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Abstract

Within the brain, memories are generated during experience; learning activates a
subpopulation of neurons — a neural ensemble, or engram — in the hippocampus that then
encodes episodic, spatial, or contextual memories. It is thought that experience-dependent
synaptic and intrinsic changes work in conjunction to form engrams; synaptic plasticity establishes
neural ensembles via maintenance of connections between neurons with coincident activity, while
intrinsic plasticity is responsible for the actual activation of engram. In the CA1 region of the
hippocampus, functional and structural synaptic changes are typically dependent on the NMDA
receptor, which have a unique requirement for concurrent glutamate and co-agonist (glycine or
D-serine) binding. Despite the extensive characterization of the NMDAR'’s role in synaptic
plasticity, it is still unclear what fundamental role co-agonism serves. Our current best guess,
based on evidence of structural and functional plasticity in the absence of NMDAR-mediated ion-
flux, is that the co-agonist site serves as a modulator of non-ionotropic NMDAR-mediated LTD
(niLTD). Therefore, my first project investigated the role of the GIuN1 co-agonist site in niLTD. In
this study, we tested the effects of varying extracellular co-agonist availability on non-ionotropic
plasticity. In-depth examination of this cellular phenomenon may reveal a novel role for non-
ionotropic NMDAR plasticity in learning and memory. Indeed, under physiological conditions,
synaptic activity drives changes in intrinsic plasticity, in an activity-dependent manner. My second
project explored the relationship between learning-induced changes in CA1 pyramidal neurons
and behavior following contextual fear conditioning. Future studies are needed to specifically
pinpoint the interaction of these two phenomena and how exactly they work in combination to
underlie learning and memory. By moving towards a more neurocentric view of learning
mechanisms, we can appreciate the wide range of cellular tools employed for memory formation
and storage. It should come as no surprise that the complexity of cellular processes underlying

memory, mirrors the complexity of our own human experience.
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Chapter 1

INTRODUCTION



Memory is central to who we are and how we behave — learning from our past to interact
with the present and create our futures. Our memories are our most cherished and personal
possessions. While the learning and memory field has made abundant advances in uncovering
the neurobiology of memory over the past few decades, many questions remain to be answered
before we fully understand the intricacies of memory formation, storage, maintenance, and recall.
The quest to understand memory spans the breadth of both ancient and modern science — dating
back to the time of Plato and Aristotle. The persistence of memory following an experience implies
a physical, internal representation of the memory, which not only stores the memory but allows it
to be recalled upon presentation of context pertaining to the original experience. By the middle of
the 20" century, two main ‘approaches’ to studying learning and memory had emerged. The first
— the aggregate field approach —was popularized by the likes of Karl Lashley and Ross Adey and
stated that information regarding a learned experience or memory was stored in a bioelectric field
generated by the combined activity of a population of neurons. The second, seemingly conflicting,
approach predated the first and was originally proposed by Santiago Ramon y Cajal. This cellular
connectionist approach posited that learning results from changes in the functional strength of
synapses. This latter approach was later renamed synaptic plasticity by Jerzy Konorski and
incorporated as a foundational aspect of Donald Hebb’s more refined models of learning that are
familiar to most modern neuroscientists. Consistent with these models, there is substantial
evidence implicating synaptic plasticity in memory acquisition, retention, and extinction. However,
it has become increasingly clear in recent years that synaptic plasticity is not the only cellular
mechanism contributing to memory formation. After all, learning can result from single
experiences, whereas most synaptic plasticity is induced by some form of repetitive stimulation.
Unlike synaptic plasticity, which relies on changes in synaptic neurotransmitter receptors, intrinsic
plasticity can be influenced by changes in a variety of ion channel subtypes. Therefore, Intrinsic
cellular changes are another promising form of plasticity that have been observed following

learning. Synaptic plasticity is known to drive intrinsic plasticity induction — potentiated synapses
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are more likely to increase the likelihood of a cell firing. Although these intrinsic changes are
fleeting, the learning-induced synaptic changes are much longer lasting and will persist, allowing
the memory to be retrieved when cued. This suggests that these two cellular processes work in

combination as the mechanistic underpinnings of memory.

While the two projects covered in this dissertation are seemingly disparate, they are united
in their aim of gaining a deeper understanding of the cellular processes that underlie memory. In
this chapter, | will outline important studies on intrinsic and synaptic plasticity — two well-
established cellular substrates of learning and memory. | will start with an overview of the
hippocampus, including basic hippocampal anatomy (which is important for the techniques
employed in my research) and its role in learning and memory. Then, | will cover the role of NMDA
receptors in synaptic plasticity — touching on receptor properties as well as ionotropic and non-
ionotropic signaling — and their putative involvement in memory. Lastly, | will review the potential
mechanisms of intrinsic excitability in memory and then briefly review the growing body of work
that suggests cellular learning mechanisms extend past the scope of the synapse. | will conclude

with a summary of my own research aims and goals for this dissertation.

The Hippocampus and Memory

The hippocampus is one of the most popular model systems for the study of information-
storage processes in the brain. This subcortical structure’s function, connectivity, and organization
have been extensively explored and characterized, from the cellular to circuit level, to better
understand its contribution to behavior, especially regarding learning and memory. Studies have
consistently demonstrated that hippocampal involvement is required for episodic memory
formation, but it is uncertain whether the hippocampus is capable of long-term memory storage

or if it purely serves as more of an indexing locale for temporary storage during consolidation —



the process by which recent experiences become long-term memories. The ways in which neural
networks represent and encode experiences relies heavily on single neuron learning
mechanisms. Thus, mechanistic studies at the cellular and synaptic scale are crucial for a holistic
understanding of the role of the hippocampus in memory. Additionally, dysfunction in the
hippocampus has also been implicated in a wide array of neurobiological disorders — making a

thorough understanding of the region also imperative from a therapeutic perspective.

Hippocampal Anatomy

The hippocampus proper is a part of a larger structure called the hippocampal formation
which includes the dentate gyrus (DG), subicular complex, and the entorhinal cortex. Known for
its seahorse-like appearance, for which it was named, the hippocampus proper is comprised of
three major subfields — CA1, CA2, and CA3 — each with its own distinct connectivity (Figure 1A-
B). These three subfields each have essentially one cell layer — the pyramidal cell layer or stratum
pyramidale — unlike the more common six-layer structure of the neocortex. The border of the
hippocampus proper is formed by axons of pyramidal cells and is called the alveus. Between the
alveus and the pyramidal cell layer lies the stratum oriens which contains the basal dendrites of
pyramidal cells and several interneuron types. The area superficial to the pyramidal cell layer
contains the apical dendrites of pyramidal neurons in addition to a rich diversity of interneurons.
This region is divided into the stratum lucidum, stratum radiatum, and the stratum lacunosum-
moleculare (Figure 1C) (Schultz and Engelhardt, 2014). The role of interneurons in the functional

circuitry of the hippocampus is less well characterized than that of its excitatory neighbors.

The primary forward projecting connections within the hippocampus are typically
described as the hippocampal trisynaptic circuit. The main inputs to the hippocampus are axons
from the entorhinal cortex to the DG, called the perforant pathway. These inputs make excitatory

synapses onto the dendrites of DG granule cells, which in turn project, through their axons (mossy
4
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Figure 1. Hippocampal anatomy and organization. A. Schematic rodent brain with the
hippocampus highlighted in maroon. B. Schematic coronal hippocampal slice showing the
orientation and organization of the hippocampus proper (CA1-CA3) and dentate gyrus (DG). C.
Representative hippocampal slice depicting different subfields and layers. CA1 neurons (red)
receive input from CA3 Schaffer collaterals (light blue) in the stratum radiatum. D. Schematic of
the hippocampal trisynaptic circuit. DG granule neurons receive afferent inputs, via the performant
path, from the layer Il of the lateral and medial entorhinal cortex. Next, granule neurons project to
the CA3 pyramidal neurons via mossy fibers. CA1 neurons receive inputs from the CA3 by the
Schaffer collaterals, by the contralateral hippocampus through associational/commissural fibers
or direct inputs from the performant path. To close the hippocampal synaptic loop, CA1 pyramidal

neurons project back to the entorhinal cortex.



fibers), to the proximal apical dendrites of CA3 pyramidal cells. CA3 pyramidal cells synapse onto
ipsilateral CA1 through the Schaffer collaterals and contralateral CA3 and CA1 pyramidal cells
via commissural connections. In the hippocampus, the Schaffer collaterals are the primary input
system to CA1 where they heavily innervate the apical dendrites of pyramidal cells in the stratum
radiatum bordering CA1l (Figure 1C) (Ishizuka et al., 1990). The characteristic laminated
organization of the hippocampus makes the CA3-CA1 connections an ideal experimental system
for electrophysiological stimulation and recordings. In the CA1 subfield, placement of a stimulating
electrode in the Schaffer collaterals allows for selective stimulation of the CA3 inputs to CA1,
yielding robust evoked synaptic responses from the apical dendrites of CA1 neurons that can be

experimentally observed for extended periods of time.

Role of the Hippocampus in Memory

The hippocampus’ unique anatomy coupled with its demonstrated roles in memory
formation, have made it one of the most widely used model systems for studying learning and
memory at the cellular and molecular level. Animal lesion and human studies have confirmed that
the hippocampus plays critical roles in the formation and storage of episodic memory (Neves et
al., 2008; Scoville and Milner, 1957). Additionally, animal behavioral studies with more specific
manipulations like pharmacological inactivation or molecular knockouts show disruption of
hippocampal function prevents spatial memory formation (Martin et al., 2005; Morris et al., 1986;
Pastalkova et al., 2006; Tsien et al., 1996). These results have been further supported by
correlative evidence in electrophysiological, molecular and MRI studies that hippocampal activity
is involved in episodic memory (Berger et al., 1983; Gabrieli et al., 1997; Guzowski et al., 2001;

Neves et al., 2008; Vazdarjanova, 2004).

Within the hippocampus, cell type and connectivity (Figure 1D) vary with region. The

distinctive composition of each region can underlie differential functions in learning and memory.
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One example is in the dentate gyrus (DG). DG granule cells can perform robust pattern separation
of overlapping representations transmitted from the entorhinal cortex. The DG being ideally suited
for this process is attributed to the large number of granule cells, their lack of recurrent
connections, and sparse downstream connectivity to other hippocampal regions (Bernier et al.,
2017; Forrest et al., 1994; O'Reilly and McClelland, 1994; Yassa and Stark, 2011). Thus, this
region plays a more predominant role in memory retrieval and recall. This contrasts with CAl
pyramidal cells which undergo repetitive hippocampal replay during sleep and wakefulness
following learning, a process that is thought to play a role in memory consolidation (Carr et al.,
2011). These are just two examples of the strong relationship between structure and function in

hippocampus, rendering each subfield with its own discrete role to play.

The hippocampus is a well-organized structure with many demonstrated roles in episodic
memory in both rodents and humans. Early hippocampal lesion studies proved that loss of this
structure can be truly devastating to memory. Since these pioneering works, the field has been
focused on investigations of the neural basis of learning and memory. A deeper understanding of
cellular learning mechanisms is necessary before the neural circuitry responsible for memory

acquisition, encoding, and retrieval can be fully elucidated.

Synaptic and Intrinsic Plasticity are Cellular Correlates of Memory

Within the brain, memories are generated during experience; learning activates a
subpopulation of neurons — a neural ensemble — that encodes the memory in the hippocampus
(Tonegawa et al., 2015). Many neurological disorders have been linked to dysfunction in the
hippocampus and long-term memory, such as depression, schizophrenia, dementia, stroke, and
PTSD, meaning a systematic understanding of memory is needed to create more effective
therapeutics. A major goal in neuroscience is to untangle the mechanisms by which the

hippocampus stores and retrieves information. While some might argue that investigating memory
7



at the network or circuit level will contribute the most to our knowledge of the subject, it is just as
important to research the molecular and cellular processes that underlie the creation of these
neural networks. Historically, the discussion of cellular correlates of memory has been
predominated by the idea that synaptic plasticity is the critical cellular substrate for the encoding
of learning and memory. Given that a single excitatory neuron can receive thousands of inputs,
each able to undergo bidirectional synaptic plasticity (strengthening and weakening of that
connection’s functional strength and size), it is easy to envision why synaptic plasticity is an
attractive candidate for storing the vast repertoire of experiences one may encounter in a single

day, let alone a lifetime.

Indeed, learning-induced synaptic changes are input specific, rapidly induced, and long-
lasting — optimal for information storage (Abraham et al.,, 2002). And while the cellular
underpinnings of learning and memory are most likely much more complicated than just one
synaptic process (bidirectional plasticity), it is hard to deny that long-lasting synaptic changes are
highly correlated to learning — there is far too much demonstrated evidence. Synapses do
functionally contribute to learning; specifically, they convey distinctive information contents and
input patterns that are to be memorized, their plasticity shapes connectivity maps via
establishment of connection patterns and assignment of synaptic weights, and their activity
induces intrinsic plasticity and drives the activation/reactivation of memory engrams albeit without
the need for accompanying changes in synaptic weight. However, the assumptions underlying
most current synaptic learning theories are that LTP alone can enable synapses to efficiently
contribute to spike generation and that cells incorporated into the engram must show
suprathreshold activity. For example. the amplitudes of locally evoked EPSPs are strongly
attenuated as they travel from the synapse to the soma, making it difficult to envision even several
summated EPSPs sufficiently depolarizing a neuron enough to reach spike threshold. Therefore,

another cellular mechanism likely exists to amplify responses — even from potentiated synapses



— to drive neuronal firing. Learning has been shown to produce intrinsic cellular changes, like
increases in neuronal excitability, whose role in memory is not yet well understood. These
changes most likely work in conjunction with synaptic plasticity to properly learn and encode

memories.

The Role of NMDARSs in Synaptic Plasticity

The NMDA receptor is a ligand- and voltage-gated ion channel that plays a crucial role in
synapse development and the regulation of synaptic plasticity. NMDARSs are arguably the most
complex subfamily of ionotropic glutamate receptors. They are expressed throughout the brain
and spinal cord, in both neurons and glia, (Hollmann and Heinemann, 1994; Johnson and Ascher,
1987; Schneggenburger et al., 1999) and are found as heterotetrameric complexes composed of
two obligatory GIuN1 subunits and any combination of GIuN2 (GIuN2A-D) or GIuN3 (GIuN3A-B)
subunits. The receptor itself functions as a dimer of dimers, most commonly composed of a pair
of GIuN1 and GIluN2 subunits (Figure 2). The wide array of interchangeable subunits allows for a
variety of configurations, which results in an assortment of NMDAR subtypes in the central
nervous system (CNS), each with their own distinct properties and signaling capabilities. At a
prototypical glutamatergic synapse, the a-amino-3-hyddroxy-5-methyl-4-isoxazoleproprionic acid
receptors (AMPARS) generate the fast response to neurotransmitter release — opening quickly
and allowing cations to flow into the postsynaptic compartment — which produces a local change
in membrane potential. This depolarization allows NMDAR channels to open and conduct calcium
ions into the postsynaptic neuron. Ca?* then acts as a second messenger to elicit long-term

synaptic changes based on the frequency and intensity of the presynaptic stimuli.

Emphasizing their role as key modulators of synaptic strength, NMDARs have long been

implicated in major forms of Hebbian synaptic plasticity, such as long-term potentiation (LTP)



(Bliss and Lomo, 1973; Bliss and Gardner-Medwin, 1973; Collingridge et al., 1983) and long-term
depression (LTD) (Dudek and Bear, 1992; Mulkey and Malenka, 1992). Numerous studies
(Cummings et al., 1996; Mulkey et al., 1994; Mulkey and Malenka, 1992; Yang et al., 1999) have
demonstrated that the magnitude and duration of Ca?* influx through NMDARSs are the principal
determinants of the directionality of synaptic plasticity. Following LTP and LTD induction, the
NMDAR-mediated Ca?* influx triggers downstream signaling pathways. Both LTP and LTD have
their own distinct signaling cascades which have also been extensively characterized. To fully
understand how these receptors are capable of bidirectionally modifying synaptic strength, it is
important to understand NMDAR composition and properties, as well as the intracellular

molecular signaling pathways that are activated during LTP and LTD.

NMDAR Properties

NMDARs have many characteristic properties that distinguish them from other ionotropic
glutamate receptors (Cull-Candy and Leszkiewicz, 2004; Paoletti, 2011; Traynelis et al., 2010).
First, NMDARSs are unique among most (if not all) other receptors in the brain, in that, in addition
to glutamate binding to the GIuN2 subunit, they have an absolute requirement for co-agonist —
either glycine or D-serine — binding to the GIuN1 subunit (Kleckner and Dingledine, 1988).
Concurrent glutamate and co-agonist binding causes closure of the receptor’s ligand binding
domains (LBDs) and initiates opening of the channel pore, allowing cation flux (Karakas and
Furukawa, 2014; Sobolevsky et al., 2009). The NMDAR is also subject to a voltage dependent
Mg?* block that prohibits most of the current flow through the channel pore at more negative
membrane potentials (Mayer et al., 1984; Nowak et al., 1984). However, once open, NMDAR
channels are highly Ca?* permeable. Ca?* permeability, Mg?* blockade, and single-channel
conductance are all greatly influenced by the receptor’s subunit composition. Differences in these
properties affect the relative contribution of specific NMDAR subtypes to synaptic integration and

10



plasticity (Siegler Retchless et al., 2012). Lastly, NMDARs have a host of modulatory sites on the
receptor, most located on the intracellular C-terminal domain (CTD), which will vary depending
on GIUN2 subunit subtype or GIuN1 isoform. Taken together, these properties render NMDARs
with an incredible sensitivity to their surrounding intracellular and extracellular environments, with
each receptor subtype equipped with its own signature charge transfer capabilities and temporal

signaling profiles.
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Figure 2. NMDA receptor topology and expression. A. Schematic of the NMDAR. Functional
NMDARs are tetramers, where the NTDs and LBDs assemble as dimers, and the full receptor
operates as a dimer of dimers. The NMDAR is shown here as a dimer for simplicity. Each dimer
contains one GIuN1 subunit and GIuN2 subunit; these subunits uniquely bind co-agonist and
glutamate, respectively. Agonists bind to the LBD on their respective subunits. Commonly used
antagonists of each site listed in red.
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Within the CAL region of the hippocampus, by the second week of postnatal development,
the predominant GluN2 subunits are GIuN2A and GIuUN2B (Gray et al., 2011), meaning most
NMDARs in CAl are either diheteromers (GIuN1/2A- or GIuN1/2B-containing) or triheteromers
(GIuN1/2A/2B-containing). Between these two subunits, there is still the potential for distinct
functional properties, current kinetics and associated intracellular signaling partners (Cull-Candy
and Leszkiewicz, 2004; Monyer et al., 1994; Vicini et al., 1998). The NMDAR subunits’
intracellular CTDs are the least conserved segments of each subunit. Each contains distinctive
modulatory sites that can influence receptor trafficking, localization, and signaling (Martel et al.,
2012; Sanz-Clemente et al., 2013; Sprengel et al., 1998). GIuUN2A and GIuN2B CTDs, in
particular, each include subunit-specific binding motifs which control both intracellular and surface
trafficking of the receptor, which result in different rates of endocytosis (Lau and Zukin, 2007;
Lavezzari et al., 2004). Therefore, it is easy to envision how subunit composition can have
substantial effects on a particular synapse’s functioning and ability to undergo bidirectional

plasticity.

NMDAR Expression and Distribution

The four GIuN2 (2A-2D) subunits exhibit drastically different spatiotemporal expression
profiles (Akazawa et al., 1994; Monyer et al., 1992; Sheng et al., 1994). As previously mentioned,
GIuN2A and GIuN2B are the predominant GIuN2 subtypes contributing to synaptic NMDAR
currents in CA1 pyramidal neurons in the hippocampus (Gray et al., 2011), and therefore will be
the only ones discussed in the rest of this introduction. Adding another layer of complexity,
NMDAR subunit composition is not static; it is dynamic and is modified throughout development
and, at mature synapses, in response to neural activity. These changes occur rapidly, on the
timescale of minutes, and — depending on which particular subunit is being trafficked to the

synapse — can have a significant effect on basal synaptic functioning (Barria and Malinow, 2002).

12



At most excitatory synapses in the forebrain, NMDAR subunit composition changes during
development. NMDARs are primarily GluN2B-containing early in development and are gradually
replaced or supplemented by “mature” GIuN2A-containing NMDARs (Flint et al., 1997; Roberts
and Ramoa, 1999; Sheng et al., 1994). Electron microscope immunogold analyses of postnatal
CA1l demonstrate that synaptic labeling for GIuUN2B peak at postnatal day 2 (P2) and shows a
gradual decrease to about half as much by P35, while GIuN2A labeling at the synapse is very low
at P2 and increases twelve-fold by P35 (Petralia et al., 2005). These findings are in agreement
with western blot analyses of both GIUN2A and GIuUN2B expression at the same developmental
time points (Sans et al., 2000). Interestingly, this shift, or switch, in the ratio of GIUN2A/GIUN2B
may alter the threshold for NMDAR-mediated synaptic plasticity induction (Yashiro and Philpot,
2008). The postnatal upregulation of GIuUN2A shortens the deactivation time constant of synaptic
NMDAR EPSCs in the hippocampus, and similar developmental shifts in subunit composition
occur in other brain regions (Barth and Malenka, 2001; Flint et al., 1997; Kirson and Yaari, 1996;
Lu et al., 2001; Stocca and Vicini, 1998). From a physiological standpoint, the shift from GIuN2B-
to GIuN2A-containing receptors is thought to serve as a refinement system that reduces plasticity

processes that are not conducive to proper information processing.

Additionally, NMDARs are expressed in both neurons and glia (Karadottir et al., 2005;
Lalo, 2006; Salter and Fern, 2005). In neurons, NMDARs have been detected at both pre- and
postsynaptic sites (Tzingounis and Nicoll, 2008), and distribution of receptors varies based on
neuron type, even within a specific brain region. For example, in cortical interneurons, NMDARs
are evenly distributed along the dendritic shaft (Goldberg et al., 2003), whereas in excitatory
neurons, NMDARs have zones of high density, within the postsynaptic density (PSD), and low
density, on the dendritic shaft and somatic membrane. NMDARSs within the PSD are considered
synaptic (they are near presynaptic release sites) while NMDARS in spines, next to the PSD, are

considered perisynaptic (also sometimes referred to as extrasynaptic). Perisynaptic NMDAR
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activation requires access to glutamate spillover (Huang and Bergles, 2004; Kullmann and
Asztely, 1998) which is highly dependent on the location and activity of neuronal and glial
glutamate transporters. NMDARs located on dendrites outside spines and on the soma are
distinct from perisynaptic NMDARs and are considered extrasynaptic — these complexes are
difficult to activate via endogenous glutamate release but are thought to be tonically active (Sah
et al., 1989). GIuN2B often localizes at extrasynaptic sites in adult neurons (in cortex, dentate
gyrus, CA1l, and cerebellum) and can be specifically activated, but this is neither restricted nor
due to increased GIuN2A expression during development (Brickley et al., 2003; Dalby and Mody,
2003; Scimemi et al., 2004; Stocca and Vicini, 1998; Tovar and Westbrook, 1999). In fact, GIuN2B
remains in synapses of neurons co-expressing GIUN2A and recruits molecules important for
downstream signaling or internalization (Bayer et al., 2001; Fujisawa and Aoki, 2003; Janssen et
al., 2005; Kohr et al., 2003; Krapivinsky et al., 2003; Roche et al., 2001). GIuUN2A is also not
exclusively localized to synapses and has been found extrasynaptically, indicating that separation
of GIUN2A and GIuN2B into extrasynaptic and synaptic sites is not absolute (Kohr, 2006; Li et al.,

1998; Mohrmann et al., 2002; Thomas et al., 2006).

The subcellular localization of NMDARSs, and therefore the location of Ca?* influx into the
cell, is known to activate various signaling pathways that can differ between extrasynaptic and
synaptic sites. The activity of synaptic and extrasynaptic NMDARs is additionally regulated by
region-specific signal transduction mechanisms, which can also determine signaling downstream
of the NMDAR. Distinct functions for synaptic or extrasynaptic NMDARs are often difficult to
definitively demonstrate, unless the two populations’ roles are found to be in opposition (lvanov
etal., 2006; Kim et al., 2005; Vanhoutte and Bading, 2003). However, differential roles for synaptic
and extrasynaptic receptor populations does suggest that the cellular localization of scaffolding
and signaling complexes is as critical as the subunit composition of NMDARSs for activating the

full gambit of NMDAR signal transduction pathways. Interestingly, demarcation of synaptic and
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extrasynaptic space seems closely related to areas of D-serine and glycine abundance,

respectively (Papouin and Oliet, 2014).

NMDAR Co-agonism

The NMDAR is unique in its absolute requirement of co-agonist binding at the co-agonist
site (Kleckner and Dingledine, 1988), although the fundamental role for this distinctive property is
still unknown. The co-agonist site is located on GluN1, the obligatory subunit of the NMDAR, and
deletion of this subunit is a postnatally lethal manipulation (Forrest et al., 1994; Li et al., 1994).
Even a reduction of GIuN1 co-agonist affinity via a point mutation results in postnatal lethality
(Kew et al., 2000), further highlighting the importance of NMDAR co-agonism in development. In
the brain, both co-agonists are present in the extracellular space (although total brain D-serine
levels are only 40% of glycine levels), but surprisingly, under physiological conditions, the co-
agonist site is thought to be unsaturated (Bergeron et al., 1998). Changes in co-agonist
availability, regulation, and levels in the brain over development all influence the saturation levels
of the co-agonist site. Additionally, GIuN2 subunit identity can also influence the receptor’s co-
agonist affinity (Paoletti, 2011). Overall affinity for both co-agonists are similar (ECso ~0.1-1 pM)
(Priestley and Kemp, 1994), although D-serine has been shown to be a more potent agonist of
the co-agonist site and also essential for NMDAR-dependent LTP in the hippocampus and other
forebrain regions (Balu et al., 2013; Basu et al., 2009; Fossat et al., 2012; Le Bail et al., 2015;
Papouin et al., 2012). Nonetheless, the identity of the endogenous ligand of the co-agonist site
varies across developmental timepoints, brain regions, and cellular localization of the receptors
(i.e. synaptic vs. extrasynaptic) (Balu and Coyle, 2015; Le Bail et al., 2015; Mothet et al., 2015;

Papouin et al., 2012).

Unlike AMPARs which can activate while partially liganded, NMDAR activation entails

concurrent occupancy of all four LBDs on the receptors (two co-agonist molecules and two
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glutamate molecules) (Benveniste and Mayer, 1991; Clements et al.,, 1998; Clements and
Westbrook, 1991). One of the complicating factors in understanding the role of the obligatory co-
agonist site in NMDAR function is the negative cooperativity between co-agonist and glutamate
binding. This process decreases the affinity of the receptor for glycine upon glutamate binding
and vice versa and it was originally described as a ‘glycine-dependent desensitization’ and was
observed as a potentiation of NMDAR responses at subsaturating concentrations of glycine,
which causes the initial glycine- and glutamate-mediated peak currents to decrease as glycine
dissociates from the receptor (Mayer et al., 1989). However, this ‘desensitization’ is due to
allosteric interactions between the GIuN1 and GIuN2 subunits, which results in negative
cooperativity for the binding of both agonists (Durham et al., 2020; Leeson and Iversen, 1994).
Other evidence suggests the observed negative cooperativity results from the GIuN2 subunit
reducing the dynamics of the GIuN1 LBD upon glutamate binding (Rajab et al., 2021). Why the
two agonists are required for receptor activation despite this negative interaction upon binding

remains unknown.

Glycine

In the mammalian brain, glycine is a nonessential amino acid that, primarily in brain stem
regions, acts as an inhibitory neurotransmitter through the activation of strychnine-sensitive
pentameric glycine receptors (GlyRs) (Traynelis et al., 2010). Surprisingly. glycine also binds to
several ionotropic glutamate receptor subunits: GIuN1, GIuN3A, GIuN3B, GluD1, and GluD2.
Among these subunits, its action on GluN1, as an obligatory NMDAR co-agonist, is probably the
most well described (Johnson and Ascher, 1987; Kleckner and Dingledine, 1988). It is glycine,
not D-serine, that is the predominant co-agonist during development (Le Bail et al., 2015) and at

extrasynaptic NMDARs (Papouin et al., 2012).

The concentration of glycine in the synaptic cleft is strictly regulated by reuptake via
specific high-affinity transporters located in neuronal and glial plasma membranes (Neal and
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Pickles, 1969). Indeed, the extracellular concentration of glycine is approximately 10 uM which
would be sufficient to saturate the NMDAR co-agonist site (ECso 0.4-3 pM) if not for perisynaptic
glycine transporters. The primary regulators of intracellular and extracellular glycine levels are the
sodium-dependent glycine transporters, GlyT1 and GlyT2. The reuptake mechanism can also be
reversed upon depolarization of the synaptic terminal, pumping glycine out of the cell in a Ca?*-
independent manner (Adam-Vizi, 1992; Attwell et al., 1993). The balance between reuptake and
release of glycine could serve as a means of activity-dependent regulation of NMDAR activity.
For this type of regulation to be effective, baseline glycine concentration in the synaptic cleft

should be kept below saturating levels for NMDARSs by the glycine transporters.

Evidence that the NMDAR co-agonist site is unsaturated at baseline activity levels has
been demonstrated in hippocampal slices, as well as other experimental systems (Bergeron et
al., 1998). However, it is difficult to conclusively say whether this is also true in vivo, since co-
agonist levels are known to fluctuate with activity, developmental age, synapse type and brain
region (Henneberger et al., 2013; Papouin and Oliet, 2014; Schell, 2004). In cases when the co-
agonist site may be saturated, it is important to consider the effects of glycine binding in the
absence of glutamate. Accumulating evidence demonstrates types of metabotropic NMDAR
signaling that are dependent on glycine binding independent of ion flux (Danysz and Parsons,
1998; Ferreira et al., 2017; Han et al., 2013; Nong et al., 2003; Papouin et al., 2012). These
studies will be discussed at length later in this chapter (see Non-ionotropic NMDAR Signaling and

Function).

D-serine

In contrast to glycine, the co-agonist D-serine activates NMDARSs without affecting overall
circuit excitability. However, it has been shown that D-serine binds to other ionotropic glutamate
receptor subunits (GIuN3 and GIuD). This interaction is much less well characterized than binding
to NMDARs and it is unknown whether D-serine alone functions as the endogenous ligand for
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GIluN3 or GluD receptors. In the mammalian brain D-amino acids are thought to minimally
contribute to proper CNS function; one notable exception is D-serine. High amounts of D-serine
and the enzyme that synthesizes it from L-serine — serine racemase (SR) — are found in both
excitatory and inhibitory neurons. Distribution of endogenous D-serine in the brain is similar to
that of NMDARs (Schell et al., 1997). (Stroebel et al., 2021). D-serine is also a more potent and
efficient ligand of the co-agonist binding site, due to its tighter binding within the co-agonist site

(Le Bail et al., 2015; Mothet et al., 2015).

D-serine is thought to be the main co-agonist site ligand at synaptic NMDARS in the
mature, adult forebrain. Historically, the origin of D-serine in the past has been quite controversial;
evidence for both neuronal (Balu et al., 2012; Benneyworth et al., 2012; Kartvelishvily et al., 2006;
Miya et al., 2008) and astrocytic (Fossat et al., 2012; Mothet et al., 2006; Panatier et al., 2006)
production have been demonstrated. However, definitive evidence has shown that, unlike
classical neurotransmitters which are released from the presynaptic locations, D-serine appears
to be mainly released from postsynaptic neuronal sites (Balan et al., 2009; Lin et al., 2016; Wong
et al., 2020). The proximity of SR to postsynaptic sites allows for local activation of synaptic
NMDARSs, such that partial saturation of synaptic NMDARSs by tonic D-serine release could permit
immediate activation of NMDARs upon glutamate binding, “priming” the receptors. Neuron-
specific deletion of SR has shown that neurons are the main sites of D-serine synthesis. This
neuronal D-serine (not astrocytic D-serine) plays an instrumental role in hippocampal NMDAR-
dependent synaptic plasticity (Benneyworth et al., 2012; Neame et al., 2019). Crosstalk between
AMPAR and NMDAR activity may also potentially play a role in homeostatic regulation of synaptic

strength (Ma et al., 2014).

Considering the localization of D-serine has only recently been elucidated, it is perhaps
unsurprising that our understanding of the mechanisms of D-serine transport and release are

limited. Studies suggest that reuptake and/or release of D-serine may be mediated by the amino
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acid transporter, Asc-1 (Fukasawa et al., 2000; Rosenberg et al., 2013), which is expressed
exclusively in neurons, not astrocytes. Indeed, manipulation of Asc-1 expression or function
affects extracellular D-serine levels and NMDAR-mediated plasticity and synaptic activation
(Rosenberg et al., 2013; Sakimura et al., 2016; Sason et al., 2016). These transporters are also
capable of moving glycine molecules across the cell membrane. Compared to the more powerful
glycine transporters which limit glycine exposure to synaptic NMDARS, Asc-1 is relatively less
effective, potentially allowing D-serine to remain in the synaptic cleft for much longer periods of

time than glycine, rendering it functionally more effective (Bergeron et al., 1998).

There is also evidence that endogenous D-serine may be critical for proper network
development, synaptic development, dendritic arborization, and spine density (Balu et al., 2014,
2013, 2012; Miya et al., 2008; Van Horn et al., 2017), which are imperative for efficient CNS
performance. Altered D-serine levels are thought to contribute to several neurological conditions,
including the etiology of schizophrenia. Patients with schizophrenia display lower D- and L-serine
levels in the brain and CSF compared to control patients (Kumashiro et al., 1995). Indeed, SR-
knockout mice are often used as a model for studying schizophrenia, as these mice — similar to
humans with schizophrenia — exhibit decreased D-serine levels, decreased spine densities and
schizophrenia-like cognitive phenotypes (Balu et al., 2013; Basu et al., 2009). This dysfunction
also provides a unique target for therapeutic treatment of neurological disorders: the co-agonist
site on the GIuN1 subunit. The importance of this binding site and its full functional and

translational potential have yet to be fully understood and utilized.

Tonotropic Plasticity: LTP and LTD
In 1949, Donald Hebb postulated that if two interconnected neurons are activated within
a close temporal window of each other, their connection will strengthen; the concept has since

been condensed into “cells that fire together, wire together”. This strengthening of connections
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was thought to underlie the long-lasting neuronal changes that encoded learning and memory.
However, empirical evidence to support this proposed phenomenon was not reported until 1973,
when high frequency stimulation of the perforant pathway was shown to evoke a persistent
enhancement of the synaptic responses in the rabbit dentate gyrus. This formative Bliss and Lomo
study characterized the synaptic phenomenon of LTP, a functional increase in synaptic strength
(Bliss and Lomo, 1973; Bliss and Gardner-Medwin, 1973), and at least partially supported Hebb’s
postulate. A decade later, an NMDAR-dependent form of LTP was observed at the Schaffer
collateral CA3—-CAL synapses (Collingridge et al., 1983). Because the NMDAR is effectively a
biological coincidence detector — both ligand and voltage-gated — its demonstrated necessity for
LTP induction (Artola and Singer, 1993; Bourne and Nicoll, 1993; Herron et al., 1986; Kauer et

al., 1988; Morris et al., 1986) only reaffirms that this is a form of Hebbian plasticity.

However, LTP alone is not sufficient to fully account for the complex processes of memory
formation and storage. If LTP represented the lone cellular correlate of memory — without a
mechanism for reversing or weakening this process — synapses would grow limitlessly in strength.
With synapses in a persistently potentiated state, the overall tuning capabilities of the neuron
would be lost and as a result, that cell’'s network would suffer without discrete communication
between neurons. Before any reliably reproducible empirical evidence emerged, it was widely
accepted that a process must exist to either weaken naive synapses or reverse previously
potentiated synapses. In the years that followed the discovery of LTP (Bliss and Lomo, 1973), it
was shown that synaptic potentiation could be disrupted and reversed by synaptic activity
(Barrionuevo et al., 1980; Fujii et al., 1991; Staubli and Lynch, 1990), but reliable induction
protocols remained elusive. In 1982, the Bienenstock Cooper and Munro (BCM) model proposed
that a synaptic input below a threshold value unique to an individual synapse could lead to
synaptic depression (Bienenstock et al., 1982); this model led to an intense search for evidence

of activity-dependent synaptic depression.
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Nearly two decades later, the first reliable protocol to elicit synaptic depression from
Schaffer collateral-CA1 synapses in rodent hippocampal slices was found (Dudek and Bear,
1992). Although long-term depression (LTD) with identical properties has been observed in the
neocortex of several species (Kirkwood et al., 1993; Kirkwood and Bear, 1994), this particular
form of LTD has specific characteristics that distinguish it from most other forms of LTD — either
in different brain regions or evoked by different stimulation paradigms. While the term LTD
encompasses several forms of synaptic plasticity, this project focused on homosynaptic low-
frequency (LFS)-induced NMDAR-mediated LTD. This form of LTD requires NMDAR activation,
a rise in postsynaptic calcium concentration, and activation of a specific phosphatase cascade
(Dudek and Bear, 1992; Mulkey et al., 1994; Mulkey and Malenka, 1992). LTD is a subject of
intense exploration, as it is a neuronal process that has a potentially expansive behavioral scope,
being implicated in both learning and memory, cognitive effects of acute stress, addictive potential
of some drugs of abuse, and the elimination of synapses in neurodegenerative disorders

(Collingridge et al., 2010).

Like NMDAR-dependent LTP, LTD of excitatory synaptic transmission was first observed
at the Schaffer collateral synapses in the hippocampus (Bear, 1995; Dudek and Bear, 1992). The
most widely used protocol for LFS-induced LTD in the hippocampus is 900 pulses at 1Hz — this
is sufficient to induce robust LTD in CA1 pyramidal cells (Dudek and Bear, 1993, 1992). This form
of LTD was observed to require both NMDAR activation and an increase in postsynaptic Ca?*
(Dudek and Bear, 1993). Prolonged stimulation is essential to evoke a significant change in
synaptic response, although a shorter stimulation is necessary to induce a change if the
postsynaptic neuron is modestly depolarized (Selig et al., 1995) — this relieves the Mg?* block that
is present in NMDARs at more hyperpolarized potentials, or in the presence of specific
neuromodulators (Kirkwood et al., 1999; Scheiderer et al., 2004). While this specific protocol has

been reliably effective in inducing robust LTD (Dudek and Bear, 1992; Mulkey and Malenka,
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1992), it is important to acknowledge that induction of LTD (and LTP) is ultimately influenced by
the recent history of synaptic and cellular activity (Abraham and Bear, 1996; Ngezahayo et al.,

2000).

The LTD requirements for NMDAR activation and an increase in postsynaptic Ca?* (Bear,
1995; Dudek and Bear, 1993), presented somewhat of a paradox, given that both are also
necessary for NMDAR-dependent LTP. How could two of the most universal elements of synaptic
signaling be involved in mechanisms that yield opposing synaptic changes? One immediate clue
was the evidence that both LTD and LTP can be evoked with the same number of stimuli simply
by varying the frequency of stimulation — with low frequencies evoking LTD and high frequencies
triggering LTP (Dudek and Bear, 1992). However, stimulation frequency alone is not the
determining factor, considering a high frequency induction protocol typically used to trigger LTP
can reliably induce LTD in the presence of a partial NMDAR blockade (Cummings et al., 1996).
Instead, it is posited that the postsynaptic Ca?* level, especially the Ca?* dynamics within the
postsynaptic compartment — which can vary according to strength, duration, and frequency of
stimulation — are crucial determinants of the directionality of synaptic plasticity. Modest but
prolonged elevations of postsynaptic Ca?* in the submicromolar range induce LTD, while a brief
Ca?* elevation to ~10 uM is required for LTP induction (Lee et al., 1998). Additional evidence also
suggests that unlike LTP induction, presynaptic activity is not necessary for LTD induction, as
both uncaging of glutamate by flash photolysis or bath application of NMDA is sufficient to induce

robust LTD (Cummings et al., 1996; Dodt et al., 1999; Kandler et al., 1998).

Expression Mechanisms

There is myriad evidence that inhibition of NMDARSs blocks LTD, activation of NMDARs
induces LTD, and buffering the rise in intracellular Ca?* concentration prevents LTD (Cummings
et al., 1996; Dudek and Bear, 1992; Kamal, 1999; Kandler et al., 1998; Lee et al., 1998; Li et al.,
2004; Mulkey and Malenka, 1992; Yang et al., 1999). Intracellular Ca?* stores contribute little to
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LTD when NMDARs are optimally activated (Nakano et al., 2004). Based on this, a model
emerged that the key signal for LTD induction is Ca?* entering the PSD through NMDARSs, but the
threshold at which the magnitude and duration of the Ca?" concentration induce LTD is
undetermined. This subject is further complicated when considering that GIuUN2 subtype may
affect LTD induction capabilities. There are differential effects of antagonists with varying affinities
for GIuUN2A/B and GIUN2C/D on LTD induction and, additionally, subunit composition at the
synapse is regulated by activity — perhaps to further influence the directionality of plasticity at that
synapse (Barria and Malinow, 2002; Hrabetova et al., 2000; Quinlan et al., 1999; Williams et al.,
2003, 1998). However, it has more recently been demonstrated that genetic deletion of GIUN2A

or GIuN2B does not affect LTD induction in the hippocampus (Wong and Gray, 2018).

Expression of homosynaptic NMDAR-mediated LTD requires the activation of a variety of
phosphatases (Mulkey et al., 1994, 1993). During LTD induction, when NMDARSs are activated,
Ca?* enters the PSD and binds to calcineurin (protein phosphatase 2B, PP2B), which in turn
dephosphorylates inhibitor-1 and this leads to activation of protein phosphatase 1 (PP1). Once
activated, PP1 dephosphorylates its substrates, notably Ser-845 on the AMPAR subunit GIuAl
(Figure 3A), which allows for receptor internalization and therefore a reduction in functional
synaptic strength (Collingridge et al., 2004). Administration of either PP2B or PP1 inhibitors
reliably prevents the induction of LTD (Kirkwood et al., 1999; Mulkey et al., 1994, 1993). In
addition, protein kinases like protein kinase A (PKA), cyclin-dependent kinase 5, p38 mitogen-
activated protein kinase (p38 MAPK), and glycogen synthase kinase-3 (GSK3) (Figure 3B) have
also been implicated in the process (Brandon et al., 1995; Ohshima et al., 2005; Peineau et al.,
2009, 2007; Zhu et al., 2005). Biochemical studies have established that LTD is correlated with
the dephosphorylation of PKA and PKC substrates, but not with changes in CaMKIl substrate

phosphorylation (Hrabetova and Sacktor, 2001; Kameyama et al., 1998; Lee et al., 1998; van
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Dam et al., 2002). Other forms of LTD do not require PP1 and PP2B for induction, which highlights

these specific enzymes as key identifiers of LFS-induced homosynaptic LTD.

Once the LTD signaling cascade is triggered, the final step in LTD expression is the
endocytosis of AMPARS — the receptors responsible for most of the synaptic response at resting
membrane potentials. This results in an overall decrease in response to the presynaptic
neurotransmitter release. During LTD, the N-ethylmaleimide-sensitive factor (NSF) that usually
stabilizes AMPARs at the synapse is replaced by the clathrin-adapter protein AP2 (Collingridge
et al., 2004) (Figure 3C). Untethering AMPARSs from the postsynaptic density also involves
postsynaptic density protein 95 (PSD95), A-kinase anchor protein-150 (AKAP-150), and
hippocalcin (HPC), a member of the neuronal calcium sensor family. The C-tail of the GIuA2
subunit also specifically interacts with glutamate receptor interacting protein (GRIP), AMPAR-
binding protein (ABP), and protein interacting with C-kinase (PICK1) (Figure 3D), all of which are
rich in PDZ domains — which enable stabilization of AMPARSs in both the synaptic membrane and
intracellular sites (Collingridge et al., 2004; Sheng and Kim, 2002). Once freed, AMPARSs are
thought to diffuse laterally from their synaptic sites to sites of endocytosis, where they are
internalized via a clathrin- and dynamin-dependent process. The steps of expression thus far
outlined occur in the time frame of a typical electrophysiological recording, about one hour after
induction. For maintenance of longer lasting LTD, protein synthesis is required (Manahan-

Vaughan et al., 2000), although this is outside of the time frame of most acute slice recordings.

Itis important to note that at least two fundamentally different forms of NMDAR-dependent
LTD are thought to exist: de novo synaptic depression, found at naive synapses which have not
been exposed to potentiating stimuli, and depotentiation, or depression of recently potentiated
synapses. An intracellular rise in postsynaptic Ca?* concentration has been shown to be critical
for both forms of LTD. Evidence also now suggests that the type of LTD is determined by the

phosphorylation state of the AMPAR subunit, GIuA1. Over 80% of synaptic receptors are thought
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Figure 3. NMDAR-dependent LTD downstream signaling mechanisms. A. Calmodulin (CaM)

detects Ca?* (orange gradient) that enters through NMDARS, which activates protein phosphatase
1 (PP1). Once activated, PP1 can dephosphorylate many targets, most importantly Ser-845 on
the AMPAR GIluAl subunit. B. PP1 also dephosphorylates glycogen synthase kinase-33 (GSK3R)
and its upstream regulators, PI3K and Akt, leading to activation of GSK3R during LTD. Caspase-
9 and caspase-3 can also cleave Akt, which will also result in GSK3[3 activation. C. Protein
interacting with C kinase 1 (PICK1) may facilitate the disassociation of AMPARs from AMPAR-
binding protein—glutamate receptor interacting protein (ABP—GRIP), potentially via the targeted
phosphorylation of ser880 of GIuA2 by protein kinase Ca (PKCa). PICK1 also acts as a negative
regulator of Arp2/3-mediated actin polymerization via direct interaction with Arp2/3 and F-
action. D. GluA2-containing AMPARs are stabilized at synapses by an interaction with N-
ethylmaleimide-sensitive factor (NSF). The calcium sensor protein hippocalcin (HPC) is a high-
affinity Ca?* sensor that can target adaptor protein 2 (AP2) to GluA2 and therefore displace NSF
and initiate clathrin-mediated endocytosis of AMPARS.
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to be GluAl-containing, which is the subunit containing the key dephosphorylation sites that are
important for triggering AMPAR removal from the synapse (Diering and Huganir, 2018; Henley
and Wilkinson, 2016; Lu et al., 2009; Wenthold et al., 1996). Dephosphorylation of Ser-845 was
first described in a chemically induced model of synaptic depression, but it is interesting that this
form of LTD was not associated with dephosphorylation of Ser-831, a phosphorylation site
implicated in NMDAR-dependent LTP (Barria, 1997; Dodt et al., 1999). This highlights that while
LTP and LTD have inverse effects on functional synaptic strengths, they are not precisely
opposite processes. Later studies provided more evidence involving the dephosphorylation of
Ser-845 of synaptic GluAl-containing AMPARs after LFS-induced LTD (Lee et al., 2000).
Additionally knock-in mice which replaced Ser-831 and Ser-845 with alanine residues exhibited
both reduced LTP and a lack of NMDAR-dependent LTD (Lee et al., 2003). This data suggests
that at naive synapses de novo LTD leads to a dephosphorylation of Ser-845, while at previously
potentiated synapses, depotentiation, which may represent a more accurate inverse of LTP,
results from a dephosphorylation of the Ser-831 residue. It is now widely accepted that the key
mechanism of NMDAR-mediated plasticity involves the highly regulated trafficking and
internalization of AMPARSs via involvement of several other postsynaptic molecules (Collingridge

et al., 2004; Sheng and Kim, 2002).

At a typical CAl synapse, bidirectional plasticity (both LTP and LTD) has been shown to
require Ca?* influx through NMDARSs, but there is no straightforward answer as to whether
NMDAR subunit composition — which is known to influence Ca?* permeability and conductance
of the channel — dictates the directionality of synaptic plasticity. Indeed, the induction of synaptic
plasticity is highly complex and perhaps more nuanced than the classical model suggests, in
which all the onus of determining the directionality of synaptic change is placed on the magnitude
and duration of the Ca?* influx through the NMDAR. Further interrogation of these complex

molecular signaling devices is needed to fully understand their role in plasticity induction.
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Non-ionotropic NMDAR Signaling and Function

As discussed in previous sections, NMDARs are ionotropic glutamate receptors, meaning
ion conductance through the receptor channel is the primary mechanism of stimulating
downstream signaling molecules/pathways. Activation of the NMDAR and opening of the channel
pore is only possible upon binding of both glutamate and co-agonist and sufficient postsynaptic
depolarization which ejects the Mg?* block from the pore. These requirements are often all
satisfied during synaptic transmission when pre- and postsynaptic activity occur simultaneously,
which is why NMDARs are sometimes referred to as synaptic coincidence detectors. This
traditional view of NMDAR activation operates under the assumption that NMDAR conformational
signaling is minimal, an idea which has been challenged by several studies demonstrating
multiple instances of non-ionotropic NMDAR function, including evidence of non-ionotropic

synaptic plasticity.

Non-ionotropic NMDAR signaling

In direct contrast to the classical model of synaptic plasticity, evidence of functional and
structural NMDAR-mediated synaptic depression has been shown in the absence of ion flux
through the NMDAR (niLTD) (Nabavi et al., 2013; Stein et al., 2020, 2015; Wong and Gray, 2018).
However, it is worth noting that this finding has been repeatedly challenged for functional niLTD
(although there has not been any evidence refuting structural niLTD) (Babiec et al., 2014;
Sanderson et al., 2016; Volianskis et al., 2015). Studies supporting non-ionotropic action of
NMDARSs show that in the presence of ligand binding — without full receptor activation or Ca?*
influx — conformational movement of the NMDAR CTDs occur, initiating downstream signaling
pathways that result in LTD. The physiological significance and precise conditions in which this
form of plasticity can arise are still unclear, but what we do know about ion flux-independent
synaptic depression will be discussed at length later in this chapter (see Non-ionotropic NMDAR-

mediated LTD).
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While the concept of Ca?* influx-independent NMDAR-mediated LTD is controversial, non-
ionotropic (also referred to as metabotropic) action of NMDARs is not (Dore et al., 2017; Montes
de Oca Balderas, 2018; Rajani et al., 2020). Growing evidence of non-ionotropic signaling of
NMDARs is shifting the prevailing view that the receptor acts only as a ligand- and voltage-gated
ion channel to that of a dynamic signaling complex capable of initiating lasting action through
conformational changes as well. The non-ionotropic functions of NMDARs are thought to be
caused by ligand binding alone, which causes conformational changes in the intracellular CTD.
Movement of the CTD could then trigger downstream signaling cascades to cause receptor
internalization. Postsynaptic NMDARs are found in close proximity to and directly interact with
many important synaptic molecules including members of the membrane-associated guanylate
kinase (MAGUK) family, calmodulin, and yotiao, a synaptic scaffolding protein (Ehlers et al., 1996;
McBain and Mayer, 1994; Paoletti, 2011; Zukin and Bennett, 1995). It is therefore not surprising
that conformational changes of the receptor, especially of the intracellular CTD which is rich with
binding motifs, could affect the distribution and activity of neighboring proteins that contribute to
the integrity of the PSD or have been implicated in synaptic plasticity. And in fact, studies have

demonstrated multiple types of NMDAR signaling in the absence of ion flux through the receptor.

Glycine-primed internalization was the first confirmation of a transmembrane signaling
process by which agonist binding alone to the NMDAR can induce intracellular conformational
changes to initiate biochemical signaling, independent of ion flux (Nong et al., 2003). When using
NMDA and glycine to stimulate isolated hippocampal neurons, a use-dependent decline in
NMDAR EPSCs was exhibited when stimulation was preceded by a glycine conditioning stimulus.
This reduction in current results from a decrease in NMDARs on the cell surface and was
attenuated by inhibitors of dynamin-dependent endocytosis. Additionally, glycine stimulation
causes an increased association of NMDARs with AP2, an intracellular endocytic adaptor protein,

which is blocked by co-agonist site competitive antagonists. This result indicates that co-agonist
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site stimulation alone is sufficient to prime the receptors for endocytosis (Nong et al., 2004, 2003).
Subsequent glycine and glutamate stimulation triggers internalization in an ion flux-independent
manner, as it is unaffected by MK-801 administration. Endogenous extracellular glycine and D-
serine concentrations — which can vary by brain region — are usually between 5-10 uM, suggesting
that basal co-agonist levels are just below the threshold to stimulate glycine priming for
internalization. Thus, an increase in extracellular co-agonist concentration could easily trigger
priming for NMDAR internalization. Glycine priming may be a key means of adjusting synaptic
signaling in the presence of modulators that affect the potency of co-agonist binding (Danysz and
Parsons, 1998) or important for functional changes in glycine and D-serine signaling, which may
regulate NMDAR migration amongst synaptic and extrasynaptic compartments (Papouin et al.,
2012) or the developmental switch from GIuN2B- to GIuN2A-containing (Ferreira et al., 2017).
Lastly, in pathological conditions, like traumatic brain injury, ischemia, or epilepsy, glycine priming
could potentially also serve as a homeostatic mechanism to prevent NMDAR-mediated

excitotoxicity when glycine levels are increased (Danysz and Parsons, 1998).

lon flux-independent NMDAR signaling has also been shown to dictate receptor trafficking
upon glutamate binding (Coultrap et al., 2014; Malenka et al., 1989; Malinow et al., 1989) and
tyrosine dephosphorylation of GIuN2A (Vissel et al., 2001) — which leads to receptor endocytosis
and decreased NMDAR EPSCs. However, it is important to note that these effects, particularly
on NMDAR trafficking, require both agonist and co-agonist binding (Barria and Malinow, 2005;
Nong et al., 2003; Vissel et al.,, 2001). The developmental subunit switch from GIuN2B- to
GIuN2A-containing receptors has also been shown to require ligand binding but not ion flux
(Barria and Malinow, 2002). Additionally, there are reports of non-ionotropic signaling in the
regulation of structural plasticity (Stein et al.,, 2015), as well as in presynaptic control of
spontaneous release (Abrahamsson et al., 2017). Clearly, the NMDAR possesses a great number

of signaling capabilities in the absence of canonical receptor activation, which are in addition to
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the receptor’s already well characterized ionotropic capabilities, emphasizing its role as a highly

sensitive and adaptable synaptic molecule.

Non-ionotropic NMDAR-mediated LTD (niLTD)

NMDARs have incredibly complex pharmacology due to their many requirements for
activation. However, it is this complexity which allows their function to be modulated in a variety
of ways. As previously discussed, there are many instances of downstream effects following
ligand binding to the NMDAR in the absence of ion influx through the receptor. Most observed
types of NMDAR non-ionotropic signaling are a result of co-agonist binding to the GIuN1 subunit
both in the presence or absence of glutamate. However, one of the most intriguing forms of non-
ionotropic NMDAR signaling requires only glutamate binding and is an ion flux-independent form

of LTD (Nabavi et al., 2013).

Over 20 years ago, data was published indicating that MK-801, an open channel “trapping”
blocker, inhibited LTP but did not affect LTD (Mayford et al., 1995; Scanziani et al., 1996) — an
observation that was not further discussed in either study. More recently, the formative non-
ionotropic NMDAR-mediated LTD (niLTD) study used antagonists of both the glutamate and co-
agonist sites, in addition to an open channel blocker, to thoroughly investigate this phenomenon
(Nabavi et al., 2013). The observed synaptic depression was only blocked in the presence of a
competitive glutamate site antagonist, which suggests that glutamate binding — not full receptor
activation — is the sole requirement for LTD induction. Given that these results challenged the
widely held tenet that LTD induction requires NMDAR activation and Ca?* influx through the
channel, it is not surprising that another study was immediately published in direct opposition to
these results (Babiec et al., 2014). However, this refutation only tested the effects of MK-801 on
LTD, and it is worth noting that experimental conditions used in the two studies in question were
not identical. One putative explanation is that co-agonist site antagonism mimics low co-agonist
availability, whereas application of MK-801 leaves the co-agonist site unoccupied and free to
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interact with endogenous extracellular co-agonist. And while this may explain the discrepancy
among groups, niLTD has been shown to be reliably inducible by many others in the presence of
either MK-801 or the co-agonist site antagonists 7CK and L689 (Carter and Jahr, 2016; Dore et
al., 2015; Krasteniakov et al., 2005; Mayford et al., 1995; Scanziani et al., 1996; Stein et al., 2020,

2015; Wong and Gray, 2018).

NiLTD occurs independent of Ca?* influx through the NMDAR and GIuN2 subunit identity
(Wong and Gray, 2018), but the mechanisms underlying this phenomenon and conditions in which
it can occur are still unclear. LTD was observed in experiments in which intracellular Ca?* was
clamped to basal levels, suggesting that while Ca?* is indeed required for niLTD, a rise in
intracellular Ca?* is not. Therefore, glutamate binding and basal Ca?* levels are the only receptor
requirements that have been demonstrated thus far for niLTD. Interestingly, if these requirements
are fulfilled in the presence of the open-channel blocker MK-801 while administering high-
frequency stimulation (HFS) — an induction protocol normally used to evoke LTP — functional
niLTD is observed (Nabavi et al., 2013). Similarly, high frequency uncaging (HFU), a structural
LTP protocol, in the presence of the co-agonist site competitive antagonist, 7CK, converted spine
growth into spine shrinkage (Stein et al., 2020, 2015). These results show that blocking the co-
agonist site biases the NMDAR toward synaptic depression in the absence of ion flux through the

NMDAR.

Most work examining subunit contribution to synaptic plasticity has focused on the GluN2
subunits and not the obligatory co-agonist binding GIuN1 subunit. However, the GIuN1 CTD
contains a multitude of binding motifs for molecules that have been implicated in LTD, such as a
calmodulin and PP1 (Mulkey et al., 1994, 1993). Infusing neurons with a GIuN1 C-terminus
antibody blocked LTD and the ligand-driven conformational change of the CTD that was observed
in the presence of MK-801 or 7CK during glutamate stimulation (both bath application and

uncaging) (Dore et al.,, 2015) — directly demonstrating glutamate-induced conformational
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movement independent of channel opening. Surprisingly, the ligand-driven change in FRET, and
therefore CTD conformation, did not require PP1 activity (Aow et al., 2015). This could be due to
the target of PP1 being unavailable during basal conditions, despite the active site being exposed
during changes in the GIuN1 CTD. Indeed, the GIuN1 subunit is a unique target of investigation
for understanding the minimum receptor determinants for niLTD, as well as examining potential

points of divergence between classical, ionotropic LTD and niLTD.

Downstream of the receptor, p38 MAPK has been the only protein implicated as a
downstream component of functional and structural niLTD, while several other molecules —
NOS1AP, nNOS, MK2, cofilin — have been shown to be required for only structural niLTD (Nabavi
et al., 2013; Stein et al., 2020, 2015). Additionally, calcium-calmodulin dependent protein kinase
Il (CaMKIll) is involved in both LTP and LTD (Coultrap et al., 2014; Malenka et al., 1989; Malinow
etal., 1989). Its role as a potential target downstream of niLTD induction was demonstrated when
a decrease in the interaction between FRET fluorophores on CaMKIl and the NMDAR was
observed during ion flux-independent LTD. This decrease was dependent on PP1 activity and
dephosphorylation of CaMKII at Thr-286 (Aow et al., 2015). Interestingly, Thr-286 levels were
reduced during and after niLTD induction, while total amount of CaMKII bound to the NMDAR
was overall unchanged. These results are consistent with the model of niLTD in which glutamate
binding to GIuN2 stimulates a conformational movement of the GIuN1 CTD that enables
dephosphorylation of Thr-286 on CaMKIl by PP1. Phosphorylation of Ser-567 on GIuAl by
activated CaMKII does not require Ca?* or calmodulin but has been shown to occur following LTD
induction (Coultrap et al., 2014). This is consistent with the proposed mechanism for niLTD and
ultimately could lead to increased AMPAR endocytosis (Kim et al., 2001; Lin et al., 2000; Shi et
al., 2001) — a known means of decreasing postsynaptic functional strength. Further study of
niLTD, and non-ionotropic NMDAR signaling in general, may lead to a greater understanding of

the fundamental role of the obligatory GIuN1 subunit.
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The role of the NMDAR and the resultant cellular and synaptic changes caused by its
activation have been extensively studied. As one of the most complex molecular signaling devices
in the brain, it is no surprise that its synaptic proximity in combination with complex pharmacology
and coincidence detection capability render it a master modulator of synaptic strength. As a
regulator of both LTP and LTD induction, the NMDAR is one of the most popular synaptic
molecules when discussing cellular correlates of learning and memory. There is also an extensive
amount of empirical evidence demonstrating the importance of bidirectional functional plasticity
in memory and the behavioral tasks used to test it. However, it is unlikely that synaptic plasticity
can explain all types of learning or all types of memory and because of that, there has been a
shift to look outside the synapse for the potential mechanisms that may work in conjunction with
synaptic plasticity to underlie these behavioral phenomena at their most fundamental level — the

cell.

The Role of Intrinsic Plasticity in Learning and Memory

The field of learning and memory has long searched for a physical representation of
memory — the engram. The nature and location of the engram has proved elusive for decades,
yet the development of more sophisticated molecular and transgenic tools has begun to shed light

on the cellular processes underlying engram formation and activation.

The role of synaptic plasticity as a cellular substrate of memory is undeniable. Synaptic
changes are activity-dependent and long-lasting, two properties which make it an ideal cellular
mechanism for storing information. The idea that experience-induced modifications occurred in
the connections between neurons was first proposed by Ramén y Cajal and in fact predated the
term “synapse”. The century following this influential hypothesis was filled with evidence that

demonstrated learning induced synaptic modifications such as increased levels of AMPA receptor
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phosphorylation (Rumpel et al., 2005; Whitlock et al., 2006) and long-term potentiation (McKernan
and Shinnick-Gallagher, 1997; Rogan et al., 1997) — both processes that are known to be
mediated by NMDARs. Therefore, following learning, populations of neurons that were activated
are expected to have more potentiated synapses which will in turn lead to the formation of the
engram, by strengthening the connections between cells that were coincidently active. Enhanced
synaptic strength between neurons increases the probability that the same pattern of neural
activity that occurred during learning can be reactivated. This outlines a direct link between
experience-dependent NMDAR-mediated changes and formation of the engram.

Yet, these synaptic modifications alone do not comprise the engram, they only determine
the neuronal ensemble that will encode the memory. LTP, and other forms of synaptic plasticity,
have been challenged as cellular substrates of memory, as LTP does not match crucial properties
of learning (Gallistel and Balsam, 2014; Gallistel and Matzel, 2013). For example, learning can
occur following single experiences, while LTP and LTD induction usually entail repetitive
stimulation. Additionally, experience has been shown to trigger changes in intrinsic cellular
properties (Barth, 2004; Oh and Disterhoft, 2015; Titley et al., 2017). Intrinsic plasticity, which
ultimately results in changes in neuronal excitability, is another potential cellular mechanism
underlying learning and memory. While it has been shown that intrinsic plasticity may have region-
specific roles in memory, it is thought to typically act in conjunction with various forms of synaptic
plasticity (Daoudal and Debanne, 2003; Frick and Johnston, 2005; Marder et al., 1996;
Mozzachiodi and Byrne, 2010; Zhang and Linden, 2003). It is postulated that synaptic plasticity
is important for the induction of engram integration and establishment of connectivity maps, while
intrinsic plasticity is responsible for the expression of the engram — incorporating a population of
coincidently activated neurons into a neural ensemble (Ryan et al., 2015; Titley et al., 2017). It
has become increasingly apparent that a purely synaptic model of learning is no longer enough

to explain the process of information storage in neural networks.
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Mechanisms of Intrinsic Plasticity

Intrinsic plasticity modulates a neuron’s activity level and output efficacy — decisive factors
for incorporation into an engram. Unlike synaptic plasticity, which is largely regulated by changes
in neurotransmitter release and receptor modifications, intrinsic plasticity can be caused by
changes in expression of a variety of voltage or calcium-dependent ion channels — for example,
A-type K channels, BK channels, SK channels and HCN channels (Debanne and Poo, 2010;
Titley et al., 2017). Current evidence also indicates that intrinsic plasticity can modulate essential
cellular functions — like neuronal spike output — that are either irrespective of synaptic plasticity
or, can differentially affect the likelihood of inducing synaptic plasticity. This is the case in the
downregulation of SK channels, which can occur in an activity-dependent manner (Belmeguenai
et al., 2010; Hammond et al., 2006; Ngo-Anh et al., 2005; Stackman et al., 2002). SK channel-
mediated intrinsic plasticity is especially interesting because it can trigger effects that are both
dependent and independent of synaptic plasticity (like when intrinsic changes amplify signals from
potentiated synapses). Changes in SK channel expression have been shown to alter intrinsic
neuronal properties, such that neurons are more excitable due to increased firing rate and
decreased action potential threshold (Grasselli et al., 2016). These changes will also affect
NMDAR activation and LTP induction (Babiec et al., 2017). This highlights an example of
convergence of synaptic and intrinsic plasticity mechanisms. This is also an instance in which
these two phenomena may work in complement in a way that allows for input-specific memory
storage; it has been observed in layer 5 pyramidal neurons and Purkinje cells (Ohtsuki et al.,

2012; Sourdet et al., 2003).

Under physiological conditions, changes in intrinsic plasticity are generally driven by
synaptic activity; local intrinsic changes are often influenced most by responses from the largest,
most potentiated synapses. Expression of many voltage-gated ion channels implicated in intrinsic

excitability can be activity-dependent and therefore influenced by signals from synaptic inputs,
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especially those which have been potentiated via NMDAR-dependent processes. The resulting
changes in ion channel expression throughout the cell affect neuronal firing frequency, especially
if these changes cause a shiftin action potential threshold occur at or near the axon initial segment
on the soma (Grubb et al., 2011; Grubb and Burrone, 2010). These modifications to neuronal
output benefit all synapses in contact with the neuron, not just the most potentiated ones, and can
be experimentally observed by comparing a neuron’s responsiveness to various depolarizing
currents before and after tetanization (administration of a high frequency stimuli) (Belmeguenai
et al., 2010; Sourdet et al., 2003). Unlike changes in synaptic plasticity, intrinsic changes in ion
channel expression are temporary, thus making it unclear their exact, defined role in memory
formation or consolidation. However, it has been suggested that enhanced intrinsic excitability
serves to enable action potential generation and promote burst firing. These increased firing
capabilities alter the likelihood that a neuron will be integrated into a neural ensemble of
synchronously active neurons. In addition, changes in intrinsic excitability will globally affect
synaptic inputs, facilitating memory storage without altering synaptic weight ratios, which would

conserve the memory’s representation.

Previous studies examining changes in excitability in hippocampal CA1 neurons 24 hours
after trace eyeblink conditioning in rabbits determined reductions in the medium, or peak,
afterhyperpolarization (AHP) were the underlying cause of learning-induced increase in firing rate
(Disterhoft et al., 2012; Matthews et al., 2008). The AHP is composed of a collection of potassium
channel conductances, predominantly SK and BK channels. However, there are a multitude of
other channels whose expression can influence membrane excitability. Hyperpolarization-
activated cyclic nucleotide-gated (HCN) cation channels have been shown in CA1 pyramidal
neurons to alter input resistance, EPSP summation, and firing rate in an activity-dependent
manner (Gasselin et al., 2015). The potassium channels KCNQ2 and KCNQ3 have also been

shown to contribute to the post-burst AHP, and deletion of these channels has been shown to
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increase neuronal excitability (Brown and Adams, 1980; Delmas and Brown, 2005; Soh et al.,
2014; Stocker et al., 1999; Tzingounis and Nicoll, 2008). A-type potassium channels have been
shown to regulate neuronal firing rate by modulating action potential repolarization (Drion et al.,
2015; Shibata et al., 2000; Simkin et al., 2015). Lastly, the inwardly-rectifying potassium channel
Kir2.1, has recently been implicated in mediating learning-induced changes in intrinsic excitability
in DG granule cells (Pignatelli et al., 2019). Following learning, the temporal window of
experience-induced enhancement of intrinsic excitability varies by brain region, yet it is unclear

whether the mechanisms underlying the learning-induced intrinsic changes are also varied.

Contributions of Intrinsic Plasticity to Engram Formation and Disease States

Increases in intrinsic excitability have been shown to occur in engram cells following
learning (Titley et al., 2017). Yet endogenously increased excitability has also been shown to be
important for engram allocation (the process by which neurons are recruited into a neural
ensemble). Eligible neurons compete for incorporation into an engram; neurons with relatively
high excitability states “win” and are more likely to be incorporated into the engram (Han et al.,
2009; Rogerson et al., 2014; Yiu et al., 2014; Zhou et al., 2009). Excitability-based engram
allocation has been shown to occur in different brain regions and in a variety of types of learning.
In this case, it is thought that high excitability state is a means of priming cells for experience-
dependent integration into the engram (Han et al., 2007; Josselyn and Tonegawa, 2020).
Similarly, in CAl, neurons that are relatively more excitable before being placed in a novel
environment, are more likely to become place cells than their comparatively silent neighboring
cells (Cohen et al., 2017; Epsztein et al., 2011; Lee et al., 2012; Rich et al., 2014; Rickgauer et
al., 2014). It is unknown what the thresholds for “high” or “silent” excitability state are; most likely

they are relative to neighboring cells and vary with region and recent activity.
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Disruption of intrinsic plasticity may play a role in disease states as well as difficulties with
long-term memory formation. In epilepsy, networks of neurons become synchronously active,
which in part may be mediated by pathologies of intrinsic plasticity. In chronic pain, changes in
intrinsic plasticity can lead to an increased sensitivity to previously neutral stimuli (hyperalgesia)
and to perception of pain after the noxious stimuli is removed (paresthesia). Normal aging
subjects, including humans, have difficulty learning hippocampus-dependent tasks. An important
cause is the reduced intrinsic excitability observed in hippocampal pyramidal neurons from normal
aging subjects, as reflected by an enlarged after-hyperpolarization (AHP) and an increased spike-
frequency adaptation (accommodation). Therefore, a more detailed, fundamental understanding
of the role of intrinsic changes in memory formation and learning is needed as a foundation for

development of disease treatments as well.

Dissertation Objective

The study of learning and memory is an age-old pursuit, and the field has made seemingly
exponential progress in recent years (thanks to equally impressive progress in tool and technique
development) in the observation and manipulation of engrams — the tangible traces of memories.
Engrams arise through a combination of experience-dependent chemical and physical changes.
It is posited that LTP and LTD (synaptic plasticity) enable formation of neuronal ensembles by
establishing and regulating connections between cells with coincident activity, while changes in
firing rate (intrinsic plasticity) are responsible for the actual encoding of the experience into that
neuronal ensemble. Yet there are still many avenues of research open for exploration regarding
both forms of plasticity. In this dissertation, | tackled two questions — each their own distinct
project; one pertained to synaptic plasticity and the other, intrinsic plasticity. The results of these
projects will strengthen the existing foundational knowledge of cellular and synaptic correlates of

memory in the hippocampus.
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Synaptic plasticity in the CALl region of the hippocampus is largely NMDAR-mediated.
Despite the NMDAR’s role in plasticity being thoroughly characterized, it is still unclear why a
requirement for co-agonist binding exists. Our current best guess, based on evidence of functional
and structural plasticity in the absence of NMDAR-mediated ion flux (Carter and Jahr, 2016;
Nabavi et al., 2013; Stein et al., 2020, 2015; Wong and Gray, 2018), is that the co-agonist serves
as a modulator of non-ionotropic NMDAR-mediated plasticity. Studies have shown that glutamate
binding alone is required to induce non-ionotropic LTD (Dore et al., 2017; Nabavi et al., 2013). It
has also been shown that glutamate binding to the GIuN2 subunit induces conformational
changes in the NMDAR CTD (Aow et al., 2015; Dore et al., 2015). These conformational changes
may induce a wide variety of downstream signaling pathways, sufficient to trigger synaptic
plasticity. It is worth noting that these previous results were obtained mostly in the presence of a
co-agonist site competitive antagonist, which is only a proxy for low co-agonist availability.
Therefore, | sought to study the role of GIuN1 in non-ionotropic plasticity by directly manipulating
extracellular co-agonist concentration during both ionotropic and non-ionotropic LTD induction.
The GIuN1 subunit provides a unique target of investigation for understanding the determinants
of niLTD, as well as examining potential points of divergence between LTD and niLTD. Further
study of niLTD may lead to a greater understanding of the function of the co-agonist site and the

obligatory GIuN1 subunit.

As previously mentioned, intrinsic changes following learning are as common as synaptic
changes. However, synaptic changes are long-lasting, while intrinsic changes have only been
observed on a timescale of minutes to days following learning. This emphasizes the differential
role the two cellular changes play in learning and memory. A causal relationship between engram
cell excitability and context recognition capabilities has been demonstrated in dentate gyrus
(Pignatelli et al., 2019), but no such link between neural ensemble activity and behavior has been

shown in CA1. My second project aimed to further investigate the underlying mechanisms of
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increased excitability state in CA1 neurons following contextual fear conditioning and potential
relationship between engram activity and behavior. This project will contribute to the increasingly
popular idea that modulation of intrinsic excitability plays a role in learning. By shifting away from
exclusively synapse-based models of learning mechanisms, we can appreciate the wide range of

cellular tools employed for memory formation and storage.
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Abstract

NMDARSs are one of the most complex subfamilies of ionotropic glutamate receptors and
master regulators of synaptic plasticity. NMDARs are uniqgue among most receptors in that, in
addition to glutamate binding, they also require simultaneous binding of a co-agonist — either
glycine or D-serine — to the co-agonist site located on the GIuN1 subunit. Without co-agonist
binding, the receptor cannot fully activate, and the channel will remain closed. Yet, the
fundamental role of the co-agonist requirement remains poorly understood. Recent evidence has
shown that NMDAR-mediated LTD occurs in the absence of ion flux, a phenomenon that has
been termed non-ionotropic LTD (niLTD). Interestingly, blocking the co-agonist site during an
LTP-inducing stimulus also results in LTD. Based on these results, we hypothesized that the
occupancy of the NMDAR co-agonist site may regulate niLTD. To investigate this hypothesis, we
manipulated co-agonist availability both directly and indirectly during the induction of synaptic
plasticity using pharmacological approaches and enzymatic scavenging. We showed that in the
third postnatal week, blockade of the co-agonist site facilitates niLTD induction independent of
induction frequency. We also demonstrated that increasing co-agonist saturation, specifically D-
serine concentration, blocks niLTD. These results largely support our hypothesis that the NMDAR
co-agonist modulates niLTD and provide a novel role for the co-agonist site and the co-agonist,
D-serine. Additionally, this study highlights the emerging role of NMDAR non-ionotropic signaling.
Understanding the full signaling and regulatory capabilities of the NMDAR will greatly expand our
knowledge of basic neurobiological processes as well as how they may go awry in neurological

disease states.
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Introduction

The NMDA receptor is an incredibly sensitive postsynaptic device shown to be critical for
proper synaptic development, functioning, and plasticity (Bliss and Collingridge, 1993; Lau and
Zukin, 2007). NMDARs are ubiquitously expressed throughout the brain and operate as
heterotetramers composed of two obligatory GIuN1 subunits and two glutamate binding GIuN2
subunits. Unlike other receptors in the brain, NMDARSs have a requirement for co-agonist binding
(either glycine or D-serine) to the GIUN1 subunit for receptor activation and channel opening. Like
other ionotropic glutamate receptors, canonical NMDAR signaling is mediated via ion
conductance through the channel pore (Hansen et al., 2018; Traynelis et al., 2010). However,
there is an increasing amount of data describing non-ionotropic NMDAR functioning in the

absence of ion conductance through the channel.

Non-ionotropic actions of the NMDAR are caused by binding of glutamate and/or co-
agonist to the receptor (Abrahamsson et al., 2017; Barria and Malinow, 2005; Coultrap et al.,
2014; Malenka et al., 1989; Malinow et al., 1989; Nong et al., 2004, 2003; Vissel et al., 2001),
which may trigger a conformational change of the receptor. Considering NMDARs are well
positioned within the postsynaptic compartment to interact with other important synaptic
molecules (Ehlers et al., 1996; McBain and Mayer, 1994; Paoletti, 2011), it is thought that
conformational movement of the receptor’s C-terminal domains (CTDs), in the absence of full
receptor activation, may affect the distribution and activity of neighboring postsynaptic proteins.
A growing body of evidence has demonstrated multiple types of NMDAR signaling without
channel opening and ion flux. Non-ionotropic NMDAR signaling has been shown to prime
receptors for endocytosis (Nong et al., 2004, 2003), govern receptor trafficking (Coultrap et al.,
2014; Malenka et al., 1989; Malinow et al., 1989), regulate posttranslational modifications of

GIuN2A (Vissel et al., 2001), regulate spontaneous neurotransmitter release (Abrahamsson et
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al., 2017), and give rise to functional and structural forms of synaptic depression (Nabavi et al.,

2013; Stein et al., 2020, 2015; Wong and Gray, 2018).

Unlike ionotropic LTD, non-ionotropic NMDAR-mediated long-term depression (niLTD)
requires only glutamate binding and basal Ca?" levels for induction, not complete receptor
activation. niLTD occurs independent of ion flux through the NMDAR (Nabavi et al., 2013), but
the determinants and conditions in which this cellular phenomenon occurs are not fully known.
GIuN2 subunit identity does not affect niLTD induction, despite the absolute requirement for
glutamate binding (Wong and Gray, 2018). However, blockade of ion flux during high-frequency
stimulation (HFS) causes a conversion of the expected potentiation into synaptic depression
(Nabavi et al., 2013). This finding has been supported by similar studies using co-agonist site
antagonists during glutamate uncaging, which resulted in robust and reproducible spine shrinkage
(Stein et al., 2015). Together, these results indicate that blocking the co-agonist site may result in
niLTD induction, suggesting that the GIuN1 subunit may play a role in regulating this form of non-
ionotropic synaptic plasticity. Most work studying the differential roles of NMDAR subunits in
synaptic plasticity has focused on the GIuN2 subtypes and not the requisite GIuN1 subunit.
Indeed, our understanding of the role of the co-agonist and its binding site in regulating NMDAR

signaling is rather limited.

Recent work has shed light on the molecular processes underlying niLTD, putting forth a
putative mechanism of action that niLTD is mediated by glutamate binding to the GIuUN2 subunit.
Yet, we still do not know whether glutamate binding induces niLTD directly through conformational
movement of the GIuN2 intracellular domains or via allosteric interactions with the GluN1 subunit
that may then induce a conformational change of the GluN1 CTD. What has been shown is that
application of NMDA (which binds to the GIuN2 subunit) in the presence of NMDAR antagonists,

7CK and MK801, initiates a change in the GIuN1 subunit CTD (Dore et al., 2015); but it is unknown
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what the contribution of this conformational change is to the induction of synaptic depression.
Additionally, the movement of the GIuN1 subunit is accompanied by a temporary movement in
PP1 relative to the CTD. It is thought that this might expose the catalytic site of the protein
phosphatase PP1 to CaMKIl, a postsynaptic target that is normally unavailable during baseline
conditions (Aow et al., 2015). The dephosphorylated CaMKII could potentially initiate AMPAR
endocytosis via phosphorylation of Ser-567 on the GIuAl subunit, which has previously been
implicated in synaptic depression (Coultrap et al., 2014; Kim et al., 2001; Lin et al., 2000; Luscher
et al., 1999; Shi et al., 2001). It is unknown whether extracellular conditions also influence niLTD

induction.

Given that niLTD is induced in the presence of a competitive antagonist of the co-agonist
site, perhaps extracellular glycine and D-serine availability play a role in regulating this form of
plasticity. Indeed, changes in co-agonist levels and regulation in the brain over development
influence saturation of the co-agonist binding site. Adding another layer of complexity, the identity
of the endogenous ligand of the co-agonist site varies across developmental stages, brain regions
and cellular localization of the receptors (Balu and Coyle, 2015; Le Bail et al., 2015; Mothet et al.,
2015; Papouin et al., 2012). Interestingly, most of the contradictory results regarding the existence
of niLTD have been recorded in the presence of the NMDAR open channel blocker, MK-801.
Unlike using co-agonist site antagonists, MK-801 blocks ion flow through the receptor without
significantly altering the affinity and occupancy of the co-agonist binding site (MacDonald et al.,
1991). Based on the basal extracellular glycine and D-serine (2-10 uM) concentrations
(Hashimoto et al., 1995; Le Douce et al., 2020; Matsui et al., 2002; Pernot et al., 2012; Westergren
et al., 2008; Wood et al., 1996), one would predict that the NMDAR co-agonist site (ECso ~0.1-1
UM) is saturated under normal physiological conditions (Danysz and Parsons, 1998; Priestley and
Kemp, 1994). However, both co-agonists’ synaptic concentrations are tightly regulated by GlyT1

and Asc-1 transporters (Adam-Vizi, 1992; Attwell et al., 1993; Fukasawa et al., 2000; Rosenberg
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et al., 2013). Numerous studies have shown that the co-agonist site of synaptic NMDARSs is not
saturated (Fossat et al., 2012; Henneberger et al., 2010; Mothet et al., 2000; Panatier et al., 2006;
Papouin et al., 2012; Schell et al., 1997; Yang et al., 2003) and can be regulated by activity (Li et
al., 2013; Mothet et al., 2015; Panatier et al., 2006; Rosenberg et al., 2013). Therefore, while the
exact synaptic concentration of co-agonist is still unknown, these findings suggest the
concentration falls on the hyperbolic part of the binding isotherm, rendering small changes in
ligand concentration capable of inducing large changes in the NMDAR co-agonist site. We
hypothesize that changes in co-agonist concentration may influence non-ionotropic LTD
induction. To study the role of changes in extracellular co-agonist availability on non-ionotropic
LTD, we varied co-agonist concentration while administering plasticity-inducing stimuli.
Surprisingly, we found that saturating levels of D-serine completely blocked niLTD. This effect
was specific to D-serine and was not observed in the presence of added glycine. These results
suggest that D-serine alone regulates niLTD, which could influence synaptic plasticity as the brain

shifts from predominantly glycine co-agonism to D-serine co-agonism during development.
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Materials and Methods

Animals

For electrophysiology experiments we used male and female wildtype mice were group
housed in polycarbonate cages and maintained on a 12h light/dark cycle at a constant
temperature of 24 + 1°C. For two-photon imaging and uncaging experiments we used GFP-M
mice (Feng et al., 2000) in a C57BL/6J background to obtain sparsely GFP-labelled pyramidal
neurons in CAl area of hippocampus. Animals were given access to food and water ad libitum.
All experiments were carried out in accordance with the National Institutes of Health guidelines

and were approved by the UC Davis Institutional Animal Care and Use Committee (IACUC).

Electrophysiology

For extracellular field EPSP (fEPSP) recordings, P13-P21 mice were anesthetized with
isoflurane and decapitated. Brains were rapidly removed and placed in ice-cold sucrose cutting
buffer, containing the following (in mM): 210 sucrose, 25 NaHCO3, 2.5 KCI, 1.25 NaH;PO., 7
glucose, 7 MgCl,, and 0.5 CaCl,. Acute transverse 400 uM slices were made by dissecting the
hippocampus out of each hemisphere and mounting on agar. Slices were cut on a Leica VT1200
vibratome (Buffalo Grove, IL) in ice-cold sucrose cutting buffer, then recovered for at least 45 min
in 34°C artificial cerebrospinal fluid (ACSF) containing (in mM): 119 NaCl, 26.2 NaHCO3, 11
glucose, 2.5 KCI, 1 NaH2PQa4, 2.5 CaCl;, and 1.3 MgSOQ.. Slices were stored submerged in room
temperature ACSF for up to 5h, before they were transferred to a submersion chamber on an
upright Olympus microscope, perfused with room temperature ACSF containing picrotoxin
(0.2mM), and saturated with 95% O,/5% CO.. All solutions were vigorously perfused with 95%
02/5% COs. All recordings were done with 3-5MQ borosilicate pipettes filled with ACSF and were
collected with a Multiclamp 700B amplifier (Molecular Devices). Analysis was performed with the

Clampex software suite (Molecular Devices).
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Experimental design and statistical analysis

All data represent the mean + SEM of n = number of slices (1 recording per slice).
Experiments were performed with interleaved controls and include both male and female mice.
Data were analyzed using Clampfit 11.0 (Axon Instruments) and Prism 8 software (GraphPad).
Plasticity experiments were analyzed by averaging the final 10 min of the recording and

normalizing as a percentage of the baseline fEPSP slope.

Two-photon imaging and glutamate uncaging

Acute hippocampal slices were prepared from P16-P20 GFP-M mice of both sexes as
previously described (Stein et al., 2021). GFP-expressing CA1 pyramidal neurons at average
depth of 37 + 2 uM were imaged using a custom two-photon microscope (Woods et al., 2011).
For each neuron, image stacks (512 x 512 pixels; 0.02 uM per pixel; 1um z-steps) were collected
from one segment of secondary or tertiary basal dendrite at 5 min intervals at 27-30°C in
recirculating ACSF 2 Ca/0 Mg, containing the following (in mM): 127 NaCl, 25 NaHCO3, 1.2
NaH2PO4, 2.5 KCI, 25 D-glucose, 0 Mg, and 2 Ca, aerated with 95% O,/5% CO2, ~310 mOsm,
pH 7.2) with 5mM MNI-glutamate and 1uyM TTX. Slices were preincubated for 1h with 100 pM
MK801 and for 10 min with either vehicle, 10 uM D-serine or enzymes (DsdA + GO) cocktail prior
taking first image. Vehicle and D-serine were washed out with bubbled ACSF 2 Ca/0 Mg

containing 100 uM MK-801 and 1uM TTX after LFU. Enzymes were not washed out.

Low-frequency uncaging (LFU) consisted of 90 pulses (720 nm; 0.2 ms duration, 10.6+0.4
mW at the sample) at 0.1 Hz. The beam was parked at a point ~0.5-1um from the spine at the
position farthest from the dendrite. Estimated spine volume was measured from background-
subtracted green fluorescence using the integrated pixel intensity of a boxed region surrounding
the spine head, as described (Woods et al., 2011). Representative images are maximum

projections of three-dimensional image stacks after applying a median filter (3 x 3) to raw image
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data. Statistical comparisons were made with ordinary one-way ANOVA or unpaired t-test

(GraphPad Prism 9.2.0).

Drugs and enzymes

All drugs used in this study (10 pM L689, 50 uM APV, 100 pM MK-801) were bath applied
throughout the entirety of the recording, except for the co-agonists (10 uM or 100 uM D-serine,
100 uM glycine), which were only washed on during the baseline and induction periods of each
recording. Purified enzymes (D-serine deaminase and glycine oxidase) were obtained from our

collaborator Herman Wolosker.
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Results

The complex pharmacology of the NMDAR provides a variety of ways in which the
receptor’s function can be modulated. Co-agonist site competitive antagonists prevent channel
opening and therefore ion flux, which makes them useful tools for studying niLTD. The competitive
co-agonist site antagonist 7-chlorokynurenic acid (7CK) has predominantly been used to
investigate niLTD (Carter and Jahr, 2016; Dore et al., 2015; Nabavi et al., 2013; Stein et al., 2015).
However, at concentrations needed for complete NMDAR-EPSC block, 7CK also inhibits a large
portion of AMPAR-EPSCs (Wong and Gray, 2018). It is unknown whether the concentration
required for complete inhibition of NMDAR currents affects fEPSP responses, or if other more
potent and selective antagonists like 5,7-dichlorokynurenic acid (5,7DCK) or L689,560 (L689)
should be used (Grimwood et al., 1995; Leeson et al., 1991). Using concentrations known to fully
block NMDAR-EPSCs (McNamara et al., 1990; Wong and Gray, 2018), we found that compared
to 100 uM 7CK and 50 uM 5,7DCK, bath application of 10 uM L689 does exhibit any block of
fEPSP responses in comparison to baseline (100 uM 7CK: 47.09 + 3.826%, n=5; 50 uM 5,7DCK:

44.66 + 3.598%, n=5; 10 uM L689: 101.8 + 5.648%, n=7) (Figure 1).

Co-agonist binding and ion flux are not requirements for niLTD

Whole-cell experiments can be altered by both the composition of the internal pipette
solution and dilution of important intracellular molecules (Kato et al., 1993; Malinow and Tsien,
1990). Extracellular field recordings allow us to bypass these caveats, as they are not affected by
intracellular solutions. Consistent with previous work (Wong and Gray, 2018), we show in
interleaved experiments, using low-frequency stimulation (LFS; 1Hz, 900 pulses), LTD is induced
in the presence of the co-agonist site antagonist 10 uM L689 (vehicle: 77.94 + 3.836% of baseline,
n=27; 10 uM L689: 77.82 + 3.230% of baseline, n= 12; *, p < 0.05) (Figure 2). Application of the
glutamate binding site competitive antagonist, D-AP5 (50 uM) blocked any observed depression

of fEPSP responses (50 pM AP5: 101.3 + 4.183% of baseline, n=11). This confirms that glutamate
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binding is required for niLTD induction, but co-agonist binding, and therefore ion conductance

through the NMDAR is not.

Blockade of the co-agonist site permits niLTD independent of stimulation frequency

It has been shown that varying the induction frequency while keeping the number of
induction stimuli constant can yield alter the directionality of plasticity (Bienenstock et al., 1982;
Dudek and Bear, 1992). To determine whether blockade of the co-agonist site can still drive niLTD
during non-LTD inducing stimuli, we bath applied 10 uM L689 during neutral (10Hz, 900 pulses)
and LTP (50Hz, 300 pulses) induction protocols (Figure 3). During neutral induction, which does
not induce any change in fEPSP response (102.2. + 2.353% of baseline, n=11), 10 pM L689
induced a significant depression (83.06 + 2.685% of baseline, n= 10; *, p=0.0192). This effect
was dependent on glutamate binding as well, as application of APV did not permit LTD expression
(96.30 £ 3.572% of baseline, n=5) (Figure 3A-C). Blockade of the co-agonist site with L689 also
reversed the potentiation induced by 50Hz, 300 pulse stimulation (L689: 80.06 + 5.543% of
baseline, n=10; vehicle: 130.0 £ 11.02% of baseline, n=12; **** p < 0.0001) (Figure 3D-F). This
demonstrates that blocking the co-agonist site, which is a proxy for low co-agonist availability,
shifts the plasticity curve towards depression and facilitates niLTD regardless of induction
frequency (Figure 3G). This indicates a relationship between co-agonist site saturation and non-

ionotropic synaptic depression.

Decreased co-agonist availability facilitates niLTD

Previous studies examining niLTD have used L689 as a proxy of low co-agonist availability
but lack direct manipulations of exogenous co-agonist concentrations (Stein et al., 2021; Wong
and Gray, 2018). Thus, concern has remained that competitive antagonists of the co-agonist site
may alter the conformational dynamics of the receptor in non-physiological ways. To isolate the
contribution of co-agonist site occupancy while still inhibiting ion flow through the receptor, we
used the open channel blocker, MK-801 during LFS. MK-801 exhibits “trapping block”, in which
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the molecule enters the open pore, but becomes trapped inside as the channel returns to its
closed state. Once the pore is closed, the receptor deactivates, and the LBDs can release their
respective agonists (MacDonald et al.,, 1991). Thus, MK-801 can block ion flow through the
NMDAR channel without significantly affecting the affinity and occupancy of glutamate and co-
agonist for the LBDs. Slices were pre-incubated for at least 1h with 100 uM MK-801 and
subsequently perfused with ACSF containing MK-801 throughout the entirety of the recording.
We found that LTD was not blocked in the presence of 100 pM MK-801 (68.60 = 7.939% of
baseline, n=9; **, p=0.0012), and addition of L689 also permitted LTD induction (62.05 + 4.290%
of baseline, n=8; ***, p=0.0003). Only in the presence of AP5 was depression blocked (105.3 +
5.820% of baseline, n=9) (Figure 4). niLTD is not always observed in the presence of MK-801
(Babiec et al., 2014), which could be due to differences in experimental conditions that may affect
endogenous co-agonist concentrations. Our data suggest that niLTD observed in the presence of
MK-801+L689 has reduced variance compared to MK-801 because the co-agonist binding site is

blocked, mimicking low co-agonist availability.

To directly determine whether low co-agonist availability, consistent with L689 results,
facilitates niLTD, we co-administered MK801 with the co-agonist scavenging enzymes, D-serine
deaminase (DsdA) and glycine oxidase (GO) during LFS. DsdA is a bacterial enzyme that is at
least three orders of magnitude more efficient than the more commonly used D-amino acid
oxidase (DAAO) at degrading D-serine. DsdA also has a higher affinity (Km = 0.1mM) for D-serine
compared to DAAO (Km = 50mM) (Shleper et al., 2005). DsdA was used in conjunction with GO
to drastically reduce the endogenous concentrations of co-agonist in the following experiment.
Slices were preincubated for at least 1h with 0.2U/mL and 0.12U/mL DsdA and GO, respectively
to optimally degrade endogenous co-agonist. Slices were then continuously perfused throughout
the entirety of the recording with ACSF containing the same concentrations of enzymes. To

conserve enzymes, these experiments were also performed in a recirculating bath.
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Interestingly, recirculating the bath solution significantly affected LTD induction in the
vehicle condition (Vehicle(normal): 77.94 + 3.836% of baseline, n=27 and Vehicle(recirculating):
113.1 + 5.839% of baseline, n=14; **** p < 0.0001). Recirculating conditions also caused a slight
decrease in the magnitude of LTD in the presence of 100 uM MK-801 (MK-801(nl): 68.60 *
7.9393% of baseline, n=9 and MK-801(rec): 87.61 + 2.868% of baseline, n=11; ns, p=0.0640),
while the depression observed with the application of 10 uM L689 stayed maximally low (L689(nl):
77.82 £ 3.230% of baseline, n=12 and L689(rec): 79.70 = 4.479, n=9; ns, p=0.9935). Because
the recirculating system affected ionotropic LTD but not LTD during blockade of the co-agonist
site, we hypothesize that there may be an increase in ambient co-agonist concentration as

solution is recycled. Further experiments are required to confirm this idea.

Assuming that the block of LTD in the recirculating solution was due to potential
accumulation of co-agonist throughout the experiment, we proceeded with the enzymatic
depletion of endogenous co-agonist with the enzymes, DsdA and GO. Significant depression was
observed in the enzyme condition (89.00 + 4.510% of baseline, n=10; *, p=0.0171) compared to
vehicle (113.1 + 5.839% of baseline, n=14). Notably, this depression was smaller in magnitude
than that observed in the presence of L689 (79.70 = 4.479% of baseline, n=9; *** p=0.0010), but
was AP5-sensitive (105.1 + 6.560% of baseline, n=9) (Figure 6A-C). This could be because the
enzymes do not completely eliminate endogenous co-agonist, they merely reduce the overall
levels. In contrast, L689 is a competitive antagonist and is therefore only mimicking lack of co-
agonist availability. These results show that decreasing extracellular co-agonist concentrations

facilitates synaptic depression.

To determine whether low co-agonist availability also supports non-ionotropic synaptic
depression, we then tested the effects of the enzymes in the presence of MK-801, which allows
us to investigate the effects of decreased co-agonist concentration in the absence of ion flux. In

the recirculating bath, LTD induction in the presence of 100 uM MK-801 evoked a slight
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depression (87.61 + 2.868% of baseline, n=11) although not significantly less than the control
condition of MK-801 and APV (100.9 + 12.44% of baseline, n=5). However, addition of both L689
and DsdA/GO enhanced the observed depression (MK-801+L689: 69.78 + 4.470% of baseline,
n=10; *, p=0.0444; MK-801+DsdA/GO: 74.53 + 4.986% of baseline, n=8) (Figure 6D-F). These

results suggest that low co-agonist availability supports niLTD induction.

Increased D-serine availability blocks niLTD

Given that low co-agonist site occupancy facilitates niLTD, we investigated whether the
inverse is true. If increased co-agonist availability also affects niLTD, then that would provide a
novel role for the NMDAR co-agonism. To investigate whether increased co-agonist site
occupancy also influences niLTD induction, we simultaneously applied saturating concentrations
— 100 pM glycine and 100 uM D-serine — of individual co-agonists with 100 uM MK-801 and
administered LFS. MK-801 was included to isolate the contribution of increased co-agonist site
occupancy without the increased Ca?* influx that may be a consequence of activating otherwise
subsaturated NMDARSs. As previously shown in Figure 4, niLTD is reliably induced in the presence
of MK-801 (68.60 = 7.939% of baseline, n=9), an effect that is blocked by the addition AP5 (105.3
+ 5.820% of baseline, n=9; **, p=0.0024). Surprisingly, we found that application of 100 uM D-
serine significantly inhibited the observed depression (102.8 + 7.388% of baseline, n=9; **,
p=0.0051). Interestingly, addition of 100 uM glycine did not affect the magnitude of niLTD (70.79

+ 14.46% of baseline, n=4) (Figure 8).

Spine shrinkage can occur independent of ion flux through the NMDAR. Indeed, shrinkage
can be induced by low frequency glutamatergic stimulation and blockade of the co-agonist site
(Stein et al., 2021, 2020, 2015). In collaboration with the Zito lab, we investigated whether D-
serine availability can also modulate non-ionotropic spine shrinkage, we bath applied 10 pM D-
serine or the scavenging enzymes (DsdA and GO) in combination with 100 uM MK-801. We found
that similarly to our results from the electrophysiology experiments, Administration of 10 uM D-
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serine and MK-801 blocked non-ionotropic spine shrinkage (109.9 £ 9.144% of baseline, n=7; ***,
p=0.009). Additionally, enzymatic reduction of endogenous co-agonist levels in the presence of
MK-801 also induced spine shrinkage of a similar magnitude to MK-801 alone (63.41 + 4.524%
of baseline, n=6 and 69.35 + 2.906% of baseline, n=6, respectively), The D-serine specific block
of synaptic depression was not a consequence of D-serine application (Figure 10). Together,
these results demonstrate that the NMDAR co-agonist D-serine, and not glycine, gates niLTD

induction.

Lastly, we also tested the effects of saturating the co-agonist binding site in the absence
of MK-801. To determine the effects of increased co-agonist availability on canonical LTD
induction, we bath applied D-serine and glycine during LFS. We found that compared to the
sizeable depression observed in vehicle conditions (77.94 + 3.836% of baseline, n=27), 100 uM
D-serine cause a slight potentiation in lieu of LTD (119.8 £ 11.57, n=9; **** p < 0.0001).
Additionally, 100 pM glycine and a lower D-serine concentration (10 uM) induced a less robust
blockade of synaptic depression (95.23 + 9.455, n=6; ns, p=0.3590 and 96.63 + 8.900, n=7; ns,
p=0.2295, respectively) (Figure 11). This suggests that saturating the co-agonist binding site

blocks ion flux-dependent LTD, which suggests a unique effect of D-serine on niLTD.
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Discussion

D-serine availability gates non-ionotropic LTD induction

NMDARSs are unigue among all other ionotropic glutamate receptors in their requirement
for co-agonist binding. Indeed, despite the extensive amount of research performed on the
structure and function of the NMDAR, the fundamental role of the co-agonist remains unknown.
NMDARSs are also unigue among ionotropic glutamate receptors in their numerous metabotropic,
or non-ionotropic, signaling capabilities. Traditionally, blockade of the co-agonist binding site
(using 7CK or L689) during low-frequency stimulation (LFS) or low-frequency uncaging (LFU) has
been used as a reliable method for niLTD induction (Nabavi et al., 2013; Stein et al., 2020, 2015;
Wong and Gray, 2018). This was our first indication that co-agonist binding is not a requirement
of niLTD, but instead may serve a modulatory role in this process. The idea of the co-agonist as
a regulator of non-ionotropic NMDAR-mediated LTD has been supported by evidence that
blockade of the co-agonist site during high-frequency uncaging (HFU) converts structural LTP to
LTD (Stein et al., 2015). Given that different patterns and frequencies of presynaptic stimulation
may increase release of glycine and D-serine (Li et al., 2013; Panatier et al., 2006; Rosenberg et
al., 2013), niLTD in the presence of HFU indicates that co-agonist availability may influence the
direction of synaptic plasticity. Additionally, D-serine binding has been shown to specifically trigger
a conformational movement of the GIUN1 CTD, while glycine does not (Ferreira et al., 2017). We
provide evidence that application of exogenous D-serine, but not glycine, also blocks niLTD. Thus,

demonstrating a novel role for the NMDAR co-agonist D-serine as a regulator of niLTD.

In the electrophysiology experiments in this study, we increase D-serine availability by
bath applying a saturating concentration (100 uM) of D-serine, which is much more than basal
endogenous D-serine levels (~2-10 uM) (Sherwood et al., 2021). We do not know if addition of a
high concentration of D-serine is causing off-target effects like the electrogenic reversal of cellular

transporters or binding to other glycinergic ionotropic glutamate receptors — GIuN3 and GluD
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subunits are known to bind both glycine and D-serine (Stroebel et al., 2021). However, in the
spine shrinkage experiments, a lower D-serine concentration was used (10 pM) and non-
ionotropic NMDAR-mediated shrinkage was still significantly blocked. An additional concern is
that we do not know if D-serine application enhances the removal of MK-801, such that ion flux
through the receptor is still occurring even in the presence of the pore blocker. However, it is
thought that both glutamate and D-serine enhance MK-801 binding, since MK-801 can only
access its binding site within the pore when the receptor is activated by concurrent binding of both
ligands (Reynolds, 2000). Future experiments are required to determine the allosteric interactions,

if any, between co-agonist binding and the channel pore.

Decreased co-agonist availability creates a bias for synaptic depression

In this study we also show that niLTD occurs independent of stimulation frequency,
resulting in synaptic depression when the co-agonist site is blocked. Additionally, we show that
decreasing endogenous co-agonist concentration via glycine and D-serine scavenging enzymes,
enhances niLTD. In contrast to our findings, at least three studies have reported the opposite —
that increasing D-serine increases the amount of synaptic depression (Duffy et al., 2008; Pinto-
Duarte et al., 2019; Zhang et al., 2008). Two of these studies (Duffy et al., 2008; Pinto-Duarte et
al., 2019), however, used older animals for their electrophysiological experiments. Co-agonism
within in the brain is highly dynamic on a developmental, as well as spatiotemporal, level, so it is
hard to interpret whether the difference in these results is merely a consequence of the different
ages used. While the third study used similarly aged animals as our study (Zhang et al., 2008),
this study (along with the other two) examined the contribution of D-serine availability to canonical
LTD, not niLTD. Future experiments are needed to determine whether these two forms of LTD

are entirely separate processes, and if so, where their mechanisms diverge.
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D-serine specific roles in synaptic regulation

While NMDAR overall affinity for both D-serine and glycine is similar (ECso ~0.1-1 pM), D-
serine is a more potent and efficient ligand for the GIUN1 co-agonist site (Priestley and Kemp,
1994). There is a growing body of work highlighting endogenous D-serine as critical for proper
network development, synaptic development, dendritic arborization, and spine density (Balu et
al., 2014, 2013, 2012; Miya et al., 2008; Van Horn et al., 2017). During the second and third weeks
of postnatal development, D-serine gradually replaces glycine as the main endogenous co-
agonist of NMDARs at CA3-CAl synapses. This co-agonist shift mirrors the developmental switch
in the forebrain from mostly GIuN2B-containing to GIuN2A-containing NMDARs (Mothet et al.,
2015). Changes in the GIuUN2A/GIuN2B synaptic ratio have been shown to bidirectionally control
LTP at CA3-CA1 synapses and influence essential neuronal properties like synaptic maturation
(Kellermayer et al., 2018; Yashiro and Philpot, 2008). Other D-serine specific roles in proper
network development, synaptic plasticity, and learning (Henneberger et al., 2010; Labrie et al.,
2008; Rosenberg et al., 2013; Yang et al., 2003) have previously been established. Additionally,
there is evidence that increased D-serine concentration may drive synapses to have a higher
GIuN2A/GIuN2B ratio by limiting the surface dynamics of GIluN2B-containing NMDARs (Ferreira
etal., 2017). LTP-inducing high frequency priming stimulation also increases the GIuN2A/GIuN2B
ratio, resulting in a sliding of the synaptic plasticity threshold. This suggests that synaptic NMDAR
composition can regulate long-term synaptic plasticity (Ladépéche et al., 2014; Xu et al., 2009).
Indeed, SRKO mice, which lack serine racemase and exhibit D-serine levels, display a shift in
their structural plasticity capability toward spine shrinkage (Park et al., BioRxiv); perhaps a
mechanism by which D-serine blocks niLTD is through shifting the plasticity curve toward LTP
through an increase in the synaptic GIUN2A/GIUN2B ratio and limiting diffusion of GIUN2B-
containing NMDARs. Hippocampal synapses, in SRKO mice and individual neurons lacking SR,

display increased levels of GIuN2B (Basu et al., 2009; Wong et al., 2020). It is unclear whether
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these D-serine-specific observed effects still operate in the same manner in the absence of

traditional ionotropic NMDAR signaling.

Physiological roles for niLTD

Since D-serine is not the predominant co-agonist during early CNS development, it is
tempting to think of niLTD as an exclusively developmental phenomenon. In the second and third
postnatal week, niLTD may facilitate the recruitment of signaling proteins that foster spine
shrinkage, AMPAR trafficking, and synaptic plasticity (Aow et al., 2015; Nabavi et al., 2013; Stein
et al., 2020). The synaptic bias toward AMPAR internalization and spine shrinkage that
accompany niLTD induction at this young age may serve to prevent the induction of long-lasting
LTP, such that memory storage is impaired (Keith et al., 2021). Additionally, niLTD could play a
potential early developmental role in the maintenance of silent synapses. At silent synapses,
NMDARSs act as detectors of non-coincident synaptic activity since presynaptic glutamate occurs
but sufficient postsynaptic depolarization — to eject the NMDAR Mg?* block — may be absent due
to lack of AMPARSs. After the third postnatal week niLTD is speculated to affect long-term memory
by repressing contextual and spatial memory retrieval, however the exact mechanisms by which
this may occur are still unclear (Keith et al., 2021). Further studies are needed to determine
whether niLTD exists only during certain developmental stages and, if not, what roles this synaptic

process serves in the juvenile and mature brain.
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Figure 1. The NMDAR co-agonist site antagonist L689 does not affect AMPAR fEPSPs. A.
Inhibition of AMPAR fEPSPs by NMDAR co-agonist site antagonists. B. Percentage block of
AMPAR fEPSPs by 7CK, 5,7DCK, and L689 averaging from 20-30 min after drug application.
100 pM 7CK and 50 pM 5,7DCK reduced AMPAR fEPSPs to 47.09 * 3.826% and 44.66 +
3.598% of baseline, respectively (n=5 for both conditions).10 uM L689 did not inhibit responses

(101.8 £ 5.648% of baseline, n=7).
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Figure 2. Co-agonist binding is not required for non-ionotropic LTD (niLTD). A-C. NMDAR-
mediated non-ionotropic LTD occurs in the presence of 10 uM L689 and is blocked by 50 uM D-
AP5. A. Averaged fEPSP LTD experiments. B. Cumulative distribution of experiments in A. C.
L689 administration resulted in depression (77.82 + 3.230% of baseline, n= 12) of a similar
magnitude to vehicle conditions (77.94 = 3.836% of baseline, n=27). This depression is
significantly inhibited in the presence of AP5 (101.3 £ 4.183% of baseline, n=11; *, p < 0.05). All

data represent mean + SEM.
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Figure 3. Blockade of the co-agonist site permits niLTD independent of stimulation
frequency. A-C. NMDAR-mediated niLTD occurs in the presence of a neutral induction protocol
(10Hz, 900 pulses). A. Averaged fEPSP experiments. B. Cumulative distribution of experiments
in A. C. 10 uM L689 administration significantly depressed fEPSP responses (83.06 + 2.685% of
baseline, n=10; *, p=0.0192) in comparison to vehicle conditions (102.2. + 2.353% of baseline,
n=11). Depression was not permitted in the presence of AP5 (96.30 + 3.572% of baseline, n=5).
D-F. NMDAR-mediated LTD occurs in the presence of an LTP induction protocol (50Hz, 300
pulses). D. Averaged fEPSP experiments. E. Cumulative distribution of experiments in D. F. 10
KM L689 reverses the direction of synaptic plasticity induced by 50Hz stimulation (L689: 80.06 +
5.543% of baseline, n=10; vehicle: 130.0 £ 11.02% of baseline, n=12; *** p < 0.0001). G.
Plasticity curve of averaged percent change in fEPSP response. Blockade of co-agonist site with
10 uM L689 facilitates depression in response at all stimulation frequencies. All data represent

mean + SEM.
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Figure 4. lon flux is not required for non-ionotropic LTD. A-C. 100 uM MK801 permits niLTD

induction and is blocked by 50 uM D-AP5. A. Averaged fEPSP LTD experiments. B. Cumulative

distribution of experiments in E. C. MK-801 application resulted in niLTD (68.60 + 7.939% of

baseline, n=9) and addition of L689 did not affect this depression (62.05 £ 4.290% of baseline,

n=8). MK-801 niLTD was significantly blocked by administration of AP5 (105.3 + 5.820% of

baseline, n=9; **, p=0.0012; ***, p=0.0003). All data represent mean + SEM.
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Figure 5. Recirculating solution affects LTD but not niLTD induction. A-C. LTD induction
(1Hz, 900 pulses) is affected by recirculation of bath solution. A. Averaged fEPSP LTD
experiments. B. Cumulative distribution of experiments in A. C. Recirculating solution significantly
affected LTD induction in vehicle conditions (Vehicle(normal): 77.94 £ 3.836% of baseline, n=27
and Vehicle(recirculating): 113.1 + 5.839% of baseline, n=14; **** p < 0.0001). Recirculation did
not affect LTD in the L689 (L689(nl): 77.82 + 3.230% of baseline, n=12 and L689(rec): 79.70 £
4.479, n=9; ns, p=0.9935) or MK-801 conditions (MK-801(nl): 68.60 = 7.9393% of baseline, n=9
and MK-801(rec): 87.61 + 2.868% of baseline, n=11; ns, p=0.0640). All data represent mean +

SEM.
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Figure 6. Decreased co-agonist availability promotes synaptic depression. A-C. Low co-
agonist availability facilitates LTD induction. A. Averaged fEPSP LTD experiments. B. Cumulative
distribution of experiments in A. C. Recirculation of solution blocks LFS-LTD (113.1 + 5.839% of
baseline, n=14), but robust LTD can be reliably induced using co-agonist scavenging enzymes,
D-serine deaminase (DsdA) and glycine oxidase (GO) (89.00 + 4.510% of baseline, n=10; *,
p=0.0171). This depression was smaller in magnitude than that observed in the presence of L689
(79.70 + 4.479% of baseline, n=9; *** p=0.0010), but was blocked by AP5 (105.1 + 6.560% of
baseline, n=9). D-F. Low co-agonist availability in the absence of ion flux permits non-ionotropic
LTD induction. D. Averaged fEPSP LTD experiments. E. Cumulative distribution of experiments
in D. F. niLTD can be induced in the recirculating bath in the presence of 100 uM MK-801 (87.61
+2.868% of baseline, n=11). Addition of L689 and DsdA/GO augmented this observed depression

(MK-801+L689: 69.78 = 4.470% of baseline, n=10; *, p=0.0444; MK-801+DsdA/GO: 74.53 +
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4.986% of baseline, n=8; ns, p=0.2398). niLTD was not induced in the presence of MK-801 and

APV (100.9 + 12.44% of baseline, n=5). All data represent mean + SEM.
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Figure 7. Decreased co-agonist availability biases toward synaptic depression. In
recirculating solution, similar to blocking the co-agonist site, decreasing extracellular co-agonist
concentration with the enzymes DsdA and GO, shifts the plasticity curve toward depression

independent of induction frequency.
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Figure 8. Increasing D-serine concentration blocks niLTD. A-C. Increasing glycine and D-

serine concentration differentially affects non-ionotropic LTD. A. Averaged fEPSP LTD

experiments. B. Cumulative distribution of experiments in A. C. niLTD occurs in the presence of

100 pM MK-801 (68.60 + 7.939% of baseline, n=9), an effect that is blocked with the addition of

50 uM AP5 (105.3 + 5.820% of baseline, n=9; **, p=0.0024). Addition of 10 uM glycine did not

affect niLTD induction (70.79 + 14.46% of baseline, n=4; ns, p=0.9996), while application of 100

UM D-serine significantly inhibited the observed depression (102.8 + 7.388% of baseline, n=9; **,

p=0.0051). All data represent mean = SEM.
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Figure 9. Increasing D-serine availability blocks non-ionotropic spine shrinkage. A.
Representative images of CA1 pyramidal neuron basal dendrites in acute hippocampal slices.
Yellow cross and arrows indicate stimulated spine (LFU of MNI-glutamate). B. Averaged spine
shrinkage experiments. C. Low frequency uncaging (LFU) in the presence of MK-801 induced
robust spine shrinkage which was also permitted with the addition of DsdA and GO. Presence of
10 uM D-serine blocks non-ionotropic spine shrinkage (109.9 + 9.144% of baseline, n=7; ***,
p=0.009) compared to vehicle and enzyme conditions (69.35 + 2.906% of baseline, n=6 and 63.41
+ 4.524% of baseline, n=6, respectively), which were not significantly different. Volume of
unstimulated neighbouring spines was also not affected by LFU (open circles, bottom). Estimated
spine volume at 35-45 min. Data are represented as mean + SEM. These experiments were

performed in by Margarita Anisimova in the Zito lab.
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Figure 11. Increased co-agonist concentration blocks synaptic depression. A-C. Application
of saturating co-agonist concentrations in non-recirculating solution inhibits LTD induction. A.
Averaged fEPSP LTD experiments. B. Cumulative distribution of experiments in A. C. Using an
LFS induction protocol, we observed a robust depression in the vehicle condition (77.94 + 3.836%
of baseline, n=27) that was blocked in the presence of AP5 (101.3 = 4.183% of baseline, n=4.183;
*, p=0.0193). 100 uM D-serine significantly blocked LFS-induced LTD (119.8 £ 11.57, n=9; ****
p < 0.0001). Interestingly high (100 uM) glycine and low (10 uM) D-serine concentrations also
exhibited a weak block of synaptic depression (glycine: 95.23 + 9.455, n=6; ns, p=0.3590; D-

serine: 96.63 £ 8.900, n=7; ns, p=0.2295). All data represent mean £ SEM.
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Chapter 3

CONTEXTUAL FEAR CONDITIONING
INCREASES INTRINSIC EXCITABILITY IN
CA1 PYRAMIDAL CELLS
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Preface

The following chapter contains a figure from published data titled “Metaplasticity
contributes to memory formation in the hippocampus” that was accepted in Neuropsychopharm
on May 11", 2018. It also contains unpublished data further characterizing a learning-induced
change in intrinsic excitability in CAL1 pyramidal neurons which is the result of a collaborative work
with Jacob H. Wilmot, Brian J. Wiltgen, and John A. Gray. All text and figures in the following
chapter are my own. BJW provided the mice for these experiments and JHW performed all the
contextual fear training. JAG was involved in experimental design, interpretation, and editing. The
authors report no conflicts of interest. This work was supported by R21MH116315 and

RO1MH117130 (JAG) and T32GM099608 (EVB).
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Abstract

Memory is central to who we are and how we behave — learning from the past to interact
with the present. Within the brain, memories are generated during experience when learning
activates a subpopulation of neurons — a neural ensemble — that then encodes that memory in
the hippocampus. Synaptic plasticity is a key cellular substrate underlying learning and memory,
but learning also produces intrinsic changes in neuronal excitability, whose contribution to
memory is not completely understood. It has been suggested that changes in intrinsic excitability
enhance responsiveness and thus, chances of integration into the neural ensemble. While
previous studies have only compared CAl neurons between trained and untrained animals,
recent technological advances allow us to examine, in a single animal, the learning-induced
increase in excitability specifically in engram cells — neurons activated by the contextual fear
conditioning (CFC). To investigate whether intrinsic excitability changes occur specifically in cells
activated during CFC, TetTag mice were trained, and 48 hours later acute hippocampal slices
were prepared. Consistent with previous studies, we found that CA1 neurons that were activated
(GFP*) during learning display increased firing rate compared to neighboring neurons that were
not activated (GFP-). This increased excitability in GFP* neurons persisted for at least two days
following contextual fear conditioning. Additionally, high excitability state was highly correlated to
high percent freezing time. Interestingly, in contrast to prior studies examining trace eyeblink
conditioning in rabbits, changes in the medium afterhyperpolarization (mAHP) do not account for
the differential excitability between GFP* and GFP~ neurons. These results suggest a unique
mechanism exists for learning-induced enhancement of intrinsic excitability in CA1 pyramidal

neurons activated during learning.
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Introduction

Memories are formed via activation of neural ensembles in the hippocampus. The idea of
memory being stored as a neural ensemble predates modern neuroscience, and it wasn’t until
the 20" century that Richard Semon would coin the term ‘engram’ to encompass the entirety of
that concept. Semon posited that a population of neurons would become an engram — a tangible
memory within the brain — after a series of experience-induced physical and chemical changes.
He also thought these memaories could be retrieved by reactivating the engram with cues from the
original experience — suggesting the engram is both necessary and sufficient for memory
formation, storage, and retrieval. The hunt for the engram was largely unfruitful, and for some
time a discernable underlying cellular mechanism of learning and memory remained elusive. A
promising candidate emerged, first theoretically, in the form of Donald Hebb’s postulate that
neuronal connectivity is dependent on changes in synaptic strength, then experimentally, showing
strong correlations between potentiated synaptic strength and memory (Morris et al., 1986;
Sakimura et al., 1995). Synaptic changes that occur during learning are rapidly induced, long-
lasting, and input specific, rendering them ideal for information storage. Yet without more
sophisticated and advanced techniques, it was difficult to establish a causal relationship between
long-lasting changes in synaptic connectivity with a distinct, behavioral memory at the level of the

neural ensemble.

Learning also produces changes in intrinsic neuronal properties, whose contribution to
memory are not well understood. Unlike synaptic plasticity, intrinsic plasticity is transient and
therefore not ideal for long-term memory storage. However, in CA1l, these short-lived changes in
neuronal properties could serve to enhance the retrieval of recent memories via facilitating the
consolidation of new memories. Previous studies have compared differences in activity following
learning in trained and untrained animals. In these studies, it has overwhelmingly been shown

that behavioral stimulates robust changes in neuronal excitability (Disterhoft et al., 1986;
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Kaczorowski et al., 2007; McKay etal., 2013; Moyer et al., 2000; Oh and Disterhoft, 2015; Rabinak
et al., 2008). But these experiments did not address whether the changes were specific to the
engram encoding that experience. A more recent study showed that contextual fear conditioning
enhances excitability in neurons in the dentate gyrus (DG) in a way that is correlated to memory
retrieval. The learning-induced enhancement of DG engram cell excitability is very transient,
lasting for less than 2 hours, and is causally linked with a short-term increase in strength of cue
recognition. It is unknown whether the change in neuronal excitability in CA1 engram cells can

also affect behavioral performance.

Investigation of this phenomenon requires a system in which we have temporal specificity
that can be adapted to behavioral tasks, by allowing control over windows of activity-dependent
labeling of neurons. Following contextual fear conditioning, roughly 40% of CAl pyramidal
neurons express c-Fos (Reijmers et al., 2007; Tayler et al., 2013), an immediate early gene
typically used as an indicator of recent neuronal activity. Reactivation of neurons that express
elevated c-Fos levels after training increases freezing, which suggests that these cells have been
incorporated into the neural ensemble corresponding to that memory (Liu et al., 2012; Reijmers
and Mayford, 2009). Transgenic fos-tTa (TetTag) mice utilize the tetracycline transactivator (tTA)
system to regulate activity-induced stimulation of the c-Fos promoter to tag recently activated
neurons — tTA binds to tetO and then drives expression of the “tag” (Gossen et al., 1995; Mayford
et al., 1996; Smeyne et al., 1992). Administration of doxycycline (dox) inhibits tTA binding, while
removal of dox allows neural activity to drive expression of the tag in activated cells (Nakazawa
et al., 2016; Tanaka et al., 2014). When using the long-lasting fluorophore H2B-GFP as the tag,
there is now an elegant system capable of fluorescently labeling neurons that were incorporated
into a neural ensemble in a dox-dependent manner. We utilized this system so that learning-
induced intrinsic changes can be directly compared within a single animal between cells that were

activated during the contextual fear conditioning experience and those that were not.
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While increased firing capability after learning has been extensively documented, the role
of this enhanced excitability in CA1 remains poorly understood. Additionally, disruption of intrinsic
plasticity may contribute to disease states as well as dysfunction in long-term memory formation.
In epilepsy, networks of neurons become synchronously active, which in part may be mediated
by pathologies of intrinsic plasticity. In chronic pain, changes in intrinsic plasticity can lead to an
amplified sensitivity to previously neutral stimuli (hyperalgesia) and to perception of pain after the
noxious stimuli is removed (paresthesia). Changes in intrinsic excitability also naturally arise with
aging, such that normal aging subjects, including humans, have difficulty learning hippocampus-
dependent tasks. An important cause is the reduced intrinsic excitability observed in hippocampal
pyramidal neurons from normal aging subjects, as reflected by an enlarged after-
hyperpolarization (AHP) and an increased spike-frequency adaptation (accommodation).
Therefore, a more detailed, fundamental understanding of the role changes in intrinsic plasticity
play in memory formation and learning is necessary. The important question of whether changes
in intrinsic plasticity are necessary for learning remains to be answered. In addition, the identity
of the mechanism underlying these changes in neuronal excitability in CA1 remain to be

elucidated.
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Materials and Methods

Animals

Male and female C57/BL6 and female B6/129 F1 hybrid TetTag transgenic mice were
used. These mice express H2B-GFP under the c-Fos promoter. In these mice, activation of the
c-Fos promoter during learning leads to the expression of H2B-GFP in active neurons (Reijmers
and Mayford, 2009). Mice were removed from doxycycline (40mg/kg) for 2 days prior to fear
conditioning. Immediately following training, animals were put on high doxycycline (1g/kg) for 1
day, then returned to low doxycycline for the remainder of the experiment. Mice were single
housed in plastic cages under a 12h light/dark cycle at a constant temperature of 24 + 1°C, with
water and food ad libitum. Behavioral tests and recordings were performed during the light phase
of the cycle. All experiments were carried out in accordance with the National Institutes of Health
guidelines and were approved by the UC Davis Institutional Animal Care and Use Committee

(IACUC).

Behavioral Procedure

Prior to contextual fear conditioning, mice were handled 2 min per day for 5-6 days. The
chamber used for fear conditioning in these experiments was described previously (Nakazawa et
al., 2016; Tanaka et al., 2014). The chamber consisted of a stainless-steel grid floor and side
walls, as well as a Plexiglass door. Overhead LED lighting provided broad spectrum or near
infrared light, and a high-speed monochrome video camera (Med Associates) captured animals/
movement during the training sessions. Mice underwent one training session in which they were
placed into the chamber and a single 0.4mA/2s foot shock was delivered before the mouse was

returned to its cage. Homecage control animals did not undergo any contextual fear training.

Electrophysiology
For whole-cell recordings, 6- to 12-week old male TetTag mice were anesthetized with

isoflurane and transcardially perfused with ice-cold carbogen (95% 02/5% CO.)-bubbled NMDG-
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based cutting solution (Ting et al., 2018) containing (in mM): 93 NMDG, 2.5 KClI, 1.25 NaH;POs4,
30 NaHCOs3, 20 HEPES, 25 glucose, 5 sodium ascorbate, 2 thiourea, 3 sodium pyruvate, 10
MgSOs, 0.5 CaCl, (titrated to pH 7.3-7.4 with concentrated HCI; osmolality of 200-310 mOsm/kg).
Acute transverse slices (300 uM) of dorsal hippocampus were cut on a Leica VT1200 vibratome
(Buffalo Grove, IL) in the ice-cold and oxygenated NMDG cutting solution described above, then
transferred to an incubation chamber containing the same NMDG cutting solution for 15 min at
34°C. Before recording, slices were recovered for at least 45 min then stored submerged for up
to 5 h in room temperature oxygenated artificial cerebrospinal fluid (ACSF) containing (in mM):
119 NaCl, 26.2 NaHCOs3, 11 glucose, 2.5 KCI, 1 NaH2PQ4, 2.5 CaCl;, and 1.3 MgSO.. Whole-cell
current clamp recordings were obtained from CA1 pyramidal neurons under visual guidance
(DIC/infrared optics). GFP* neurons were identified by epifluorescence microscopy. Whenever
possibly, neighboring GFP* and GFP~ neurons were recorded simultaneously. For all recordings,
borosilicate glass pipettes were fabricated with resistances of 4-6MQ. Pipettes were filled with the
following intracellular solution (in mM): 135 K* gluconate, 5 NaCl, 2 MgCl;, 10 HEPES, 0.6 EGTA,
4 NaATP, 0.4 NaGTP, pH 7.3, 290 mOsm. Recordings were collected with a Multiclamp 700B
amplifier (Molecular Devices), filtered at 2 kHz, digitized at 10kHz, and data analyzed using
pClamp 10 software (Molecular Devices). Series resistance was monitored and cells in which
series resistance varied by more than 20% during a recording were discarded. Frequency-current
relationships for evoked firing were determined by injecting 500ms current steps with amplitudes
increasing by 25pA, from 0 to 500 pA from the resting potential. Liquid junction potentials were

not corrected.
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Results

Hippocampal CAI pyramidal neurons become more excitable after context fear learning

To determine if contextual fear conditioning (CFC) enhances excitability in the
hippocampus, we patched and recorded from CA1 neurons following CFC (Figure 1A). The long-
lasting fluorescent protein H2B-GFP was used to identify cells that were active during training.
Expression of this protein was controlled by the c-Fos promoter and suppressed by doxycycline
as previously described. Doxycycline chow was removed two days prior to fear conditioning, to
allow for tagging, and reintroduced immediately after learning. Two days later, GFP* and GFP-
cells were patched in CAl, and excitability was examined (Figure 1B). We found a significant
increase in intrinsic excitability (slope of the spike frequency vs injected current curve) in GFP*
cells compared with neighboring GFP~ neurons (Figures 1C-E) (two-way repeated measures
ANOVA with injected current - cell: Fg g0 = 4.55, p < 0.05). The average firing rate of GFP~ neurons
with current injections between 100 and 150pA demonstrates the distribution (10.6 + 2.0Hz for
GFP~ and 20.2 + 1.4Hz for GFP"; tus) = 4.07, p = 0.001). This increase was not accompanied by
a change in the resting membrane potential (Figure 1f) (-63.8 + 1.2mV for GFP~and -64.1 + 1.0mV
for GFP*). Therefore, as predicted from previous work, this learning-dependent enhancement in

excitability in CA1 pyramidal neurons persisted for at least two days after CFC.

These findings were then repeated using a wider range of current injections to further
compare firing capabilities of GFP* and GFP~ neurons and uncover the mechanism behind the
enhancement in intrinsic excitability. Surprisingly, there was a difference in observed firing rates
between the control (GFP~) neurons in the original experiments (Crestani et al., 2018) and the
control neurons of the repeated (unpublished) experiments in response to the same injected
current step. This difference in firing rate was also noticeable in the GFP* neurons (Figure 2A).
Despite this, a significant increase in the number of spikes per injected current was still found in
GFP* neurons compared with neighboring GFP~ cells at injections of 300pA (35.19 + 3.99Hz for
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GFP~ and 47.20 + 2.12Hz for GFP*, p = 0.0119) or more (Figure 2B). This increase in intrinsic
plasticity was not due to any substantial differences in resting membrane potential (-66.76 *
1.40mV for GFP~ and -66.29 = 1.08mV for GFP™) or input resistance (194.8 +11.06MQ for GFP~
and 188.2 + 11.47MQ for GFP*) between the two groups of cells (Figure 2C-D). These findings
are consistent with our previous work showing a learning-induced increase in intrinsic excitability

in CA1 pyramidal neurons.

Increased excitability is not due to changes in neuronal properties

Earlier studies examining the excitability changes in hippocampal CA1 neurons following
trace eyeblink conditioning in rabbits identified reductions in the medium (peak) post-burst
afterhyperpolarization as the mechanism underlying the learning-induced increase in firing rate
(Disterhoft et al., 2012; Matthews et al., 2008). The afterhyperpolarization (AHP) plays a large
role in determining how a cell responds to stimulation, which in turn can affect the network’s ability
to form memories. To test this in our system, we compared the amplitudes of the medium and
slow AHPs following current injection in activated (GFP*) and control (GFP") cells. Despite
observing a higher firing rate in response to various current injections in GFP* cells compared to
GFP- cells, no significant difference in medium (-1.85mV % 0.29 in GFP~ and -1.56mV % 0.32 in
GFP*) or slow (-0.52mV + 0.15 in GFP~ and -0.63mV + 0.14) AHPs was observed following
contextual fear conditioning (Figure 3). The average medium and slow AHPs were similar in
amplitude to those collected from homecage control animals (-1.62mV + 0.31 for mAHP and -
0.496mV £ 0.17 for sAHP), which did not undergo CFC training and would reveal if any global
changes occur when an animal undergoes CFC training that are independent of GFP expression.
The average mAHP amplitude across all three groups is surprisingly similar to the mAHP
amplitude seen in trained animals in prior studies but is inconsistent with the values seen in
untrained animals (Moyer et al., 2000). These earlier studies compared CA1 neurons between

trained and untrained animals. In contrast, our experiments compare activated and control CAl
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neurons from within the same animal following CFC training. Other neuronal and action potential
specific properties were compared between GFP* and GFP~ neurons, but no significant
differences were found (Table 1). Therefore, the process underlying the change in enhancement

of neuronal excitability in CA1 neurons following CFC remains unknown.

Variability in excitability is due to differences in percent freezing

Our previous study showed a consistent and significant learning-induced increase in
average firing rate; the animals used for these experiments spent on average around 50% of the
time freezing during CFC (Crestani et al., 2018). Further examination of the unpublished data
(that was later collected across a wider range of current injections) revealed a high amount of
variability in both GFP* and GFP~ average firing rates following training from day to day.
Observation of the freezing data collected by the Wiltgen lab also showed a corresponding broad
spread in percent freezing time during CFC training. Data collected from these animals was then
sorted into groups based on the amount of time spent freezing during training. Animals that froze
for less than 10% of the training (n=2 animals) showed no difference in GFP* (20.67Hz + 2.12)
and GFP~ (24.61Hz £+ 2.86) neurons’ average firing rates in response to a 300pA current injection
(Figure 4A-B). However, animals that froze more than 55% of the CFC training time (n=2 animals)
showed a significant difference in average firing rate during current injection (24.92Hz + 5.63 in
GFP~ neurons and 44.67Hz + 2.85 in GFP*, p=0.0055) (Figure 4C-D). This suggests there is a
strong relationship between the variability in percent freezing time during CFC training and the

variability in excitability state.

Increased intrinsic excitability is highly correlated with increased percent freezing

It has been shown that constitutively reduced neuronal excitability (via Kir2.1 overexpression) in
activated hippocampal DG granule cells affects learning and memory retrieval, demonstrating a
causal relationship between enhanced context recognition during CFC and high engram cell
excitability (Pignatelli et al., 2019). In our own data, we see a similar trend in increased freezing
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time during CFC in animals that exhibit a substantially higher average firing rate in GFP* versus
GFP~ CA1 neurons. In GFP* cells, enhanced average firing rate is strongly correlated to percent
freezing time during CFC training (n=9 animals, 20 cells; R?=0.8592). Variability in GFP~ neurons
does not show a correlative relationship to changes in percent freezing (n=9 animals, 19 cells;
R?=0.0611) (Figure 5). The percentage of GFP* cells was not noticeably different between low
and high freezing animals (observation), meaning GFP expression occurs independent of
learning-induced changes in excitability. Together, this data suggests that augmented intrinsic
excitability in activated (engram) cells is highly correlated to the percent time spent freezing during

CFC, which in this study is used as a proxy for learning.
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Discussion

The biological basis of memory in the hippocampus has been extensively studied in
relation to synaptic plasticity (Kandel, 2009; Langille and Brown, 2018; Morris et al., 1990). It has
long been posited that memories are formed via activation of postsynaptic NMDARs, with the
resultant calcium influx initiating downstream molecular pathways that trigger gene expression
and ultimately long-lasting synaptic changes. It is undeniable that NMDAR-mediated plasticity
plays a critical role in learning and memory. For example, NMDAR blockade has been shown to
severely impair performance in spatial tasks (Morris water maze), as well as olfactory learning
and contextual fear conditioning (Bannerman et al., 1995; Quinlan et al., 2004; Sanders and
Fanselow, 2003; Saucier and Cain, 1995; Tayler et al., 2011; Wiltgen et al., 2011, 2010).
However, even within these studies, as well as in our own collaboration with the Wiltgen lab
(Crestani et al., 2018), a distinct NMDAR-independent learning component exists. Additionally,
there is the growing body of evidence demonstrating the role of intrinsic neuronal changes in
memory (Disterhoft et al., 1986; Matthews et al., 2008; McKay et al., 2009; Moyer et al., 2000;
Moyer Jr. et al., 1996; Oh et al., 2009), especially as a candidate for facilitating integration of
populations of neurons into an engram (Cai et al., 2016; Chandra and Barkai, 2018; Pignatelli et
al., 2019; Titley et al., 2017). Indeed, the dogma that synaptic plasticity is the sole cellular
mechanism underlying learning and memory, two incredibly complicated cognitive processes, is
beginning to change to also encompass more nuanced and temporary cellular changes that occur

as a result of learning.

Increased freezing is correlated to high excitability state

Increasing the excitability of neurons in the lateral amygdala via chronic (CREB
overexpression) and acute (DREADDs and opsins) manipulations has demonstrated a
relationship of high neuronal excitability and its assignment into an engram (Yiu et al., 2014; Zhou

etal., 2009). Our published data shows a dramatic increase in average firing rate in CA1 neurons
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specifically activated by CFC in comparison to neighboring control cells and this enhanced
excitability persisted for at least two days following the learning experience. This is consistent with
earlier work in which behavioral training stimulated robust changes in neuronal excitability that
can last for up to a week (Disterhoft et al., 1986; Kaczorowski et al., 2007; McKay et al., 2013;
Moyer et al., 2000; Oh et al., 2009; Rabinak et al., 2008). Surprisingly, the duration of increased
excitability is starkly different from the brief excitability change observed in neurons in the dentate
gyrus after learning, which returns to baseline within two hours (Pignatelli et al., 2019). This may
indicate a differential role for increased excitability in CA1 pyramidal neurons, which, unlike the
neurons in the dentate, undergo repetitive hippocampal replay during sleep and wakefulness
following learning that may play a role in memory consolidation. Persistent enhanced excitability
may facilitate neuronal firing during hippocampal replay and thus play a role in memory

consolidation.

It is also worth noting that our published data was generated using fos-tTA mice bred
directly from the Mayford lab, while the second round of unpublished experiments used fos-
tTA/fos-shEGFP mice from Jackson Labs, which have been shown to overexpress c-Fos in the
hippocampus in comparison to their wildtype littermates. The strain from Jackson Labs contains
an additional transgene, fos-shEGFP, which contains a half-life variant of GFP whose expression
is driven by the c-Fos promotor. The mice obtained from the Mayford lab do not contain a copy
this transgene. Preliminary data indicates that fos-tTA mice, which do not encode shEGFP, show
no difference in c-Fos expression between transgenic mice and their wildtype littermates,
suggesting the overexpression of c-Fos is due to the fos-shEGFP gene and not the fos-tTA gene
(Wiltgen lab, unpublished). We think overexpression of c-Fos may be contributing to the
differences in baseline intrinsic excitability between the two rounds of experiments described in

this chapter.

113



In CA1, cells with higher baseline activity are more likely than neighboring neurons to be
integrated into a neural ensemble at the time of learning and memory formation. Once a part of
the engram, those cells maintain that enhanced excitability state for several days. However, it is
unclear whether the excitability state of the neurons within the engram are correlated directly to
behavioral performance, or if the neurons must simply meet a ‘threshold’ of excitability for learning
and memory formation to take place. We show that engram cells in animals exhibiting high
freezing have the highest average firing rate in comparison to neighboring control (hon-engram)
cells. This difference in firing rate between the engram cells and non-engram cells is absent if the
animal does not freeze during CFC training. Overall, the average firing rate of engram cells two
days after CFC training is highly correlated to the percent freezing time. It is unknown whether
the amount of freezing is driven by the change in excitability state or vice versa, although previous
studies would suggest the former. Additionally, we do not know the extent to which intrinsic firing
capabilities are altered in engram cells in response to activation by the behavioral task. More
rigorous testing involving specific manipulation of excitability state in CA1 engram cells is needed

to answer these questions.

Mechanisms of increased intrinsic excitability following learning

Many studies have shown an alteration in AHP amplitude following learning-induced
changes in excitability state; however, we were unable to replicate these findings in our system.
Because the mAHP and sAHP average amplitudes were not significantly different between GFP*
and GFP~ neurons, alternative underlying mechanisms must be considered since the learning-
induced intrinsic changes are consistent and correlated to the behavioral outcome of the CFC
training. There are three promising candidates: the H-, M-, and A-currents, whose conductances
would potentially modulate neuronal excitability state. The H-current (I,) which is mediated by
hyperpolarization-activated cyclic nucleotide-gated (HCN) cation channels and is known to

regulate resting membrane potential, neuronal response to hyperpolarization, and synchronous
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activity among populations of neurons (Gasselin et al.,, 2015; He et al.,, 2014; Luthi and
McCormick, 1998). Previous groups have shown in CA1 pyramidal neurons that I, changes in an
activity-dependent manner and that these changes can alter input resistance, EPSP summation
and firing rate (Gasselin et al., 2015). Based on these data, reduction in I, could mediate the
enhanced excitability observed following contextual fear conditioning. The potassium channels
KCNQ2 (Kv7.2) and KCNQ3 (Kv7.3) comprise the M-current (Iw), which is a potassium
conductance with slow gating kinetics that plays a critical role in determining the responsiveness
to synaptic inputs and subthreshold electrical excitability of neurons (Wang et al., 1998). Iv is
typically activated at subthreshold potentials near resting membrane potential (around -60mV)
and will persist as long as the membrane potential is depolarized because the channel does not
inactivate, only slowly deactivates (Halliwell and Adams, 1982; Miceli et al., 2009; Robbins, 2001,
Wang et al., 1998). It has been shown that suppression of Iy leads to transient increases in
excitability (Brown and Adams, 1980; Delmas and Brown, 2005) and additionally may also
contribute to the mAHP and sAHP (Soh et al., 2014; Stocker et al., 1999; Tzingounis and Nicoll,
2008). These data would indicate that the learning-induced increase in intrinsic excitability could
be due to decreased |y, as channel suppression has also been shown to allow for the
accumulation of excitatory inputs that leading to repetitive firing or complex spikes (Hu et al.,
2007; Yue and Yaari, 2004). Lastly, the A-current (I») in hippocampal pyramidal neurons is
mediated by A-type voltage-gated potassium channels (Kvl, Kv3, Kv4 and Kv12), and is encoded
by multiple Kv subunits (Angelova and Miiller, 2009; Cai et al., 2004; Chen and Johnston, 2006;
Cooper et al., 1998; Sheng et al., 1992; Zhang et al., 2010). These channels are rapidly activating
and inactivate at subthreshold voltages. They also enable repetitive firings at low frequencies
(Bean, 2007; Connor and Stevens, 1971a, 1971b). It has been shown that increased expression
of A-type channels increases firing rate (Drion et al., 2015; Shibata et al., 2000) due to faster
action potential repolarization (Simkin et al., 2015). In addition to the fast afterhyperpolarization

(fAHP), A-type channel density can influence action potential (AP) duration (Kim et al., 2005;
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Simkin et al., 2015; Storm, 1987; Zhang and McBain, 1995). These data suggest that increased
intrinsic excitability could be due to increased |, which would facilitate repetitive firing. While
some of these conductances were already indirectly tested (Table 1), future experiments involving
animals with more robust freezing responses will be helpful to elucidate the underlying

mechanism of change in intrinsic excitability.

In summary, our data suggest that CFC training induces changes in intrinsic excitability in
hippocampal CA1 pyramidal neurons lasting at least two days after learning. This enhancement
in firing rate is highly correlated to the amount of learning, although it is unknown on what temporal
scale this change is required in relation to the behavioral training. Previous studies supporting a
role for increased excitability in learning have only been demonstrated with chronic manipulations
(i.e. overexpression of potassium channels). However, changes in intrinsic excitability are
transient in comparison to synaptic changes. Therefore, further studies are needed to
demonstrate whether altering the enhanced intrinsic excitability in CA1 neurons during CFC is

sufficient to impair proper learning and contextual memory formation.

116



Figures and Figure Legends
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Figure 1. Hippocampal neurons become more excitable after context fear learning. A.
Experimental design. Animals were trained and active neurons tagged with GFP. Hippocampal
slices were made 2 days later. B. Whole-cell patch clamp recordings were obtained from GFP*
and GFP~ CAl pyramidal neurons. C. Action potential firing rates evoked by depolarizing current
injection from GFP* and GFP~ CA1 pyramidal neurons recorded from TetTag mice after fear
conditioning. Data represent mean = SEM. A two-way repeated measures ANOVA (group X
current step) had a significant effect of the group. The GFP* group (n=9 cells, 4 animals) had a
higher firing rate per current injection than the GFP~ group (n=8 cells, 5 animals). D. Sample
traces from GFP* (gray) and GFP~ (black) neurons with a 100pA current injection (scale bars:
250ms, 20mV). E. Average firing rates from each cell from 100-150pA of injected current. GFP*
cells (20.2 + 1.4Hz) had significantly higher firing rates than GFP~ neurons (10.6 + 2.0Hz). F.
Resting membrane potential is unchanged between GFP* (-64.1 £ 1.0mV) and GFP~ (-63.8 +
1.2mV) neurons. Data represent mean + SEM. Significance values were set at p < 0.05 (*).

Adapted from Crestani et al., 2018.
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Figure 2. Firing rate is increased in GFP* cells after contextual fear conditioning. A. GFP*
neurons (n=14 cells, 3 animals) had a higher firing rate per current injection than the GFP~ group
(n=13 cells, 3 animals). Sample traces from GFP™* (green) and GFP~ (gray) neurons in response
to a 150pA current injection (scale bars: 100ms, 10mV). B. Average firing rates from each cell
(300pA of injected current). GFP* cells (47.20Hz + 2.12) had significantly higher firing rates than
GFP~ neurons (35.19Hz + 3.99). C. The resting membrane potential is unchanged between GFP*
(-66.29mV = 1.08mV) and GFP~ (-66.76mV = 1.40mV) neurons. D. Input resistance is also
unchanged between GFP* (188.2 + 11.47MQ) and GFP~ (194.8 +11.06MQ) neurons. Data

represent mean = SEM. (*, p=0.0119).
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Figure 3. Increased excitability is not due to changed afterhyperpolarization. A. Medium

afterhyperpolarization (AHP) is unchanged between GFP~ (-1.78mV + 0.36), GFP* (-1.56mV +

0.20) and homecage control (-1.62mV = 0.31) neurons. B. Slow AHP is also similar in GFP~ (-

0.708mV % 0.25), GFP* (-0.621mV % 0.14), and homecage (-0.496mV % 0.17) control CA1

pyramidal neurons. Data represent mean + SEM. C. Sample traces from GFP-, and GFP*

neurons in response to a 100pA current injection (scale bars: 200ms, 5mV).
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Table 1: Intrinsic Exclabiity in Hippocampal CA1 Pyramidal Neurons

Property GFP- GFP+ Student’'s t-test P value
n=19 =20 (unpared)

RMP (mV) 66.76 + 1.402 £6.29 + 1.08 1(37)=0.2672 0.7908
[-T7.410-53.7) [-73.91t0 58.7)

Rapet (MO) 194.8 + 11.06 183.2+ 11.47 H37)=0.4181 0.6783
[112 10 270) [115 10 310}

Rheabase (ph) 7525+ 1223 573+ 7.06 137)=1.283 0.2076
[120t0 192 [7.33 10 130

Sag (mv)" 0.1408 + 0.009 0.1414 + 0.010 1(37)=0.0740 0.9414
[0.050 to 0.158) (0.053 to 0.240)

Alterdepalarization (mV) 7.883 + 0.7397 7.482 + 0.7461 1(37)=0.3812 0.7052
[0.676 to 14.69) [0.052 10 11.8)

AP Threshold (mV)* 5466+ 1.774 5351+ 1.58 1(37)=0.5235 0.6037
[-65.1 t0-34.1) [62.8t0 44.7

AP Peaak (mV) 139.7 + 3.859 1393+ 3.214 1(37)=0.0835 0.9339
(117 to 179] (116 10 177)

AP Haf-width {ms) 1.514 + 0.06258 1.534 + 0.05166 1(37)=0.2385 0.8128
[1.11 t0 2.00§ [1.24 10 1.97)

Mean + SEM [range]

* Significant at p < 0.05

* junction potential not adjusted

Table 1. Intrinsic excitability properties of hippocampal pyramidal neurons. No significant
difference was found between GFP~ and GFP" cells in any of the listed neuronal properties. Data

represent mean + SEM, significance was defined as p < 0.05.
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Figure 4. Variability due to difference in percent freezing. A. Animals exhibiting freezing less
than 10% during CFC training show no significant excitability increase in GFP* neurons (n=10
cells, 2 animals) compared to GFP~ neurons (n=11 cells, 2 animals). B. Average firing rates
from each cell in response to 300pA current injection. There was no observed difference in
intrinsic firing capabilities between GFP* cells (20.67Hz £ 2.12) and GFP~ neurons (24.61Hz +
2.86). C. Animals exhibiting freezing greater than 55% during CFC training show increased
excitability in GFP* neurons (n=9 cells, 2 animals) compared to GFP~ neurons (n=8 cells, 2
animals). D. Average firing rates from each cell with a 300pA current injection. Under these
conditions, GFP* neurons (44.67Hz £ 2.85) exhibited a significantly higher firing rate than GFP~

cells (24.92Hz + 5.63). Data represent mean = SEM. (**, p=0.0055).
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Figure 5. Increased intrinsic excitability is highly correlated to increased percent freezing.
Mean firing rate of GFP* and GFP~ neurons for each animal (n=9 animals) in response to a 300pA
current compared to the percent freezing exhibited during CFC training. Enhanced average firing
rate seen in GFP* cells are strongly correlated to percent freezing time during CFC training
(R?=0.8592). Variability in GFP~ neurons is not correlated to changes in percent freezing

(R?=0.0611).
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Chapter 4

(GENERAL DISCUSSION
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At this point, it bears repeating that memory is central to who we are. It is a dynamic, not
static, process that is employed daily and for the entirely of our lives. In the past century,
advancement in techniques and equipment have led to a surplus of findings in the learning and
memory field. Yet, many open questions still remain regarding the intricacies of synaptic and
intrinsic plasticity and their relative contributions to learning and memory. As the fundamental of
memory, it is imperative to thoroughly understand the not only the proper functioning of these
processes, but also the consequences of their dysfunction. When conducting research at the
cellular level, it is quite easy for one to become lost in the details and forget just how impactful,
these (at least at the level of the organism) seemingly insignificant changes can be. To close out

this dissertation, | will leave you with some of the larger implications of my work.

Implications of D-serine Regulation of Non-ionotropic L'TD

lonotropic glutamate receptors (iGluRs) are abundant throughout the CNS and are
responsible for most of the excitatory synaptic transmission that underlies proper brain function.
One member of this family of receptors stands out among the others for its involvement in synaptic
development, function, and plasticity. Indeed, as a master regulator of synaptic plasticity, the
NMDA receptor has a unique ability to control information storage within the brain. Adding to their
intrigue, NMDARSs are equipped with distinctive properties, that no other iGluRs possess high
Ca?* permeability, voltage-dependent Mg?* block of their channel pore, slow gating kinetics, and
lastly an obligatory requirement for concurrent binding of agonist (glutamate) and co-agonist
(glycine and D-serine). Indeed, NMDARs are the only known CNS receptors involved in
intracellular signaling that have exhibit this dual agonist dependence. Despite the vast amounts
of work characterizing the structure and function of NMDARSs, the fundamental role of co-agonism

and why two endogenous ligands of the co-agonist site exist are still unknown.
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NMDARs subunits’ sequences and functions are highly homologous among organisms
containing a nervous system. For example, residues forming the GluN1 ligand binding pocket are
strongly conserved from mammalian to cnidarian (a phylum of aquatic animals that includes
jellyfish and sea anemones) GIuN1, suggesting glycine co-agonism has always been an important
property of NMDARs (Stroebel and Paoletti, 2021). Glycine selectivity at the GluN1 co-agonist
binding site is largely determined by molecular size and steric hindrance — put simply, glutamate
just does not fit at that binding site (Mayer, 2006). Robust D-serine binding at this site is most
likely to due to its small size and reoriented stereochemistry, as L-amino acids larger than glycine
would generate a steric clash with a serine residue within the binding site (Furukawa et al., 2005).
Both co-agonists are present in the extracellular space — albeit at different levels, total brain D-
serine concentration is only around 40% of glycine levels. In spite or perhaps because of the
discrepancy in endogenous concentrations, D-serine is thought to be a more potent and efficient
agonist, overall affinities of the NMDAR for glycine and D-serine are similar (ECso= ~0.1-1uM)
(Priestley and Kemp, 1994). Therefore, in terms of receptor activation, the two co-agonists are

seemingly equivalent.

So, what is the reason for having two biologically available, seemingly redundant co-
agonists, each with their own modes of regulation? It has been suggested that in the
hippocampus, glycine acts as the endogenous co-agonist for GIuN2B-containing NMDARS and
D-serine for those with GIUN2A (Papouin et al., 2012). However this may be an oversimplification,
as prior work has shown that synaptic and extrasynaptic NMDARs are not pure populations of
either GIUN2B- or GIuN2A-containing receptors (Fossat et al., 2012; Panatier et al., 2006) and
relative affinities for the co-agonists are similar for both GIuN2B- or GIUN2A-containing receptors.
Additionally, this does not take into account how this co-agonist preference would affect
triheteromeric NMDARSs (GIuN1/GIuN2A/GIuN2B) which are thought to account for over 50% of

native NMDARs in the hippocampus and cortex (Al-Hallag et al., 2007; Sheng et al., 1994; Tovar
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etal., 2013). What we can glean from this evidence is that there are instances of differential action
of the two co-agonists, despite their functional overlap. We do know that the identity of the
predominant co-agonist of the co-agonist site varies by developmental age, brain region, and
receptor localization (Balu and Coyle, 2015; Le Bail et al., 2015; Mothet et al., 2015; Papouin et
al., 2012). This heterogeneity within the brain suggests that roles unique to each co-agonist do

exist.

| have shown evidence for one such role, that of D-serine as a determinant of non-
ionotropic LTD. While reduction of endogenous amounts of both co-agonists in the absence of
ion flux is sufficient to cause LTD, | found that application of D-serine, but not glycine, blocked
non-ionotropic synaptic depression. This may be important in relation to the changing identity of
the endogenous co-agonist at Schaffer collateral-CA1 synapses throughout development (Le Bail
et al., 2015; Mothet et al., 2015). In early development, when glycine is the chief ligand of the
NMDAR co-agonist site (Ferreira et al., 2017), non-ionotropic signaling will be facilitated. Some
receptors may fully activate with both ligands bound and others may receive insufficient
depolarization even with both glutamate and glycine bound. We now know that this second
condition still results in robust NMDAR signaling even though ion flux through the channel is
absent, triggering both structural and functional niLTD and even receptor endocytosis. In contrast,
in adulthood, when D-serine is the predominating co-agonist at synaptic NMDARs (Le Balil et al.,
2015; Papouin et al., 2012), niLTD and non-ionotropic NMDAR signaling will be blocked. Whether
ion flux through the NMDAR occurs or not, we have shown that in the presence of D-serine, niLTD

will not occur (Figure 1).

The discovery of this novel regulatory role for D-serine has brought to light many new
guestions and therefore future directions for this research. Continuation of this project will include
the investigation of the mechanism by which D-serine blocks niLTD. It has been shown that D-

serine appears to cause a conformational movement in the GIuN1 CTD that is distinct from the
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Figure 1. Model of D-serine effect on non-ionotropic signaling throughout development. At
prototypical Schaffer collateral-CAl synapses during early postnatal development, glycine is the
principal ligand of the co-agonist site of synaptic NMDARs. Glutamate or glutamate and glycine
binding to the receptor will result in non-ionotropic signaling and niLTD. During adulthood,
synaptic glycine concentrations are limited by the expression of GlyT1 glycine transporters
primarily on astrocytes surrounding the synaptic cleft (Danysz and Parsons, 1998), and D-serine
becomes the primary endogenous co-agonist for NMDARs at forebrain glutamatergic synapses.

This increased D-serine then limits niLTD and spine shrinkage.

conformational changes induced by NMDA during niLTD (Aow et al., 2015; Ferreira et al., 2017).
Interestingly, glycine binding does not induce these conformation changes in the GIuN1 CTD.
Additionally, D-serine reduces the surface diffusion of GIuN2B-containing NMDARs (Ferreira et
al., 2017). From these observations, two potential mechanisms for the D-serine mediated block
of niLTD arise: (1) the unigue conformational change of the GIUN1-CTD induced by D-serine
binding may disrupt a key protein-protein interaction required for triggering niLTD, or (2) D-serine
binding may prevent some crucial diffusion of GIUN2B-containing NMDARs at synapses that is
required for niLTD induction. (Yashiro and Philpot, 2008). Further experiments are required to
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determine whether these mechanisms underlie the D-serine regulation of niLTD we observed,
and it will be interesting to see if other forms of non-ionotropic signaling from NMDARs are also

inhibited by D-serine.

Another avenue of study still open following this project is the elucidation of the
intracellular molecules involved downstream of the NMDAR in functional niLTD. The molecular
mechanisms of structural niLTD and how they underlie spine shrinkage have been very well
characterized (Stein et al., 2020). However, only one such protein has been identified in functional
niLTD: p38 MAPK whose phosphorylation is necessary for non-ionotropic NMDAR signaling
(Nabavi et al., 2013). Indeed, the processes that underlie functional niLTD are still poorly
understood and necessitate further exploration. These future questions are indeed critical and
may take several years before they are fully answered. However, my current finding as it is already
has many physiological implications considering that altered D-serine levels play a role in age-

related decline in cognitive function, wakefulness/sleep states, and schizophrenia.

Age-related changes in D-serine levels affect cognitive function

Abnormally low levels of D-serine are associated with impairments in functional plasticity
and deficits in memory (Billard, 2008). D-serine levels fluctuate with age, with an increase in D-
serine early in development and a gradual reduction throughout adulthood (Billard, 2015; Potier
etal., 2010). Aging is very normal part of life and with it comes steady decline in cognitive function.
Age is one of the main risk factors for Alzheimer’s disease (AD), a devastating and progressive
neurological disorder, but AD is not part of the aging process. AD goes beyond normal age-related
cognitive decline and is associated with advanced memory loss and cognitive impairment, as well
as a host of other symptoms like aggression and anxiety (Huang et al., 2012). Aggregation of the
3-amyloid (AR) peptide is a typical pathological feature of AD. Its precursor, amyloid precursor

protein (APP), is involved in structural plasticity of dendritic spines and also plays a role in
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maintaining extracellular D-serine levels (Orzylowski et al., 2021). APP knockout (APP-KO) mice
display impaired synaptic plasticity and cognitive function; they also exhibit increased total D-
serine but decreased extracellular D-serine. Application of exogenous D-serine restored
extracellular D-serine levels and plasticity capability, as well as rescued cognitive deficits (Zou et

al., 2016).

Increasing production of AR causes synaptic depression, spine loss, and a reduced
capability to undergo synaptic plasticity (Hsieh et al., 2006; Kamenetz et al., 2003; Lacor et al.,
2007; Shankar et al., 2007; Texid6 et al., 2011; Ting et al., 2007). Of particular interest to my work
is the AR-induced synaptic depression which occurs in an ion flux independent manner and has
also been shown to selectively reduce currents from GIuN2B-containing receptors (Kessels et al.,
2013). Interestingly, D-serine binding has been shown to regulate NMDAR trafficking by limiting
surface dynamics of GluN2B-containing NMDARs (Ferreira et al., 2017). Together, this data
suggests AR dysfunction underlies the reduced D-serine levels seen in AD models and patients
and mechanistically may be depriving synapses of a means to stabilize GIuN2B-receptors. This
process could potentially occur in a non-ionotropic manner, since evidence of ion flux independent

endocytosis of NMDARSs has also been shown (Vissel et al., 2001)

D-serine availability fluctuates throughout wakefulness and sleep

Aside from development variations in D-serine levels, changes in D-serine availability also
occur over a 24 hour period. Perhaps surprisingly, these daily oscillations are not driven by
circadian rhythms. Rather, they are mediated by wakefulness state such that concentrations are
low (~0.5uM) during rest and high (3uM) during wakefulness — all concentrations within the range
of NMDAR co-agonist sensitivity (Paoletti et al., 2013; Papouin et al., 2017). The degree of co-
agonist binding site occupancy directly determines the ability of glutamate to activate the NMDAR

during synaptic transmission (Clements, 1996; Kleckner and Dingledine, 1988). Therefore, D-
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serine availability is the limiting factor for NMDAR activation. During wakefulness, high D-serine
levels may serve to promote the widespread LTP that occurs with the sensory overload of being
awake and freely moving through an environment while suppressing non-ionotropic LTD. In
contrast, during rest, low D-serine levels may promote synaptic downscaling, or other LTD-like
processes. Homeostatic downscaling of synapses and elimination of weak connections are some
of the central mechanisms of memory processing during sleep (Gais and Schoénauer, 2017;
Tononi and Cirelli, 2014). Additionally, there evidence that downregulation of D-serine release is
suggested to weaken the effect of glutamatergic stimulation of the NMDAR such that only LTD
can be induced, not LTP (Bains and Oliet, 2007). Therefore, during sleep when lower levels of D-
serine are present, non-ionotropic LTD is permitted to scale down less critical synapses and acts

as a mechanism of maintaining information storage.

Reduced D-serine levels as an underlying cause of schizophrenia

A number of human mutations commonly associated with schizophrenia point to a
comprised function of the NMDAR co-agonist site (Balu et al., 2018; Balu and Coyle, 2015; Javitt,
2015; Moghaddam and Javitt, 2012). Impaired synthesis, availability, and binding of D-serine are
all hallmarks of schizophrenia. Decreased D-serine and elevated levels of kynurenic acid — an
endogenous NMDAR antagonist — may work in conjunction to bias the overall direction of synaptic
plasticity toward synapse weakening, resulting in overpruning of synapses. This is consistent with
the global reduction of dendritic spines that is exhibited in schizophrenia. Many of these
schizophrenia-like symptoms are recapitulated in the SR-knockout (SRKO) mouse. SRKO mice
are characterized by reduced LTP (Basu et al., 2009) and LTP-associated spine growth,
increased number of synaptic NMDARs, and enhanced non-ionotropic NMDAR signaling.
Together, these factors shift the synaptic modification threshold toward spine shrinkage (Park et
al., Biorxiv). Additionally, the reduced D-serine levels in schizophrenia give rise to NMDAR
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hypofunction which may lead to disinhibition of excitatory neurons; GABAergic disfunction
underlies the altered E/I balance seen in these mice (Jami et al., 2021; Ploux et al., 2020; Steullet
et al., 2017). Increased activity of excitatory neurons may lead to glutamate spillover at dendritic
spines (Gallinat et al., 2016; Kraguljac et al., 2013). Augmented glutamate release coupled with
reduced D-serine levels would drive non-ionotropic NMDAR activation (presumably functional or
structural niLTD) and promote spine shrinkage (Stein et al., 2015), which ultimately may underlie
the reduced spine density seen in schizophrenia patients and mouse models. Increased excitatory
neuron activity may also represent a homeostatic means of compensating for the network’s bias
toward synaptic depression and spine shrinkage/elimination — highlighting another example of

synaptic and cellular mechanisms working in conjunction to give rise to cognitive functions.

Contributions of Enhanced Intrinsic Excitability to Memory

Memory is one such cognitive process that is continuously regulated by both synaptic and
cellular changes. Original insights into the role of the latter were derived from manipulations of
the cAMP responsive element-binding protein (CREB) and the observation that CREB gene
expression was directly related to excitability state (Dong et al., 2006; Viosca et al., 2009; Zhou
et al., 2009). Excitability was then linked to memory allocation, such that neurons with higher
intrinsic firing abilities were more likely to be allocated into the engram than neurons with lower
intrinsic excitability. Direct manipulations of excitability are sufficient to drive engram formation.
Additionally, changes in intrinsic excitability may promote memory consolidation. Learning-
induced hyperexcitability and consolidation occur in the same temporal window following learning,
and indeed, excitability may play a role during the hours and days post-learning to stabilize
memory. However, enhanced excitability is not required to retrieve the memory (Moyer Jr. et al.,
1996; Thompson et al., 1996), although retrieval can induce another wave of enhanced excitability

upon activation (Chen et al., 2020).In summary, within the hippocampus, a transient increase in
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intrinsic excitability is correlated with effective learning and may serve as a cellular mechanism to
promote memory consolidation. Consolidation can be broken into two discrete components:
synaptic consolidation which is thought to last up to hours after encoding within the local network
as well as synapses, and systems consolidation which can take months or longer and involves
other brain regions (Dudai, 2012). Following learning, a transient increase in intrinsic excitability
is observed in CAl that can last up to 7 days (Moyer et al., 2000; Moyer Jr. et al., 1996; Thompson
et al., 1996). The temporal window in which this occurs coincides with systems consolidation,
suggesting hyperexcitability may play a role in stabilizing the memory in the first few days after

learning.

Memories need to maintain stability and fidelity, yet remain dynamic so that new
information can be integrated into past memories to inform future decision making (Kroes and
Fernandez, 2012; Nadel et al., 2012; Routtenberg and Rekart, 2005; Rule et al., 2019) Here, |
report an increase in intrinsic excitability in CA1 pyramidal neurons two days following contextual
fear conditioning (CFC) (Crestani et al., 2018). The amount of change in intrinsic excitability was
shown to be highly correlated to the amount of freezing during CFC, such that cells exhibited the
highest firing capabilities also froze the most. This is an example of a direct relationship between
cellular excitability state and behavior. Enhanced intrinsic excitability is also involved in the
formation of place cells and the interaction of engrams encoding different experiences, thus

making it imperative to understand the mechanisms underlying these changes.

Place cell formation

The hippocampus provides a spatial framework that allows both related and discrete
memories to exist. Place cells are neurons in the hippocampus that are tuned to distinct locations
within a context (Goode et al., 2020). Within dorsal CA1, place cells and engram cells are different,

although engrams formed during novel context exploration involve recruitment of a subset of
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hippocampal place cells (Tanaka et al., 2018). Formation of place cells has been shown to occur
in response to specific spatial input and in an excitability-dependent manner, like the competition-
based allocation seen in engram cells. Overall, CA1 cells are “silent” and exhibit relatively low
firing, and therefore only a small subset of these neurons are place cells. Neurons with higher
basal excitability are more likely to become place cells upon placement in a novel environment. It
is also experimentally possible to create a place cell by enhancing the excitability of a silent cell
(Cohen et al., 2017; Epsztein et al., 2011; Lee et al., 2012; Rich et al., 2014; Rickgauer et al.,
2014). Together, these data demonstrate that modulation of intrinsic plasticity is a critical
mechanism for not only engram assignment, but the formation of the spatial framework that can
be used as a reference point for contextual memory representations, thus supporting memory

function.

Interaction of engrams encoding different experiences

To keep up with the dynamic nature of our daily life, memory should be able to be adjusted
over time, linked to other memories, and ultimately incorporated into a larger framework of general
knowledge. Experimentally it is rather easy to boil memory down to single experiences. In the real
world, memories are more likely to exist as an amalgamation of several related episodes than
distinct, isolated events. While intrinsic changes are transient, there is a temporal window in which
they exist (changes depending on brain region), and relatively more excitable cells are more likely
to be allocated to an engram. It is advantageous for memories related in time to be stored in
overlapping engrams, such that presentation of cues to activate one memory also activates linked
memories. Competition-based mechanisms governing engram allocation (e.g. cells with higher
excitability states are more likely to be allocated into the engram) following a single experience
are also employed to link multiple experiences into overlapping engrams. Conversely, these

mechanisms can also be engaged to separate unrelated experiences (Cai et al., 2016; Rashid et
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al., 2016; Sehgal et al., 2018). Thus, bidirectional regulation of intrinsic excitability is critical for
arranging different memory representations across the brain. Retrieval also temporarily
reactivates engram cells and increases intrinsic firing capabilities. In doing so, a new temporal
window for engram allocation is opened (Gouty-Colomer et al., 2016; Pignatelli et al., 2019;
Rashid et al., 2016). This could explain how new knowledge is incorporated into prior knowledge
and additionally, how memories and information separated by hours and even days can be linked

(Sehgal et al., 2018).

Interaction of Synaptic and Intrinsic Plasticity in Learning and Memory

Learning has been shown to trigger changes in both synaptic and intrinsic plasticity.
Additionally, there is a fair amount of commonality between the intracellular signaling pathways
that regulate these two forms of plasticity. Activation of NMDARs, PKA, PKC and CaMKIl has
been shown to mediate synaptic and intrinsic plasticity (Daoudal and Debanne, 2003). However,
it is still unclear which type of plasticity facilitates the other, as the two processes are so intimately
linked. One example of their interconnectedness is during engram formation, when it is possible
that synaptic stimulation during learning yield changes in intrinsic plasticity; the magnitude of this
plasticity, in turn, may influence future experience-dependent synaptic plasticity (Sehgal et al.,
2013). Memory formation and retrieval relies on a neuronal network’s ability to manage long-term
plasticity changes in synaptic transmission. For example, co-allocated memories may sustain
their unique identities by engaging specific, enhanced synapses within shared engrams. Synaptic
plasticity is responsible for constructing these unique identities by establishing precise functional
connectivity within each engram. Maintenance of engram identity through preservation of
specifically potentiated synapses is a mechanism by which the brain can maintain the uniqueness
of a massive number of memory representations, while storing them in shared cell ensembles

(Abdou et al., 2018). The demonstrated interplay between these two plasticity processes only

140



strengthens the case that learning models should be expanded to encompass this extra

dimension of neuronal plasticity and complexity.

Concluding Remarks

As | scientist, | have nothing but the greatest appreciation for the ability to learn. At the
organism level, learning is discovering a new fact, understanding how to perform a new technique,
or reading a scientific article. At the cellular level, learning is changes in excitability and synapse
strength. The brain’s ability to regulate these changes in response to environmental stimuli is
perhaps one of its most impressive capabilities and the overarching goal of this dissertation was
to gain a deeper understanding of these two distinct types of cellular plasticity. This was
accomplished by 1) discovering a novel role for the NMDAR co-agonist D-serine as a determinant
of non-ionotropic synaptic depression and 2) demonstration of a correlative relationship between
neuronal excitability state and behavior. These results in no way solve the immense puzzle that
is memory, but they do serve to strengthen and expand the foundational knowledge we have

about this phenomenon.
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Introduction

Psychedelics, also known as hallucinogens, are a powerful class of psychoactive
substances capable of altering one’s mood, perception, and state of consciousness. Classical
psychedelic compounds like psilocybin (“magic’” mushrooms), mescaline (peyote), and
dimethyltryptamine (DMT) have been consumed as sacraments in religious ceremonies, as well
as taken recreationally by indigenous communities in Central and South America for thousands
of years (Lowe et al., 2021). The earliest identified record of psychedelic use dates to the 1500s
— several centuries before the therapeutic potential of hallucinogenic compounds would pique the
curiosity of scientists. The first wave of rigorous psychedelic study in the early to mid-twentieth
century led to the synthesis of lysergic acid diethylamide (LAD/LSD) and the
extraction/characterization of psilocybin from “magic” mushrooms, as well as distribution and
marketing of these compounds as neurotherapeutics (Johnson and Griffiths, 2017; Nichols,
2020). This renaissance of research into these compounds was driven largely by their
demonstrated potential to relieve depression, anxiety, and addiction. Yet the excitement these
psychoactive compounds generated would prove to be their downfall. By the 1960s and 70s,
scientists had grown impatient with restricting the study hallucinogens to research settings or for
therapeutic gain. Recreational psychedelic use became more widespread, especially among the
hippie (counterculture) movement, and with it, reports of negative side effects, like visual
distortions and flashbacks. In response to the furtive use of hallucinogenic substances, the US
Drug Enforcement Agency labeled psychedelics (LSD, DMT, psilocybin, mescaline) as Schedule
1 drugs, thus prohibiting their production, distribution, and use (Hendricks et al., 2015). The strong
historical association of these compounds with the divisive counterculture has led to a lingering

stigmatization, resulting to a rejection of psychedelic research for many years.

The past two decades have seen a resurgence in psychedelic science. This new line of

research has led to a greater understanding of the mechanism of action of psychedelic
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substances. Classic hallucinogens are predominantly serotonergic, meaning they activate
serotonin (5-hydroxytryptamine/5-HT) receptors in the brain, in particular the 5-HT2A subtype
(Halberstadt and Geyer, 2011). The serotonin system is involved in cognition, mood and social
interaction, while disruptions in this system have been implicated in depression, anxiety, and other
neuropsychiatric disorders (Beliveau et al., 2017). The interaction of classical psychedelics and
5-HT receptors suggests that these compounds may have untapped potential for treating these
conditions. One of the main objectives of the new era of psychedelic science is to examine
psychedelics more rigorously and systematically at a mechanistic level, with the overarching goal

of developing safer and more effective treatments for neuropsychiatric disorders.

Therapeutic Potential of Psychedelics

Neuropsychiatric diseases arise from a complex interaction between structural, functional,
and genetic changes in the brain. Despite having available therapeutics for neuropsychiatric
diseases such as depression, we still find that a large portion (approximately one-third) of those
afflicted with depression do not respond to current antidepressants (Rush et al., 2006). Indeed,
this may be because most drugs prescribed by psychiatrists were developed when knowledge of
the physiological mechanisms of neuropsychiatric disorders was quite limited. Interestingly, one
of the most potent antidepressants available today is the dissociative anesthetic, ketamine. The
ability to facilitate structural and functional changes within the prefrontal cortex (PFC) is thought
to underlie the fast-acting, antidepressant and anxiolytic properties of the compound. Indeed, the
efficacy of ketamine as a treatment for depression has been exhibited even in treatment-resistant
populations (Berman et al., 2000; DiazGranados et al., 2010; lonescu et al., 2016; Murrough et

al., 2013; Zarate et al., 2012, 2006).

Clinical studies have shown similar antidepressant and anxiolytic effects following a single

dose of serotonergic psychedelics, like psilocybin (Carhart-Harris and Goodwin, 2017; Rucker et
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al., 2018). The therapeutic activity of ketamine and classic serotonergic psychedelics has also
been recapitulated in rodent behavioral tasks that test depression and anxiety-like actions
(Cameron et al., 2018). We now know that ketamine and psychedelics are both rapid and effective
antidepressants and anxiolytics because they share a common underlying mechanism -
facilitation of robust growth of dendritic spines and increased synaptic signaling in the brain
through activation of TrkB and mTOR (Ly et al., 2018). It is intriguing that these compounds
demonstrate a shared mechanism, considering ketamine and psychedelics do not have the same
binding partners — NMDA and 5-HT2A receptors, respectively. However, involvement of TrkB and
MTOR activity in both underlying processes suggests these are attractive molecular targets for

the development of fast-acting depressants and anxiolytic medicines.
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Methods

Drugs

The fumarate salt of N,N-dimethyltryptamine (DMT), was synthesized in house as described
previously (Cameron et al., 2018) and judged to be analytically pure based on NMR and LC-MS
data. For in vivo studies, DMT was dissolved in sterile 0.9% saline and administered

intraperitoneally at a dose of 1 or 10mg/kg and an injection volume of 1mL/kg.

Animals

Sprague-Dawley rats were obtained from Charles River Laboratories (Wilmington, MA, USA).
Male and female rats aged ~8 weeks were used. All experimental procedures involving animals
were approved by the University of California, Davis Institutional Animal Care and Use Committee
(IACUC) and adhered to the principles described in the NIH Guide for the Care and use of

Laboratory Animals.

Electrophysiology and acute slice preparation

Female Sprague Dawley rats were given an intraperitoneal injection of DMT or vehicle. After 24h,
rats were anesthetized with isofluorane and transcardially perfused with ice-cold artificial
cerebrospinal fluid (ACSF) containing (in mM): 119 NacCl, 26.2 NaHCOs, 11 glucose, 2.5 KCI, 1
NaH:PO., 2.5 CaCl, and 1.3 MgSOQO.. Brains were rapidly removed and coronal slices (300 pM)
from the mPFC were cut on a Leica VT1200 vibratome (Buffalo Grove, IL) with ice-cold ACSF
solution. Slices were incubated in 32°C NMDG solution containing the following (in mM): 93
NMDG, 93 HCI, 2.5 KCI, 1.2 NaH»PO4, 30 NaHCO3, 20 HEPES, 25 glucose, 5 sodium ascorbate,
2 thiourea, 3 sodium pyruvate, 10 MgSO., and 0.5 CaCl, (Ting et al., 2018) for 10 minutes,
transferred to room temperature ACSF, and held for at least 45 minutes before recording. All
solutions were vigorously perfused with 95% 0,/5% CO,. Whole-cell recordings were obtained

from CA1 pyramidal neurons under visual guidance (DIC/infrared optics).
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Whole-cell voltage clamp

Spontaneous excitatory postsynaptic currents (SEPSCs) were recorded at -70 mV in 32°C ACSF.
Cells were patched with 3—-5 MQ borosilicate pipettes filled with intracellular solution containing
(in mM): 135 cesium methanesulfonate, 8 NaCl, 10 HEPES, 0.3 Na-GTP, 4 Mg-ATP, 0.3 EGTA,
5 QX-314, pH 7.2, 290mOsm (Sigma, St Louis, MO). Series resistance was monitored throughout
experiments; cells were discarded if series resistance varied more than 25%. All recordings were
obtained with a Multiclamp 700B amplifier (Molecular Devices, Sunnyvale, CA). Analysis was
performed with the Mini Analysis program (Synaptosoft, Decatur, GA) with a 4pA detection
threshold. Data represents individual neurons taken from 3 different animals per treatment. Data

acquisition and analysis was performed by experimenters blinded to treatment conditions.

Whole-cell current clamp

For all recordings, borosilicate glass pipettes were fabricated with resistances of 4-6MQ. Pipettes
were filled with the following intracellular solution (in mM): 135 K* gluconate, 5 NaCl, 2 MgCls, 10
HEPES, 0.6 EGTA, 4 NaATP, 0.4 NaGTP, pH 7.3, 290 mOsm. Series resistance was monitored
and cells in which series resistance varied by more than 20% during a recording were discarded.
Recordings were collected with a Multiclamp 700B amplifier (Molecular Devices), filtered at 2 kHz,
digitized at 10kHz, and data analyzed using pClamp 10 software (Molecular Devices). Frequency-
current relationships for evoked firing were determined by injecting 500ms current steps with
amplitudes increasing by 25pA, from 0 to 500 pA from the resting potential. Liquid junction

potentials were not corrected.

Statistical Analysis

Appropriate sample sizes were estimated based on our previous experiences performing similar
experiments. Data are represented as mean + SEM. Statistical analyses were performed using
Prism 8 software (GraphPad). For analyses involving comparison of three groups, a one-way
analysis of variance (Dunnett's post hoc test) was utilized. Probability distributions from
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electrophysiology experiments were compared using a Kolmogorov-Smirnov test. *, p < 0.05, **,

p <0.01, ** p <0.001, *** p < 0.0001 compared with vehicle control.
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Psychedelics Promote Spinogenesis and Synaptogenesis

Hallmarks of depression and other neuropsychiatric disorders include dendritic atrophy
and loss of dendritic spines in the prefrontal cortex (Christoffel et al., 2011; Duman and
Aghajanian, 2012). To test whether psychedelics affect spinogenesis and synaptogenesis, rat
cortical cultures were treated for 24 hr with three distinct serotonergic psychedelic substances:
DOI, DMT, and LSD. All three compounds were shown to promote synaptogenesis via increased
number of spines. This suggests that chronic psychedelic administration promotes increases of
spine and synaptic density in vitro. Previous data indicates that a 10mg/kg dose of DMT is
sufficient to improve rat performance in depression and PTSD-related behavioral tasks (Cameron
et al., 2018). To test the in vivo effects of DMT on spine formation in the rat medial prefrontal
cortex (MPFC), a single dose of DMT (either 10mg/kg or 1mg/kg) was intraperitoneally injected
and 24 hr after administration, cortical pyramidal neurons showed an increase in dendritic spine
density, which coincided with functional changes in spontaneous activity. Functional effects were
determined using ex vivo whole-cell voltage-clamp recordings from Layer 5 pyramidal mPFC
neurons. These recordings obtained revealed that acute DMT treatment (10mg/kg and 1mg/kg)
increases spontaneous excitatory postsynaptic current (sEPSC) frequency (Figure 1k) and
amplitude (Figure 1l). It was surprising that the effect was observed in both doses, despite 1mg/kg
and 10mg/kg being sub-hallucinogenic and hallucinogenic doses, respectively (Nair and Jacob,
2016). These significant increases in spontaneous transmission are indicative of increased
synapse number and are consistent with the structural changes seen. This work was a part of a
much larger story done in collaboration with the Olson lab (Ly et al., 2018), and adds to the
emerging body of literature demonstrating that psychedelic compounds promote structural and

functional plasticity in the PFC.
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Figure 1. Psychedelics promote functional plasticity. K and L. Whole-cell voltage-clamp
recordings of layer V pyramidal neurons from slices obtained 24 hr after DMT treatment (10 mg/kg
and 1 mg/kg) demonstrate that DMT increases both spontaneous excitatory postsynaptic current
(SEPSC) frequency (K) and amplitude (L) (n=11-38 neurons, 3 animals per group). M.
Representative traces for the 10mg/kg experiments quantifies in (K) and (L). Data are represented

as mean + SEM. Adapted from Ly et al., 2018.
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DMT Does Not Affect Intrinsic Neuronal Excitability

Classical serotonergic psychedelics, like DMT, are incredibly effective at promoting
neuronal growth and structural change, which is thought to be the process underlying their rapid
antidepressant activity. The mechanism by which this occurs involves activation of synaptic AMPA
receptors and downstream activation of TrkB and mTOR (Dunlap et al., 2020). Recent work from
the Olson lab has shown that the therapeutic properties of a psychedelic compound can be
decoupled from hallucinogenic activity (Cameron et al., 2021; Dunlap et al., 2020). A single dose
of DMT has been shown to increase the number of functional synapses in PFC pyramidal neurons
(Ly et al., 2018), but it is unknown if this enhancement also drives an increase in intrinsic firing
capabilities. To test the effects of hallucinogenic (5-MeO-) and non-halluncinogenic (6-MeO-)
DMT compounds on intrinsic plasticity, a single dose of drug (10mg/kg) was intraperitoneally
injected into adult rats and 24 hr after administration, slices were prepared. Intrinsic cellular
properties were assessed using ex vivo whole-cell current-clamp recordings from Layer 5
pyramidal mPFC neurons. These recordings showed no change in intrinsic excitability (slope of
the spike frequency vs injected current curve) in Layer 5 pyramidal neurons following acute 5-
MeO- or 6-MeO-DMT treatment. Other cellular and action potential properties were compared,
but any significant differences were minor and did not underlie any major changes in intrinsic firing
rate (Figure 2). The results of this set of experiments suggest that changes in intrinsic excitability
in mMPFC do not underlie the fast-acting therapeutic action of DMT, and most likely other classic

psychedelics.
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Table: Intrinsic Excitability in Layer V Pyramidal Neurons in the mPFC
Property Vehicle 5-MeO-DMT 6-MeO-DMT P value F (DFn, DFd)
n=85 n=75 n=87
RMP (mV) -69.33 + 0.8677 -66.09 + 1.085 -69.61 + 0.8344 0.0150 * F(2, 244)=4.271
[-85.24 to -40.18] [-80.93 to -41.89] [-83.95 to -43.88]
Rinput (MQ) 206.4 + 7.518 205.6 + 6.859 194 + 5.905 0.3920 F(2, 244)=0.9400
[80.06 to 384.6] [102.0 to 391.7] [96.16 to 321.1]
Rheobase (pA) 94.05 + 8.136 75.63 + 4.101 72.11 £ 3.800 0.0153 * F(2, 244)=4.251
[3.333 to 380.0] [18.67 to 212.0] [12.00 to 192.7]
Sag (mv)* 0.05880 + 0.004365 0.05484 + 0.004528 0.05827 + 0.004313 0.7973 F(2, 244)=0.2268
[0.002878 to 0.1644] [0.01215 to 0.1882] [0.007942 to 0.2116]
Afterdepolarization (mV) 3.710 + 0.2869 3.566+ 0.2723 3.664 + 0.2379 0.9297 F(2, 244)=0.07296
[0.01016 to 12.49] [0.01499 to 9.478] [0.03017 to 10.02]
AP Threshold (mV)* -57.54 + 0.9322 -54.74 + 1.080 -57.62 + 0.8698 0.0622 F(2, 244)=2.809
[-76.92 to -26.55] [-69.62 to -31.94] [-73.72 t0 -33.91]
AP Peak (mV) 133.1 + 1.802 131.3 + 1.875 135.0 £ 1.711 0.3524 F(2, 244)=1.048
[91.26 to 181.9] [85.98 to 170.7] [67.20 £ 185.8]
AP Half-width (ms) 1.647 + 0.05928 1.573 + 0.05995 1.590 + 0.05125 0.6247 F(2, 244)=0.4714
[0.9267 to 3.174] [0.8474 to 3.309] [0.8844 to 3.004]
AHP Peak (mV) -3.016 + 0.1783 -2.592 + 0.1712 -3.128 £ 0.1575 0.0710 F(2,244)=2.675
[-6.729 t0 0.1875] [-6.569 to 0.0008374] [-6.593 t0 -0.1084]
Mean + SEM [range]
* Significant at p < 0.05
A junction potential not adjusted

Figure 2. 5-MeO- and 6-MeO-DMT do not affect intrinsic cellular excitability. Hallucinogenic
(5-Me0O-) and non-hallucinogenic (6-MeO-) DMT analogs do not alter intrinsic excitability (n=75-
87 neurons, 6 animals per group). Intrinsic cellular properties were largely unchanged by drug

treatments. Data represent mean + SEM, significance was defined as p < 0.05.
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Discussion

Psychedelics are undeniably some of the most impressive molecules in terms of their
ability to stimulate structural and functional changes in the brain. There is now a greater push
than ever to utilize these psychoactive compounds as treatments for neuropsychiatric disorders,
but there is still much to learn regarding efficacy, safety, and optimal dosing regimen. Additionally,
it is still unclear whether the subjective effects, the actual hallucinations, play a large role in the
efficacy of psychedelics. Studies in rodents suggest that the therapeutic and subjective effects
are dissociable, considering a non-hallucinogenic analog of the psychedelic ibogaine can promote
structural plasticity in the brain, attenuate addiction-like behavior, and produce antidepressant-
like effects. However, without clinical trials of non-hallucinogenic, plasticity-promoting compounds
in humans, it is difficult to determine the relative contribution of altered perception to the
therapeutic activity of psychedelics. Despite this, psychedelics represent an incredibly promising
avenue for treatment of depression, anxiety, and potentially many other neuropsychiatric

disorders, especially in treatment-resistant populations.
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