting 

connectivity between other cell types 
157

. Culture systems with preserved connectivity patterns 

can therefore provide invaluable insight into the synaptic consequences of drug treatments and 

the computational consequences for the in vivo network. 
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CHAPTER IV. Homeostatic adaptation is mediated by presynaptic 

mossy fibers 

 

4.1 INTRODUCTION 

In response to chronic changes in network activity, neurons initiate compensatory programs 

which negatively reinforce synaptic strength: chronic inactivity induces synaptic strengthening, 

while chronic hyperactivity induces synaptic weakening or dismantling 
61,62,66

. The 

compensatory programs, collectively known as homeostatic synaptic plasticity (HSP) are thought 

to stabilize neural networks. However, the current theory of learning and memory in the central 

nervous system postulates that information is encoded in synaptic strength 
28,32,33,41

. It is 

therefore unclear how synapses can be homeostatically adjusted without destroying information 

stored in neural networks 
67,68

.  

 The hippocampus is a highly plastic area of the mammalian brain crucial for certain types 

of learning and memory 
31–34,158

. We therefore investigated how HSP proceeded in mature 

hippocampal networks in vitro. The prevailing theory reconciling HSP with associative 

information encoding is one of ‘synaptic scaling.’ In this theory, synapses are altered throughout 

the dendritic tree in a multiplicative fashion, thus preserving the relative patterns of synaptic 

strength and the encoded information 
61

. However, we have previously observed that, contrary to 

the global scaling theory, HSP does not affect all synapses throughout the dendritic tree. Instead, 

homeostatic compensation in synaptic strength occur exclusively within proximal dendrites, 

leaving distal dendrites unchanged (Chapter 1-2). Moreover, proximal HSP occurs in a cell-

specific fashion within the hippocampus: CA3 neurons respond homeostatically while DG and 

CA1 neurons do not (Chapter 3). The preferential homeostatic responses of proximal CA3 
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synapses was also observed in vivo after chronic activity manipulation (Chapter 3), suggesting 

that proximal CA3 synapses are the designated locus of homeostatic adaptation both in vitro and 

in vivo.   

 Intriguingly, the proximal dendrites of CA3 neurons in vivo contain some of the largest 

and most elaborate dendritic spines in the central nervous system, known as “thorny 

excrescences” (TE) 
159,160

. Moreover, TE are the exclusive innervation territory of mossy fibers, 

the enormous and highly complex axon terminals of DG granule cells 
161–164

. The shocking size 

and complexity of TE and mossy fibers was first observed over a century ago by the famed 

neuroscientist Santiago Ramon y Cajal. Since then, scientists have speculated as to the function 

of these large, specialized, incredibly powerful synapses. TE are clusters of multiple postsynaptic 

sites emanating from one spine neck. Correspondingly, mossy fiber boutons have multiple active 

zones which can release neurotransmitter vesicles independently. Due to the size and complexity 

of these cluster synapses, mossy fiber-TE synapses express many proteins not found at typical 

neuronal connections and demonstrate distinct functional characteristics.  

 We speculated that homeostatic adaptation of proximal CA3 synapses in vitro and in vivo 

was actually due to a designated homeostatic function of mossy fiber-TE synapses. We observed 

that inactivity promoted the formation of large cluster synapses on the proximal dendrites of 

CA3 neurons in vitro, and that these proximal cluster synapses displayed biochemical signatures 

of mossy fiber-TE connections. Chronic changes in neuronal activity bidirectionally altered the 

strength of mossy fiber transmission in vitro. We noticed profound upregulation of the 

presynaptic vesicle-associated protein, synaptoporin (SPO), in mossy fiber terminals following 

multiple types of pharmacologically induced inacitivty. Importantly, presynaptic SPO was both 

necessary and sufficient for homeostatic adaptation to inactivity. The elaboration of TE and the 
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upregulation of SPO was governed by the activity status of the presynaptic DG neuron in vitro. 

We therefore concluded that DG activity levels dictate the selective homeostatic adaptation of 

the large, specialized synapses between the mossy fibers of DG neurons and the thorny 

excrescences of CA3 neurons.  

 

4.2 MATERIALS AND METHODS 

 

All experiments were conducted in accordance with the Georgetown Animal Care and Use 

Committee guidelines.  

 

Primary hippocampal cultures 

Primary hippocampal cultures (~150 cells/mm
2
) were prepared from E19 rat embryo brains as 

previously described 
84–86

. Borosilicate glass coverslips (VWR International) were submerged for 

2 days in nitric acid, washed in distilled water for 1 day, and baked overnight at 200°C. For 

hippocampal neurons, coverslips were then transferred to 12-well plates, coated for 1 day at RT 

in poly-D-lysine (30 µg/ml, Sigma) diluted in borate buffer, washed once with sterile water 

(Cellgro), coated overnight with laminin (2 µg/ml, Roche), and washed four times with sterile 

water. Cell culture media was added to 12-well plates and incubated for >1hr at 37°C before 

dissection. Cell culture media consisted of penicillin/streptomycin-containing Neurobasal 

medium (Invitrogen) supplemented with 0.5 mM glutamine (Gibco) and either SM1 growth 

supplement (StemCell Technologies) and 25 µM glutamate or B27 growth supplement 

(Invitrogen) and 12.5 uM glutamate (Sigma).  

Timed-pregnant female Sprague-Dawley rats were euthanized with CO2 and E19 rat 

embryos were decapitated into ice cold HBSS. All protocols were in accordance with the 
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Georgetown University Animal Care and Usage Committee guidelines. Hippocampi were 

dissected out bilaterally under a dissecting scope in ice cold HBSS, washed, trypsinized, washed 

with trypsin inhibitor, washed with pre-warmed HBSS, and resuspended in HBSS. Neurons were 

then slowly dissociated manually using 3 sequentially smaller glass pipettes. Cells were counted 

and plated at ~75,000 cells/well (~150 cells/mm
2
). Neurons were grown at 37°C in a humidified 

chamber with 95% O2/5% CO2. Media was partially exchanged every week with plating media 

lacking glutamate.  

 

Viral infection 

For viral infection, EGFP, wild-type Plk2, or dominant-negative Plk2 were cloned into the 

pSinRep5 Sindbis virus vector (Invitrogen) and replication-defective pseudovirions was 

produced according to the manufacturer’s directions. Neurons were infected for ~18hrs starting 

at 20-22 DIV, during which no significant toxicity could be observed. 

 

RNAi and Dreadd transfection 

Cultured hippocampal neurons were transfected using Lipofectamine 2000 (Invitrogen) at >DIV 

21 for 2-3 days prior to treatment with vehicle control, TTX, or clozapine N-oxide (CNO). For 

RNA interference or spine visualization, the following oligonucleotides (5’ to 3’) were inserted 

into pLL3.7 vector that simultaneously expresses RNAi-inducing shRNAs and GFP under the 

U6 and CMV promoters, respectively 
165

: synaptoporin-shRNA, 

GCAAGCAGCCTTCCAACAA (NM_023974.1; 735-753 bp). Myc-tagged full-length 

synaptoporin (NM_023974.1) was expressed from pGW1-CMV vector (British Biotechnology). 

Synaptoporin rescue sequence was GCAAGCAGCCAAGTAACAA (silent mutations in bold). 
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All primers were purchased from Integrated DNA Technologies.  

 To examine the effects of cell-autonomous activity manipulation, neurons were 

transfected with GFP alone or co-transfected with one of the following Dreadd (Designer 

Receptors Exclusively Activated by Designer Drugs) constructs: Gq-Dreadd (hM3Dq), Gi-

Dreadd (hM4Di), or Gs-Dreadd (all from the UNC Vector Core Services, Chapel Hill, NC). All 

three Dreadd constructs are engineered G protein-coupled receptors which are normally inert but 

can be pharmacologically activated by the addition of clozapine N-oxide (CNO) to induce Gq, 

Gi, or Gs signaling, respectively 
166,167

. 48 hours after transfection, neurons were incubated in the 

absence or presence of CNO [1 or 10 µM] for 24-48 hours and then processed for standard 

immunocytochemistry. 

 

Pharmacological reagents and stimulations 

Drugs were obtained from the following sources: TTX, PTX, APV, CNQX, nimodipine, 

philanthotoxin-433 (Sigma); LY487379 (Tocris), diazepam (Hospira). For all experiments, TTX 

(stock solution = 1 mM in H2O) was diluted in Neurobasal medium to a final concentration of 1 

X was freshly prepared in 0.1 M NaOH and diluted to a final 

concentration of 100 µM in Neurobasal medium 
63

. For washout, drug-containing Neurobasal 

medium was removed after 24 hours and replaced with conditioned media for 1-2 days. 

Pharmacological activity blockade was also induced with the addition of antagonists of 

NMDARs (APV, 100 µM), AMPARs (CNQX, 40 µM), or L-type voltage-gated Ca
2+

 channels 

(nimodipine, 5 µM), or positive allosteric modulator of GABAA receptors (diazepam, 1 µM or 5 

µM) to growth media for 24 hours. Metabotropic GluR2 receptors were activated with the 

mGluR2 agonists DCGIV (10µM) or LY487379 (5µM). 
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Antibodies 

Antibodies were obtained from the following sources: mouse α-actinin EA-53 monoclonal, 

Synaptophysin SVP38, and MAP2HM-2 (Sigma); rabbit l-afadin 
88

; mouse Bassoon (Assay 

Designs); rat CTIP2 (AbCam); rabbit polyclonal GABAAR α1 subunit (Upstate 

Biotechnologies); mouse GFP monoclonal 3E6 (Quantum Biotechnologies); rabbit polyclonal 

GFP (Invitrogen); rabbit GluA1 N-terminal antibody (Calbiochem); mouse GluA2 N-terminal 

antibody (Millipore); rabbit Homer and pan-Shank rabbit 3856 (gifts of Eunjoon Kim, KAIST); 

mouse PSD-95 K28/43 (NeuroMabs); rabbit PSD-95 D27E11 (Cell signaling); mouse NR1 

(Pharmingen); rabbit Prox1 (Covance); mouse Py (gift of Michael Webb); rabbit synaptoporin 

and 550-conjugated mouse synaptotagmin-1 (Synaptic Systems GMBH); and SPAR 
89

. PSD-95 

and Shank colocalized precisely under all conditions examined and were used interchangeably as 

excitatory synaptic markers. 

 

Immunocytochemistry of cultured hippocampal neurons 

Neurons were analyzed at 10-14 DIV for young neurons and >21 DIV for mature stages. 

Hippocampal cultured neurons were fixed with one of 3 fixation methods. To visualize soluble 

proteins (e.g., GFP in transfected/infected neurons), neurons were fixed in 4% paraformaldehyde 

(PFA) / 4% sucrose / PBS for 10 min at RT. To visualize synaptic proteins, neurons were fixed 

in methanol at –20°C for 10 min. For combinations of target proteins (e.g., MAP2 + PSD-95), 

neurons were fixed in 1% PFA / 4% sucrose / PBS for 7 min at RT before fixation in methanol 

for 7 min at –20°C.  
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 After fixation, neurons were permeabilized with 0.01% Triton X-100 / PBS for 30 min at 

RT. Primary and secondary antibodies for immunostaining were incubated in GDB buffer (0.1%  

gelatin, 0.3% Triton X-100, 16 mM sodium phosphate pH 7.4, 450 mM NaCl). Neurons were 

incubated in primary antibody overnight at 4° C, washed for 30 min in PBS, incubated in 

secondary antibody for 2hrs at RT, washed for 15 min in PBS, and mounted using 4% N-propyl 

gallate. For immunostaining of cell surface receptors (Evers et al., 2010; Lin et al., 2000), live 

neurons were incubated with N-terminal specific anti-GluA1 or GluA2 antibody under non-

permeabilizing conditions, fixed, washed and treated with saturating concentrations of 

fluorescence-tagged secondary antibody. Cells were then permeabilized and stained for 

postsynaptic marker PSD-95.  

 

Stimulated emission depletion (STED) microscopy  

Neurons were proceeded for standard immunocytochemistry against rabbit synaptoporin 

(Synaptic Systems GMBH), and either mouse PSD-95 K28/43 (NeuroMabs), mouse Bassoon 

(Assay Designs), or mouse vGlut1 (NeuroMabs). Goat anti-rabbit Alexa 488 and goat anti-

mouse Aberrior 440SX secondaries were used. Neurons were mounted on 1 µm-thick 

borosilicate coverslips (Fisher Scientific) using Prolong Gold Antifade Reagent mounting 

medium (Life Technologies). Neurons were imaged using a Lecia SP5 laser scanning confocal 

microscope with stimulated emission depletion (STED) attachment, allowing for super-

resolution fluorescent imagining of up to 20 nm.  

 

Imaging of primary hippocampal neurons 
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For fluorescent intensity measurement, images were acquired using an Axiovert 200M (Zeiss) 

for conventional epifluorescence. Analysis of GluN1 and Shank correlation was performed using 

MetaMorph linescan function. For spine morphology analysis, images were acquired using a 

Fluoview FV-300 confocal microscope (Olympus). Confocal z-series image stacks 

encompassing entire dendrite segments were analyzed using MetaMorph software (Molecular 

Devices). Three dimensional reconstructions were created using Neuron Studio (CNIC, Mount 

Sinai School of Medicine) or Volocity (Improvision) software packages.  

 

Quantification of proximal v. distal immunoreactivity 

For immunocytochemical readout of synaptic strength, neurons were stained with one of two 

postsynaptic scaffolding proteins, Shank or PSD-95. Shank and PSD-95 colocalized precisely 

and were used interchangeably as excitatory synaptic markers throughout. Under all conditions 

tested, the vast majority of PSD-95/Shank puncta were found to oppose presynaptic puncta 

visualized with Bassoon or synaptophysin. PSD-95 and Shank were therefore used as readouts of 

bona fide synapses. For computation of immunofluorescence intensity as a function of distance, 

dendrites were divided into 10-20 μm segments, starting from the cell body. In all morphological 

experiments ‘proximal’ was analyzed at 0-30 μm from the soma, and ‘distal’ was selected as a 

region 40-60 μm from the soma. Puncta were defined by thresholding images at two times 

background (staining within the dendritic shaft). Integrated intensity of puncta was measured for 

each segment. For each analysis, measurements were taken from 3 dendritic segments per 

distance bin. Individual synapse measurements were first grouped and averaged per neuron; 

means from several neurons were then averaged to obtain a population mean.  
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Quantification of in vitro cluster synapses and dendritic spines 

For cluster synapse quantification, we defined a synaptic unit (Ū) as the mean Shank/PSD-95 

puncta intensity under basal conditions. We then defined a cluster synapse as any group of 

overlapping postsynaptic puncta with aggregate intensity >2 Ū. Cluster synapse sizes for the 

largest cases are likely to be overestimates due to optical spreading of closely situated 

immunofluorescence signals. For quantification of puncta number, cluster synapses were 

considered as single sites because of signal overlap during thresholding. 

For quantitation of spine size, measurements were obtained in the GFP channel using 

identical confocal settings for each sample. For morphological classification, filopodia were 

defined as unbranched protrusions of length >2 μm and <10 μm without a discernible spine head. 

Spines were classified as all other protrusions <2 μm in length, with or without a head.  

 

Morphological characterization of cell types 

CA3 neurons were positively stained using Py antibody 
134

. DG neurons were positively stained 

using Prox1 (all DG neurons) and/or CTIP2 (most DG neurons), while CA1 neurons were 

positively stained using CTIP2 
92

. Co-staining for excitatory synaptic markers Shank/PSD-95 

and/or dendritic marker MAP2 revealed neuronal morphology, allowing for rapid morphological 

characterization of the 3 principal cell types. DG neurons (Prox1+ / CTIP2+ / Py-) had small, 

often oblong somata and ~2-3 thin primary neurites (3.29±1.26 SD) which generally did not 

branch within the first 50 µm. CA3 neurons (Prox1-/ CTIP2- / Py+) had large round or pyramidal 

somata and ~5-7 thick primary neurites (6.76±1.43 SD) which generally branched within the first 

50 µm. CA1 neurons (Prox1- / CTIP2+ / Py-) had large round or oval somata and ~9-12 thin 

primary neurites (10.6±2.17 SD) which had a high uniform spine density under basal conditions. 
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Py also stained a subset of exceptionally large inhibitory neurons which were easily excluded 

based on the absence of dendritic spines and/or the restriction of excitatory synapses primarily to 

the dendritic shaft. The inhibitory nature of these Py+ neurons was confirmed with antibodies 

against the GABAA otechnologies).  

 

Miniature EPSC recordings from culture hippocampal neurons 

DIV 21-27 neurons were incubated for 24 hr in normal growth media in the absence or presence 

of TTX (1 μM) or PTX (100 μM). For RNA interference studies, neurons were transfected after 

DIV 21 for at least 3 days prior to recording. For recording, neurons were transferred into room 

temperature (22-25°C) extracellular solution containing (in mM, all ingredients from Fisher 

Scientific): 145 NaCl, 2.5 KCl, 1 MgCl2, 1 CaCl2, 5 HEPES, 5 glucose, and 25 sucrose (330 

mOsm, pH 7.4). After 15 minutes wash in extracellular solution under slight agitation, whole-

cell patch-clamp recordings were made with borosilicate pipettes pulled to a final resistance of 3-

6 MΩ (optimally 4.4 MΩ) using a Narishige pipette puller. Pipettes contained either potassium- 

or cesium-based internal solutions. Potassium gluconate-based internal solution contained (in 

mM, Fisher): 145 KGluconate, 5 EGTA, 5 MgCl2, 10 HEPES, 5 NaATP, 0.2 NaGTP (~285 

mOsm, pH 7.2) or 145 KGluconate, 0.5 EGTA, 5 MgATP, 10 HEPES, 0.2 NaATP (~285 mOsm, 

pH 7.2).  

Data were collected with an Axiopatch-ID amplifier, Bessel filtered at 2 kHz and 

digitized at 10 kHz using a Digidata 1440A and Clampex10 software (all from Molecular 

Devices). Miniature EPSCs were recorded from neurons voltage-clamped at -70 mV in 1 μM 

TTX with either 25 μM BMR or 50 μM PTX to block GABAA receptor-mediated currents. For a 

subset of experiments, NBQX (5 µM) was applied to confirm that mEPSCs were AMPAR-
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mediated. CPP (10 μM), philanthotoxin 433 (1 μM), LY487379 (5 μM), DCGIV (10 µM) and/or 

NBQX (5 μM) were all applied in the presence of TTX and BMR via y-tube. Input and access 

resistances were regularly monitored by 10 mV hyperpolarization steps. Only cells with holding 

currents <200 pA, resting Vm more negative than -50 mV, and stable series resistance (<10% 

change) were included in the analysis. Synaptic currents were detected offline using 

MiniAnalysis (Synaptosoft). Events were detected automatically (-5 pA amplitude, 15 pA*ms 

area threshold) and verified manually. All values are expressed as mean±SEM unless indicated.  

 

Identification of cell types for recording 

Neurons were visualized with an upright Zeiss Axioskop microscope equipped with differential 

interference contrast (DIC) optics and water immersion lenses (40 and 60X). All recordings of 

untransfected cells were made from excitatory neurons identified using DIC optics. Pyramidal 

cells were visually selected based on morphological criteria established prior to the identification 

of excitatory cell types in vitro 
92

, including soma size (~20 µm diameter), soma shape (generally 

round and slightly bulbous), and number of primary neurites (>4). DIC images of all recorded 

neurons were obtained, allowing for post hoc analysis of cell type. Based on the selection criteria 

and the composition of our cultures (CA3: 57.5±3.8%; DG: 31.1±5.9%; CA1: 14.0±10.8%), the 

selected cells were mostly CA3 neurons with few CA1 and DG neurons.  

To validate that these untransfected cells were mostly CA3 neurons, we assessed the 

activity state of the neurons using the 10
th

 and 90
th

 percentile values of control (NT) amplitude 

and frequency values to divide neurons into 3 activity categories: normal, upregulated (>90
th

 

percentile amplitude or frequency) or downregulated (<10
th

 percentile amplitude or frequency). 

Of the populations sampled in Figure 1, roughly 70% of neurons recorded in each activity 
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condition appeared in the “appropriate” activity state (PTX: 71.4% downregulated, 23.8% 

normal, 4.8% upregulated; NT: 69.2% normal, 19.2% downregulated, 11.5% upregulated; TTX: 

65.4% upregulated, 30.8% normal, 3.8% downregulated). These proportions are in agreement 

with the composition of our cultures and the ease with which most DG cells can be excluded 

using only DIC optics. For experiments in Figure 3, recordings were made from GFP-expressing 

neurons, allowing for more accurate morphological characterization of cell type using the criteria 

from Figure S3. For experiments in Figure 5, recordings were made from the untransfected 

targets of GFP-expressing DG neurons (see Figure S6A), as DG cells in vitro preferentially 

innervate CA3 neurons (Figure S6B). 

 

Identification of DG mossy fiber targets for SPO knockdown 

For SPO knockdown and rescue experiments, neurons were transfected as described above. In 

immunocytochemical experiments, GFP-positive mossy fiber boutons of granule cells were 

identified based on the presence of mossy fiber marker Synaptoporin-immunoreactive signals. In 

electrophysiological recordings, GFP-expressing dentate granule cells were identified at the time 

of recording based on small somatic size, limited number of primary neurites (<3), and axonal 

branching patterns. Unlike the vast radial axonal arborizations of pyramidal neurons or 

interneurons, DG neurons had more limited and linear axonal arborizations. Axons emanated in 

one direction from the soma and collaterals were seen encircling pyramidal neurons. These 

collaterals contained large, bulbous boutons not seen in other excitatory cell types (certain 

interneurons also have bulbous boutons in vitro). Recordings were performed from untransfected 

pyramidal neurons which were innervated by large, bulbous boutons that could be 

unambiguously traced to a DG cell.  
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Synaptotagmin uptake assay 

Cultured hippocampal neurons treated with vehicle (NT) or TTX as described were transferred 

into normal culture media ± mGluR2 agonists, LY487379 (5μM) or DCGIV (10 μM) for 2 

minutes at 37° C. Neurons were then transferred into normal culture media ± mGluR2 agonists, 

supplemented with 550 Oyster-conjugated antibody against the luminal domain of 

synaptotagmin-1 (1:400, Synaptic Systems). After 8 minutes of synaptic uptake at 37° C, 

neurons were fixed and processed for standard immunocytochemistry against MAP2 (dendritic 

marker) and synaptoporin (mossy fiber marker).  

 

In vivo activity manipulation and quantification of thorny excrescences 

For chronic pharmacological manipulation of network activity in vivo, adult mice (C57BL/6, 3-

month-old) received a daily intraperitoneal injection for 2 weeks with either sub-seizure 

threshold doses of the GABAA receptor antagonist PTX (1 mg/kg, i.p.) 
168

 or the GABAA 

receptor positive allosteric modulator diazepam (Dzp, 2 mg/kg, i.p.) at a dose that maintains 

functional inhibition 
169

, but caused minimal sluggishness and torpor. All protocols were 

performed in accordance with the Georgetown University Animal Care and Use Committee. 

For thorny excrescence (TE) measurements in vivo, brain tissues were stained using the 

FD Rapid Golgi Stain kit (FD Neurotechnologies). Briefly, brain tissues were immersed in 

Golgi-Cox solution (mixture of A and B solutions) for 14 days at room temperature in the dark. 

Tissue blocks were transferred to solution C (5 ml/brain), incubated for 3 days at 4°C, and then 

cut using a Vibratome (Campden Instruments). Serial sections (150-μm-thick). Sections were 

mounted onto gelatin-coated slides and air dried. Slides were then immersed in the mixture of D 

and E solutions for 10 minutes. After washing in distilled water, slides were dehydrated through 
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an ascending series of ethanol baths, cleared in Xylene, and coverslipped with DPX mounting 

medium. Z-series image stacks encompassing entire dendritic segments of CA3 pyramidal 

neurons were obtained and used to produce composite images (Adobe Photoshop). Numbers, 

size, and total area of TE in proximal (<30 μm) CA3 dendrites were determined manually by 

thresholding images at a standardized level using MetaMorph software (Molecular Devices). 

Spines with >2 heads emanating from a single spine neck were considered TEs. Spine density, 

head size, and length were measured from distal dendrites of CA3 and CA1 pyramidal neurons.   

 

Statistical analysis  

All data represent mean±SEM unless otherwise indicated (morphological characteristics of 

neuronal types are described as mean±SD). For two-sample comparisons vs. controls, unpaired 

Student’s t-test was used except where noted. For two-sample comparisons within neurons (e.g., 

baseline vs. sucrose stimulation, baseline vs. drug), paired Student’s t-tests were used. 

Kolmogorov-Smirnoff (K-S) tests were used for cumulative distributions. One-way ANOVA and 

post hoc Tukey tests were used for significance calculations with multiple comparisons.  

 

4.3 RESULTS 

We have previously observed that, in mature hippocampal neurons in vitro, homeostatic synaptic 

plasticity occurs selectively at proximal synapses (Chapters 1-2) of CA3 neurons (Chapter 3). 

The proximal dendrites of CA3 neurons in vivo are the site of “thorny excrescences,” some of the 

largest and most elaborate dendritic spines in the CNS. Thorny excrescences (TE) contain 

multiple postsynaptic sites on one spine neck and are innervated by mossy fiber boutons which 

contain multiple presynaptic sites. 
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We examined whether proximal CA3 homeostatic adaptation proceeded via formation of 

in vitro thorny excrescences. We visualized spine morphology by infecting neurons with Sindbis 

virus expressing enhanced green fluorescent protein (GFP) as a neuronal fill (Figure 4.1A). 

TTX induced a pronounced increase of proximal spine head size (NT 0.30±0.01 μm
2
; TTX 

0.50±0.04, P<0.001, t-test vs. NT), with no change in distal spine head area (NT 0.25±0.01 μm
2
, 

TTX 0.24±0.01; P=0.7 vs. NT) (Figure 4.1A-B). Following 24 hours of inactivity, the largest 

spines were ~10 times the mean head area and ~50 times the mean volume of control spines. 

Inactivity did not alter spine or filopodia density or spine length (data not shown), suggesting 

that chronic inactivity does not influence general spine formation or maintenance
23

. 

We investigated whether these giant proximal spines contained expanded synapses, as 

previously observed following inactivity 
65,66,170

. Co-staining for PSD-95 and GFP fill (Figure 

4.1A) showed that the enlarged proximal spines formed with TTX frequently contained not 

simply larger synapses, but clusters of normal-sized synapses (Figure 4.1C). To determine 

whether these multi-PSD clusters represented bona fide synapses, we co-stained for Shank and 

the presynaptic marker synaptophysin (Syn). Enlarged Shank clusters were precisely apposed to 

presynaptic sites of commensurate size and complexity; these large Syn clusters were typically 

comprised of individually discernible subpuncta paired with discrete PSDs (Figure 4.1D). 

Additional presynaptic markers bassoon and vGlut1 yielded similar results (data not shown). No 

change in the number of presynaptic sites was observed when Syn clusters were scored as a 

single bouton (data not shown), indicating that existing presynaptic terminals likely became 

elaborated with inactivity, as previously suggested 
66

. These results demonstrate that pre- and 

postsynaptic specializations are coordinately expanded to form clustered synapses upon giant 

proximal spines in response to inactivity. 

                                                 
23

 Experiments in italics were performed by Dr. Kea Joo Lee. 
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Proximal clusters display properties of mossy fiber-CA3 synapses 

In vivo, CA3 TEs are innervated by the large, complex mossy fiber (MF) terminals of DG 

granule cells. MF boutons preferentially contact CA3 cells in vitro as well 
92

. The large MF-TE 

synapses in the brain are specifically enriched in puncta adherentia junctions comprised of 

cadherin-catenin and nectin-afadin cell adhesion systems 
171

 (Figure 4.2A). We examined 

whether the TTX-induced in vitro clusters contained l-afadin, an actin-associated scaffold and 

intracellular adapter for nectin adhesion molecules. Under basal conditions, we observed weak l-

afadin immunoreactivity at excitatory synapses (Figure 4.2B). Chronic inactivity markedly 

upregulated l-afadin only in proximal synapses (Figure 4.2B-C) (proximal: NT 1.0±0.31, TTX 

3.3±0.50, P<0.001; distal: NT 0.25±0.08, TTX 0.40±0.10, P=0.25; t-test vs. NT), particularly at 

giant cluster synapses in which multiple l-afadin and PSD-95 puncta were clearly interdigitated 

(Figure 4.2B, inset 
24

). 

 Mossy fiber boutons are also selectively marked by the presynaptic vesicle-associated 

protein synaptoporin (SPO; also called synaptophysin 2) 
144

 (Figure 4.2A). We found that TTX 

markedly increased SPO immunoreactivity along proximal but not distal dendrites (Figure 4.2D-

E) (proximal: NT 1.0±0.37, TTX 4.0±1.2, P<0.05; distal: NT 0.34±0.12, TTX 0.62±0.19, 

P=0.24). The TTX-induced proximal cluster synapses labeled with PSD-95 were apposed to 

particularly large puncta immunoreactive for SPO (Figure 4.2D, insets), indicating that 

inactivity promotes presynaptic MF elaboration opposite proximal TE formation in CA3 cells. 

We observed increased proximal SPO immunoreactivity following 48 hours of inactivity 

pharmacologically induced using blockade of NMDAR, AMPAR, or L-type voltage-gated Ca2+ 

channels blockade with APV (100µM), CNQX (40µM), or nimodipine (5µM), respectively 

(TTX: 245±40.7% of NT, APV: 233±41.9%, CNQX: 353±39.5%, nim: 282±36.5%, all P<0.05 

                                                 
24

 Experiments in italics were performed by Dr. Kea Joo Lee. 
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v. NT; one-way ANOVA and Tukey test) (Figure 4.2F-G). To confirm that SPO-positive MF 

terminals innervate CA3 neurons in vitro, we immunostained GFP-transfected neurons with 

PSD-95 and the CA3-specific marker, Py. SPO-positive boutons from GFP-transfected DG 

neurons preferentially targeted Py-positive CA3 cells (~80 %; Figure 3.3C-D), reflecting a high 

specificity of DG-CA3 synaptic connections in culture. These results suggest that inactivity 

promotes the elaboration of mossy fiber terminals opposite CA3 thorny excrescences in vitro. 

Relatively little is known about SPO either in terms of function or activity-dependent 

regulation. Based on observations with immunogold electron microscopy and sequence 

homology with synaptophysin, it has been suggested that SPO is a vesicle-associated protein 

localized to presynaptic vesicles 
172

. We examined the intracellular localization of SPO using 

super-resolution imaging of cultured hippocampal neurons immunostained for SPO (Figure 4.3). 

To determine the precise synaptic location, we co-stained neurons for the postsynaptic 

scaffolding protein PSD95 (Figure 4.3A) to label excitatory synapses, the presynaptic 

scaffolding protein Bassoon (Figure 4.3B) to label synaptic terminals, or the vesicular glutamate 

transporter 1 (vGlut1) (Figure 4.3C) to label glutamate-containing neurotransmitter vesicles at 

excitatory presynaptic terminals. SPO was closely associated with PSD95 and Bassoon puncta 

on proximal dendrites (overly in Figure 4.3D-E), but was precisely colocalized with vGlut1 

(Figure 4.3F), suggesting that SPO is located on neurotransmitter vesicles at excitatory 

synapses. 

 

Inactivity functionally upregulates mossy fiber synapses 

We hypothesized that the increase in AMPAR-mEPSC frequency after TTX treatment was due 

to selective upregulation of MF-CA3 synapses. We performed a synaptotagmin uptake assay to 
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determine presynaptic release at SPO-positive terminals. We briefly incubated neurons with 

antibody against the luminal epitope of syntaptotagmin (Stg); any observed Stg 

immunofluorescence should be due to binding of the antibody within vesicles that were released 

during the incubation period. In this manner, we could quantify the degree of presynaptic release 

at synapses throughout the dendritic tree. 

 As previously observed (Figure 4.2D-E), TTX treatment increased proximal SPO levels 

(Figure 4.4A-B), suggesting upregulation of proximal MF synapses. However, inactivity did not 

significantly increase the absolute levels of either proximal or distal synaptotagmin (TTX 

proximal: 131.7±17.9% of NT proximal; TTX distal: 41.8±4.8% of NT distal; Figure 4.4A,C), 

suggesting that presynaptic release is not increased. However, TTX treatment caused a massive 

redistribution of synaptotagmin to SPO-positive boutons (NT proximal: 31.8±5.3% 

synaptotagmin colocalization with SPO, TTX proximal: 80.9±3.7%; NT distal: 16.6±4.4%, TTX 

distal: 52.0±8.7%; P<0.01; Figure 4.4A,D), suggesting that presynaptic release from MF 

terminals is increased, while presynaptic release from other terminals is decreased. Taken 

together, these results indicate that inactivity reallocates presynaptic efficacy towards MF-CA3 

synapses as has been observed in organotypic slice culture 
116,173

. 

Mossy fiber transmission can be selectively blocked in acute slice with mGluR2 

activation 
99,174,175

. We used the synaptotagmin uptake assay to validate the in vitro use of 

mGluR2 agonists to block MF transmission. Acute application of the mGluR2 agonists 

LY487379 or DCGIV decreased the colocalization of synaptotagmin with SPO in both proximal 

and distal dendrites (Figure 4.4D). These findings suggest that mGluR2 agonists can be used in 

vitro to block mossy fiber transmission. 
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Hippocampal MF synapses are the most powerful hippocampal synapses known 
162,176

, 

making it possible that the inactivity-induced increase in AMPAR-mEPSC amplitude was due to 

the selective increase in presynaptic release from these terminals. To determine whether MF 

transmission was altered during homeostatic compensation, we recorded mEPSCs from control 

and activity-modulated neurons before and after mGluR2 activation. From the total mEPSC 

population, we defined “large amplitude” events as mEPSCs with amplitudes above the 95
th

 

percentile for control neurons (in our case, 20 pA) (Figure 4.5E). We then quantified the number 

of large amplitude mEPSCs recorded before and after MF blockade. Acute MF blockade with 

mGluR2 agonists LY487379 (5 μM) or DCGIV (10 µM, data not shown) significantly decreased 

the number of large amplitude mEPSCs observed in TTX-treated neurons (events/minute: 

baseline, 58.2±21.8; LY487379, 23.5±11.8, P=0.032, paired t-test vs. baseline) (Figure 4.5A-B), 

without significantly altering the number of small amplitude events (<20 pA) (Figure 4.5C). MF 

blockade also abolished the significant differences in mEPSC amplitude observed with 

homeostatic adaptation (in pA, baseline: NT 8.5±0.92, TTX 11.5±1.0, PTX 6.1±0.52; P<0.01, 

one-way ANOVA; LY487379: NT 8.1±0.86, TTX 10.0±0.67, PTX 6.9±1.2; P=0.08) (Figure 

4.5D), suggesting that changes in MF transmission largely account for the observed homeostatic 

changes in amplitude. 

 

Presynaptic upregulation of synaptoporin is required for HSP 

To test the requirement of MF upregulation for inactivity-induced TE formation, we used RNA 

interference (RNAi)-mediated knockdown of SPO. Neurons were transfected with control vector 

(pLL3.7), SPO-shRNA, or SPO-shRNA with an RNAi-insensitive SPO rescue construct for 2 

days before 24 hr of TTX treatment. MF axonal processes from GFP-expressing DG neurons 
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(Figure 4.6A,C) were traced to identify the postsynaptic contacts of SPO-positive terminals 

(Figure 4.7A). We validated our SPO knockdown by immunolableing transfected neurons with 

SPO and quantifying the degree of SPO accumulation in presynaptic terminals. Compared to 

GFP-transfected neurons, neurons transfected with shRNA against SPO had virtually no SPO in 

presynaptic terminals (empty vector pLL3.7, 1.00±0.27; SPO shRNA, 0.06±0.02, **P<0.01, 

n=56 boutons, t-test vs. pLL3.7) (Figure 4.7). 

We used RNA interference to examine the effect of presynaptic SPO expression on 

homeostatic upregulation in response to inactivity. Following TTX treatment, MF boutons 

(circles in Figure 4.8A) contacted the large PSD-95 immunoreactive puncta of proximal CA3 

dendrites. SPO knockdown in presynaptic MF terminals abolished TTX-mediated enlargement of 

apposed PSD-95 puncta, while coexpression of SPO-shRNA and SPO rescue constructs restored 

the TTX-induced increase in PSD-95 puncta intensity in proximal CA3 synapses (Figure 4.8A-

B) (pLL3.7 1.0±0.11; pLL3.7+TTX 1.8±0.28; SPO shRNA 0.4±0.06; SPO shRNA+TTX 

0.6±0.08; SPO shRNA+rescue 1.8±0.22; SPO shRNA+rescue+TTX 2.4±0.34; P<0.05, one-way 

ANOVA and Tukey test). SPO knockdown and rescue had no effect on MF bouton size, however 

(Figure 4.8C) (pLL3.7 1.1±0.09 μm
2
; pLL3.7+TTX 1.2±0.08; SPO shRNA 1.2±0.13; SPO 

shRNA+TTX 1.1±0.08; SPO shRNA+rescue 1.0±0.09; SPO shRNA+rescue+TTX 0.9±0.09; 

P>0.15, one-way ANOVA) 
25

. Together, these findings suggest that SPO function is required for 

inactivity-induced upregulation of presynaptic MF function and subsequent expansion of 

postsynaptic TE, but not for structural enlargement of MF terminals. 

We next examined the functional consequences of SPO knockdown and rescue by 

recording AMPAR-mEPSCs from the postsynaptic targets of GFP-expressing DG neurons. TTX 

treatment induced a significant increase in both mEPSC amplitude and frequency in DG targets 

                                                 
25

 Experiments in italics were performed by Dr. Kea Joo Lee. 
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(Figure 4.8D-F) (pLL3.7: 17.2±0.34 pA, 9.5±1.6 Hz; pLL3.7+TTX: 23.0±1.4 pA, 19.9±1.8 Hz; 

P<0.01 vs. pLL3.7, one-way ANOVA and Tukey test). SPO knockdown in presynaptic DG cells 

prevented the TTX-induced increase in both mEPSC amplitude and frequency (SPO shRNA: 

16.3±0.4 pA, 9.6±0.8 Hz; SPO shRNA+TTX: 16.9±0.4 pA, 12.0±1.3 Hz, P>0.05 vs. pLL3.7, 

++P<0.01 vs. pLL3.7+TTX), while SPO rescue was sufficient to elevate mEPSC amplitude and 

frequency to TTX levels (Figure 4.8D-F) (SPO shRNA+rescue: 22.1±0.6 pA, 17.8±1.9 Hz; SPO 

shRNA+rescue+TTX: 21.1±1.7 pA, 23.2±3.4 Hz; P<0.05 vs. pLL3.7, P>0.05 vs. pLL3.7+TTX). 

Taken together, these results indicate that presynaptic SPO is necessary and sufficient for the 

homeostatic upregulation of mossy fiber-CA3 synapses. 

 

L-afadin is required for TE formation and constraint of MF-TE synapses 

We examined the role of l-afadin in the homeostatic response to inactivity, using an RNA 

interference approach. We transfected neurons with GFP alone or with shRNA against l-afadin in 

the absence or presence of an shRNA-insensitive l-afadin rescue construct. RNAi-mediated 

afadin knockdown prevented the TTX-induced upregulation of l-afadin levels (Figure 4.2B-C 

and data not shown). Importantly, afadin knockdown blocked the formation of giant cluster 

synapses (pLL3.7 1.0±0.09, pLL3.7+TTX 1.7±0.16; afadin-shRNA 0.94±0.07, afadin-

shRNA+TTX 0.95±0.06) (Figure 4.9A-B), demonstrating that afadin is required for the 

postsynaptic elaboration of TE terminals in response to inactivity. Cotransfection of afadin 

shRNA with an shRNA-insensitive afadin construct completely rescued the morphological 

response to TTX as measured by PSD-95 integrated intensity (shRNA+rescue 0.96±0.09, 

shRNA+rescue+TTX 1.5±0.07) (Figure 4.9A-B). Afadin knockdown or rescue had no effect on 

the number of synaptic sites (with cluster synapses scored as single sites) (data not shown), 
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making it unlikely that the effects were due to general synapse destabilization 
26

. These data 

suggest that postsynaptic l-afadin upregulation is necessary for inactivity-induced formation of 

proximal TEs. 

To test the functional consequences of afadin disruption, we recorded mEPSCs from 

control and TTX-treated pyramidal neurons transfected with vector control or l-afadin shRNA 

(Figure 4.9C). Afadin knockdown caused a large increase in basal mEPSC frequency to roughly 

TTX levels and which occluded further increases by TTX treatment (mEPSC frequency (in Hz): 

pLL3.7 5.7±1.4, pLL3.7+TTX 19.5±3.0, afadin-shRNA 18.7±5.2, afadin-shRNA+TTX 

21.6±1.4) (Figure 4.9C-D). Similarly, afadin knockdown increased mEPSC amplitude to 

roughly TTX levels and again, no further increases were observed with combined TTX treatment 

(mEPSC amplitude (in pA): pLL3.7 9.0±1.2, pLL3.7+TTX 14.6±1.3, afadin-shRNA 13.3±1.5, 

afadin-shRNA+TTX 12.9±0.9) (Figure 4.9C,E). Overexpression of an shRNA-insensitive 

afadin rescue construct returned mEPSC frequency values to normal and restored the inactivity-

induced upregulation of mEPSC frequency (mEPSC frequency (in Hz): shRNA+Rescue 9.9±0.7, 

shRNA+Rescue+TTX 22.4±2.7), although mEPSC amplitude remained elevated and comparable 

in both conditions (mEPSC amplitude (in pA): shRNA+Rescue 12.5±1.4, shRNA+Rescue+TTX, 

12.6±0.8). Taken together, these results suggest that afadin expression negatively constrains 

mossy fiber-TE synapses. Loss of afadin allows for uncontrolled upregulation of synaptic 

efficacy to levels comparable with 24 hours of inactivity. It is tempting to speculate that 

processing of afadin may be a crucial component of the inactivity-induced changes at mossy 

fiber-TE synapses. 
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DG granule cell activity dictates homeostatic changes in MF-TE synapses 

We observed that MF-TE synapses appear to be the locus of homeostatic adaptation both in vitro 

and in vivo (Chapter 3). However the locus of the homeostatic activity sensor is not clear. Our 

activity manipulations both in vitro and in vivo were global, theoretically altering the activity 

level if not the synaptic strength of all cell types. We wanted to determine what provoked 

homeostatic upregulation of mossy fiber synapses. In order to do so, we altered neuronal activity 

in a cell-autonomous manner by transfecting neurons with Dreadds (Designer Receptors 

Exclusively Activated by Designer Drugs). Dreadds are a class of G protein-coupled receptors 

which have been engineered to be selectively activated by an otherwise inert pharmacological 

agent, clozapine N-oxide (CNO).  

To determine the cell-autonomous response to activity, we transfected neurons with GFP 

and one of three Dreadd constructs coupled either to Gi, Gs, or Gq intracellular signaling 

pathways. We then treated neurons with either vehicle control or CNO for 48 hours. CNO 

application is known to silence Gi-Dreadd-expressing cells, activate Gq-Dreadd-expressing cells, 

and increase cyclic AMP (cAMP) levels in Gs-Dreadd-expressing cells. We then examined the 

SPO-positive MF boutons of GFP-transfected DG granule cells (Figure 4.10) to determine the 

effect of DG activity on homeostatic compensation at MF-TE syanpses. 

Chronic inactivation of Gi-Dreadd expressing DG neurons provoked a large (~250%) 

increase in MF bouton size (MF bouton size (in µm
2
): Gi+NT 2.8±0.6, Gi +CNO 6.9±0.1.2) 

(Figure 4.10B-C, F-G) and an equally large (~270%) increase in the presynaptic accumulation 

of SPO (SPO immunoreactivity (as % of NT): Gi+NT 89.6±20.6, Gi+CNO 243.4±84.9) (Figure 

4.10B,D,F-G). DG inactivation with CNO-induced Gi signaling also tripled the postsynaptic 

accumulation of PSD95 (PSD95 immunoreactivity (as % of NT): Gi+NT 64.9±17.1, Gi+CNO 
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207.2±73.9) (Figure 4.10B,E-G). These results suggest that decreased DG activity drives both 

pre- and postsyanptic homeostatic adaptation at MF-TE synapses. 

In contrast, chronic activation of Gq-Dreadd expressing DG neurons did not increase MF 

bouton size (MF bouton size (in µm
2
): Gq+NT 3.3±0.6, Gq+CNO 4.3±0.9) (Figure 4.10C), 

presynaptic SPO accumulation (SPO immunoreactivity (as % of NT): Gq+NT 168.3±38.6, 

Gq+CNO 232.3±25.9) (Figure 4.10D), or postsynaptic PSD95 accumulation (PSD95 

immunoreactivity (as % of NT): Gq+NT 108.7±27.2, Gq+CNO 129.1±19.8) (Figure 4.10E). GFP 

transfection and CNO treatment also had no effect on the size of MF boutons (MF bouton size 

(in µm
2
): GFP+NT 4.0±0.5, GFP+CNO 3.4±0.6) (Figure 4.10A,C) or on the accumulation of 

SPO in MF terminals (SPO immunoreactivity (as % of NT): GFP+NT 100.0±26.9, GFP+CNO 

136.7±25.9) (Figure 4.10A,D). Likewise, GFP transfection and CNO treatment did not affect the 

postsynaptic accumulation of PSD95 opposite SPO-positive MF terminals (PSD95 

immunoreactivity (as % of NT): GFP+NT 100.0±18.3, GFP+CNO 88.6±16.8) (Figure 4.10A,E). 

We observed trends towards increased bouton size (MF bouton size (in µm
2
): Gs+NT 3.7±0.9, 

Gs+CNO 6.2±1.9) (Figure 4.10C) and SPO accumulation (SPO immunoreactivity (as % of NT): 

Gs+NT 77.7±15.3, Gs+CNO 138.9±41.5) (Figure 4.10D) with activation of Gs-Dreadd 

expressing DG neurons, suggesting that cAMP signaling may be involved in the regulation of 

MF terminals. Decreases in cAMP have been found to cause long-term depression of MF 

terminals 
177

. Presynaptic cAMP levels may therefore regulate MF terminals homeostatically as 

well.  
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4.4 DISCUSSION 

We have observed that chronic inactivity of mature hippocampal networks in vitro promotes the 

formation of large, multisynaptic dendritic spines which morphologically and biochemically 

resemble the synaptic connections between mossy fibers (MF) of DG granule cells and thorny 

excrescences (TE) of CA3 pyramidal neurons. The in vitro “cluster synapses” are enriched in the 

puncta adherentia junction protein afadin which is known to mediate transynaptic nectin 

contacts between MF terminals and TE (Figure 4.2). The cluster synapses also are highly 

enriched in the presynaptic vesicle-associated protein, synaptoporin (SPO), which is known to be 

highly expressed at MF terminals within the hippocampus 
144–146

 (Figure 4.2-3). Chronic 

inactivity promotes a redistribution of synaptic efficacy to MF-TE synapses (Figure 4.4) as has 

been previously observed in organotypic hippocampal slices 
116

. As a result, MF transmission is 

increased (Figure 4.5). Mossy fibers are the most powerful synapses in the hippocampus 

162,176,178
. Bidirectional regulation of mossy fiber transmission is therefore a parsimonious way of 

effectively altering overall synaptic input to CA3 neurons. 

 We hypothesize that selective homeostatic adaption of MF-TE synapses provides a 

mechanism by which the bandwidth of information entering the hippocampus can be 

dynamically monitored and adjusted (Figure 4.11). When little information is entering the 

hippocampus, CA3 recurrent collaterals have unused capacity for encoding information. 

Conversely, when excessive information is entering the hippocampus, the downstream circuit is 

overly taxed which will decrease processing speed and accuracy of information encoding. By 

dynamically maintaining a certain bandwidth of neural information, MF-TE synapses are able to 

optimize the function of the downstream circuit. 
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L’Étranger: Distinct plasticity mechanisms at MF-TE synapses 

Mossy fiber-TE synapses have already been singled out for their distinct synaptic properties 

161,164,179
. In contrast to inputs onto distal CA3 or CA1 dendrites, mossy fiber inputs onto 

proximal CA3 dendrites undergo forms of short-term and long-term plasticity that are 

presynaptic in nature.  

 On short timescales (milliseconds to seconds), MF terminals show large paired-pulse 

facilitation 
180

, the enhancement of presynaptic vesicular release when axons are stimulated in 

rapid succession. Mossy fibers also demonstrate frequency-facilitation 
181,182

, meaning that the 

strength of the evoked potential in the CA3 neuron is not linearly related to the number of 

presynaptic action potentials. Instead, MF terminals can be tuned so that bursts of action 

potential at a specific rate evoke a maximal postsynaptic response, with smaller responses 

evoked at both lower and higher firing frequency. In this manner, MF terminals act as band-pass 

filters which can be adjusted to be maximally responsive to inputs of a certain frequency. 

 Over longer timescales, MF terminals undergo long-term potentiation (LTP) which 

differs drastically from the canonical form observed at other hippocampal and cortical synapses 

70
. Unlike LTP at CA3-to-CA1 Schaffer collateral synapses, MF LTP does not require activation 

of postsynaptic NMDA receptors 
183,184

. Instead, MF LTP involves presynaptic Ca2+ influx 
185

 

which alters presynaptic release probability 
183,186,187

. Presynaptic MF LTP requires the 

enzymatic activity of the protease BACE1 
188

 and a downstream signaling cascade involving 

activation of adenylyl cyclase, subsequent elevation of cyclic AMP (cAMP) levels, and 

activation of protein kinase A (PKA) 
42,189–192

. The exact target of PKA has remained elusive, 

and the means by which mossy fibers increase presynaptic release probability are not fully 

understood, although synaptotagmin-12 has recently been revealed as the most likely target 
193

. It 
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is tempting to speculate that the AC-cAMP-PKA signaling cascade regulates SPO expression, 

which determines presynaptic release probability. However, chronically elevating cAMP in DG 

neurons, via expression of a Gs-Dreadd construct, failed to induce upregulation of SPO levels in 

MF boutons, or elaboration of TE terminals (Figure 4.10C-E). Acute increases in cAMP may 

therefore promote SPO accumulation and increased vesicular release, while chronic increases in 

cAMP would undo these changes. Rat SPO does not contain a PKA consensus sequence 
172

, 

suggesting that PKA could, at best, regulate SPO indirectly. Furthermore, inhibition of PKA with 

KT5890 failed to block the proximal upregulation of MF-TE synapses during chronic inactivity 

(data not shown). Taken together, these results suggest that the AC-cAMP-PKA signaling 

cascade is involved in the short-term plasticity of mossy fiber synapses, but not in the 

homeostatic regulation of SPO at these terminals. 

 

Requirement for synaptoporin in HSP 

We report that HSP in mature hippocampal neurons in vitro is dictated by the presynaptic 

activity status of DG granule cells. Cell-autonomous inactivation of DG granule cells is 

sufficient to upregulate both presynaptic MF terminals and postsynaptic TE on target CA3 

neurons (Figure 4.10). The transynaptic coordination of homeostatic upregulation at MF-TE 

synapses appears dependent on the presynaptic accumulation of synaptoporin (SPO). Inactivity 

enriches SPO content at MF synapses (Figure 4.2) and knockdown of SPO in DG granule cells 

prevents homeostatic compensation in response to inactivity (Figure 4.8). Conversely, 

overexpression of SPO in DG neurons upregulates MF-TE transmission, resulting in increased 

mEPSC amplitude and frequency in untransfected target CA3 neurons. These results suggest that 

HSP in mature hippocampal networks is a predominantly presynaptic phenomenon, in which the 
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activity status of the presynaptic neuron and the release probability at the presynaptic terminal 

dictate the homeostatic compensation.  

 Within the hippocampus, synaptoporin (SPO, synaptophysin II) is highly expressed in the 

MF axons of DG granules cells, while the closely related synaptophysin I (Syn) is more 

ubiquitously expressed 
144–146

. Elsewhere in the CNS, SPO and Syn have similar patterns of 

heterogeneous and homogenous expression, respectively. SPO mRNA is highly enriched in the 

mouse olfactory bulb 
19427

 which, like the dentate gyrus, continues to incorporate newly 

generated neurons throughout adulthood. In both the mouse and human brain, there is 

pronounced SPO transcript in portions of the claustrum, caudate/putamen, amygdala, and 

thalamaus, as well as widespread SPO mRNA throughout the cerebellar cortex and deep layers 

of the cerebral cortex 
19528

. We have postulated that MF-TE axons act as homeostatic “volume 

control” synapses for the hippocampus, carefully regulating the amount of input entering the 

downstream circuit through signaling mechanisms involving SPO accumulation at MF terminals. 

An intriguing possibility is that other cortico-X-cortical loops such as those involving the 

thalamus, amagydala, or basal ganglia might have a similar form of volume control at input 

synapses.  
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Strategic instability: Afadin processing in MF-TE plasticity 

Following chronic inactivity in vitro, MF-TE synapses upregulate afadin, an important 

component of the MF-TE adhension system 
171

. Afadin couples extracellular nectin to the 

intracellular actin cytoskeleton 
88

. Early in synaptic development, nectin and afadin are expressed 

at both excitatory and inhibitory synapses, though they are progressively lost at inhibitory 

connections 
88,151

. Remodeling of the nectin-afadin intracellular adhesion system is thought to be 

involved in the normal plasticity of MF-TE synapses
196

. Here, we report that loss of afadin via 

shRNA knockdown in postsynaptic neurons blocks the homeostatic expansion of TE in response 

to inactivity (Figure 4.9). However, afadin loss actually increases basal mEPSC frequency and 

amplitude, suggesting that proper expression of afadin negatively constrains synapses (Figure 

4.9). Knockdown of endogenous afadin coupled with overexpression of an shRNA-insensitive 

afadin construct restores basal mEPSC frequency as well as the ability to homeostatically 

upregulate TE and mEPSC frequency. However, disruption of endogenous afadin appears to 

permanently alter mEPSC amplitude. These results suggest that afadin constrains synapses and 

that the strategic destabilization of the nectin-afadin intercellular adhesion system is a crucial 

component of the plasticity of MF-TE synapses.  
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CHAPTER V. Opioid receptors regulate mossy fiber-CA3 gain 

control and epileptogenesis 

 

5.1 INTRODUCTION 

The epilepsies are common, devastating neurological disorders characterized by recurring 

episodes of excessive, synchronous neural activity, termed seizures 
121

. Most epilepsies are not 

purely genetic, but instead arise at some delay in response to injury or insult 
121

. The mechanisms 

leading from the precipitating event to the emergence of spontaneous seizures is not well 

understood. As a consequence, existing epilepsy treatments are all anti-convulsive in nature; no 

current treatments can be considered anti-epileptogenic.  

 Understanding the events leading to the emergence of seizures is crucial to improving the 

clinical management of epilepsy. One avenue of potential intervention is through the known 

processes of neuronal auto-regulation. Neurons recalibrate in response to changes in network 

activity, such as those occurring after injury. Chronic inactivity increases synaptic strength, 

while chronic hyperactivity decreases synaptic strength 
61,62

. These processes of neuronal 

recalibration, known collectively as homeostatic synaptic plasticity (HSP), are thought to 

maintain the normal function of dynamic neural networks 
61,197

. Loss or inappropriate 

deployment of homeostatic control may therefore contribute to the emergence of seizures 

following network damage 
198

.  

 We focused our attention on HSP in the hippocampus. The most common form of adult 

acquired epilepsy – mesial temporal lobe epilepsy (mTLE) – is characterized by seizures 

originating in the temporal lobe 
121

, which houses the hippocampus and surrounding cortex. The 

hippocampus is intricately connected to the entorhinal cortex through a series of recurrent 
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excitatory loops (Figure i, Figure 4.11) 
199

. The entorhinal cortex projects via the perforant path 

to all major areas of the hippocampus, namely the dentate gyrus (DG), CA3, and CA1, which, in 

turn project sequentially onto each other (DG  CA3  CA1). Additionally, pyramidal neurons 

within the CA3 network are reciprocally innervated by extensive recurrent collaterals. The 

extensive excitatory loops within the hippocampus make it particularly susceptible to seizure 

generation, and removal of the hippocampus remains a common surgical intervention in 

intractable epilepsy 
34

.  

 Inadequate regulation of input into the extensively interconnected CA3 network has been 

heavily implicated in seizure generation 
200–202

. Under normal conditions, cortical input to CA3 is 

“gated” by DG granule cells 
203,204

 and heavily regulated by designated interneuron (IN) subtypes 

in the hilus. Granule cells fire infrequently, but powerfully innervate their CA3 pyramidal cell 

and hilar IN targets via mossy fibers (MF) 
161,178,205

. Mossy fiber terminals are enormous, 

specialized synapses consisting of multiple active zones which contact the numerous 

postsynaptic densities on the proximal dendrites of CA3 neurons. We have recently observed that 

chronic changes in network activity induce HSP selectively at MF-CA3 synapses both in vitro 

and in vivo 
87

 (Chapter 4). Chronic hyperactivity dismantles MF-CA3 synapses, while chronic 

inactivity elaborates them. Mossy fiber-CA3 synapses therefore appear to act as a homeostatic 

“gain control” mechanism, regulating input into the CA3 network, while leaving other synapses 

intact (Figure 4.11). 

 How do MF perform this designated homeostatic function? Unlike other synapses in the 

hippocampus, MF are highly enriched with endogenous opioids 
206–210

, a family of presynaptic 

neuropeptides which includes dynorphin, enkephalin, and endorphin 
211

. Interestingly, MF opioid 

content is inversely regulated by activity. Under basal conditions, MF contain high levels of 
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dynorphin and low levels of enkephalin 
208,210

. However, following hilar lesion-induced seizures, 

enkephalin levels are elevated, while MF dynorphin is depleted 
210

.   

 We hypothesized that opioids participate in the physiological regulation of homeostatic 

synaptic plasticity (HSP) at mossy fiber-CA3 “volume control” synapses. Dysregulation of 

presynaptic opioid function may therefore impair regulation of hippocampal homeostasis, 

leading to excessive neuronal activity in downstream CA3 networks and the emergence of 

spontaneous seizures. 

 

 

5.2 MATERIALS AND METHODS 

All experiments were conducted in accordance with the Georgetown Animal Care and Use 

Committee guidelines.  

 

Primary hippocampal cultures. Hippocampal neurons were prepared from E19 rat embryos as 

previously described (Sala et al. 2001; Lee et al. 2013). Briefly, brains were extracted into ice-

cold HBSS solution, dissociated, and plated at a density of ~150 cells/mm
2 

on coverslips 

previously coated with poly-D-lysine (30µg/ml) and laminin (2µg/ml). Cultures were grown in 

Neurobasal medium (Invitrogen) supplemented with SM1 (Stem Cell Technologies), 0.5mM 

glutamine and 25µM glutamate. Neurons were analyzed at >21 days in vitro.  

 

In vitro pharmacology. Neurons were treated for 24-48 hours as indicated with drugs from the 

following sources (in parenthesis) at the indicated concentrations [in brackets]. For opioids and 

opioid receptor (ant)agonists, dose responses were performed. Concentrations in bold were 

selected as maximally efficacious with minimal toxicity. *Significant toxicity was observed with 
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indicated concentrations of drug. TTX [1µM] or PTX [100µM] (both from Sigma); DAMGO 

[100 nM, 1 µM, 10 µM], CTOP [50 nM, 500 nM, 5 µM], DPDPE [100 nM, 1 µM, 10 µM], ICI-

174,864 [20 nM, 200nM, 2 µM], U50488 [250 nM, 2.5 µM, 25 µM*], or norBNI [1 µM, 10 µM, 

100 µM] (all OR agents from Tocris); naloxone [1 µM, 10 µM, 100 µM] (Santa Cruz); 

nociceptin (1-7) [100 nM, 1µM, 10µM], met5-enkephalin [10 nM, 100 nM, 1µM], leu5-

enkephalin [10 nM, 100 nM, 1µM], dynorphin A (1-17) [10 nM, 100 nM, 1µM], β-endorphin 

[10 nM, 100 nM, 1µM] (all opioids from AnaSpec). TTX (1 mM) and naloxone (100 mM) stock 

solutions were prepared in distilled water. PTX was freshly prepared in 0.1M NaOH. Stock 

solutions of nociceptin (10 mM), met-enkephalin (100 mM), leu-enkephalin (100 mM), 

dynorphin A (1 mM), β-endorphin (1 mM), DAMGO (1 mM), CTOP (1 mM), DPDPE (1 mM), 

ICI-174,864 (1 mM), U50488 (25 mM), and norBNI (10 mM) were prepared in saline. Drugs 

were diluted in Neurobasal media to the final concentration from initial stock solutions.  

 

Immunostaining and antibodies. Hippocampal neurons were fixed with 1% 

paraformaldehyde/4% sucrose/PBS for 7 min at RT and methanol at -20°C for 7 min. Neurons 

were then permeabilized with 0.01% Triton X-100 in PBS for 30 min at RT and processed for 

standard immunocytochemistry (overnight primary at 4°C, 2hr secondary at RT). Antibodies for 

immunostaining were incubated in GDB buffer (0.1% gelatin, 0.3% Triton X-100, 16 mM 

sodium phosphate, pH= 7.4, 450mM NaCl). Primary antibodies were obtained from the 

following sources (in parenthesis) and used at the indicated concentrations [in brackets]:  PSD-

95 [1:200-400], SPO [1:400], MAP2 [1:200], CTIP2 [1:200-1000]. Images were acquired using 

an Axiovert 200M epifluorescent microscope (Zeiss) and analyzed using MetaMorph software 
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(Molecular Devices). PSD-95 or SPO immunoreactivity was quantified in proximal (<xx µm) 

and distal dendrites (>xx µm) after thresholding.  

 

Amygdala kindling. Adult male mice (129 NR3A/B double knockouts, or C57Bl/6, all >3 

months old) were deeply anesthetized with a mixture of ketamine (65mg/kg), ketamine 

(10mg/kg), and acepromazine (2mg/kg). The scalp was retracted following a midsagittal 

incision. Two jeweler’s screws were implanted in the right parietal bone. A bipolar electrode 

(twisted stainless steel wire, Plastics One) was stereotaxically implanted into the left basolateral 

amygdala (coordinates: +2.9 anterior-posterior, +1.2 medial-lateral, -4.6 dorsal-ventral, Paxinos 

& Franklin Atlas) and secured using superglue and dental acrylic. Mice were administered 

topical lidocaine and subcutaneous saline and monitored continuously during recovery on a 

heating pad. At least 14 days after surgery, mice were electrically stimulated to determine the 

after-discharge (AD) threshold for kindling. Briefly, mice were administered one 1s train of 60 

Hz pulses (1ms duration) every minute, starting at 10 µA stimulation intensity. After-discharges 

were monitored and if AD duration did not exceed 5s, stimulation intensity was increased by 10 

µA. Once AD duration reached 5s, stimulation was terminated and mice were returned to their 

home cage. Each subsequent day, mice were administered one 1s train of 60 Hz pulses (1ms 

duration) at AD intensity. Afterdischarges were monitored electrographically while behavior was 

recorded manually and subsequently scored using a modified Racine scale (Table 5.2). Animals 

were considered fully kindled when 4 consecutive days of stage 5 seizures were observed. 

Kindled animals were removed from the study. 
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In vivo pharmacology. Two hours after kindling, mice received daily intraperitoneal injections 

of either saline, the kappa opioid receptor agonist U50488 (5mg/kg, Tocris) or the kappa opioid 

receptor antagonist nor BNI (5mg/kg, Tocris). Drugs were prepared fresh in sterile saline. The 

doses and timing of drug administration was chosen to minimize the confound of the acute 

effects of kappa OR drugs on seizure severity. U50488 (10 mg/kg), and other kappa opioid 

receptor agonists
212

, is known to minitgate chemoconvulsant-induced seizures when 

administered <2 hours before chemoconvulsant injection 
213–215

. Conversely, norBNI (10 

mg/kg)
212

 and other kappa opioid receptor antagonists
213

 are known to block the effects of 

U50488. We selected drug concentrations 50% below the effective doses shown to alter seizure 

severity. We also administered drugs after daily kindling. With this dosing scheme, U50488 

(half-life 2.60 hours
216

) would not be present during kindling, although norBNI (half-life 18.94 

hours 
217

) would. 

 

Golgi staining. After 4 consecutive days of stage 5 seizures, mice were anesthetized via carbon 

dioxide inhalation and rapidly decapitated. Brains were removed, rinsed in distilled water, and 

processed for Golgi staining (FD Golgi RapidStain Stain).  

 

Statistics. Data were analyzed using GraphPad Prism software. All data are expressed as mean ± 

SEM unless otherwise indicated. Group data were assessed for normality using D’Agostino-

Pearson omnibus tests. Normally distributed group data was evaluated via one-way ANOVA 

and, if significant, by appropriate posthoc analysis, either Tukey tests (all pairs of groups) or 

Dunnett’s multiple comparison test (all groups v. control). Non-normally distributed group data 

was analyzed using Kruskal-Wallis tests (all pairs of groups) or Dunn’s comparison (all groups 
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v. control). In Figure 5, planned comparisons between experimental groups (ex. CTOP-NT v. 

CTOP-TTX) were performed via posthoc Bonferroni test. In all cases, *P<0.05, **P<0.01, and 

***P<0.001 v. NT, while +P<0.05, ++P<0.01, and +++P<0.001 indicate significance between 

groups. 

 

5.3 RESULTS 

In mature hippocampal networks in vitro and in vivo, homeostatic synaptic plasticity (HSP) does 

not occur in all hippocampal cell types. Instead, homeostatic changes appear to occur selectively 

at the large specialized synapses between mossy fibers of DG neurons and the proximal synapses 

of CA3 neurons (Chapters 3-4)
87

. Since mossy fibers are highly enriched in endogenous 

opioids, we wanted to examine the potential role of opioid signaling in HSP at mossy fiber-CA3 

synapses. 

We have previously developed an assay which allows us to morphologically and 

biochemically identify distinct hippocampal cell types in vitro (Figure 3.2, Table 3.1). Granule 

cells of the dentate gyrus (DG) and CA1 pyramidal cells stain for the transcription factor, CTIP2, 

while CA3 pyramidal cells do not (Figure 3.2B-F) 
87,92

. DG and CA1 cells can be easily 

differentiated based on their morphology – DG neurons have small somata with  fewer than 3 

primary neurites, while CA1 cells have large somata with >7 primary neurites (Figure 3.2B-F). 

Mossy fibers selectively express the presynaptic vesicle-associated protein, synaptoporin (Figure 

3.3E-F) 
92,144

, which allowed us to unambiguously examine the effects of opioid signaling on 

mossy fiber terminals. 
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Opioids bidirectionally and preferentially alter mossy fiber-CA3 synapses 

Mossy fiber-CA3 synapses are bidirectionally regulated by activity and mossy fiber terminals are 

selectively enriched in endogenous opioids. To determine whether opioids regulate mossy fiber-

CA3 synapses, we incubated neurons for 48 hours in the absence or presence of the opioids 

dynorphin A, nociceptin, or met-enkephalin (Figure 5.1). We assayed the effects of opioid 

treatment at mossy fiber synapses by examining the accumulation of presynaptic SPO and 

postsynaptic PSD-95 in CA3 neurons (Figure 5.1).  

Compared to control neurons, neurons treated with either nociceptin or met-enkephalin 

had more PSD95 accumulated in proximal synapses, while neurons treated with dynorphin had 

less PSD95 at proximal synapses (NT: 100 ± 11.6%, Dyn: 71.8 ± 11.5% of NT, Noc: 132.3 ± 

16.7%, Enk: 126.5 ± 12.3; P = 0.009, one-way ANOVA and post hoc Tukey tests) (Figure 5.1A-

B). No significant differences were observed in distal dendrites (NT: 49.7 ± 6.1%, Dyn: 42.9 ± 

11.5%, Noc: 40.2 ± 2.3%, Enk: 50.0 ± 4.9%; P = 0.230, one-way ANOVA) (Figure 5.1B), 

suggesting that opioids selectively act on the mossy fiber synapses located on proximal CA3 

dendrites. Indeed, presynaptic mossy fiber SPO was bidirectionally altered by opioid incubation: 

dynorphin decreased, while nociceptin increased SPO levels at proximal CA3 synapses (NT: 

100.0 ± 22.5%, Dyn: 42.0 ± 15.2%, Noc: 183.0 ± 32.6%, Enk: 73.7 ± 24.6%; P = 0.0001, 

Kruskal-Wallis test and posthoc Dunn’s comparison) (Figure 5.1C). These results suggest that 

opioids selectively and bidirectionally regulate mossy fiber-CA3 synapses in vitro. 
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Opioid receptor blockade induces homeostatic upregulation of mossy fiber-CA3 synapses 

Since both opioids and activity bidirectionally and selectively regulate mossy fiber-CA3 

synapses, we hypothesized that opioid receptor signaling may be a crucial component of the 

homeostatic regulation of these synapses. To determine whether opioid receptor signaling 

homeostatically regulates mossy fiber-CA3 synapses, we incubated mature hippocampal neurons 

(>21 days in vitro) for 24 hours under control and HSP conditions in the absence or presence of 

the broad spectrum opioid receptor antagonist, naloxone. Chronic inactivity was induced by 

blocking action potentials with the sodium channel blocker, tetrodotoxin (TTX) 
61,87

, while 

chronic hyperactivity was induced by blocking inhibitory signaling using the GABAA receptor 

antagonist, picrotoxin (PTX) 
63,87

.   

As we have previously reported 
87

, activity bidirectionally altered the accumulation of 

proximal PSD-95 in CA3 neurons (Figure 5.2A-B): inactivity significantly increased PSD-95 in 

proximal dendrites (NT: 100.0 ± 13.1%, TTX:211.2 ± 22.7% of NT, P<0.01, one-way ANOVA 

and post-hoc Tukey test), while hyperactivity decreased PSD-95 in proximal dendrites (PTX: 

34.1 ± 4.7% of NT) (Figure 5.2A-B). No significant differences in PSD-95 levels were observed 

in distal dendrites (NT: 100.0 ± 15.6%, TTX:136.0 ± 15,3% of NT, PTX: 87.6 ± 10.0%, P>0.05, 

one-way ANOVA and post-hoc Dunnett’s comparison) (Figure 5.2B). Inactivity also increased 

the presynaptic accumulation of SPO at mossy fiber terminals (NT: 100 ± 18.9%, TTX: 338.2 ± 

47.9%). Taken together, these results suggest that inactivity functionally upregulates mossy 

fiber-CA3 synapses, while hyperactivity downregulates these synapses. 

We next examined the role of opioid receptor signaling in HSP at mossy fiber-CA3 

synapses. 24-hour opioid receptor blockade with naloxone caused a dose-dependent increase in 

proximal PSD-95 accumulation (Figure 5.2A-B). Under no condition did we observe significant 
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changes in PSD95 accumulation at distal synapses (Figure 5.2B). Low-dose (1µM) naloxone 

treatment caused no significant changes in proximal PSD-95 levels, while higher concentrations 

(100µM) of naloxone induced proximal PSD-95 upregulation (1µM naloxone: 94.1 ± 10.9% of 

NT, 100 µM naloxone: 261.5 ± 35.0% of NT, P <0.001, one-way ANOVA and post-hoc 

Dunnett’s comparison) (Figure 5.2A-B). The proximal upregulation observed with naloxone 

treatment was comparable to that observed with chronic activity blockade, suggesting that the 

two pathways may be overlapping. Indeed, concurrent treatment with TTX and naloxone caused 

no additional increase in proximal PSD-95 upregulation over TTX or naloxone treatment alone 

(TTX + 100µM naloxone: 239.7 ± 23.9% of NT), suggesting that opioid receptor blockade and 

action potential blockade activate the same homeostatic upregulation mechanisms at mossy 

fiber-CA3 synapses.  

Opioid receptor blockade had similar effects on presynaptic mossy fiber terminals. While 

low concentrations (1µM) of naloxone had no effect on SPO levels, high concentrations (100 

µM) of naloxone were sufficient to induce large increases in the presynaptic accumulation of 

synaptoporin in mossy fibers, comparable to the levels seen with chronic inactivity (NT: 100 ± 

18.9%, 1 µM naloxone: 78.5 ± 25.3%, 100 µM naloxone: 418.5 ± 60.2%, TTX: 338.2 ± 47.9%) 

(Figure 5.2A,C). Concurrent treatment with both TTX and naloxone increased SPO levels even 

further (TTX + 100µM naloxone: 525.7 ±5 1.2%), suggesting that opioid receptor signaling and 

neuronal activity negatively constrain the presynaptic accumulation of SPO via separate 

mechanisms.   

Interestingly, low doses of naloxone (1µM) which had no effect alone were sufficient to 

block the hyperactivity-induced downregulation of proximal synapses (Figure 5.2A-B) (PTX: 

34.1 ± 4.7% of NT, PTX + 1µM naloxone: 95.5 ± 13.6%). Hyperactivity had no effect on SPO 
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levels (PTX: 104.6 ± 21.5% of NT, PTX +1 µM naloxone: 136.5 ± 15.1%), as has been 

previously observed. These results suggest that, collectively, opioid receptor signaling negatively 

constrains proximal CA3 synapses and that loss of opioid receptor signaling induces 

compensatory upregulation of these synapses.  

 

Kappa and mu opioid receptors inversely regulate mossy fiber-CA3 synapses 

To determine which opioid receptors were responsible for the regulation of mossy fiber-CA3 

synapses, we incubated neurons for 48 hours in the presence or absence of agonists and 

antagonists of the kappa, delta, and mu opioid receptors (ORs) (Figure 5.3). Activation of kappa 

ORs with the agonist U50488 caused a dose-dependent increase in proximal PSD-95 (250 nM 

U50488: 98.7 ± 20.7% of NT, 2.5 µM U50488: 225.9 ± 45.2; P<0.05, one-way ANOVA and 

Dunnett’s comparison v. NT) (Figure 5.3A, C). Conversely, blockade of kappa ORs with the 

antagonist norBNI decreased proximal PSD-95 (1µM norBNI: 72.0 ± 8.9) (Figure 5.3D). Kappa 

OR activation also caused a dose-dependent increase in SPO in mossy fiber terminals (250 nM 

U50488: 133.7 ± 18.6% of NT, 2.5 µM U50488: 246.9 ± 41.3; P<0.001, one-way ANOVA and 

Dunnett’s comparison v. NT) (Figure 5.3A-B). These results suggest that kappa OR signaling 

actively reinforces mossy fiber transmission both pre- and post-synaptically.  

In contrast to the effects seen with kappa ORs, activation of mu opioid receptors with the 

agonist DAMGO caused a dose-dependent decrease in proximal PSD-95 (100nM DAMGO: 

127.6 ± 22.5% of NT, 1µM DAMGO: 63.8 ± 12.5) (Figure 5.3A,C). Conversely, mu OR 

blockade with the antagonist CTOP increased proximal PSD-95 (50 nM CTOP: 304.2 ± 33.7% 

of NT; P<0.001, one-way ANOVA and Dunnett’s test v. NT) (Figure 5.3D). Activation of mu 

ORs with DAMGO also caused a dose-dependent decrease in presynaptic SPO (100nM 



114 

 

DAMGO: 93.6 ±20.0 % of NT, 1µM DAMGO: 58.1 ± 9.6) (Figure 5.3B). These results suggest 

that mu OR signaling negatively constrains mossy fiber transmission both pre- and post-

synaptically.  

Activation of delta opioid receptors with DPDPE slightly decreased SPO in a dose-

dependent manner (1µM DPDPE: 77.1 ± 18.2% of NT, 10 µM DPDPE: 65.7 ± 9.1) (Figure 

5.3B), but had no effect on proximal PSD-95 levels (1µM DPDPE: 108.9 ± 13.4% of NT, 10 µM 

DPDPE: 122.8 ± 13.1) (Figure 5.3A-C). Blockade of delta ORs with ICI-174,864 did cause a 

dose-dependent increase in proximal PSD-95 levels (20nM ICI-174,864: 101.6 ± 9.0% of NT, 

2µM ICI-174,864: 155.0 ± 16.4) (Figure 4D). These results suggest that delta OR signaling, like 

mu OR signaling, negatively constrains mossy fiber-CA3 synapses both pre- and post-

synaptically, although the effects are milder. Under no condition did we observe changes in 

distal PSD-95 levels (P = 0.274, one-way ANOVA). 

Taken together, these results suggest that delta and mu OR signaling negatively 

constrains mossy fiber-CA3 synapses, and that the loss of delta and mu OR signaling accounts 

for the upregulation of mossy fiber-CA3 synapses observed with naloxone (Figure 5.2). 

Moreover, activation of kappa opioid receptors is sufficient to selectively upregulate mossy 

fiber-CA3 synapses. Distinct OR signaling pathways therefore bidirectionally and selectively 

alter mossy fiber transmission in vitro.  

 

Kappa opioid receptors mediate homeostatic upregulation of mossy fiber-CA3 synapses 

We observed that both network activity and opioid receptor signaling are capable of 

bidirectionally and selectively altering mossy fiber-CA3 synapses. To determine which opioid 
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receptors were responsible for the homeostatic regulation, we bidirectionally modulated the 

activity of mature hippocampal neurons in the presence or absence of either agonists or 

antagonists of the mu, delta, and kappa opioid receptors. We then assayed changes in proximal 

CA3 synapses. As we have observed previously, inactivity prompted large increases in proximal 

PSD-95, while hyperactivity decreased proximal PSD-95 (Figure 5.4A-B) (NT: 100 ± 18.4, 

TTX: 266.0 ± 30.1% of NT, PTX: 42.0 ± 13.9% of NT; P <0.0001, one-way ANOVA).  

Manipulation of mu OR signaling had basal effects on mossy fiber-CA3 synapses, but 

these effect did not occlude the effects of HSP. As observed previously (Figure 5.3B), the mu 

OR agonist DAMGO decreased PSD-95 levels (Figure 5.4C-D, left), while the mu OR 

antagonist CTOP increased proximal PSD-95 levels (DAMGO: 46.2±5.8% of NT, CTOP: 147.5 

± 20.9% of NT) (Figure 5.4C-D, right). In the presence of mu OR agonist or antagonist, TTX 

increased PSD-95 levels (DAMGO+TTX: 130.6% increase over DAMGO, CTOP+TTX: 74.6% 

increase over CTOP; P<0.001, Bonferroni test v. CTOP alone) (Figure 5.4C-D), suggesting that 

homeostatic upregulation is intact despite mu OR signaling status. Similarly, in the presence or 

absence of mu OR agonist or antagonist, PTX decreased PSD-95 levels (DAMGO+PTX: 18.1% 

decrease v. DAMGO, CTOP+PTX: 63.6% decrease v. CTOP) (Figure 5.4C-D). These results 

suggest that homeostatic upregulation in response to inactivity and downregulation in response to 

hyperactivity are both preserved, despite the basal effects of mu OR signaling. 

Manipulation of delta OR signaling gave similar results. The basal effects of delta OR 

activation with DPDPE (Figure 5.4E-F, left) or blockade with ICI-174,864 (Figure 5E-F, right) 

did not preclude a further increase in PSD-95 levels with inactivity (DPDPE+TTX: 69.3% 

increase over DPDPE, ICI+TTX: 32.0% increase over ICI) or decrease with hyperactivity 

(DPDPE+PTX: 61.6% decrease v. DPDPE, ICI+PTX: 36.9% decrease v. ICI). Taken together, 
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these results  suggesting that homeostatic adaptation is preserved in the presence of mu and delta 

OR agonists or antagonists (Table 5.1) and is therefore mechanistically distinct from the OR 

pathways.  

In contrast, administration of the kappa OR agonist U50488 increased proximal PSD-95 

levels and occluded the effects of TTX (U50488: 224.3 ± 29.5% of NT; U50488+TTX: 198.5 ± 

30.5% of NT) (Figure 5.4G-H). These results suggest that TTX-induced homeostatic 

upregulation proceeds through kappa OR signaling. Indeed, the kappa OR antagonist norBNI had 

no basal effects on proximal CA3 synapses, but blocked inactivity-induced homeostatic 

upregulation (nor BNI: 111.6 ± 13.3% of NT, norBNI+TTX: 126.4 ± 25.3% of NT) (Figure 

5.4G-H). Taken together, these results suggest that kappa receptor signaling is necessary and 

sufficient to mediate the preferential homeostatic upregulation of mossy fiber-CA3 synapses.  

 

Kappa opioid receptors mediate temporal lobe epileptogenesis 

We hypothesized that mossy fiber-TE synapses provide gain control for hippocampal circuits, 

homeostatically regulating the amount of information being received (Chapter 4). We 

furthermore hypothesized that inappropriate gain control at MF-TE synapses may contribute to 

seizure generation in the hippocampus. Since kappa opioid receptor activation is necessary and 

sufficient for MF-TE upregulation in vitro (Figure 5.4), we reasoned that kappa opioid receptor 

drugs could be used to bidirectionally alter seizure progression in the hippocampus. We explored 

this possibility using the well-established amygdala kindling model, which progressively 

generates seizures originating in the temporal lobe 
218–221

. Stainless steel electrodes were 

implanted into the left basolateral amygdala of adult male mice. Two weeks after surgery, mice 

were kindled daily to induce progressively more severe seizures.  
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To determine whether kappa opioid receptors contribute to epileptogenesis, mice 

received daily intraperitoneal injections of either saline, the kappa opioid receptor agonist 

U50488 (5 mg/kg) or the kappa opioid receptor antagonist norBNI (5mg/kg) two hours after 

daily kindling. U50488 and norBNI are known to have acute anti- and pro-convulsant effects, 

respectively, when administered before injection of a chemoconvulsant 
213,214,222

. However, our 

interest is not in the acute effects of the drugs on seizure severity. Instead, we are interested in 

the long-term effects of the drugs on MF-TE volume control. Drugs were therefore administered 

after daily kindling and at doses below those shown to have acute effects on seizure severity.  

Seizure behavior was recorded by an observer blinded to the experimental condition and 

untrained in Racine scoring. Behavior was later analyzed and compiled into a modified Racine 

score which better reflects seizure progression in our animals (Table 5.2). Stage 3 Racine 

seizures (forelimb clonus) were scored as either unilateral (3) or bilateral (3.5) under our system. 

Similarly, stage 5 Racine seizures (rearing and falling with forelimb clonus) were separated into 

rearing (4), loss of balance (5), and loss of balance with hindlimb clonus (5.5). Additionally, we 

observed running-bouncing seizures in some of our animals. Running-bouncing seizures are 

common in rats, but are rare in mice. We therefore scored these seizures as a 6. Kindling 

continued daily until mice experienced four consecutive days of stage 5 seizures (loss of balance 

or running-bouncing seizures). 

Compared to saline-treated controls, mice receiving daily injections of the kappa opioid 

receptor agonist U50488 (5 mg/kg) kindled faster (Figure 5.5A) and had more severe seizures 

(Figure 5.5B). Conversely, mice receiving daily injections of the kappa opioid receptor 

antagonist norBNI (5 mg/kg) kindled slower and had less severe seizures than vehicle controls 

(Figure 5.5A-B). We observed no significant differences in after-discharge duration (Figure 
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5.5C) between groups (duration (in seconds): NT 12.8±8.0 (SD), U50488 18.0±12.9, norBNI 

13.1±8.6; P>0.07, Student’s t-test v. NT). Taken together with our in vitro findings, these results 

suggest that chronically activating kappa OR with the agonist U50488 upregulates MF-TE 

synapses, increasing the “volume” of information entering the hippocampus, and encouraging 

seizure progression in the temporal lobe. Conversely, chronically blocking kappa OR with the 

antagonist norBNI prevents homeostatic upregulation of MF-TE synapses in vitro and slows 

seizure progression in vivo. These data imply that homeostatic upregulation of MF-TE synapses 

contributes to seizure progression in the temporal lobe. Moreover, our findings suggest that 

kappa opioid receptors are capable of altering the MF-TE “volume control” synapse in vivo. 

 

5.4 DISCUSSION 

We report that opioids bidirectionally and selective regulate MF-TE synapses in vitro. Met-

enkaphlin and nociceptin increase, while dynorphin decreases the accumulation of synapotoporin 

(SPO) in presynaptic MF terminals and PSD95 in proximal CA3 dendrites (Figure 5.1). The 

bidirectional homeostatic changes in MF-TE synapses are modulated by opioid receptor 

signaling, as blockade of opioid receptors (OR) with the broad-spectrum antagonist, naloxone, 

was sufficient to upregulate proximal synapses or to prevent hyperactivity-induced 

downregulation (Figure 5.2).  

 We found that the distinct OR types differentially regulate MF-TE synapses. Kappa OR 

signaling promoted upregulation of MF-TE synapses as the kappa OR agonist, U50488, 

strengthened, while the kappa OR antagonist, norBNI, weakened MF-TE synapses (Figure 5.3). 

Conversely, mu and to a lesser extent delta OR signaling negatively constrained MF-TE 

synapses (Figure 5.3). The basal effects of mu or delta OR agonists or antagonists did not 
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preclude bidirectional homeostatic adaptation of MF-TE synapses (Figure 5.4). However, kappa 

OR signaling was necessary and sufficient for homeostatic upregulation of MF-TE terminals. 

Taken together, these results suggest that kappa OR signaling is involved in the normal 

homeostatic regulation of MF-TE terminals. 

 We postulated that MF-TE synapses act as volume control for information entering the 

hippocampus (Figure 4.11) 
87,223

. If MF-TE synapses are inappropriately recalibrated in response 

to incoming levels of activity, the downstream hippocampal circuit would receive too much or 

too little information. Too much neural activity entering the recurrent CA3 networks could easily 

lead to reverberation and seizures. We therefore hypothesized that inappropriate HSP at MF-TE 

synapses could lead to the emergence of seizures.  

 To test this hypothesis, we needed to selectively induce HSP at MF-TE synapses in vivo. 

We have previously observed that the same drugs which induce HSP in vitro are capable of 

altering MF-TE synapses in vivo 
87

. We therefore used our in vitro assay to determine whether 

opioid receptors were capable of regulating MF-TE HSP. We were intrigued when kappa opioid 

receptors drugs were capable of selectively and bidirectionally altering MF-TE synapses in vitro 

(Figure 5.3-5.4). Opioids are known to have potent acute effects on seizure severity in vivo. 

However, to our knowledge, no one has looked at the long-term effects of opioids on 

hippocampal homeostasis. We observed that chronic treatment with the kappa opioid receptor 

agonist U50488, which is known to have acute anti-convulsive effects, produced more rapid and 

severe seizure phenotypes in a mouse model of temporal lobe epilepsy (Figure 5.5). Paired with 

our findings that U50488 elaborates MF-TE terminals in vitro, these findings suggest that 

sustained kappa opioid receptor activation increases MF-TE synaptic strength, exacerbating 

epileptogenesis in the hippocampus. Conversely, chronic treatment with the kappa opioid 
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receptor antagonist norBNI produced slower and less severe seizure phenotypes (Figure 5.5). 

NorBNI was capable of blocking the homeostatic upregulation of MF-TE terminals in vitro 

(Figure 5.4) and delayed the onset of stage 5 seizures in vivo. We therefore concluded that 

homeostatic upregulation of MF-TE terminals contributes to seizure progression in vivo and that 

this process is under the control of kappa opioid receptors.  

 

Opioids v. OR effects: WTF 

Our findings on the effects of OR agonists and antagonists are internally consistent. Mu, delta, or 

kappa OR agonists produced opposite effects to those of the antagonists, and the combined 

effects of broad-spectrum OR blockade with naloxone was consistent with the effects of the 

individual antagonists. However, we observed a profound discrepancy between the effects of the 

opioid ligands and the effects of the opioid receptor agonists on the regulation of MF-TE 

terminals.  

 For example, kappa ORs are known to bind dynorphin 
213,224

, but the effect of chronic 

treatment with the kappa OR agonist, U50488, (Figure 5.3) was opposite to that of the 

endogenous ligand dynorphin (Figure 5.1). Chronic dynorphin treatment weakened MF-TE 

synapses, while U50488 greatly expanded these terminals. The effects of dynorphin treatment 

were mimicked by the mu OR agonists, DAMGO (Figure 5.3). However, mu ORs are thought to 

bind endorphins 
225

, and we observed no changes in MF-TE synapses with chronic β-endorphin 

treatment (data not shown).  

 Finally, delta ORs are thought to bind enkephalins
225

 and enkephalin upregulated MF-TE 

synapses (Figure 5.1). However, the delta OR agonist, DPDPE, had no effect and instead the 

delta OR antagonist, ICI-174,864, mimicked the effects of enkephalin. DPDPE is known to bind 
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mu ORs in addition to delta ORs (delta OR Ki = 2.9 ± 0.41 nM, delta OR IC50 = 0.26± 0.09 nM; 

mu OR  Ki = 160 ± 63 nM, mu OR IC50 = 2.6 ±0.14 µM 
226

) but at the concentration of DPDPE 

used (1µM), we would expect the effects of delta OR signaling to predominate. 

 Since the effects of the OR agonists and antagonists are consistent with each other, we 

are more wary of the results of the chronically applied “endogenous” ligands. To validate the in 

vitro effects of chronic opioid administration, we will treat neurons with the ligands dynorphin, 

enkephalin, nociceptin, and beta-endorphin in the absence or presence of the delta, mu, or kappa 

OR antagonists. In this manner, we will be able to determine whether the effects of opioid 

application is mediated by the “intended” receptor or whether off-target effects account for the 

observed changes at MF-TE synapses. 

 

“These go to 11” 
29

: Clinical applications of mossy fiber-TE volume control 

The most common form of non-genetic adult seizure disorder is mesial temporal lobe epilepsy 

(mTLE) 
121

. The mesial temporal lobe houses the hippocampus and surrounding cortical areas. 

The hippocampus, and in particular the CA3 area, has been repeatedly implicated in the 

excessive synchronous activity which leads to full-blown seizures 
201,227–229

.  In fact, in humans, 

a common treatment for intractable mTLE is removal of portions of the temporal lobe including 

the hippocampus.  

  What could be the cause of the excessive hippocampal excitability that so often causes 

seizure disorders? We suggest that a loss of the “volume control” function of MF-TE synapses is 

a critical factor in the emergence of spontaneous seizures 
198

. If this hypothesis is true, a host of 

treatment strategies appear, since MF-TE synapses have distinct biochemical and 

pharmacological properties.  

                                                 
29

 This is Spinal Tap. Dir. Rob Reiner. Embassy Pictures, 1984. Film. 
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  One potential avenue of more selective intervention in epilepsy would be to target opioid 

receptor signaling. Opioids are known to have potent effects on seizure generation and 

propagation. The opioid receptor nociceptin has been shown to diminish CA3 hyperexcitability 

200
, while the opioid receptor beta-endorphin has the opposite effect 

230,231
. while a side-effect of 

the opioid receptor antagonist naloxone (Narcan) is seizures. Dynorphin signaling has 

consistently been found to be anticonvulsant 
232,233

. Genetic knockdown of dynorphin decreased 

seizure threshold and increased seizure severity in mice 
213

. In humans, mutations in the 

dynorphin precursor gene, prodynorphin, have been linked to TLE 
234

. The anticonvulsive effects 

of dynorphin appear to be through kappa receptor signaling, as the kappa OR agonist U50488 

blocked seizures induced by supramaximal electroshock 
214

 and restored seizure threshold in 

prodynorphin-knockout mice 
213

.   

  Intriguingly, mossy fibers contain high levels of opioids, and presynaptic MF opioid 

content is altered by seizure activity. Under basal conditions, mossy fibers express high levels of 

dynorphin and low levels of enkephalin 
208,210

. However, MF dynorphin content is depleted after 

seizures, while enkephalin content is upregulated 
210,235

. Some authors have speculated that the 

change in MF opioid content is itself an attempt at homeostatic compensation in response to 

excessive seizure activity. However, based on our data, we hypothesize that the depletion of 

dynorphin and accumulation of enkephalin are causal events during epileptogenesis. Loss of 

dynorphin would remove a negative-feedback constraint on MF detonation. Meanwhile, 

enhancement of enkephalin signaling would promote positive-feedback enhancement of MF-TE 

synapses. We hypothesize that epileptogenesis is due to the breakdown of the normal 

homeostatic constraint on hippocampal activity provided by opioid regulation of MF-TE 
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synapses. Selectively manipulating the volume control function of MF-TE synapses may 

therefore provide more effective seizure control with fewer side-effects. 
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CHAPTER VI. Neuronal activity promotes AD-related tau 

phosphorylation via Plk2 

 

6.1 INTRODUCTION 

Alzheimer’s disease (AD) is a prevalent disorder of aging marked by progressive loss of 

cognitive ability and memory. The cognitive deficits in Alzheimer’s disease have historically 

been attributed to loss of synapses 
236–239

 which occurs through a signaling cascade precipitated 

by the inappropriate aggregation of certain proteins. Synaptic loss is thought to be due to toxic 

extracellular accumulation of a protein fragment known as amyloid β (Aβ) into amyloid plaques 

239–242
. Amyloid deposition provokes intracellular aggregation of the microtubule-associated 

protein, tau, into neurofibrillary tangles (NFTs). Under normal conditions, microtubules within 

neurons are stabilized by tau. In AD, tau becomes hyperphosphorylated at a number of epitopes, 

causing it to dislodge from microtubules and aggregate into NFTs. Amyloid plaques and NFTs 

are the two major histological hallmarks of AD and are considered causal in neuronal 

dysfunction and ultimately death 
243–245

. Much research into mechanisms and treatments for AD 

has focused on either combating the aggregation of Aβ and tau or enhancing the clearance of 

these deposits. 

  The precipitating events initiating the neurotoxic AD cascade are not completely 

understood. Of interest to researchers interested in hippocampal function is the locus of AD 

initiation. The temporal lobe – which houses the hippocampus and surrounding cortex – is 

consistently the first site of amyloid plaque and NFT deposition in human AD 
246–248

. Why 

should the temporal lobe give rise to AD pathology? Several groups have recently observed 

pockets of hyperexcitability in human or mouse AD brains 
240,249–252

.  In particular, the 
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hippocampal CA3 region has been found to be hyperexcitable in human AD 
249

. Moreover, CA3 

hyperactivity has been linked to cognitive deficits in humans 
249,250,253

 and combating CA3 

hyperactivity has produced memory and cognitive benefits in humans 
249

.  

  CA3 hyperexcitability therefore appears causal in AD-related dysfunction. What gives 

rise to CA3 hyperexcitability and how does this lead to AD pathology? We have previously 

observed that CA3 neurons are the locus of homeostatic adaptation in vitro and in vivo. The 

synapses between mossy fibers and CA3 neurons act as “volume control” for the downstream 

hippocampal circuit, optimizing neuronal input so the hippocampus has the proper bandwidth of 

entering information 
87,223

. We wondered whether the processes of homeostatic adaptation 

contributed to AD-related pathology. To address this theory, we examined the role of neuronal 

activity in tau hyperphosphorylation, thought to be causal in neuronal death. In particular, we 

were interested in the homeostatic adaptation to hyperactivity, since CA3 excitability is thought 

to be related to memory loss. Our lab has previously demonstrated that the neuronal response to 

hyperactivity is dominated by the master regulator protein, Plk2. We therefore examined the 

contribution of neuronal and Plk2 activity to AD-related tau phosphorylation. 

 

 

6.2 MATERIALS & METHODS 

All experiments were conducted in accordance with the Georgetown Animal Care and Use 

Committee guidelines.  

 

Primary hippocampal cultures. Hippocampal neurons were prepared from E19 rat embryos as 

previously described (Sala et al. 2001; Lee et al. 2013). Briefly, brains were extracted into ice-

cold HBSS solution, dissociated, and plated at a density of ~150 cells/mm2 on coverslips 
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previously coated with poly-D-lysine (30µg/ml) and laminin (2µg/ml). Cultures were grown in 

Neurobasal medium (Invitrogen) supplemented with SM1 (Stem Cell Technologies), 0.5mM 

glutamine and 25µM glutamate. Neurons were analyzed at >21 days in vitro.  

 

In vitro pharmacology and Plk2 infection. Mature (DIV 21+) neurons were treated for 24 

hours as indicated with TTX [1µM] or PTX [100µM] (both from Sigma). TTX (1 mM) stock 

solution was prepared in distilled water. PTX was freshly prepared in 0.1M NaOH. Drugs were 

diluted in Neurobasal media to the final concentration from initial stock solutions. For viral 

infection, EGFP, wild-type Plk2, or dominant-negative Plk2 were cloned into the pSinRep5 

Sindbis virus vector (Invitrogen) and replication-defective pseudovirions was produced 

according to the manufacturer’s directions. Mature (DIV 21+) neurons were infected for less 

than 24 hours prior to immunostaining. 

 

Immunostaining and antibodies. Hippocampal neurons were fixed with 1% 

paraformaldehyde/4% sucrose/PBS for 7 min at RT and methanol at -20°C for 7 min. Neurons 

were then permeabilized with 0.01% Triton X-100 in PBS for 30 min at RT and processed for 

standard immunocytochemistry (overnight primary at 4°C, 2hr secondary at RT). Antibodies for 

immunostaining were incubated in GDB buffer (0.1% gelatin, 0.3% Triton X-100, 16 mM 

sodium phosphate, pH= 7.4, 450mM NaCl). Primary antibodies were obtained from the 

following sources (in parenthesis) and used:  PSD-95 (NeuroMab) [1:200-400], MAP2 (Abcam) 

[1:200], GluK5 (Abcam), Plk2 (7382 or 7383 were generated previously 
63

 ), AT180 (Thermo 

Scientific), AT8 (Thermo Scientific). Images were acquired using an Axiovert 200M 

epifluorescent microscope (Zeiss) and analyzed using MetaMorph software (Molecular Devices).  
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Immunoblotting. Plk2-kinase dead (Plk2-KD) transgenic mice have previously been described 

85
. C57BL/6 mice expressing either wild-type (WT) or kinase dead (Plk2-KD) Plk2 were 

decapitated at 15 months of age and brains were removed into ice cold RIPA buffer. Cortices and 

hippocampi were dissected and manually homogenized. Samples were separated on 7% 

polyacrylamide gels, before being transferred to a nitrocellulose membrane. Membranes were 

blocked with 5% nonfat milk / 0.1% Tween-20 in 1X TBS before overnight incubation at 4° C in 

primary antibody. Blots were then washed with 1X TBS and incubated from 1 hour at room 

temperature in Horseradish peroxidase-conjugated secondary antibodies (Roche). Protein levels 

were detected using the enhanced chemiluminescence (ECL) detection system (Pierce).  

 

Statistics. Data were analyzed using GraphPad Prism software. Planned comparisons between 

groups were made with two-tailed Student’s t-tests. In the case of multiple groups, normally 

distributed group data was evaluated via one-way ANOVA and, if significant, by appropriate 

posthoc analysis, either Tukey tests (all pairs of groups) or Dunnett’s multiple comparison test 

(all groups v. control). Non-normally distributed group data was analyzed using Kruskal-Wallis 

tests (all pairs of groups) or Dunn’s comparison (all groups v. control). In all cases, *P<0.05, 

**P<0.01, and ***P<0.001 v. NT. 
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6.3 RESULTS 

CA3 hyperexcitability is thought to be causal in the cognitive and memory deficits of AD. The 

downstream loss of neurons is thought to be due to toxic intracellular accumulation of tau. 

However, the events leading from CA3 hyperexcitability to tau aggregation are not well 

understood. In AD, aggregated tau is hyperphosphorylated, strongly implicated abnormal kinase 

activity. One of the major kinases associated with AD-related tau hyper-phosphorylation is 

glycogen synthase kinase-3β (GSK-3β) 
254,255

. We examined the effect of neuronal activity on 

GSK-3β levels. We subjected mature neuronal networks (>21 days in vitro (DIV)) to 24 hours of 

normal activity, hyperactivity (induced with the GABAA receptor antagonist, picrotoxin (PTX) 

63,87
) or inactivity (induced with the voltage-gated sodium channel blocker, tetrodotoxin (TTX) 

61,87
) and measured the somatic accumulation of GSK-3β (Figure 6.1A). We observed that 

chronic activity bidirectionally altered the somatic accumulation of GSK-3β: chronic 

hyperactivity increased GSK-3β levels, while chronic inactivity decreased GSK-3β levels (NT: 

100±5.2, PTX: 116±5.0% of NT, TTX: 74.7±4.1% of NT. *P<0.05, one-way ANOVA and post 

hoc Dunnett test v. NT) (Figure 6.1B-C). We therefore concluded that GSK-3β accumulation is 

controlled by neuronal activity levels. Hyperactivity in CA3 neurons would therefore promote 

GSK-3β accumulation, potentially contributing to the phosphorylation of tau. 

 

Plk2 promotes AD-related tau phosphorylation in vitro 

However, the major kinase responsible for homeostatic downregulation in response to 

hyperactivity is Plk2 (polo-like kinase 2) 
63,85,86,93,256

 and very little is known about the 

contribution of Plk2 to AD. Plk2 is normally expressed at very low levels in neurons. Following 

bouts of hyperactivity Plk2 is drastically upregulated and mediates the dismantling of dendritic 
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spines and excitatory synapses 
63,85,86

. We wondered whether the high levels of Plk2 expression 

might also contribute to the hyperphosphorylation of tau following hyperactivity conditions. 

 To determine whether Plk2 contributed to tau hyperphosphorylation we examined the 

intracellular accumulation of tau phosphorylated at two AD-related epitopes: S202/T205 and 

T231 (visualized with the antibodies AT8 and AT180, respectively). We stimulated neurons with 

PTX to provoke Plk2 expression and examined the accumulation of phospho-tau. Under normal 

conditions, we observed low levels of Plk2 expression and very little phospho-tau as visualized 

with either AT8 (Figure 6.2A-B) or AT180 (Figure 6.2D-E). As previously observed, chronic 

hyperactivity increased Plk2 expression (Figure 6.2A-B,D-E). Chronic hyperactivity also 

increased the phosphorylation of tau at the AT8-positive (Figure 6.2A-B) and AT180-positive 

(Figure 6.2D-E) AD-related epitopes. Plk2 expression levels were strongly correlated with AT8 

immunoreactivity (R
2
 = 0.740). Using the average value of AT8 immunoreactivity under PTX 

conditions (AT8 = 99.78), we divided neurons into an AT8-positive and AT8-negative 

population. AT8-positive cells (AT8 immunoreactivity > 99.78) expressed significantly more 

Plk2 than AT8-negative cells (***P<0.001, two-tailed Student’s t-test) (Figure 6.2C). Plk2 

expression levels were moderately correlated with AT180 immunoreactivity (R
2
 = 0.500), with 

AT180-positive cells (AT180 immunoreactivity > 35.61 = average AT180 levels) expressing 

significantly more Plk2 than AT180-negative cells (***P<0.001, two-tailed Student’s t-test) 

(Figure 6.2F). These results suggest that Plk2 may promote the phosphorylation of tau at AD-

related sites. 

  However, hyperactivity is known to alter the expression of many proteins including, as 

we have demonstrated, GSK-3β (Figure 6.1). To avoid this confound, we cell-autonomously 

expressed Plk2 using Sindbis virus expression and examined the accumulation of phospho-tau. 
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Uninfected or GFP-infected neurons had low levels of Plk2 expression and very little 

immunoreactivity for either AT8 (Figure 6.3A) or AT180 (Figure 6.3C). Plk2 infection 

significantly increased the intracellular accumulation of phospho-tau (Figure 6.3A,C). AT8 

immunoreactivity was extremely strongly correlated with Plk2 levels (Plk2 infection: R
2
 = 0.880, 

GFP infection: R
2
 = 0.147) (Figure 6.3B). Plk2 infection also increased AT180 

immunoreactivity and AT180 levels were also highly correlated with Plk2 levels (Plk2 infection: 

R
2
 = 0.635, GFP infection: R

2
 = 0.017) (Figure 6.3D). We therefore concluded that Plk2 

promotes the hyperphosphorylation of tau at AD-related epitopes. 

   

Plk2 kinase function promotes AD-related tau phosphorylation in vivo 

To determine whether Plk2 contributes to the AD-related phosphorylation of tau in vivo, we 

examined cortices and hippocampi from aged (15-month-old) C57BL/6 mice expressing either 

wild-type Plk2 (WT) or a kinase-dead Plk2 (Plk2-KD). Plk2-KD acts as a dominant negative 

rather than a knockout, binding to target substrates but preventing regulation via Plk2 kinase 

function. Compared to wild-type mice, Plk2-KD mice had significantly less AT8-positive tau 

(*P<0.05, two-tailed Student’s t-test) (Figure 6.4A-C). Plk2-KD mice also had significantly less 

AT180-positive tau (*P<0.05, two-tailed Student’s t-test) (Figure 6.4D-F). We observed no 

significant differences in total tau levels, as determined using two different tau antibodies (Tau5 

or Tau46, data not shown). We therefore concluded that the kinase function of Plk2 promotes tau 

phosphorylation at AD-related epitopes in vivo. 
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6.4 DISCUSSION 

We observed that neuronal activity promotes both GSK-3β and Plk2 accumulation in CA3 

neurons in vitro (Figures 6.1-6.2). Plk2 accumulation in neurons was strongly correlated with 

the phosphorylation of tau at AD-related epitopes (Figures 6.2). Indeed, overexpression of Plk2 

without induction of hyperactivity was sufficient to induce AD-related tau phosphorylation 

(Figures 6.3). Aged transgenic animals lacking Plk2 kinase activity had significantly less AD-

related tau phosphorylation (Figure 6.4). Taken together these results provide a mechanism 

coupling neuronal hyperactivity to tau hyperphosphorylation through Plk2 expression and kinase 

activity.  

 

“Detonator synapses” and the search for the AD epicenter 

Since their discovery, mossy fiber-CA3 synapses have been singled out for their unique 

properties. The synapses between mossy fibers and CA3 proximal dendritic spines are some of 

the largest and most complex in the nervous system, consisting of multiple presynaptic release 

sites opposite multiple postsynaptic densities 
159,161

. MF-CA3 synapses have unique learning 

rules and plasticity mechanisms 
182,183,257–261

, due to their distinct function in the hippocampus. In 

particular, MF-CA3 synapses are known to be some of the strongest connections in the nervous 

system 
161,162,178

. Granule cells, and accordingly their mossy fiber axons, fire sparsely but 

powerfully, leading to their description as “detonator synapses 
180,205

”.  

 We wondered whether the description of mossy fibers as detonators could have more far-

reaching implications than previously supposed. We have recently observed that the synapses 

between mossy fibers and CA3 neurons are the site of homeostatic adaptation, acting as 

hippocampal “volume control” 
87,223

. MF-CA3 synapses are strengthened in response to 
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inactivity, and weakened in response to hyperactivity 
87

. If MF-CA3 synapses are the locus of 

homeostatic adaptation, disruptions to this adaptation would most detrimentally effect the 

downstream target of the regulation, namely CA3 pyramidal neurons. The sensitivity of CA3 

neurons to homeostatic adaptation and the resulting activity-dependent changes in GSK-3β and 

Plk2 expression may therefore explain why this region is consistently impaired in AD. 

 

 

Plk2 in AD 

Tau has 85 phosphorylation sites (80 serine/threonine, 5 tyrosine), of which 30 are associated 

with AD-related aggregation into NFTs. Plk2 is a proline-directed serine/threonine kinase with 

the consensus sequence S-S/T-P. However, Plk2 recognition of its consensus sequence requires 

phosphorylation of the middle S/T residue. The “priming” of the Plk2 consensus sequence is 

performed by a proline-directed kinase, generally Cdk5. Cdk5 has also been heavily implicated 

in AD-related tau hyperphosphorylation. We identified 3 putative Plk2 binding sites in tau: T69, 

S199, and S404. Further work is required to determine whether Plk2 is a significant contributor 

to AD-related phosphorylation downstream of Cdk5.  
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DISCUSSION 

The discovery of associative, or Hebbian, synaptic plasticity drastically reconfigured the field of 

neuroscience. In the late 1950s, Donald Hebb put forward the “fire together, wire together” 

postulate that neurons positively reinforce relevant synaptic connections, while negatively 

reinforcing irrelevant synaptic connections. The system of synaptic reward and punishment could 

establish patterns of synaptic strength which would encode information. Roughly 40 years ago, 

Bliss and Lømo observed that activity could fundamentally change the properties of synapses in 

vivo 
41

 and the field of Hebbian plasticity was born. Associative plasticity now lies at the core of 

the mainstream theories of learning, memory, and information encoding within the CNS 

1,5,7,22,23,32,33,37,39,44,262
.  

  The discovery of homeostatic synaptic plasticity (HSP) produced a similar revolution, 

profoundly altering our conceptualization of neural function. The computational consequences of 

associative synaptic plasticity (ASP) had troubled neuroscientists for decades. The positive-

feedback system of ASP was recognized to be inherently destabilizing to neural networks 
67,122

. 

At the close of the 20
th

 century, neurons were found to recalibrate synaptic strength to reflect the 

long-term activity status of the network 
61,62

. HSP quickly became one of the hottest 

neuroscience topics in the first decade of the 21
st
 century 

263
. 

 

The brain that sculpts itself 
30

: Sites of homeostatic synaptic plasticity 

The HSP paradigm shift is on-going. Despite the considerable amount of research into molecular 

and functional mechanisms of homeostatic adaptation, it remains unclear how exactly neural 

networks homeostatically fluctuate while preserving encoded content. Part of the confusion 

                                                 
30

 “Every man can, if he so desires, become the sculptor of his own brain.” ― Santiago Ramón y Cajal 
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stems from imprecisely defined terms. The concept of homeostasis is predicated on the idea of a 

set point which is maintained. What is the set point for neuronal homeostasis? Is there a set point 

for individual synaptic strength? What about a set point for total synaptic input into a neuron? Do 

neurons maintain a certain action potential firing frequency over the course of a day? 

Alternately, do neural networks have an ideal level of activity independent of the activity of 

constituent neurons? There are at least 4 “activity levels” which could be reasonably 

homeostatically maintained in a neuron: (1) individual synaptic strength, (2) total synaptic input, 

(3) action potential output, (4) network input, or (5) network output. The consequences of 

homeostatic adaptation would be vastly different based on the activity state being maintained.  

  Evidence exists for at least 4 types of neuronal homeostasis: individual synaptic strength, 

total synaptic input, action potential firing rate, and network activity level. In the first case, 

several reports have observed that postsynaptic strength at individual synapses is established 

during development and conserved. During development, neural networks calibrate synaptic 

strength to reflect overall connectivity: sparse networks form consequently fewer connections, 

but each is stronger than in denser networks with more numerous but weaker connections 
108

. 

These observations suggest that neurons establish an initial set point for synaptic strength 

proportional to total synaptic input, distributed over the entire cell. Loss of input at individual 

synapses would therefore provoke compensatory upregulation to restore unitary synaptic 

strength. The most convincing argument for the synapse-autonomous maintenance of unitary 

synaptic strength comes from two synapse-specific activity blockades which selectively 

inactivated a subset of synapses via expression of an inwardly rectifying potassium channel, 

Kir2.1 in the presynaptic neuron. In both studies, synaptic strength was upregulated opposite the 

inhibited terminal only, not throughout the entire cell 
114,264

. Many groups have observed 
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alterations in the accumulation of the AMPA receptor subunits GluA1
78,85,107,114,118,264–266

 and/or 

GluA2 
85,86,96,100,107

 after chronic activity manipulation, suggesting that unitary synaptic strength 

is homeostatically regulated. 

  Meanwhile, it appears that a set point for total synaptic activity is also established and 

maintained, often by activity-dependent changes in presynaptic efficacy or in total synaptic 

connectivity. Historically, HSP has been considered a predominantly postsynaptic phenomenon, 

in which total synaptic input is maintained by altering AMPA receptors. Indeed, many groups 

have observed that chronic neuronal inactivity increases mEPSC amplitude but not frequency 

61,78,79,96,100,106,107
 in vitro (Table 1.3). However, these studies were performed in developing 

neural networks. In mature neural networks which have already established putative “synaptic 

set points” for unitary synaptic strength, chronic inactivity more reliably provokes changes in 

mEPSC frequency 
64–66,78,79,109–111

 but see 
80,94,95

 (Table 1.3). In a classic work of HSP, neuronal 

activity was decreased in a cell-autonomous manner by hyperpolarizing certain transfected 

neurons with Kir2.1 
64

. When individual neurons were hyperpolarized after synaptic 

development, homeostatic increases in mEPSC frequency were observed, with no changes in 

mEPSC amplitude 
64

. Direct assay of presynaptic release probability in mature hippocampal 

neurons has shown bidirectional changes in neurotransmitter release with homeostatic adaptation 

112
. Overall synaptic connectivity is also homeostatically altered by activity. Chronic 

photostimulation of channelrhodopsin 2 (ChR2)-transfected neurons induced a large cell-

autonomous loss of synaptic sites and a correspondingly large decrease in mEPSC frequency 
267

, 

suggesting that excitatory drive onto individual neurons is homeostatically maintained 

predominantly through changes in the number of synaptic sites. In vivo evidence also supports 
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the presynaptic locus of homeostatic adaptation in mature neural networks. In immature
31

 rats 

(postnatal day 15), local activity blockade increased mEPSC amplitude and frequency in 

hippocampal CA1 neurons 
113

. However, in juvenile rats (P30), local activity blockade increased 

mEPSC frequency while leaving mEPSC amplitude unchanged 
113

. We have found that, in 

mature hippocampal neurons (>21 DIV), HSP is mediated by mossy fiber terminals 
87

. Taken 

together, these findings suggest that in mature neural networks total synaptic input is 

homeostatically maintained by changes in presynaptic connectivity and release probability.  

  Two recent studies have convincingly demonstrated that action potential firing rate is 

homeostatically regulated in vivo 
268–270

. Following monocular
268

 or binocular
269

 deprivation, the 

firing rate of excitatory neurons in the deprived primary visual cortex was transiently decreased, 

but recovered to baseline levels within 24 to 48 hours 
268,269

. In both cases, the recovery of action 

potential firing was due to increases in synaptic input onto layer 2/3 or 5 pyramidal neurons 

268,269
.  

  In addition to the regulation of individual synaptic strength, total synaptic input, or action 

potential firing rate, strong evidence for hippocampal network homeostasis exists from work in 

organotypic slices. Input to the hippocampus proper flows from DG to CA3 neurons and CA3 to 

CA1 neurons, with extensive interconnection of CA3 associative networks in the middle. 

Chronic inactivity induced with TTX was found to upregulate the “throughput synapses” 

(DGCA3 and CA3CA1), while downregulating the recurrent CA3 connections 
116

. Thus, 

homeostasis was not at the level of individual synapses or neurons, but was at the level of 

regulated circuit throughput.  Going forward, it is critical to precisely ask which level of 

                                                 
31

 Rats experience eye-opening at ~P14,  are weaned at ~P28, begin to substantially differ based on sex at ~P35, and 

are sexually mature at ~P42 
327

. 
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homeostasis  – synaptic, cellular, or network – is being investigated and what the network-level 

consequences are. 

 

All synapses are equal, but some are more equal than others
32

: Functional and spatial 

segregation of synaptic plasticity 

In the case of network homeostasis, the input or output to a neural circuit is homeostatically 

conserved. However, the constituent portions of the circuit need not all undergo homeostatic 

adjustment. Regulation of neural activity at the network level via a designated “volume control” 

function of certain synapses would therefore be a much more parsimonious solution to neural 

homeostasis.   

  In vivo work in the visual system has suggested that homeostatic responses occur in some 

but not all portion of the circuit. Monocular
268

 or binocular
269

 deprivation is known to transiently 

decrease action potential firing in layer 2/3 of the primary visual cortex. However, within 1 to 2 

days, layer 2/3 activity is restored to normal levels, despite continuing visual deprivation. The 

visual system consists of a neuronal relay from retina to thalamus, thalamus to cortical layer 4, 

layer 4 to layer 2/3, layer 2/3 to layer 5 and 6, and layers 5 and 6 to non-cortical or contralateral 

hemispheric targets. Conceivably, any point of this circuit could be homeostatically adjusted in 

response to visual deprivation. The restoration of layer 2/3 activity is not due to changes in 

retinal inputs to the thalamus, as no changes in synaptic efficacy was observed in neurons of the 

visual thalamus (dorsal lateral geniculate nucleus [dLGN]) after two days of monocular 

deprivation 
271

. Instead, the restoration of function is due to increased synaptic strength of 

projections onto layer 2/3 pyramidal neurons 
268,272

.  

                                                 
32

 George Orwell, Animal Farm. “All animals are equal, but some are more equal than others.” 



138 

 

  As is the case in vitro, the manifestation of HSP differs with developmental stage. Visual 

deprivation after the “critical period” of visual development temporarily decreases cortical 

activity, which is ultimately restored to normal levels 
268–270

. However, visual deprivation during 

the critical period leads to chronically increased cortical activity 
273

. Just as inactivity during 

early synaptic development in vitro increases mEPSC amplitude 
61,62

, dark rearing animals 

increases mEPSC amplitude in layer 4 neurons of the visual cortex 
274

. This supports the theory 

that homeostatic changes during development are actually developmental tuning or calibration 

which establish a set point for activity that is subsequently maintained during maturity.  

  As is also the case in vitro, the locus of homeostatic adjustment differs with 

developmental stage. Visual deprivation after the critical period reliably induces compensatory 

increases in synaptic strength between layer 4 and layer 2/3 neurons 
268,269,272,274

, even in adult 

animals 
272

. Thalamic input to layer 4 is unchained following visual deprivation in established 

networks 
274

. However, visual deprivation during the critical period increases the strength of 

thalamic projections onto layer 4 neurons 
274

. Within the cortex, synaptic strength between layer 

4 neurons is increased 
275

, while synaptic strength between layer 4 and layer 2/3 pyramidal 

neurons is actually decreased 
273

. Compensatory increases in layer 2/3 firing are instead due to 

increases in the intrinsic excitability of layer 2/3 pyramidal neurons 
273

. It should be noted that 

the mode of visual deprivation is an important determinant of the homeostatic consequences. Lid 

suture during the critical period increased layer 2/3 excitability, though intraocular TTX injection 

increased synaptic strength between layer 4 and layer 2/3 pyramidal neurons 
273

. 

  We have observed that hippocampal networks both in vitro and in vivo display similar 

synapse-specific homeostatic adaptation. Homeostatic changes in mature hippocampal networks 
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occur at synapses between DG mossy fibers and CA3 thorny excrescences. We hypothesize that 

investigations into HSP in vivo will reveal similar homeostatic loci in different neural circuits.  

 

The hippocamp-bus: Bandwidth control for the neural hard drive 

The brain, like most computers, can be thought of as having two major functional subdivisions, 

processing and memory. Many neural circuits act as central processing units (CPU), the 

hardware devoted to implementing computer programs. Others provide a memory source. In this 

metaphor, much ongoing cortical activity can be thought of as random access memory (RAM). 

This type of information is transient or “volatile,” meaning that if the power source to the 

computer is removed, the information is lost. In order for information to be retained 

permanently, or at least semi-permanently, it must be encoded in a separate storage facility, often 

on a hard-drive. Information stored in the hard-drive can then be summoned later into RAM for 

use. The coupling between the CPU and the memory sources is crucial to the efficacy of the 

computer. The system bus provides this connection between the CPU and memory source. The 

overall function of the system is therefore dependent on the properties of the system bus.  

  The hippocampus acts as the system bus between the neural RAM and the neural hard 

drive, both of which are housed in the neocortex. RAM information in the cortex is sent to the 

hippocampus where it is sparsified in the dentate gyrus to eliminate redundancy and then 

associated with other information within CA3 and CA1 networks. Temporarily the encoded 

information appears to be held within the hippocampus, although it is ultimately moved to 

storage in the cortical hard drive. Encoded information can later be summoned by the 

hippocampus, evaluated, and re-encoded as is or in an updated form. The optimal function of the 

hippocampus “bus” will depend on several variables. The bandwidth of information processed 
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by the hippocampus is a crucial determinant of overall hippocampal function. If little information 

is entering the hippocampus, very little can be encoded or associated. Increasing hippocampal 

bandwidth therefore increases the capacity of the hippocampus to perform its role. However, 

with increasing bandwidth comes reduced processing speed and reduced accuracy. Regulating 

the bandwidth of neural information received and processed by the hippocampus allows the brain 

to optimize the speed and accuracy of hippocampal processing.  Furthermore, dynamically 

regulating the bandwidth of hippocampal information allows the brain to prioritize hippocampal 

activity in situations when it is relevant or advantageous, but minimize hippocampal activity 

when it is bioenergetically undesirable. 

 

The autotune era: Reconfiguring CNS disorders 

The era of modern medicine began in the mid-19
th

 century with the introduction of two ideas, 

both of which can be attributed to the great French physiologist, Claude Bernard. The first notion 

was that of evidenced-based medicine, the belief that the previously separate disciplines of 

observational science and clinical intervention should be blended into one enlightened, unified 

front. The second concept was that of homeostasis, a term coined later by the influential 

American physiological Walter B. Cannon 
276

. Bernard’s original formulation 
277

 maintained that 

“La fixité du milieu intérieur est la condition de la vie libre et indépendent.
33

” In the last 150 

years, the notion of homeostasis has become central to our understanding of human physiology, 

the processes underlying free and independent human life. We currently believe that ideal “set 

points” exist for myriad biochemical and biophysical parameters, including blood pressure, 

blood sugar, heart rate, body temperature, salt concentration, and iron levels.  Slight fluctuations 

in these values are allowed, as is necessary for an organism in constant contact with a fluctuating 

                                                 
33

 “Stability of the internal environment is the requirement for a free and independent life.” 
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external environment. However, large or sustained deviations from the biological set points are 

countered with homeostatic responses which restore the system to its balanced state. Failure to 

maintain homeostasis results in compromised organ function, disease, or even death. To this day, 

homeostatic regulation remains at the core of modern physiology. 

  Breakdown of the normal homeostatic regulation of peripheral organ systems accounts 

for a majority of U.S. deaths each year. Disrupted homeostasis of the heart and circulatory 

system (heart disease) or of cell growth (cancer) are far and away the leading causes of death in 

the U.S., each causing almost 600,000 deaths in 2010 
34

. Impaired homeostasis of blood sugar 

regulation (diabetes) contributes another roughly 70,000 deaths annually, while impaired 

homeostasis of kidney function accounts for roughly 50,000 deaths. 

  Only recently have scientists and clinicians begun to apply the concept of homeostatic 

regulation and dysregulation to disorders of the central nervous system. Homeostatic synaptic 

plasticity therefore has great potential to contribute to the current understanding of many 

disorders and diseases of the brain. Should disorders such as epilepsy, Alzheimer’s, 

schizophrenia, and depression be thought of as progressive descents into disease initiated by a 

prion, a fungus, a fever, or a chemical imbalance? Should they instead be considered the brain’s 

ongoing, though potentially detrimental, attempt to rectify a perceived imbalance? We speculate 

that within the next two decades, many mental health disorders will be reconfigured as disorders 

of neural homeostasis.  
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“Runaway train, never goin’ back” ? 
35

: HSP in epilepsy 

Observations from basic science research into mechanism of HSP are most likely to be clinically 

relevant in the field of epilepsy. Epilepsy is a neurological condition in which CNS networks 

spontaneously undergo episodes of excessive, synchronous activity, known as seizures. Not all 

seizures occur within the context of epilepsy. Instead, most seizures are isolated incidents, 

brought on by injury or insult, including head trauma, fever, or infection. It is therefore possible 

that isolated seizures are part of a normal homeostatic reset process. However, in some people, 

spontaneous seizures arise after a certain latent period, leading to the condition known as 

epilepsy. It is still not known why some people develop these persistent spontaneous seizure 

episodes. As a consequence, existing treatments for epilepsy combat the excessive synchronous 

activity during seizures, but none intervene in the processes leading to epilepsy. It is critically 

important to develop treatment strategies that combat the underlying mechanisms which lead to 

the debilitating disorder. 

  Epilepsy is traditionally considered a disorder of hyperexcitability. The most common 

form of non-genetic adult seizure disorder is mesial temporal lobe epilepsy (mTLE) 
121

. The 

mesial temporal lobe houses the hippocampus and surrounding cortical areas, and the 

hippocampus has been repeatedly implicated in the excessive synchronous activity which leads 

to full-blown seizures 
201,227,228

.  Unfortunately, mTLE is particular resistant to drug treatment 
221

. 

In humans, removal of portions of the temporal lobe including the hippocampus therefore 

remains a common treatment for patients with mTLE that is unresponsive to pharmacological 

treatment 
34

. 

 Hyperactivity within the extensively reciprocally connected CA3 area of the 

hippocampus has been incriminated in mTLE. Input into the CA3 network is gated by the dentate 
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 Soul Asylum, “Runaway Train.” 
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gyrus (DG) 
204

. DG granule cells form extremely powerful mossy fiber “detonator” synapses 

onto CA3 neurons 
161,162,180,205,278

, but these synapses are heavily constrained by numerous 

signaling processes including those mediated by metabotropic glutamate receptors 
174,175,279

, 

adenosine receptors  
280,281

, and opioid receptors 
233,282,283

. DG mossy fibers also extensively 

innervate interneurons (IN) within the hilus of the dentate gyrus and within the stratum lucidum 

of CA3 
161,205,261,284,285

. Many of the mossy fiber-innervated IN synapse on CA3 neurons, 

meaning that MF firing indirectly inhibits CA3 pyramidal cells.  In fact, each mossy fiber 

innervates so many more IN than CA3 pyramidal neurons that some authors have suggested the 

net effect of mossy fiber firing is inhibition 
284,286

. Others have found that the combined effect of 

the direct excitatory drive onto CA3 pyramidal cells and the indirect inhibitory drive via CA3-

targeting IN produces a band-pass filter, through which CA3 can be strongly activated only by a 

certain range of MF firing frequencies. Thus, low MF firing frequencies would not elicit a strong 

CA3 response, nor would excessively high firing frequencies. The MF-CA3 synapse can instead 

be tuned to a relevant range of frequencies 
182,205,286

.  

  A huge amount of biochemical signaling appears to be devoted to the negative regulation 

of MF detonation of CA3 networks. This has led many authors, including us 
198

, to speculate that 

the homeostatic volume control function of MF-TE synapses is compromised in mTLE.  

However, it is simplistic to assume that the MF-TE synapse is the whole story. Homeostatic 

control of MF synapses onto hilar and CA3 IN populations is likely a critical component of the 

story. Several IN populations have been found to selectively degenerate in mTLE 
287–289

, 

suggesting that loss of MF-induced CA3 inhibition is comprised. Hippocampal IN have also 

been shown to contribute to synchronous bursting in epilepsy models in vitro 
290,291

. 
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Encouragingly, activating select interneuronal populations which inhibit CA3 networks has been 

shown to block seizure propagation in certain animal models 
292,293

.  

  MF innervation of excitatory CA3 pyramidal cells is biochemically and functionally 

distinct from MF innervation of interneuron targets: the synaptic connections between MF and 

their excitatory or inhibitory targets have distinct synaptic sites, neurotransmitter receptors, and 

plasticity rules 
261,284,294–296

. The separate regulatory processes raise the possibility that individual 

components of MF fiber function can be selectively regulated for therapeutic benefit. For 

example, MF terminals are known to be enriched in the protease BACE1 
297

, and presynaptic MF 

long-term potentiation requires the activity of BACE1 
188

, although the precise substrate is not 

known. BACE1 is known to cleave several substrates including the neurotrophic factor, 

neuregulin-1 (NRG1) 
298,299

, which binds Erb4 on parvalbumin-positive hippocampal IN. NRG1-

Erb4 signaling in PV-positive hippocampal IN is potently anti-epileptogenic 
293

. This raises the 

possibility that disruptions in normal MF plasticity pathways lead to inappropriate reorganization 

of MF connections onto excitatory CA3 pyramidal neurons versus inhibitory hilar and CA3 

interneurons. Understanding the normal homeostatic regulation of both excitatory and inhibitory 

inputs into CA3 may therefore shed light on the events leading to the emergence of epilepsy. The 

wealth of information on the biochemical pathways governing distinct components of mossy 

fiber function mean that it may be possible to selectively adjust individual portions of the 

network.  

  Additionally, distinct plasticity rules apply for distinct glutamate receptor subtypes. The 

GluA1 and GluA2 AMPAR subunits are known to be differentially regulated by associative and 

homeostatic plasticity. Interestingly, we observed that the GluK5 KAR subunit was not 

homeostatically altered in proximal dendrites (Appendix Figure A.1) of CA3 neurons (Appendix 
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Figure A.2). However, chronic hyperactivity significantly increased GluK5 levels in distal 

dendrites (Appendix Figure A.1). These findings suggest that GluK5 subunits are not negatively 

regulated by sustained activity and are instead potentiated. This raises the possibility that KAR 

may contribute to positive feedback loops of synaptic plasticity in CA3 dendrites, leading to 

runaway excitation in recurrent CA3 networks.  

 

“I felt a Funeral, in my Brain
36

”: Therapeutic potential of HSP in depression 

Major depressive disorder is a neurological condition which affects roughly 1 in 5 people in the 

United States 
303

.  Up to 5% of Americans suffer from severe depression and approximately 

40,000 people take their own lives each year 
37

, making suicide the tenth leading cause of death 

in the U.S.  Disrupted synaptic plasticity has been put forth as a potential mechanism for 

depression
304,305

. In humans and certain rodents, granule cells of the dentate gyrus are generated 

throughout life and incorporated into hippocampal networks 
48–50,52

. Treatments which are 

effective in combating depression – for example Prozac 
56

 or exercise 
55

 – both promote the 

generation of new DG granule cells. Decreased granule cell integration might compromise the 

homeostatic regulation of the hippocampus, leading to chronic depression. Understanding the 

normal role of DG HSP could prove therapeutically useful in the treatment of major depressive 

disorder 
57

. 

  Depression can also be considered a defect of the stress-response system 
303,306,307

, a 

signaling pathway is distributed across multiple organs throughout the body, collectively known 

as the hypothalamic-pituitary-adrenal (HPA) axis. The hypothalamus is reciprocally connected to 

                                                 
36

 “I felt a Funeral, in my Brain, / And Mourners to and fro / Kept treading – treading – till it seemed / That Sense 

was breaking through – / … And then a Plank in Reason, broke, / And I dropped down, and down – / And hit a 

World, at every plunge, / And Finished knowing – then –” Emily Dickinson, The Complete Poems. 
37
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the hippocampus, and the two areas appear to negatively regulate each other 
308

: hypothalamic 

stress factors decrease hippocampal function 
32,309–313

, while hippocampal activity limits 

hypothalamic activity 
314

. Balance between hippocampal and hypothalamic activity appears to be 

critical for cognition, mood , sleep, and general physiological well-being 
32,308,312,315,316

. 

Hippocampal atrophy, which would allow for deregulated hypothalamic function, has been 

consistently observed in dysphoric disorders including depression, post-traumatic stress disorder, 

and bipolar disorder 
307,317–319

.  

  Due to the reciprocal innervation patterns between many brain areas, inappropriately high 

or  low activity within one structure can drastically disrupt the network of connected structures. 

Therapeutically restoring optimal activity levels within an isolated structure may therefore be 

capable of re-balancing far-reaching networks. For example, in Parkinson’s disease (PD), loss of 

dopaminergic input into the striatum decreases the activity of a population of output neurons, 

which leaves the whole basal ganglia network off-balance. The imbalance of basal ganglia output 

leads to loss of motor control, with devastating consequences. A shockingly effective treatment 

for PD has been deep brain stimulation (DBS), the implantation of an electrode into a basal 

ganglia output structure, the subthalamic nucleus. Low-level DBS stimulation of the subthalamic 

nucleus is able to restore basal ganglia output. The mechanism underlying the miracle of DBS is 

not known. However, we suggest that the DBS stimulation may activate endogenous homeostatic 

programs which have not been previously deployed.  

  Recently, homeostatic plasticity has been therapeutically deployed in an animal model of 

depression. In a mouse depression model, dopaminergic neurons within the ventral tegmental 

area (VTA) are consistently found to be hyperactive 
320–322

. By experimentally increasing the 

activity of dopaminergic VTA neurons, the authors were able induce homeostatic 
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downregulation which produced anti-depressant effects 
323

. It is our hope that other disorders can 

be effectively combatted by strategically deploying endogenous programs of homeostatic 

plasticity. Hopefully the insights provided by H.M. and others will continue to benefit society. In 

the words of the most famous patient in neuroscience, “What [they] learned about me helped 

others too, and I’m glad about that” 
324

.  
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FIGURE LEGENDS 

 

Introduction 

Figure i. Hippocampal circuitry. The hippocampus is a cortical processing loop which receives 

input from the entorhinal cortex (EC). (A) The hippocampus can be thought of as a three-part 

circuit consisting of the dentate gyrus (DG), CA3 area, and CA1 area. (A-B) EC neurons directly 

innervate distal portions of DG, CA3, and CA1 neurons through axons known as the perforant 

path (red). DG granule cells innervate CA3 pyramidal cells through axons called mossy fibers 

(yellow). CA3 neurons extensively innervate each other through axons known as recurrent 

collaterals (light blue). CA3 neurons also innervate downstream CA1 neurons through axons 

known as Shaffer collaterals (dark blue). CA1 neurons project back to the entorhinal cortex 

(purple).  

 

Chapter 1 

Figure 1.1 Network activity induces bidirectional homeostatic changes in mature 

hippocampal neurons. (A-B) Cultured hippocampal neurons were treated at DIV 21 with TTX 

(left), vehicle (nontreated, NT) (center) or PTX (right) before immunostaining (A) or whole-cell 

recording (B) to gauge synaptic strength. (A) Pyramidal neurons immunostained for the 

excitatory synaptic marker Shank (green) and dendritic marker MAP2 (red). Scale bar, 20 µm. 

(B) Representative 10 second voltage-clamp traces of AMPAR-mediated mEPSCs. (C-D) 

Distributions (left) and averages (right) of mEPSC amplitude (C) and frequency (D) from 

neurons with indicated treatments (n=21-29 cells/group). *P<0.05, **P<0.01, ***P<0.001 vs. 

NT, one-way ANOVA and post hoc Tukey test.  
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Figure 1.2 Validation of PSD-95 staining as a synaptic indicator. (A) Cultured hippocampal 

neurons (24 DIV) were treated with vehicle control (NT, top) or TTX (bottom) and double 

stained for the presynaptic marker bassoon (green) and the postsynaptic marker PSD-95 (red), 

merged at bottom. Scale bar, 10 m. (B) Quantification of the percentage of postsynaptic PSD-

95 puncta directly apposed to presynaptic bassoon signals in control and TTX-treated neurons 

(n=10 neurons). P>0.15, one-way ANOVA. 

 

Figure 1.3 Homeostatic changes in synaptic protein accumulation are confined to proximal 

synapses. (A) Cultured hippocampal neurons (>21 DIV) were stained for the postsynaptic 

scaffolding protein Shank after 24 hours of normal activity (NT), inactivity (TTX), or 

hyperactivity (PTX). Representative dendrites were straightened to show Shank staining as a 

function of distance from soma (indicated with dashed line). (B) Integrated intensity of Shank 

(solid line) or PSD-95 (dotted) staining with distance from soma. ***P<0.0001 vs. NT (n=12 

cells/group).  

 

Figure 1.4 Inactivity provokes reversible time- and calcium-dependent homeostatic 

upregulation of proximal synapses. (A) Cultured hippocampal neurons (>21 DIV) were stained 

for the postsynaptic scaffolding protein PSD-95 (green) and dendritic marker MAP2 (red) after 

24 hours of normal activity (NT), or inactivity induced by blockade of action potentials (with 

TTX), L-type voltage-gated Ca
2+

 channels (with Nimodipine [nim]), NMDA receptors (with 

APV), or AMPA receptors (with CNQX) in the absence (left) or presence (right) of thapsigargin 

(thaps) to release calcium into the cytosol from intracellular stores. (B-C) PSD-95 

immunoreactivity in proximal dendrites (<20µm) of neurons (N = 10) following 24 hours (B) or 
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48 hours (C) of inactivity induced via indicated drug treatment. ***P<0.001 vs. NT; +P<0.05, 

+++P<0.001 vs. thapsigargin. (D) Mature hippocampal neurons (>DIV 21) were treated for 24 

hrs with vehicle control (NT) or TTX in the absence or presence of EGTA (1.5 mM) for the 

indicated times before 48 hrs of washout in control media (REV). (D) Quantification of PSD-95 

immunoreactivity in the proximal 20 µm of neurons from conditions in (C). *P<0.05, **P<0.01 

vs. NT; +P<0.05, ++P<0.01 treatment vs. reversal (REV); one-way ANOVA and post hoc Tukey 

test. All scale bars, 20 m. Data are means±SEM.  

 

Figure 1.5 Local sucrose activation selectively stimulates synaptic subpopulations. 

Representative stimulation of synapses at two different locations (left v. right) on the same 

neuron. (A,E) DIC images showing borosilicate pipettes positioned above the dendrites of a 

hippocampal neuron in vitro. One pipette is used to pressure apply hyperosmolar sucrose 

solution, while the other is used for suction to remove the applied solution. (B-C,F-G) 

Representative movies (B,F) and traces (C,G) of synaptic activity at 4 synapses (1-4) visualized 

with the cell-permeant calcium indicator, Rhod2. (D,H) The reliability of synaptic stimulation 

was assessed by performing correlations between synaptic activity over time. Autocorrelations 

(e.g., synapse 1 v. synapse 1) and cross-correlations (e.g., synapse 1 v. 2) of synaptic activity 

over time are shown for the synapses in B-C and F-G. Synapses 1 and 2 are reliably activated by 

stimulation at location 1 but not location 2. Conversely, synapses 3 and 4 are stimulated at 

location 2 but not location 1.  

 

Figure 1.6 Selective homeostatic regulation of proximal synaptic efficacy. (A) Representative 

500ms traces of mEPSCs recorded during proximal (left) and distal (right) stimulation of 
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cultured hippocampal neurons (>21 DIV) after 24 hours of normal activity (NT), hyperactivity 

(PTX) or inactivity (TTX). (B) DIC image of a neuron stimulated focally at proximal (~10 μm 

from soma, see inset) and distal (~120 μm) dendritic locations. Scale, 20 μm. (C) Average 

frequency of mEPSCs recorded before (black) and after (gray) sucrose application onto proximal 

(left) or distal (right) dendrites of control or activity-modulated neurons. *P<0.05, ***P<0.001, 

paired Student’s t-test (baseline vs. sucrose); +P=0.027, ns P=0.10, one-way ANOVA of evoked 

frequency between groups (n=12 NT, 11 TTX, 5 PTX). (D) Average mEPSC amplitude recorded 

before (baseline) or after (sucrose) stimulation of proximal and distal synapses for conditions 

indicated (n=11 NT neurons, 12 TTX, 5 PTX); ns, not significant; **P=0.0048, ***P=5.91×10
-6

. 

(E) Average mEPSC amplitudes evoked at proximal and distal dendrites of control and activity-

modulated neurons, re-graphed from (D) without basal values. +P=0.026, ns P=0.052, one-way 

ANOVA. (F) Relative amplitude (percent change over baseline) of mEPSCs evoked during 

proximal and distal stimulation. **P=0.009. (G) Average rise times passively recorded from 

control and activity-modulated neurons. (H) Average rise times of mEPSCs evoked at proximal 

and distal locations on the same dendrite. ***P=3.71×10
-6

, paired Student’s t-test (n=24 

neurons). 

 

Figure 1.7 Proximal synapses are upregulated following inactivity. (A) Representative 

example of sucrose-evoked mEPSCs recorded in the presence of the low-affinity glutamatergic 

receptor antagonist, kynurenic acid. All AMPAR-mediated mEPSCs were recorded in the 

presence of TTX to block action potentials and BMR to block GABAA receptors. Kynurenic acid 

blocks glutamatergic receptors and therefore decreased the detection of AMPAR-mediated 

mEPSCs. However, the low affinity binding of the antagonist allowed it to be rapidly displaced 
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by local sucrose application (gray). (B) Miniature EPSCs recorded from a control (top) and 

TTX-treated (bottom) neuron during kynurenic acid blockade. Bars indicate sucrose stimulation 

of proximal (left) and distal (right) dendrites. (C) Mean mEPSC amplitude evoked during 

kynurenic acid blockade (n=4 NT, 5 TTX). *P=0.027.  

 

Figure 1.8 Inactivity selectively upregulates proximal AMPAR expression. (A) 

Immunostaining for surface GluA1 (sGluA1, red), PSD-95 (green), and merge (yellow) in 

proximal (left) and distal (right) dendrites of control (NT) or TTX-treated neurons. Scale, 10 m. 

(B-C) Quantification of normalized GluA1 (B) and GluA2 (C) immunoreactivity in proximal 

and distal dendrites (n=11-13). *P<0.05, **P<0.01, ***P<0.001. For distal dendrites, t-test vs. 

NT: surface GluA1, P=0.71; total GluA1, P=0.83; surface GluA2, P=0.81; total GluA2, 

P=0.38. Data are means±SEM. (D-F) Average amplitude (D-E) and rise time (F) of mEPSCs 

recorded from control or TTX neurons before (solid) and after (striped) application of 

philanthotoxin-433 (PhlTx, 1 µM). Individual TTX-treated neurons shown in F. *P=0.019; ns, 

P>0.15, paired Student’s t-test (baseline vs. PhlTx); +P=0.025, ++P=0.0035, unpaired Student’s 

t-test (NT vs. TTX). Data are expressed as mean±SEM.  

 

Figure 1.9 Chemical LTP induces synaptic strengthening. (A) Representative 60 second (left) 

and 2 second (right) traces of mEPSCs recorded from non-treated neurons (NT, black) and 

neurons briefly incubated with the NMDA receptor obligatory co-agonist glycine to induce 

chemical LTP (cLTP, gray). Inset shows an averaged mEPSC from a control and potentiated 

neuron. (B-D) Average mEPSC amplitude (B), frequency (C), and rise time (D) from control and 
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cLTP-treated neurons. (E-F) Access (E) and input (F) resistances of recorded neurons. 

**P<0.01, unpaired Student’s t-test. 

 

Figure 1.10 Homeostatic and associative plasticity occur in proximal and distal dendrites, 

respectively. (A-B) Representative surface GluA1 staining in proximal (A) and distal (B) 

dendrites of control neurons (NT) or chronically activity-modulated neurons in the absence (-

LTP) or presence (+LTP) of chemical potentiation to induce associative plasticity. (C) 

Quantification of proximal and distal surface GluA1 expression in control and chronically 

activity-modulated neurons with or without chemical LTP induction. (D-G) Surface GluA1 

expression as a function of dendritic distance for control and chronically (homeostatically) 

activity-modulated neurons without chemical LTP induction (D, solid lines in E-G) or following 

chemical LTP (dotted lines in E-G).  
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Chapter 2 

Figure 2.1 Activity bidirectionally alters proximal excitatory synapses. (A,B) Representative 

40X images (A) and linearized dendrites (B) from hippocampal neurons in vitro immunostained 

for the excitatory synaptic scaffolding protein PSD-95 after 24 hours of normal activity (NT, 

n=40), hyperactivity (PTX, n=38) or inactivity (TTX, n=36). Scale bar, 20 µm. (C) PSD-95 

integrated intensity as a function of dendritic distance from the soma. (D,E) Quantification of 

PSD-95 (D) and GluA1 (E) immunoreactivity in proximal (<40 µm) and distal (100-140 µm) 

dendrites. *P<0.05, **P<0.01 Dunn’s test versus NT. +++P<0.001, Dunn’s test versus PTX.  

 

Figure 2.2 Current shape varies with dendritic origin. (A) Schematic of the passive cable 

properties of dendrites. Dendrites filter synaptic currents, decreasing the amplitude and 

increasing the kinetics (rise or decay time) of the current proportional to the distance travelled 

along the dendrite. When recorded at the soma, currents which originated nearby will still appear 

tall and fast, while currents which originated far away will appear short and slow. (B) Left: 

Dendrite of a single neuron stimulated at three locations indicated during whole-cell patch-clamp 

recording from the soma. Scale bar, 20    µm. Right: Miniature EPSCs recorded during 

stimulation at locations indicated. Scale bar, 20 µm. (C) Averaged mEPSCs evoked during a 

single proximal (light gray), middle (dark gray), or distal (black) stimulation of neuron in A. Red 

lines indicate the dendritic filtering index (rise slope
-1

, or rise time/amplitude). (D,G) Individual 

rise times (D) and rise slopes
-1

 (G) of mEPSCs evoked from neuron in A at locations indicated. 

(E,H) Average±SD of mEPSC rise times (E) and rise slopes
-1

 (H) evoked from neuron in A. 

(F,I) Cumulative distributions of rise times (F) and rise slopes
-1

 (filtering indices) (I) in D and G. 

**P<0.01, ***P<0.001, Kruskal-Wallis and post-hoc Dunn’s multiple comparison test.  
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Figure 2.3 Proximal currents have smaller dendritic filtering indices. (A) Representative 

DIC image showing local synaptic manipulation. Proximal synapses were either stimulated with 

hyperosmolar sucrose solution (n=18) (B) or inactivated with local AMPAR blockade (n=34) 

(C). (B,C) Change in mEPSC frequency (frequency during synaptic manipulation/baseline 

frequency) induced by proximal stimulation (B) or proximal blockade (C). All proximal 

stimulation with sucrose increased mEPSC frequency, while all proximal blockade with NBQX 

decreased mEPSC frequency. P<0.0001, Wilcoxon rank sum test (manipulation v. baseline). (D) 

Change in filtering index (rise slope
-1

) induced by proximal stimulation (green) or blockade 

(red). Proximal stimulation evoked mEPSCs with small D.F.I. values (sharp slopes), while 

proximal AMPAR blockade selectively blocked mEPSCs with small D.F.I. values. (E-F) 

Average rise slopes of mEPSCs recorded before (left) or after (right) proximal sucrose 

stimulation (E) or AMPAR blockade (F). ***P<0.0001, Wilcoxon rank sum test (manipulation v 

. baseline). 

 

Figure 2.4 Dendritic filtering index resolves the location of independently recorded 

synaptic currents. (A,B) Individual neuron stimulated at the soma and three dendritic distances 

indicated (A) to evoke individual mEPSCs, averaged in (B). Both figures taken from Bekkers & 

Stevens (1996) J Neurophysiol. (C1, D1) Individual mEPSCs evoked at three dendritic locations 

along the isolated dendrite of a single neuron. Data obtained by John Bekkers and re-plotted by 

the authors from the original figure in Bekkers and Stevens (1996), with the permission of the 

author. Each mEPSC is plotted as a function of its amplitude and either rise time (C1) or 

dendritic filtering index (rise slope
-1

, C1). (C2, D2) Individual rise times (C2) and filtering 
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indices (rise slopes
-1

, C2) of mEPSCs in C1 and C1, respectively. Ns = P>0.05, *P<0.05, 

***P<0.001 v. soma. +P<0.05, +++P<0.001 v. indicated distance. Kruskal-Wallis test and post 

hoc Dunn’s multiple comparison test. 

 

Figure 2.5 Dendritic filtering index maps selective homeostatic changes in proximal 

synapses. (A) Representative mEPSCs recorded mature hippocampal neurons (>21 DIV) after 

24 hours of normal activity (NT), hyperactivatity (PTX), or inactivity (TTX). Note the presence 

of more “sharp” looking mEPSCs in the TTX condition, and fewer in the PTX condition. (B,C) 

Average number (B) and amplitude (C) of mEPSCs at each predicted dendritic distance 

(dendritic filtering index=rise slope
-1

) from control and activity-modulated neurons (n=10 (NT, 

TTX), 16 (PTX)). (D) Average filtering index for all neurons recorded under control (n=26), 

TTX (n=26), or PTX (n=20) conditions. (E-F) Representative plots of mEPSCs recorded over a 

one-minute interval from control (NT) and activity-modulated neurons. Individual mEPSCs are 

plotted as a function of D.F.I. (x-axis) and amplitude (E) or filtering index (y-axis) over time (F). 

Note that large currents originate from proximal dendrites and that current amplitude is 

attenuated as a function of distance.  

 

Figure 2.6 Dendritic filtering index is not a function of access or input resistance. Average 

filtering index values from individual neurons plotted as a function of access resistance (A) or 

input resistance (B). For most mEPSC analysis, cells were only included if access resistance was 

<25MΩ (A1) or input resistance was within 200-500 MΩ (B1). To determine whether access or 

input resistance accounted for D.F.I. values, we also analyzed cells that had been excluded based 
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on these criteria (A2, B2). Red lines indicate the equivalent range of resistances plotted in (A) 

and (B), respectively. 

 

Figure 2.7 Dendritic filtering index predicts linear attenuation of current shape. (A) 

Average filtering indices of mEPSCs evoked from individual neurons stimulated at the indicated 

dendritic distances. Control neurons in black/gray, TTX neurons in orange. (B) Data from 

neurons (A) plotted by group (NT v. TTX) to yield linear trendlines. (C) Relative filtering index 

as a function of distance. For both control (NT) and TTX-treated neurons, the relative change in 

mEPSC filtering index (normalized to mEPSCs evoked at 20 μm) was identical. **P<0.01, 

***P<0.001, one-way ANOVA and Dunn’s comparison. 
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Chapter 3 

Figure 3.1 Identification of inhibitory versus excitatory populations of hippocampal 

neurons in vitro. (A-B) Representative images of mature (>21 DIV) cultured hippocampal 

neurons immunostained for the α1 subunit of the GABAA receptor (GABAAR α1, green) and 

either the dendritic marker, MAP2 (red, left) or the excitatory scaffolding protein, PSD-95 (red, 

right). Note the “smooth” pattern of GABAAR α1 and PSD-95 staining in the interneurons (white 

arrows), and the dotted pattern of GABAAR α1 and PSD-95 staining in the excitatory neurons 

(red arrows). GABAAR α1 staining in (B) is shown at low (top) and high (bottom) intensity to 

allow for visualization of the excitatory neuron. Scale bars, 20 µm. (C) Quantification of the 

ratio of excitatory (EN) to inhibitory (IN) neurons from a sampling of visual fields. Bars indicate 

median ± 25
th

 percentile. 

 

Figure 3.2 Morphological and biochemical determination of hippocampal principal 

excitatory cell types in vitro. (A) Primary hippocampal neurons immunostained with Py (green) 

to label CA3 cells, CTIP2 (blue) to label DG and CA1 cells, and Prox1 (red) to label DG 

neurons. Scale bar, 20 µm. (B) Representative images of DG (left), CA3 (middle), and CA1 

(right) cultured hippocampal neurons immunostained with the excitatory scaffolding protein 

PSD-95 (red) to visualize synapses, transcription factor CTIP2 (blue) to label DG and CA1 

neurons, and MAP2 (green) to visualize dendritic morphology. Scale bar, 20 µm. (C) 

Confirmation of morphological analysis with positive immunostaining. Individual neurons were 

plotted as a function of somatic area and number of primary neurites. CTIP2 positively labeled 

two distinct populations (blue): one with small somata and few neurites, and one with large 

somata and many neurites. CTIP2 negatively labeled an intermediate population of neurons 
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(gray), which coincided with the values for Py+ CA3 neurons. The small CTIP2+ population 

coincided with the Prox1+ population of DG neurons. (D-E) Quantification of average somatic 

area (D) and number of primary neurites (E) from the 3 cell types. Cell types were identified 

either by staining with CTIP2 and PSD-95 to morphologically separate the 3 cell types (black), 

or by positively staining with DG-specific Prox1 (pink), or CA3-specific Py (green). 

***P<0.001; ANOVA and post-hoc Tukey HSD (n=25-40 neurons per group). Data are 

expressed as means±SD.  (F) Frequency distribution of number of primary neurites from the 3 

cell types (identified by PSD95/CTIP2 co-staining), normalized to peak frequency. Note the 

separation between the 3 populations, allowing for accurate determination of cell type using 

neurite number. (G) Quantification of the cellular composition of our primary hippocampal 

cultures (n=100-150 neurons from each of 3-9 independent experiments). 

 

Figure 3.3 DG granule cellls preferentially innervate CA3 pyramidal neurons in vitro.  (A) 

Schematic of hippocampal connectivity in vivo. Pyramidal neurons of the entorhinal cortex 

project to DG granule cells which innervate CA3 neurons via mossy fibers. CA3 neurons 

innervate each other and project to CA1 which projects back out to the entorhinal cortex. (B-C) 

Schematic (B) and immunostaining of DG mossy fiber axons preferentially innervating CA3 

neurons in vitro. (C) Representative image of vector GFP-transfected dentate granule (DG) cell. 

Hippocampal neurons (DIV 21) were stained for GFP (green) to fill neurons and axons, 

synaptoporin (SPO ,red) to label mossy fiber terminals, and Py (blue) to label CA3 neurons. 

Mossy fiber axons can be unambiguously traced from the DG soma to their target cells 

(arrowheads). Note that DG axons preferentially target the somata and proximal dendritic 

regions of Py-positive CA3 neurons (filled arrowheads), only occasionally innervating non-Py 
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targets (open arrowhead). Scale, 20 m. (D) Quantification of percentage of cell types innervated 

by MF axonal boutons in cultured hippocampal neurons. ***P<0.001; one-way ANOVA with 

posthoc Tukey test (n=36 sets of mossy fiber targets, 307 target neurons). (E-F) Representative 

example of  a GFP-transfected DG neuron (E) innervating postsynaptic targets (F). The terminal 

of the GFP-positive mossy fiber axon is immunopositive for the presynaptic vesicular-associated 

protein SPO (blue). The large SPO-positive mossy fiber terminal is closely opposed to an equally 

large synaptic terminal (visualized with PSD-95, red) on the target neuron. Scale bars, 20µm.  

 

Figure 3.4 Proximal upregulation occurs in CA3 but not DG neurons. (A-C) Representative 

images of mature (>21 DIV) DG granule cells (A,C, arrows) and CA3 neurons (B,C, open 

triangles) after 24 hours of normal activity (A-B) or inactivity induced by action potential 

blockade with TTX (C). Neurons were immunostained with PSD95 (green) to visualize 

excitatory synapses, CTIP2 (red) to label DG/CA1 neurons, and Prox1 (blue) to label DG 

neurons. Scale bars, 20 µm. Note that proximal synapses are upregulated in the Prox1-/CTIP2- 

CA3 neurons, but not in Prox1+/CTIP2+ DG neurons.  

 

Figure 3.5 Proximal HSP occurs preferentially in CA3 neurons. (A) Cultured hippocampal 

neurons (>DIV 21) treated with vehicle (NT) or TTX and immunostained for MAP2 (green) to 

visualize dendritic morphology, PSD-95 (red) to visualize excitatory synapses, and the CA1/DG-

specific marker CTIP2 (blue; dotted circle indicates CTIP2-negative neuron) to identify cell-

type. Open arrowhead, CA3; filled arrowhead, CA1; arrow, DG. (B) Proportion of CTIP2-

positive and -negative neurons with proximal PSD-95 upregulation under activity conditions 

indicated. ***P=7.71×10
-6

, n=4 independent experiments of 100-150 neurons/treatment. (C) 
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Neurons immunostained for excitatory synaptic marker Shank (red) and CA3 pyramidal neuron 

marker Py (green) in control (NT) and TTX conditions. (D) Proportion of Py+ CA3 neurons with 

proximal upregulation under activity conditions indicated (n=100 from 10 independent 

experiments). *P<0.05, ***P<0.001. (E) Shank immunoreactivity in proximal and distal 

dendrites from control and activity-modulated CA3 neurons (n=10). ***P<0.001. (F) GFP-

transfected CA3, DG, and CA1 neurons visualized at time of recording.  

 

Figure 3.6 Homeostatic synaptic plasticity occurs in CA3 but not DG and CA1 neurons. (A-

C) Representative images of mature (>21 DIV) hippocampal CA3 (A), DG (B), and CA1 (C) 

neurons in vitro after one day of normal activity (NT) or inactivity (TTX). Neurons were 

immunolabeled with MAP2 (green) to visualize dendritic morphology, PSD95 (red) to visualize 

excitatory synapses, and CTIP2 (blue) to positively label DG and CA1 neurons. Scale bar, 20µm. 

(D-F) Quantification of PSD95 immunoreactivity as a function of dendritic distance in CA3 (A), 

DG (B), and CA1 (C) neurons in vitro. (G) Representative GFP-transfected hippocampal 

neurons in vitro, visualized at the time of recording. Scale bar, 20µm. (H-I) Average mEPSC 

amplitude (H) and frequency (I) recorded from GFP-expressing CA3, DG, or CA1 cells (n=5-

15) under conditions indicated; ns, P>0.26; *P=0.016, ***P=2.3×10
-4

. Scale bars, 20 m. Data 

are means±SEM.  

 

Figure 3.7 Network activity regulates proximal CA3 synapses in vivo. (A) Golgi staining of 

representative proximal apical dendrites of CA3 pyramidal neurons in 3-month-old mice after 

chronic (14 d) injection of vehicle control (NT), diazepam (Dzp), or PTX (n=5-6 

mice/condition). Scale, 20 μm. (B-D) Quantification of total TE area (B), individual TE area (C), 
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and average number of TE (D) within proximal (<30 µm from soma) apical CA3 dendrites 

(n=17-20 neurons from 5-6 mice/condition). *P<0.05. (E,G) Golgi staining of representative 

distal apical dendrites of CA3 (E) or CA1 (G) pyramidal neurons in 3-month-old mice after 

chronic (14 d) injection of vehicle control (NT), diazepam (Dzp), or PTX. Scale bars, 5 μm. 

(F,H) Average distal dendritic spine density (#/10 µm) from CA3 (F) and CA1 (H) neurons. 

Data expressed as average±SE of animal means (n=5-6 mice/condition; 2-3 neurons/animal). 

Scale, 20 μm. Data are means±SEM.  
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Chapter 4 

Figure 4.1 Inactivity-induced proximal giant cluster synapses. (A) Confocal images of 

proximal dendrites from GFP-expressing nontreated (NT) and TTX-treated cultured 

hippocampal neurons (21 DIV) immunostained against GFP fill (green) and PSD-95 (red). Right, 

higher magnification view of a giant spine showing method for quantifying spine head area 

(yellow line) and spine length (red). Scales, 5 m for dendrites, 1 m for inset. (B) Average 

spine head area in proximal and distal dendrites of control (NT) and TTX-treated neurons. 

***P<0.001 (n=8). Data are means±SEM. (D) 3D confocal microscopy reconstruction of Shank 

immunostaining from a TTX-treated neuron showing a simple synapse (left) and neighboring 

giant cluster synapses. Values indicate number of PSD lobes per cluster (see Methods for 

calculation). Below, common arrangements of clusters (arrow indicates simple synapse). Scale, 1 

m. (G) TTX-treated neuron immunostained for presynaptic synaptophysin (Syn, red) and 

postsynaptic Shank (green). Scale, 5 m. Below, high magnification views of Shank and Syn 

giant clusters. Scale, 1 m.  

 

Figure 4.2 Inactivity promotes mossy fiber-TE synapse elaboration in vitro. (A) Schematic 

of mossy fiber terminals of DG granule cell axons synapsing onto thorny excrescences of 

proximal CA3 dendrites. Like other presynaptic terminals, mossy fiber terminals contain the 

vesicular-associated protein synaptophysin (Syn). However, unlike other terminals, mossy fiber 

boutons are enriched in the vesicular-associated protein synaptoporin (SPO). The multi-lobed 

terminals contain multiple presynaptic release sites opposite multiple postsynaptic sites and are 

supported by specialized structural proteins including the puncta adherentia junction protein 

afadin. (B,D) Control (NT) or TTX-treated CA3 neurons (DIV 24) stained for endogenous PSD-
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95 (green) with either (B) TE puncta adherentia protein, l-afadin (red) or (D) presynaptic mossy 

fiber protein, synaptoporin (SPO, red). Scale, 20 m. High magnification views show two 

representative proximal cluster synapses with merged co-staining. Scale, 1 m. (C,E) 

Quantification of immunoreactivity for (C) l-afadin or (E) SPO in control or TTX-treated 

proximal and distal dendrites (n=10-11). *P<0.05, ***P<0.001. (F) Quantification of SPO 

immunoreactivity in proximal dendrites of control neurons (NT) and neurons inactivated for 48 

hours via blockade of action potentials (with TTX), NMDA receptors (with APV), AMPA 

receptors (CNQX) or L-type voltage-gated Ca
2+

 channels (with nimodipine).  *P<0.05, 

**P<0.01, one-way ANOVA and post hoc Tukey test. (G) Proximal SPO immunoreactivity 

plotted against proximal PSD-95 immunoreactivity from neurons in treatments indicated.  

 

Figure 4.3 Synaptoporin is localized to presynaptic glutamatergic vesicles in vitro. Super-

resolution images of the proximal dendrites of cultured hippocampal neurons immunolabeled for 

synaptoporin (SPO, red). Soma indicated with dotted white line. To determine the intracellular 

localization of SPO, neurons were co-stained with either the postsynaptic scaffolding protein 

PSD95 (A,D) to label excitatory terminals, the presynaptic scaffolding protein Bassoon (B,E) to 

label all synaptic terminals, or the vesicular glutamate transporter 1 (vGlut1) (C,F) to label 

excitatory neurotransmitter vesicles in the presynaptic terminal. Scale bar, 2 µm. (D-F) 

Magnified images of the images in A-C. Note the precise colocalization of SPO with vGlut1 on 

glutamatergic vesicles. Scale bar, 1 µm. 

 

Figure 4.4 Inactivity promotes reallocation of presynaptic release to mossy fiber terminals. 

(A) Representative images of MAP2 (blue)-immunolabeled CA3 neurons receiving presynaptic 



165 

 

innervation from synaptoporin-positive mossy fiber terminals (SPO, green). Presynaptic release 

was assayed by incubating control (NT) or TTX-treated neurons in media with antibody against 

the luminal domain of the presynaptic vesicle-associated protein, synaptotagmin-1 (Stg, red). 

The mGluR2 agonists DCGIV or LY487379 were included to block presynaptic mossy fiber 

release. (B-C) Quantification of presynaptic synaptoporin (B) or synaptotagmin (C) 

immunoreactivity in proximal and distal dendrites of control or TTX-treated neurons incubated 

in the absence or presence of mGluR2 agonists. **P<0.01, one-way ANOVA and post-hoc 

Tukey test vs. NT. (D) Percent colocalization of presynaptic synaptotagmin (Stg) with 

synaptoporin (SPO) for conditions indicated. *P<0.05, **P<0.01, one-way ANOVA and post-

hoc Tukey test vs. NT; +P<0.05, Tukey test vs. TTX.  

 

Figure 4.5 Inactivity functionally upregulates mossy fiber synapses in vitro. (A) 

Representative 5s voltage-clamp traces of mEPSCs recorded from control (NT) or TTX-treated 

neurons before (left) and after (right) acute mossy fiber blockade with LY487379. Red dotted 

line, 20 pA cutoff for small vs. large events. (B-C) Average number of large (>20 pA, B) and 

small amplitude (<20 pA, C) events per minute recorded from control or activity-modulated 

neurons before and after LY487379 (n=8). *P=0.032. (D) Average mEPSC amplitude before and 

after LY487379 application; ns, P=0.08; **P<0.01 (n=5-9). Data are means±SD. (E) 

Distribution of total number of AMPAR-mEPSCs recorded from control (NT), TTX- and PTX-

treated neurons before (solid lines) and after (dotted lines) application of LY487379. Bins, 5 pA. 

Arrow at 20 pA indicates cutoff for “large amplitude” events (>95
th

 percentile of control 

neurons). 
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Figure 4.6 Manipulation of DG granule cells in vitro. (A) Schematic diagram illustrating the 

methodology of Figure 4.7, 8, and 10: GFP-transfected DG neurons were identified and mossy 

fibers were traced to their postsynaptic targets. For immunocytochemistry (Figure 4.7, Figure 

4.8A-C, Figure 4.10), integrated intensities of PSD-95 (red) were quantified in proximal 

dendrites of CA3 neurons contacting SPO immunoreactive mossy fiber (MF) terminals (blue). 

For electrophysiology (Figure 4.8D-F), whole cell recordings were obtained from untransfected 

target neurons. (B) Schematic of MF-CA3 synapses transfected and treated as indicated. 

Inactivity (TTX) provokes an increase in presynaptic SPO opposite PSD95 clusters. Presynaptic 

SPO knockdown blocks the homeostatic response to inactivity, while presynaptic overexpression 

of SPO is sufficient to induce upregulation of presynaptic terminals. (C) Image of a GFP-

transfected DG neuron visualized at the time of recording. The mossy fiber axon of the DG 

granule cell can be unambiguously traced to the untransfected target CA3 neurons. 

 

Figure 4.7 Knockdown of presynaptic synaptoporin in mossy fiber terminals. (A) 

Representative images of TTX-treated DG cells (left panels) co-transfected with GFP and either 

vector control (top) or SPO shRNA (bottom) and stained for endogenous SPO (red) and GFP 

(green). Right three panels show GFP-filled mossy fiber axons (circles indicate axonal boutons) 

traced from GFP-transfected DG cell to CA3 pyramidal targets. (B) Quantification of SPO 

normalized intensity in mossy fiber boutons from (A). **P<0.01, n=56 boutons, t-test vs. 

pLL3.7).  

 

Figure 4.8 Presynaptic synaptoporin is required for homeostatic adaptation to inactivity. 

(A) PSD-95 (red) immunolabeling of untransfected CA3 neurons receiving presynaptic 
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innervation from synaptoporin (SPO)-positive mossy fiber terminals originating from GFP-

expressing dentate granule (DG) cells transfected with vector control (pLL3.7), SPO shRNA, or 

SPO shRNA and SPO rescue construct. Circles indicate large GFP-positive presynaptic mossy 

fiber boutons. Scale, 20 m. (B) Normalized PSD-95 puncta intensity in CA3 neurons opposing 

GFP-positive mossy fiber boutons transfected with vector control, SPO shRNA, or SPO 

shRNA+rescue construct, and treated as shown; n=12, *P<0.05, **P<0.01. (C) Mossy fiber 

bouton size from GFP-positive DG neurons transfected with constructs and treated as indicated. 

(D) Representative 10s voltage-clamp trace of AMPAR-mEPSCs recorded from untransfected 

targets of GFP-positive mossy fibers. DG cells were transfected with constructs indicated prior to 

treatment with vehicle (NT) or TTX. (E-F) Average amplitude (E) and frequency (F) of 

AMPAR-mEPSCs recording from untransfected control (NT) and TTX cells receiving 

presynaptic innervation from GFP-positive mossy fibers of DG cells transfected with constructs 

indicated. *P<0.05, **P<0.01 vs. NT; ns = P>0.05, +P<0.05, ++P<0.01 vs. TTX. Data are 

means±SEM. 

 

Figure 4.9 Afadin constrains MF-TE synapses in vitro. (A) Representative images of cultured 

hippocampal neurons transfected with vector GFP (pLL3.7) alone (top), or co-transfected with 

GFP and shRNA against afadin in the absence (middle) or presence (bottom) of an shRNA-

insensitive afadin rescue construct. Scale bar, 20µm. (B) Quantification of total PSD95 

integrated intensity in proximal dendrites of transfected neurons under normal (NT) or inactivity 

conditions (TTX). (C) Representative 30-second voltage-clamp traces of mEPSCs recorded from 

control (NT) and chronically inactivated (TTX) neurons transfected with GFP alone, or with 

afadin shRNA ± a shRNA-insensitive rescue construct. (E) Average frequency of mEPSCs 
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recorded from conditions indicated. *P<0.05, **P<0.01, one-way ANOVA and post hoc Tukey 

test.  

 

Figure 4.10 Presynaptic DG granule cell activity dictates homeostatic adaptation at MF-TE 

synapses. (A-B, F-G) Representative images of MF boutons (circles) from GFP-transfected DG 

granule cells contacting postsynaptic target neurons. Neurons were transfected either with GFP 

vector control (A) or with a Gi-Dreadd construct (B) which can be activated by addition of CNO. 

Immunostaining for PSD95 (red) to label excitatory synapses, SPO (blue) to label presynaptic 

MF terminals, and GFP (green) to reveal transfected neurons. Bottom panels show SPO 

immunoreactivity in GFP-positive MF boutons pseudocolored to reveal intensity (blue = low, red 

= high). Note the increase in SPO immunoreactivity within GFP-positive MF boutons (circles) 

after CNO inactivation of Gi-Dreadd-transfected neurons. (C-E) Quantification of MF bouton 

size (C), presynaptic SPO accumulation in MF boutons (D), and postsynaptic PSD95 

accumulation opposite MF boutons (E) in neurons transfected with GFP vector control, Gi-

Dreadd to inactivate neurons, Gs-Dreadd to stimulate cAMP production, or Gq-Dreadd to activate 

neurons. GPCR signaling was left unstimulated (NT) or stimulated with the addition of CNO. (F-

G) Neurons in B shown as individual channels as well as merge. Scale bars, 20µm. 

 

Figure 4.11 Mossy fiber-TE synapses act as hippocampal volume control. Schematic of the 

major excitatory neurons of the hippocampal circuit. All three major types of hippocampal 

principal excitatory neuron receive input from the entorhinal cortex via the performant path. 

Granule cells of the dentate gyrus (DG) receive this information within the distal two-thirds of 

their dendritic tree, while CA3 and CA1 pyramidal neurons receive this information only in the 
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most distal portion of the dendritic tree. The remaining portion of the CA3 and CA1 dendritic 

trees receive input from CA3 axons, with one exception. The proximal portion of the CA3 

dendritic tree received innervation from the mossy fiber axons of DG granule cells. Homeostatic 

adjustment of MF synapses onto CA3 thorny excrescences allows the bandwidth of information 

entering the CA3-CA1 network to be dynamically regulated. In this manner, MF-TE synapses 

act as volume control, leaving the other synapses of the hippocampus free to encode information. 

DG neuron from Isokawa et al. (1993) J Neurosci; CA3 and CA1 neurons from B Claiborne and 

N Golding, respectively, both reproduced in N Spruston (2008) Nat Rev Neurosci. 
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Chapter 5 

Figure 5.1 Opioids selectively and bidirectionally regulate mossy fiber-CA3 synapses in 

vitro. (A) Representative images of cultured hippocampal CA3 neurons (>21 DIV) incubated for 

48 hours in the absence (NT) or presence of the opioids dynorphin A, nociceptin, or met-

enkephalin. Neurons are immunostained for MAP2 (blue) to visualized dendritic morphology, 

PSD95 (red) to visualize excitatory synapses, and SPO (green) to label presynaptic mossy fiber 

terminals. Scale bars, 20 µm. (B) Quantification of PSD95 immunoreactivity in proximal and 

distal CA3 dendrites. N = 12 neurons/condition, 3 dendrites/neuron. *P = 0.009, one-way 

ANOVA and post hoc Tukey test. NS (P = 0.230), one-way ANOVA. (C) Quantification of SPO 

accumulation in presynaptic mossy fiber terminals opposite proximal CA3 dendrites. ***P = 

0.0001, Kruskal-Wallis test and posthoc Dunn’s comparison. Data are expressed as mean±SEM 

from neuronal averages (n= 3 dendrites/neuron, 12 neurons/group). 

 

Figure 5.2 Opioid receptor signaling negatively constrains mossy fiber-CA3 synapses. (A) 

Representative images of cultured hippocampal CA3 neurons (>21 DIV) incubated for 24 hours 

under normal activity conditions (NT), hyperactivity (PTX) or inactivity (TTX) in the absence or 

presence of the broad-spectrum opioid receptor antagonist, naloxone. Neurons are 

immunostained for PSD95 (red) to visualize excitatory synapses and SPO (green) to label 

presynaptic mossy fiber terminals. Scale bars, 20 µm. (B) Quantification of PSD95 

immunoreactivity in proximal and distal CA3 dendrites. N = 10-20 neurons/condition, 3 

dendrites/neuron. **P<0.01, ***P <0.001, one-way ANOVA and post-hoc Dunnett’s 

comparison v. NT. NS (P>0.05) v. conditions indicated. (C) Quantification of SPO accumulation 

in presynaptic mossy fiber terminals opposite proximal CA3 dendrites. **P<0.01, ***P <0.001, 
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Kruskal-Wallis test and posthoc Dunn’s comparison. Data are expressed as mean±SEM from 

neuronal averages (n= 3 dendrites/neuron, 10-20 neurons/group).  

 

Figure 5.3 Kappa and mu opioid receptors bidirectionally regulate mossy fiber-CA3 

synapses. (A) Representative images of cultured hippocampal CA3 neurons (>21 DIV) 

incubated for 48 hours under normal activity conditions (NT) or inactivity conditions (TTX) or 

in the presence of agonists of kappa (U50488), delta (DPDPE), or mu (DAMGO) opioid 

receptors. Neurons are immunostained for MAP2 (blue) to visualize dendritic morphology, 

PSD95 (red) to visualize excitatory synapses and SPO (green) to label presynaptic mossy fiber 

terminals. Scale bar, 20 µm. (B,C) Quantification of PSD95 immunoreactivity in proximal and 

distal CA3 dendrites of neurons incubated in the absence or presence of kappa, delta, or mu 

opioid receptor agonists (B) or antagonists (D). N = 10-15 neurons/condition, 3 dendrites/neuron. 

*P<0.05, ***P<0.001, one-way ANOVA and Dunnett’s comparison v. NT. (C) Quantification of 

SPO accumulation in presynaptic mossy fiber terminals opposite proximal CA3 dendrites. 

***P<0.001, one-way ANOVA and Dunnett’s comparison v. NT. Data are expressed as 

mean±SEM from neuronal averages (n= 3 dendrites/neuron, 10-20 neurons/group). 

 

Figure 5.4 Kappa opioid receptor signaling is necessary and sufficient for homeostatic 

upregulation of mossy fiber-CA3 synapses in vitro. (A, C, E, G) Quantification of PSD95 

immunoreactivity in proximal CA3 dendrites after 24 hours of normal activity (NT), inactivity 

(TTX), or hyperactivity (PTX), in the absence (A) or presence (C, E, G) of agonists (left) or 

antagonists (right) of the mu (C), delta (D), or kappa (E) opioid receptor. N = 20 

neurons/condition, 3 dendrites/neuron. Data are expressed as % of control. **P<0.01, one-way 
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ANOVA and post hoc Dunnet’s comparison v. NT. +++P <0.0001, one-way ANOVA. (B) 

Quantification of PSD95 immunoreactivity in A, graphed as % change from NT. (D, F, H) 

Quantification of PSD95 immunoreactivity in C, E, and H, graphed as % change from opioid 

receptor drug alone. In each graph, the basal effect of the agonist or antagonist is plotted. The 

effect of TTX or PTX is then plotted as % change over the basal effect of the opioid receptor 

agonist or antagonists. E.g., DAMGO induces a roughly 50% reduction in proximal PSD95 over 

NT (C). Combined DAMGO+TTX treatment “restores” proximal PSD95 levels to NT values 

(C). The effect of TTX+DAMGO is an ~125% increase over DAMGO alone (D), which is 

roughly the effect of TTX over NT (~150%) (B). Homeostatic upregulation is therefore intact. In 

contrast, incubation with either a kappa OR agonist (U50488) or antagonist (norBNI) blocks the 

effect of TTX (H). 

 

Figure 5.5 Kappa opioid receptors bidirectionally alter seizure progression in vivo. Adult 

male mice were implanted with bipolar stainless steel twisted electrodes in the left basolateral 

amygdala. Two weeks after surgery, mice were stimulated at after-discharge threshold once 

daily. Each day, seizure behavior was scored using a modified Racine scale (Table 5.2). Two 

hours after kindling, mice received daily intraperitoneal injections of either saline, the kappa 

opioid receptor agonist U50488 (5mg/kg) or the kappa opioid receptor antagonist norBNI 

(5mg/kg). (A-B) Mice receiving daily U50488 injections had kindled faster (A) and had more 

severe seizures (B) than saline controls. Conversely, mice receiving daily norBNI injections 

kindled slower (A) and had less severe seizures (B) than saline controls. (C) We observed no 

significant difference in after-discharge duration between groups. P>0.07, two-tailed Student’s t-

test v. saline control. Data are expressed as mean ± SD. N=2-3 mice/condition. 
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Chapter 6 

Figure 6.1 Chronic activity bidirectionally alters GSK-3β accumulation. (A) Representative 

images of cultured CA3 neurons grown under normal activity conditions (NT), hyperactivity 

(PTX) or inactivity (TTX) conditions, and immunostained for MAP2 (blue) to visualize 

dendrites, PSD-95 (red) to label excitatory synapses, and GSK-3β (green). Scale bar, 20 µm. (B-

C) Quantification of individual (B) and average (C) somatic GSK-3β levels in CA3 neurons 

under conditions indicated. NT: 100±5.2, PTX: 116±5.0% of NT, TTX: 74.7±4.1% of NT (n = 

20-25 neurons/condition). Data are mean±SEM. *P<0.05, ***P<0.001, one-way ANOVA and 

post hoc Dunnett test v. NT. 

 

Figure 6.2 Hyperactivity promotes Plk2 expression and AD-related tau phosphorylation. 

(A,D) Representative images of DIV 21+ cultured hippocampal neurons grown for 24 hours 

under normal (NT) or hyperactivity (PTX) conditions and immunostained with Plk2 (blue) and 

the phospho-epitope specific antibodies AT8 (A) or AT180 (D) to label hyperphosphorylated 

tau. (B,E) Plk2 expression versus AT8 (B) or AT180 (E) expression in individual neurons under 

control or hyperactivity conditions. (C,F) Quantification of Plk2 levels in cells expressing low 

levels (white) or high levels (red) of AT8 (C) or AT180 (E). ***P<0.001, two-tailed Student’s t-

test. 

 

Figure 6.3 Plk2 promotes AD-related tau phosphorylation. (A,C) Representative images of 

uninfected DIV21+ cultured hippocampal neurons (left) or neurons infected with Plk2-

expressing Sindbis virus (right) and immunostained for Plk2 (blue) and the phospho-epitope 
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specific antibodies AT8 (A) or AT180 (D) to label hyperphosphorylated tau. (B,D) 

Quantification of Plk2 and AT8 (B) or AT 180 (D) levels in individual neurons.  

 

Figure 6.4 Plk2 kinase function promotes AD-related tau phosphorylation in vivo. (A,D) 

Hippocampal (top) and cortical (bottom) lysates from wild-type (WT) and Plk2-kinase dead 

transgenic (TG) mice were immunoblotted with AT8 (A) to reveal tau phosphorylated at 

S202/T205 or AT180 (D) to reveal tau phosphorylated at T231. (B,E) Quantification of AT8 (B) 

and AT180 (E) immunoreactivity in individual animals. Values were normalized to the WT 

control average (dotted line) and ranked within genotype. (C,F) Average AT8 (C) and AT180 

(F) immunoreactivity in wild type mice (black) and transgenic mice lacking the kinase activity of 

Plk2 (TG). *P<0.05, two-tailed Student’s t-test. Data are expressed as mean±SD (n=5-6 

animals/genotype). 

 

 

 

 

 

 

 

 

 

 

 



175 

 

Appendix 

Figure A.1 Activity does not homeostatically alter kainate receptor (GluK5) levels. (A) 

Representative images of cultured hippocampal CA3 neurons grown for 24 hours under normal 

activity conditions (NT), hyperactivity (PTX), or inactivity (TTX) and immunostained for MAP2 

(blue) to label dendrites, PSD95 (green) to label excitatory synapses, and GluK5 (red) to 

visualize kainate receptors. Scale bar, 20 µm. Note the pronounced downregulation of PSD95 in 

proximal dendrites following hyperactivity and upregulation in proximal dendrites with 

inactivity. In contrast, GluK5 levels were not homeostatically altered. Scale bar, 20µm. (B) 

Quantification of GluK5 levels in proximal and distal dendrites (n = 3 dendrites/neuron, 20 

neurons/condition). ns (P=0.420), Kruskal-Wallis test. **P = 0.0039, one-way ANOVA and post 

hoc Dunnett test v. NT. 

 

Figure A.2 Proximal kainate receptors (GluK5) are not homeostatically altered in CA3 

neurons. (A) Representative images of cultured hippocampal CA3 neurons grown for 24 hours 

under normal activity conditions (NT), hyperactivity (PTX), or inactivity (TTX) and 

immunostained for MAP2 (blue) to label dendrites, Py (green) to identify CA3 neurons, and 

GluK5 (red) to visualize kainate receptors. Scale bar, 20 µm.  

 

Figure A.3 Plk2 selectively regulates thorny excrescences in vitro and in vivo. (A) Mature 

hippocampal neurons (>DIV 21) were infected with Sindbis virus expressing GFP, wild-type 

Plk2, or dominant-negative (Dn) Plk2 prior to treatment with either vehicle control (NT) or TTX. 

Neurons were immunolabeled for GFP or Plk2 (top panels) and endogenous Shank (bottom 

panels). Scale bar, 5 µm. (B) Quantification of Shank integrated intensity in proximal and distal 
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dendrites of neurons infected with GFP, wild-type Plk2 or Dn-Plk2 under control and TTX 

conditions (proximal: GFP, 1.00±0.10; GFP+TTX, 2.03±0.12; Plk2, 0.34±0.05; Plk2+TTX, 

1.03±0.19; Dn-Plk2, 1.63±0.19; Dn-Plk2+TTX, 1.97±0.15; distal: GFP, 1.03±0.08; GFP+TTX, 

0.98±0.08; Plk2, 1.00±0.07; Plk2+TTX, 0.93±0.11; Dn-Plk2, 0.99±0.16; Dn-Plk2+TTX, 

0.93±0.07); ***P<0.001, **P<0.01, +P<0.05, one-way ANOVA and post hoc Tukey HSD test; 

n=15-18 neurons. (C) Representative proximal apical CA3 dendrites from control wild-type 

(WT) mice and dominant negative-Plk2 (DN-Plk2) transgenic littermates. (D-F) Total TE area 

(D), individual TE area (E), and average number of TE (F) within proximal (<30 µm) apical 

dendrites (n=12-13 neurons from 5 mice/genotype). *P<0.05, **P<0.01. Scale, 20 μm. Data are 

means±SEM.  
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