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ABSTRACT OF THE DISSERTATION

Post-transcriptional gene regulation in mature neurons

Victoria Meiyi Ho
Doctor of Philosophy in Neuroscience
University of California, Los Angeles, 2013

Professor Kelsey C. Martin, Chair

Neurons are highly-polarized cells with processes that span great distances and many
independent subcompartments. Despite their challenging morphology, neurons are able to
respond to external stimuli in a local or cell-wide manner. They are also able to form stable
connections with other neurons, while remaining plastic and adaptable to change. To meet these
demands, neurons use complex, post-transcriptional mechanisms to regulate gene expression.
Two approaches are taken in this dissertation to study post-transcriptional gene regulation in
neurons.

First, a cell biological approach was used to study a specific interaction between the
microRNA, miR-124, and GluA2 mRNA in dissociated hippocampal neurons. The subcellular
localization pattern of miR-124 and GluA2 mRNA was determined by extracting RNA from
synaptosome fractions and by direct visualization with fluorescence in situ hybridization. The
effect of miR-124 overexpression on endogenous GluA2 protein was determined by

immunoblotting and again by direct visualization with quantitative immunocytochemistry. These
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experiments reveal that miR-124 is dendritically-localized while GluA2 mRNA is somatically-
restricted. Both RNAs are present in the cell body, where they interact to downregulate GluA2
proteins in the soma by ~30 %. Synaptic GluA2 protein was not affected by this manipulation,
suggesting that post-translational regulatory mechanisms (e.g. trafficking) are in place to
maintain appropriate concentrations of GIuA2 at the synapse.

Second, a high-throughput sequencing approach was taken to identify general
mechanisms of gene regulation during chemical long-term potentiation (chemLTP) in acute
hippocampal slices, as well as to screen for interesting candidates for further investigation. RNA
was extracted from chemLTP-treated and control slices, and changes in steady-state RNA levels
were determined. This study is ongoing but so far, preliminary results suggest that non-neuronal
cells may play an important role in the strengthening of neuronal connections. Future analysis
will focus on 3’ untranslated regions, which determine the post-transcriptional fate of genes.

The two approaches provide different levels of information on the regulation of gene
expression in neurons and yield unexpected findings. Together, they illustrate the complexity of

regulatory mechanisms in neurons, and that there is much we have left to understand.
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1 The cell biology of synaptic plasticity

The circuitry of the human brain is composed of a trillion (10'%) neurons and a
quadrillion (10") synapses, whose connectivity underlies all human perception, emotion,
thought, and behavior. Studies of neural circuits in a range of species have revealed that the
overall structure of the nervous system is genetically hard-wired but that circuits undergo
extensive sculpting and re-wiring in response to a variety of stimuli. This process of experience-
dependent changes in synaptic connectivity is called synaptic plasticity. Studies of synaptic
plasticity have begun to detail the molecular mechanisms that underlie experience-dependent
synaptic changes. This research examines a variety of cell biological processes, including
synaptic vesicle release and recycling, neurotransmitter receptor trafficking, cell adhesion, and
stimulus-induced changes in gene expression within neurons. Taken together, these studies add
to our understanding of how nature and nurture combine to determine our identities. More
specifically, research on synaptic plasticity promises to provide insight into the biological basis
of many neuropsychiatric disorders in which experience-dependent brain rewiring goes awry.
1.1  History of synaptic plasticity

Working in the late 1800s and early 1900s, the neuroanatomist Ramoén y Cajal provided
early insights into the biology of synaptic plasticity. Using the Golgi staining technique to
visualize the arbor of individual neurons within densely populated nervous tissue, Cajal realized
that the brain was composed of individual neurons that elaborate distinct and extensive processes
(Figure 1-1). He further noted that processes from individual neurons contacted one another at

sites that often contained what he termed “spiny protruberances.” With remarkable prescience,



Cajal hypothesized that neurons communicated with one another at these sites of contacts, that
there was a directionality to this communication, and that memories might be stored through the
strengthening of these inter-neuronal contacts [1]. Over half a century later, in 1949, the
psychologist Donald Hebb proposed a framework for thinking about how synaptic plasticity
might mediate experience-dependent behavioral modification, or learning. Hebb’s proposal,
popularized as “neurons that fire together wire together” has since been substantiated by decades
of research on the mechanisms of synaptic plasticity [2].

Electron microscopic analyses in the 1950s directly revealed the ultrastructure of the
synapse, with its distinct vesicle-filled axonal presynaptic compartment, a narrow synaptic cleft,
and a dendritic postsynaptic compartment (Figure 1-2). Subsequent molecular biological studies
increased the level of resolution to the molecular level, with the identification, purification,
cloning, and characterization of individual synaptic components. The elucidation of the structure
and the composition of the synapse provided a substrate for determining in detail how synapses
can change with experience.

The successful study of the cell biology of synaptic plasticity requires a tractable
experimental model system. Ideally, such a model should consist of a defined population of
identifiable neurons and be amenable to electrophysiological, genetic and molecular cell
biological manipulations. In the 1960s and 70s, many investigators developed simple
invertebrate systems to study plasticity. As one example, Eric Kandel and colleagues pioneered

the use of the marine invertebrate Aplysia californica to study the biology of learning-related



Figure 1-1. Drawing of the hippocampus.

Drawing by Ramon y Cajal illustrating the structure and connections in the hippocampus [3].




Figure 1-2. The ultrastructure of the synapse.

Neurons communicate with one another at chemical synapses. (A) Electron micrograph from
area CA1 in adult rat hippocampus. The CA1 dendritic shaft is colorized in yellow, the spine
neck and head in green, the presynaptic terminal in orange, and astroglial processes in blue.
Scale bar, 0.5 um. (B) Three-dimensional reconstruction of an 8.5-um-long dendrite (yellow)
with the PSDs labeled in red. Note the variation in spine and PSD size and shape. Scale cube, 0.5

um3. Image reproduced from [4].




synaptic plasticity. This model system has allowed analysis of plasticity at multiple levels of
analysis, from intact behaving animals to individual neurons in culture [5].

Perhaps the best-studied model system for studying plasticity in the adult vertebrate
nervous system is the rodent hippocampus [6], a brain region critical for memory formation. The
anatomy of the hippocampus renders it particularly suitable for electrophysiological investigation.
It consists of a trisynaptic pathway: in the perforant pathway, axons from the entorhinal cortex
project to form synapses on dendrites of dentate granule cells; in the mossy fiber pathway, axons
of dentate granule cells project to CA3 dendrites; and in the Schaffer collateral pathway, axons
of CA3 neurons project to form synapses on CA1 dendrites (Figure 1-3). The dentate, CA3 and
CA1 cell bodies form discrete somatic layers, projecting axons and dendrites into defined regions.
As such, electrodes can be placed in axonal, dendritic and cell body fields to stimulate and record
from defined populations of neurons.

Working in Per Andersen’s lab, Terje Lomo and Timothy Bliss published the first report
of long-lasting activity-dependent plasticity in the hippocampus in 1973 [7]. Stimulating the
perforant pathway in anesthetized rabbits, Bliss and Lemo delivered single test stimuli that
elicited a stable synaptic response, measured as excitatory post-synaptic potential (EPSP), in
dentate granule cells. Following delivery of a train of high frequency stimuli, however, they
observed a sustained increase in EPSP amplitude in response to subsequent single test stimuli,
and termed this phenomenon long-lasting potentiation, now known as long-term potentiation
(LTP).

Hippocampal plasticity can also be studied in in vitro preparations. The hippocampus can

be dissected out of the brain and cut into 300-500 micron thick transverse slices that preserve the



Figure 1-3. Hippocampal synaptic plasticity.

The rodent hippocampus can be dissected and cut into transverse slices that preserve all three
synaptic pathways. In the perforant pathway (purple), axons from the entorhinal cortex project to
form synapses (yellow circles) on dendrites of dentate granule cells; in the mossy fiber pathway
(green), dentate granule axons synapse on CA3 pyramidal neuron dendrites; and in the Schaffer
collateral pathway (brown), CA3 axons synapse on CA1 dendrites. The dentate, CA3, and CAl
cell bodies form discrete somatic layers (dark blue lines), projecting axons and dendrites into
defined regions. Electrodes can be used to stimulate axonal afferents and record from
postsynaptic follower cells, as illustrated for the Schaffer collateral (CA3-CA1) pathway.
Drawing by Kelsey Martin.
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three synaptic pathways. Acute hippocampal slices can be maintained for hours, and
electrophysiological techniques can be used to monitor synaptic connectivity. Slices can also be
prepared as organotypic slice cultures for weeks, preserving many aspects of their architecture.
Finally, hippocampal neurons can be studied in dissociated cultures, which are particularly
amenable to manipulation and dynamic imaging of individual neurons and synapses. The
development of genetically modified mice and vectors for acute manipulation of gene expression
complete a rich tool-kit for studies of the cell and molecular biology of hippocampal synaptic
plasticity.

LTP has been studied at all three hippocampal pathways (and in other brain circuits) in in
vivo and in vitro preparations. Distinct stimuli elicit bidirectional changes in synaptic efficacy;
while high frequency stimuli produce synaptic strengthening, low frequency stimulation has been
shown to produce synaptic weakening, called long-term depression (LTD). LTP and LTD can
also be produced by spike timing dependent plasticity, in which the relative timing of pre- and
postsynaptic spikes leads to changes in synaptic strength [8]. Further, different patterns of
stimulation elicit changes in synaptic strength that persist over various time domains, with long-
lasting forms, but not short-term forms, requiring new RNA and protein synthesis [5].

This section will address synaptic plasticity in the adult brain from the perspective of the
cell biology of the synapse, focusing on long-lasting forms of plasticity thought to underlie
learning and memory. We will consider, in turn, each component of the synapse: the presynaptic
compartment, the postsynaptic compartment, and the synaptic cleft. In each case, we will discuss
processes that undergo activity-dependent modifications to alter synaptic efficacy. Long-lasting

changes in synaptic connectivity require new RNA and/or protein synthesis and so we then turn



our attention to how gene expression is regulated within neurons. We will concentrate on studies
of learning-related plasticity in the rodent hippocampus, since these provide the most extensive
evidence for the cell biological mechanisms of plasticity in the vertebrate brain, and focus on
excitatory chemical synapses.
1.2 Presynaptic mechanisms of plasticity

Neurons communicate at electrical and chemical synapses, both of which show plasticity.
Communication at chemical synapses involves the release of neurotransmitter from the
presynaptic terminal, diffusion across the cleft, and binding to post-synaptic receptors. Chemical
neurotransmission is extremely rapid (occurring in milliseconds) and highly regulated. The
presynaptic terminal contains synaptic vesicles filled with neurotransmitter and a dense matrix of
cytoskeleton and scaffolding proteins at the site of release, called the active zone (Figure 1-4).
Varying the probability of neurotransmitter release, thereby varying the amount of transmitter
released, provides one mechanism for altering synaptic strength during neuronal plasticity.

Synaptic vesicle release can be subdivided into distinct steps, including vesicle
mobilization, docking, priming, fusion and recycling. While each of these steps may be regulated
in an activity-dependent manner, we will highlight three: vesicle mobilization, docking and
priming.
1.2.1 Synapsins and synaptic vesicle mobilization

The population of synaptic vesicles within a presynaptic terminal exist in three states, the
readily releasable pool docked at the active zone (~1% of synaptic vesicles); the recycling pool,
which can be released with moderate stimulation (~15% of synaptic vesicles); and the reserve

pool, which is only released in response to strong stimuli (~85% of synaptic vesicles). A family



Figure 1-4. Activity-dependent modulation of pre-, post-, and trans-synaptic components.
Presynaptic: Neurotransmitter vesicle cycling. Neurotransmitter release starts with the filling of
synaptic vesicles, which then dock and undergo priming at the active zone. Arrival of an action
potential induces calcium influx through voltage-sensitive calcium channels (VSCCs), which
triggers membrane fusion and exocytosis. The synaptic vesicles are then recycled via local reuse
(a; “kiss and stay™), fast recycling (b; “kiss and run”), or clathrin-mediated endocytosis (c).
Neurotransmitter release can be regulated during plasticity as exemplified by the regulation of
synapsin phosphorylation (1) and the regulation of RIM protein phosphorylation (2).
Postsynaptic: AMPA receptor trafficking. Locally and somatically synthesized AMPARSs enter a
pool of endosomes that undergo constitutive and regulated membrane trafficking. During
potentiation, greater receptor insertion (3) increases the concentration of AMPARs at the synapse,
where they are anchored by interactions at the PSD. During synaptic depression, AMPARSs are
endocytosed (3). The preferential location of endocytosis and exocytosis is probably
extrasynaptic. Within the plasma membrane, trafficking of AMPARSs between the synapse and
the point of insertion or removal occurs by lateral diffusion. Extrasynaptic movement of
AMPARSs increases with neuronal activity (4). Receptor trafficking is modulated by
phosphorylation of AMPAR subunits (5), which influences interactions with scaffolding proteins.
Trans-synaptic: Synaptic cell adhesion molecules. PSA-NCAM is increased following neuronal

activity (6). Lightning bolts indicate activity-dependent processes.
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of phosphoproteins called synapsins tether synaptic vesicles to the actin cytoskeleton and to one
another. Neuronal stimulation activates kinases that phosphorylate synapsins to modulate
synaptic vesicle tethering [9]. In this way, activity-dependent regulation of synapsin
phosphorylation alters the number of synaptic vesicles available for release. While synapsin
knockout mice are viable, they have significantly reduced reserve pools of synaptic vesicles, and
demonstrate deficits in learning and memory as well as various forms of plasticity [10],
indicating that activity-dependent modulation of synaptic vesicle mobilization is critical to
neuronal and behavioral plasticity.

1.2.2  SNARES, RIM proteins and synaptic vesicle docking and priming

The final step of neurotransmitter release from the presynaptic bouton involves fusion of
the synaptic vesicles with the plasma membrane. Soluble NSF-Attachment Protein Receptor
(SNARE) proteins that are present on the vesicle membrane (VSNARE) and target plasma
membrane (tSNARE) mediate the fusion. These include the vVSNARE synaptobrevin and the
tSNARES syntaxin and SNAP-25. SNARE proteins contain a characteristic 60-residue SNARE
motif, which, when in contact, can fold into a tight four-helical complex that brings the opposing
membranes in close approximation.

For synaptic vesicles to become fusion-competent, they must undergo docking and
priming, in which the vSNARE and tSNARE proteins are brought into close contact to allow
rapid fusion following calcium influx. The Rab3-interacting molecule (RIM) family of proteins
has recently been shown to be critical for this process [11]. A large, multi-domain protein, RIM
clusters calcium channels in the active zone [12] and interacts with the Munc-13 protein [13].

The latter is required for efficient SNARE complex formation and membrane fusion. RIM is a
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substrate for phosphorylation by Protein Kinase A (PKA). Genetic knockout experiments have
shown that RIM is required for mossy fiber LTP and memory [14,15], and studies of cerebellar
parallel fiber synapses have shown that PKA phosphorylation of RIM triggers LTP (Lonart et al
2003). Taken together, these findings suggest that RIM proteins regulate not only the coupling
between calcium influx and vesicle release, but also vesicle docking and priming. Activity-
dependent phosphorylation of RIM proteins by PKA can thus alter synaptic efficacy via multiple
mechanisms.
1.3 Postsynaptic mechanisms of plasticity

Following release from the presynaptic bouton, neurotransmitter diffuses across the
synaptic cleft to bind to receptors on the post-synaptic side of the synapse. Most postsynaptic
principle neurons in the brain are studded with membrane protuberances called dendritic spines,
which are the post-synaptic compartments. These spines, Cajal’s “spiny protruberances,” permit
light microscopic detection of postsynaptic compartments. The shape of spines is somewhat
heterogeneous, but consists of a bulbous head and a thinner neck that connects the spine to the
dendritic shaft; the size of the spine head and the volume of the spine correlates with synaptic
strength [16,17]. Spines serve as compartmentalized signaling units, and the number and shape
of spines has been shown to change during synaptic plasticity [18]. At the ultrastructural level,
the postsynaptic compartment is characterized by an electron-dense post-synaptic density (PSD),
which consists of neurotransmitter receptors and an extensive network of scaffolding proteins.
The PSD can be isolated biochemically, allowing detailed proteomic analysis of its composition.

1.3.1 Activation of post-synaptic kinases in the spine. CamKlIlo. and PKM{
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LTP and LTD induction are both dependent on postsynaptic elevations in intracellular
calcium [19,20], which activates multiple downstream signaling enzymes including the
phosphatase calcineurin and the kinases calcium/calmodulin-dependent protein kinase I1
(CaMKII) and protein kinase C (PKC). Activation of these enzymes in the postsynaptic
compartment plays a major regulatory role during synaptic plasticity. Here we will focus on
studies of CaMKIla and the PKC isoform PKMC during hippocampal LTP and learning.

LTP induction in the CA1 region of the hippocampus requires CaMKII activity [21,22],
and transgenic mice lacking the a isoform have defective LTP and spatial learning [23,24].
CaMKIIa undergoes autophosphorylation in response to elevations in Ca®" bound calmodulin,
and this autophosphorylation renders the kinase autonomously active for approximately 30
minutes [25]. This switch-like property of CaMKII enables it to persistently phosphorylate
targets. Neuronal activity also translocates CaMKIla to the PSD, where it can phosphorylate
many PSD proteins. CaMKIla knockout mice were among the first transgenic mice shown to
have impairments in hippocampal LTP and learning [24]. Later studies showed specifically that
the autophosphorylation of CaMKIla is essential for LTP induction and, perhaps, its
maintenance [26]. More recent findings suggest, however, that autonomous CamKII activity
generated by autophosphorylation may be less important for LTP maintenance and long-term
memory than previously thought [27].

The brain-restricted atypical PKC isoform, protein kinase M zeta (PKMJO), is
constitutively active and thus can persistently phosphorylate targets. PKM{ mRNA is targeted to
dendrites where activity-dependent signaling cascades regulate its local translation [28]. Protein

concentrations increase or decrease with LTP or LTD inducing stimuli, respectively [29].
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Furthermore, studies that exogenously apply PKMC or pharmacologically block its activity have
shown that PKMC( is sufficient and necessary for LTP maintenance [30] and for the maintenance
of long-term memories [31]. One way that PKM{ modulates persistent changes in synaptic
strength is by regulating AMPAR trafficking [32]. These data have led to the proposal that
PKM(C activation perpetuates synaptic plasticity and memory.

1.3.2  Activity-dependent modulation of postsynaptic glutamate receptors

The main excitatory neurotransmitter in the brain is glutamate, which activates several
post-synaptic receptors. Two types of ionotropic glutamate receptors — a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA) and N-methyl D-aspartate (NMDA) — have central
roles in hippocampal synaptic plasticity. Both are ligand-gated ion channels and have unique
properties that subserve different phases of synaptic plasticity. NMDA-type glutamate receptors
(NMDARSs) are calcium permeable and when activated, allow an influx of calcium needed for
the induction of long-term potentiation (LTP). However, NMDARSs are “coincidence detectors”
and require both presynaptic transmitter release and postsynaptic depolarization for activation.
As such, activation of the NMDA receptor is considered a molecular exemplar of Hebb’s
postulate that “neurons that fire together wire together.”

AMPA-type glutamate receptors (AMPARs) are important for the expression and
maintenance of LTP. Unlike NMDARs, AMPARs can be activated by ligand binding at resting
potentials to allow current flow. Studies have found that increased conductance through
AMPARESs is responsible for the increase in synaptic connectivity during NMDAR-dependent

LTP at CA1 synapses [33,34].
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Given the importance of AMPARs in determining synaptic connectivity, much effort has
focused on delineating the mechanisms that regulate their function. Activity-regulated
phosphorylation can change AMPAR function by changing the channel properties and
conductances of the receptors. However, changes in channel properties are unlikely to account
for the drastic changes in AMPAR function seen with LTP [35]. Instead, changes in AMPAR
function during synaptic plasticity are mostly due to phosphorylation-induced changes in its
abundance at the synapse. Studies have shown that stimulation of dissociated cultures lead to a
redistribution of GluA1 subunits and changes in GluA1 surface expression [36,37]. Furthermore,
LTP-induction in slice cultures has been shown to increase the incorporation of AMPARs at the
synapse in an NMDA-dependent manner [38]. Conversely, protocols associated with synaptic
weakening result in a reduction of AMPARSs in spines [39] and an increase in internal AMPARs
[40].

AMPARS traffic constitutively to and from the plasma membrane via recycling
endosomes [41]. Delivery of AMPARSs to synapses is believed to occur first by exocytosis at
extrasynaptic sites followed by lateral diffusion within the plasma membrane to PSDs, where the
mobility of the receptors is greatly reduced. During removal of synaptic AMPARSs, receptors
diffuse away from the PSD and then undergo clathrin-mediated, dynamin-dependent endocytosis.
AMPAR trafficking occurs constitutively under basal conditions and is modulated by activity
through changes in actin dynamics and AMPAR interactions with scaffolding proteins. One of
these scaffolding proteins, Stargazin, mediates the interaction between AMPARs and the PSD
protein PSD-95, and this interaction is important for synaptic localization of AMPARs [42].

Activity alters the phosphorylation of Stargazin, with phosphorylated Stargazin enhancing
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AMPAR function. Blocking Stargazin phosphorylation blocks LTP, while blocking
dephosphorylation blocks LTD [43].

AMPARSs are tetramers, existing as mostly GluA1/2 or GluA2/3 combinations in the
adult hippocampus [44]. The cytoplasmic tails of each subunit contain multiple phosphorylation
sites that regulate the trafficking of AMPARSs. As one example, PKA phosphorylation of S845 in
the long cytoplasmic tail of GluA1 increases GluA1 surface expression due to both enhanced
insertion and attenuated internalization [45]. Conversely, NMDA treatment of dissociated
cultures and brain slices results in dephosphorylation of S845 and is correlated with an increase
in the rate of AMPAR endocytosis [46]. The functional consequences of GluA1 phosphorylation
are highlighted by studies in knock-in mice with phosphorylation deficient mutations at both
S831A and S845A. These mice display a loss of NMDA-induced AMPAR internalization,
deficits in LTP and LTD, and have impaired spatial memory [47]. On the other hand, LTP
induction in S831D and S845D phosphomimetic knock-in mice can be achieved with weaker
stimulation than in wild-type, suggesting that phosphorylation at these two sites lowers the
threshold for LTP [48].

While studies of post-translational modifications at individual sites have established a
role for regulating GluA1 trafficking and channel properties, they do not fully account for the
changes in GluAl function observed with synaptic plasticity [49]. Activity-modified residues
continue to be discovered, including for example the highly conserved T840 phosphorylation site,
which correlates remarkably well with synaptic strength [50] and a phosphorylation site at S§818
that appears to have a crucial role in AMPAR trafficking in LTP [49]. It is likely that complex

patterns of phosphorylation and of other post-translational modifications (e.g. palmitoylation or
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ubiquitination) combine to regulate AMPAR localization. Taken together, these studies
underscore the importance of activity-dependent modulation of AMPAR trafficking as a means
of regulating synaptic strength.

14 Trans-synaptic signaling: the synaptic cleft

The synaptic cleft is a remarkably regular junction of approximately 20 nm between the
pre- and post-synaptic compartments, consisting of a space through which presynaptically
released neurotransmitters diffuses to bind postsynaptic receptors, as well as a network of cell
adhesion molecules (CAMs) that keeps the synapse together. These adhesive interactions are so
strong that it is impossible to biochemically separate intact pre- from post-synaptic
compartments.

1.4.1 Role of CAMs in synaptic plasticity

The CAMs that localize to the synaptic cleft include, among others, members of the
cadherin, integrin, immunoglobulin (Ig)-containing CAMs, as well as neurexins and neuroligins.
Much research has focused on trying to understand whether and how CAMs mediate synapse
specificity during neural circuit formation [51]. Here we will focus on studies of regulation of
synaptic CAMs during experience-dependent synaptic plasticity, limiting our discussion to just
two of many examples.

One example of activity-dependent changes in adhesion at synapses involves the addition
of large sialic acid homopolymers to the Neural Cell Adhesion Molecule NCAM to form
polysialylated NCAM (PSA-NCAM), which decreases hemophilic adhesion. The ratio of PSA-
NCAM to NCAM is increased following hippocampal learning tasks [52,53] and inactivation of

the enzyme that adds the poly-sialic moieties blocks hippocampal learning and plasticity [53,54].
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The time course of these changes suggests that the increase in PSA-NCAM is required to
promote synaptic remodeling during persistent forms of plasticity.

Another family of CAMs that play a role in hippocampal plasticity includes the
synaptically localized receptor tyrosine kinase ephrins and ephrin receptors (Eph receptors),
which mediate bidirectional signaling at the synapse. Initially studied in the context of neural
development, ephrins and Eph receptors have also been found to be essential for hippocampal
LTP and LTD in the adult brain [55]. Specific ephrins and Eph receptors interact with and
regulate the localization and function of NMDA receptors, and can thereby modulate synaptic
strength in response to activity. Experiments using inhibitory ephrin and Eph Receptor peptides
have revealed that both molecules are required, in a kinase-independent manner, for mossy fiber
hippocampal LTP [56].

1.4.2  Trans-synaptic signaling by retrograde messengers

Another means of trans-synaptic signaling involves diffusible, membrane soluble
messengers. Here we will briefly review recent work outlining a role for endocannabinoids as
trans-synaptic retrograde signals critical to many forms of synaptic plasticity [57]. The CB1 and
CB2 cannabinoid receptors were initially identified as receptors for cannibinoid, the active
ingredient of THC/marijuana. This in turn led to the identification of endogenous CB1 and CB2
ligands, called endocannabinoids. These include the arachidonate-based lipids anandamide (V-
arachidonoylethanolamide, AEA) and 2-arachidonoylglycerol (2-AG). Discovered only 10 years
ago, endocannabinoids have emerged as important modulators of plasticity at synapses
throughout the brain. Depolarization and activation of a variety of receptors (including

metabotropic glutamate receptors) have been shown to activate release of endocannabinoids
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from the postsynaptic compartment and binding to presynaptic CB receptors, resulting in a
suppression of neurotransmitter release. This form of plasticity is called endocannabinoid-LTD,
or eCB-LTD. Studies using CB1 knockout mice or CB1 receptor antagonists have shown that
endocannabinoid signaling is required for the extinction but not the acquisition of spatial
memories [58-61]. Future studies are likely to reveal additional functions for endocannabinoids
as retrograde messengers that modulate brain plasticity.
15 The tripartite synapse: glia and synaptic plasticity

Once thought of as the “support cells” of the nervous systems, glial cells are now
considered essential partners in synapse formation, synaptic transmission and plasticity [62].
Astrocytes ensheath the synapse (Fig x), forming a “tripartite synapse,” composed of neuronal
pre- and post-synaptic compartments as well as surrounding astrocytes. Synaptically-localized
glia release neuroactive molecules that influence neuronal communication. For example, release
of D-serine (a co-activator of the NMDA receptor) from glia has been shown to be required for
LTP of hippocampal Schaffer collateral synapses [63] (although see also [64]). Ephrin and Eph
receptor signaling between neurons and glia has been shown to regulate the uptake of glutamate
through glial glutamate transporters, and thereby affect neurotransmission and synaptic plasticity
[65]. The release of lactate from astrocytes and uptake by neurons has also been reported to be
required for long-term hippocampal memory and plasticity [66]. As these examples illustrate,
future research in this relatively new field is likely to uncover a multitude of ways in which glia
contribute to synaptic plasticity.

1.6  Regulating gene expression within neurons during plasticity
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While post-translational modifications are adequate for short-term plasticity, long-lasting
forms of plasticity require new transcription and translation [5].

1.6.1 Signaling from synapse to nucleus to regulate transcription

The requirement of new RNA for long-lasting synaptic plasticity indicates that synaptic
signals must be relayed to the nucleus to regulate transcription. Synapse to nucleus signaling
poses a unique set of challenges in neurons, where the distance between the synapse and nucleus
can be significant. Neurons are specialized for rapid communication between compartments via
electrochemical signaling, and depolarization at the synaptic terminal leads to depolarization at
the soma within milliseconds, followed by calcium influx and calcium-dependent nuclear
signaling. Calcium influx can occur through voltage-gated ion channels, through NMDA or
AMPA glutamate receptors. Cytosolic calcium can also be elevated following activation of Gq
coupled receptors such as the metabotropic glutamate receptor. Interestingly, each route of
calcium influx induces different programs of gene induction. For example, transcription of brain-
derived neurotrophic factor (BDNF) is highly induced following calcium entry through L-type
voltage-sensitive calcium channels (VSCCs) in excitatory neurons, but not following calcium
entry through NMDA receptors or other VSCCs [67].

Soluble signals can also be transported from the synapse to the nucleus by slower,
microtubule and motor protein-dependent pathways [68]. This class of signals includes kinases
such as the extracellular regulated kinase ERK as well as transcriptional regulators such as
CREB2 [69,70]. These slower pathways of signaling to the nucleus may sustain changes in gene

expression for time periods extending beyond the initial stimulus.
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To obtain a global view of how transcription is altered during activity-dependent
plasticity, many groups have measured changes in transcription following depolarization of
cultured mouse neurons. Such studies have identified over 300 activity-regulated genes [71].
Genome-wide analyses of transcription factor binding sites of the activated genes have revealed
that the transcription factors CREB, MEF2, and Npas4 control the activity-dependent
transcription of a large number of downstream activity-regulated genes [72,73]. A larger number
of transcription factors also contribute to neuronal-activity driven transcription, including SRF,
ELK, NFAT, NFkB, DREAM, NeuroD, SP4, and CREST. These transcription factors regulate
the expression of overlapping but distinct subsets of activity-regulated genes, suggesting that the
precise temporal, spatial, and stimulus-specific cellular response is achieved by the
combinatorial control by different transcription factors.

1.6.2  Local protein synthesis

Despite requiring new transcription, LTP and LTD can occur in a synapse-specific
manner, raising the question of how gene expression in neurons can be restricted to subsets of
synapses and not generalized to the entire cell. One way of locally changing the proteome in
neurons is through regulated translation of localized mRNAs (Figure 1-5) [74].

Protein synthesis was historically thought to occur exclusively in neuronal cell bodies.
The existence of local translation in dendrites of mature neurons was first suggested by electron
micrographic identification of polyribosome in hippocampal dendrites [75]. Studies in
hippocampal slices in which dendrites had been severed from cell bodies were found to retain the
ability to express long-lasting LTP and LTD, indicating that local translation can mediate long-

term modification of synaptic strength [76,77]. Studies from many labs have since identified
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Figure 1-5. Local regulation of the synaptic proteome.

Synaptic plasticity modifies gene expression at many levels. Strong stimulation of synapses
triggers signals that are sent to the nucleus to modify RNA synthesis. Synaptic activity also
modifies protein synthesis, and has been found to act at several key steps during translation: (1)
Relief of repression, e.g., RISC-mediated repression; (2) modification of translational initiation
to allow 4E-4G interaction and recruitment of 40S; (3) formation of the preinitiation complex;
and (4) dephosphorylation of eEF2 to allow for catalysis of ribosome translocation during
translational elongation. To counterbalance local protein synthesis, local protein degradation also
occurs at synapses (5). Together, these regulated steps in protein addition and removal allow for
rapid, spatially restricted control of the synaptic proteome. Lightning bolts indicate activity-
dependent processes. RBP, RNA binding proteins such as exon junction complexes, RISC
machinery, Staufen, CPEB, etc. (Note: Although local translation in dendrites is a well-accepted

phenomenon, it has not been demonstrated to occur in spines.)
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localized mRNAs that undergo stimulus-induced translation, and have used a number of
approaches to directly visualize translation at dendrites and synapses [78,79].

Studies of mRNA localization have led to the identification of cis-acting RNA elements
that bind to RNA-binding proteins to undergo export from the soma into the dendrite [80].
Although several dendritic localization elements have been identified, there is to date no
consensus in their sequence or structure. Among the best-studied RNA binding proteins involved
in dendritic mRNA localization are Staufen, HuD/Elav, and hnRNPA2 [81]. These proteins bind
cis-acting elements and assemble transcripts into larger RNA transport granules, which travel in
a kinesin-dependent manner along microtubules to their final destination. Whether localized
RNAs undergo directed targeting, anchoring or stabilization at specific sites remains an open
question.

In terms of translational regulation, studies have revealed activity-dependent regulation
of translation initiation and elongation. One well-studied mechanism of regulating translation
initiation involves the phosphorylation of elF2a, part of the preinitiation complex. elF2a,
phosphorylation decreases translation initiation. L-LTP inducing protocols, but not E-LTP
protocols, have been shown to reduce elF2a phosphorylation [82]. Mice heterozygous for a
phosphorylation resistant mutation in eIF2a show a lowered threshold for plasticity and memory
[83]. Conversely, pharmacologically increasing levels of phosphorylated e[F2a prevents L-LTP
induction while having no effect on E-LTP. Whether and how this pathway is regulated locally at
synapses (as opposed to in the soma) is unclear.

A mechanism of translational regulation known to occur at synapses involves the

cytoplasmic polyadenylation element (CPE) binding protein (CPEB). CPEB increases the polyA

24



tail of mRNAs by binding to CPEs in the 3’UTR. Poly(A) binding protein (PABP) is recruited to
the elongated poly(A) tail, which in turn recruits e[F4G, which then interacts with eIF4E to
promote translation initiation [84]. CPEB localizes to synapses [85], and has been shown to
regulate translation of dendritically localized CamKIloo mRNA [85,86].

Another activity-dependent means of regulating translation initiation involves
phosphorylation of eIF4E binding proteins (4E-BPs). Hypo-phosphorylated 4E-BPs bind elF4E
and prevent translation initiation; phosphorylated 4E-BP dissociates from eIF4E and relieves
translational inhibition [87,88]. In neurons, activity increases 4E-BP phosphorylation in a
manner that correlates with enhanced translation [89,90] (Raught 2000 sonenberg textbook).
Studies in 4E-BP2 knockout mice found that E-LTP stimulation protocols could induce L-LTP in
brain slices. Recently, two additional 4E-BPs have been identified in neurons: neuroguidin and
the cytoplasmic FMRP interacting protein (CYFIP). While 4E-BP1 and 2 are believed to affect
general translation, these new 4E-BPs may preferentially affect subgroups of transcripts within
dendrites [91,92].

Activity can also regulate translational elongation during synaptic plasticity. As one
example, the elongation factor eEF2 has been shown to undergo activity-dependent changes in
phosphorylation. Phosphorylation of eEF2 decreases the rate of translation. Schuman and
colleagues have shown that while action potentials decrease eEF2 phosphorylation (thereby
increasing translation), spontaneous release increases eEF2 phosphorylation and decreases
translation. These effects occur locally at synapses, indicating that one function of spontaneous

release of neurotransmitter may be to suppress local translation and thereby stabilize synapses.
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Translation may also be regulated through the microRNA (miRNA) pathway, which can
potentially regulate hundreds of transcripts and hence provide a way of coordinating the
expression of many genes. Expression profiling has shown that many miRNAs are enriched in,
or even restricted to, the brain [93]. While miRNAs can regulate cell-wide levels of translation,
their post-transcriptional mode of actions makes them especially well-suited to regulating
distally localized transcripts. Consistent with a role in local translation, miRNAs have been
found in dendrites and at synapses. Further, components of the RNA-induced silencing complex
(RISC) machinery itself have been found to be altered by activity [94].

1.6.3  Local protein degradation

The local proteome can be regulated not only by local translation but also by regulated
local protein degradation through the ubiquitin proteasome system. One of the first
demonstrations of a role for protein degradation in regulating synapse function was the finding in
Aplysia sensory neurons that the regulatory subunit of the cAMP-dependent protein kinase
(PKA) underwent ubiquitin-mediated degradation during long-term synaptic plasticity, leading to
persistent PKA activity [95]. In mammals, recent studies identified widespread deficits in
synaptic plasticity and learning in mice lacking Ube3a, a brain-expressed ubiquitin ligase that is
mutated in Angelman syndrome [96]. Other studies have shown that both protein synthesis and
degradation are required for the maintenance of late-phase LTP, suggesting tight coupling of
protein synthesis and degradation in learning-related plasticity [97,98].

Like local translation, protein degradation can be regulated within dendrites. In support of
locally regulated degradation, ubiquitin and proteasomal subunits have been found in dendrites

and at synapses [99]. Glutamatergic stimulation of cultured hippocampal neurons leads to
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bidirectional changes in the ubiquitin conjugation of proteins and to proteasome-dependent
changes in protein concentrations in PSD fractions [100]. Activity-dependent degradation
involves redistribution of proteasomes from dendritic shafts to spines [101]. The occurrence of
both translation and degradation at the synapse suggests that proper synaptic function requires
tight control of the local proteome.
1.7  Perspectives

As the above examples indicate, cell biological approaches have provided a detailed
understanding of certain aspects of activity-dependent plasticity. By focusing on molecular
processes occurring within individual neurons and subcellular compartments, we now understand
specific processes that are modulated by experience to change synaptic efficacy. These involve
alterations in neurotransmitter release, trans-synaptic signaling, post-synaptic receptor dynamics
and gene expression within neurons. The results of such studies provide molecular tools to
further probe the mechanisms of brain plasticity, and potential therapeutic targets for diseases in
which brain plasticity is dysfunctional. However, they fall significantly short of elucidating how
complex circuits are altered by experience so as to store information and alter behavior. A
challenge in the field is to study plasticity in neural circuits in living animals, and to develop
methods to examine how all the components of circuit (excitatory and inhibitory neurons,
synapse, glia and vasculature) are regulated to alter circuit function dynamically over various
time domains. The development of methodologies for high-resolution time-lapse imaging of
synapses, neurons, and circuits in live animals promises to move the field forward towards a
more nuanced and complete understanding of the experience-dependent plastic changes in the

brain that mediate learning and memory.
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2 GluA2 mRNA distribution and regulation by miR-124 in hippocampal neurons

2.1 Introduction

Precise control of gene expression at synapses is important for proper communication
between neurons. Among the proteins that are tightly controlled are members of the 2-amino-3-
(3-hydroxy-5-methyl-isoxazol-4-yl) propanoic acid (AMPA)-type glutamate receptor subunit
family, GluA1-4 [103]. AMPA receptors (AMPARSs) are mediators of fast, excitatory
transmission between neurons, and their concentration at the synapse plays a central role in
determining synaptic strength [104]. Increased synaptic AMPAR levels are correlated with
increased synaptic strength and vice versa. Given their importance, AMPARs have been heavily
studied and have been shown to undergo nuanced regulation at many levels of gene expression
[103,105-109].

How AMPARSs arrive at their synaptic locations is an active area of investigation with
several, non-mutually exclusive theories [103]. One theory is that that the receptors are
synthesized on the rough endoplasmic reticulum and assembled in the cell body. They are then
trafficked to synaptic sites along the cytoskeleton [110-113]. Alternatively, the assembled
AMPARs may be inserted into the plasma membrane at the cell body, and then transported to
synapses via lateral diffusion [114]. Another theory is that AMPARs are locally translated in
dendrites and processed in Golgi outposts before being inserted at synapses [115]. In support of
local translation, GluA1 and GluA2 messenger RNA (mRNA) transcripts have been found to be
present in dendrites of cultured rat neurons [116,117]. Furthermore, stimulation of cultured

hippocampal neurons has been shown to alter the dendritic localization of both GluA1 and

29



GluA2 mRNAs [117], and overexpression studies have revealed local translation of GluA1 and
GluA2 in dendrites that have been severed from the cell body [118,119].

The occurrence of stimulus-responsive local translation indicates that regulatory
mechanisms exist to ensure that translation occurs when and where the encoded proteins are
needed. One potential regulatory mechanism is through the microRNA pathway. MicroRNAs
(miRNAs) are non-coding, endogenous RNAs of about ~22 nucleotides in length that
downregulate gene expression via the RNA-induced silencing complex (RISC). Within RISC,
the 5’ end of the miRNA has a “seed” site that recognizes targets by partial complementarity to
sequences in the 3’ untranslated region (3’UTR) of target mRNAs [120,121]. Upon recognition
of a target mRNA, miRNAs repress translation either by reducing translational efficiency or by
destabilizing the transcript [122-124]. The post-transcriptional and potentially reversible mode of
action of miRNAs makes them well-suited to regulate local translation.

In this study, we investigated the post-transcriptional regulation of the GluA2 subunit.
Among the AMPAR subunits, GluA2 is unique because its inclusion in an AMPAR makes the
receptor calcium impermeable [125]. Hence, GluA2 levels at the synapse influence calcium
influx through AMPARs after glutamate binding to the receptor [126]. We used a computational
algorithm to predict potential miRNA target sites in the GluA2 3’UTR, and identified miR-124
as a favorable candidate. The prediction was first validated in 293T cells using luciferase assays,
and then further tested in dissociated hippocampal cultures using lentivirus-mediated miR-124
overexpression in dissociated hippocampal cultures. Fluorescence in sifu hybridization (FISH)
and reverse transcription quantitative polymerase chain reaction (RT-qPCR) were used to

determine the subcellular localization patterns of miR-124 and GluA2-mRNA. Our results
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support miR-124 regulation of GluA2 in neurons, but indicate that this interaction regulates
GluA2 translation primarily in the somatic cytoplasm rather than in dendrites.
2.2 Materials and methods
Luciferase assays

The 3> UTR of GluA2 was cloned downstream of the renilla luciferase coding region in
plasmid pRL-TK (Promega). The sequences cloned correspond to nucleotides 3,203 - 3,298 of
the flip and flop isoforms (NM_001083806.1 and NM_013540.2), which have identical 3 UTRs.
Reporter constructs with the predicted miR-124 target site deleted or point-mutated were
generated by site-directed mutagenesis. A mixture of renilla luciferase reporter plasmid (0.35 ug),
firefly luciferase control plasmid (0.05 ug) (pGL3, Promega), carrier plasmid (0.4 ug) (pBSK),
and miRNA mimic (25 nM final concentration; Thermo Scientific Dharmacon; mimic-124:
UAAGGCACGCGGUGAAUGCCA, mimic-124*: GCAUUCACCGCGUGCCUUAUU, mimic-
124PM: UAACGGACGCGGUGAAUGCCA, mimic-124 PM*:
GCAUUCACCGCGUCCGUUAUU) was transfected using Lipofectamine 2000 (Invitrogen)
into one well of HEK293T cells that were plated at a density of 50,000 cells/well in a 24-well
plate the day before. At 24 hours post-transfection, luciferase expression was assayed with the
Dual-Luciferase® Reporter Assay System (Promega) according to manufacturer’s instructions
and measured on a Molecular Devices Analyst AD microplate reader (Analyst AD 96-384).
Renilla luciferase signals were first normalized to firefly luciferase signals, and then normalized
to the control samples (each construct, without miRNA added). The assays were performed four
times in triplicate.

Synaptosome fractionation
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Synaptosome fractions were prepared from 2-3 month old C57BL/6J mice. Ten mice
were used for each fractionation. The mice were anesthetized with isofluorane and sacrificed by
cervical dislocation. All centrifugation steps were performed at 4 °C and solutions were kept on
ice. Forebrains were dissected and homogenized in solution A (0.32 M sucrose, | mM NaHCOs,
1 mM MgCl,, 0.5 mM CaCl,, 10 mM Nay4P,07). An aliquot of the total homogenates were
removed at this point for RNA and protein extraction. The remaining homogenates were spun at
1,400 g and the supernatant was saved. The pellet was resuspended in solution A and spun at 700
g. The supernatants from both spins were pooled and an aliquot representing the cytosolic
fraction was removed. The supernatants were then spun at 13,800 g to pellet synaptosomes and
other organelles. The pellet was resuspended in solution B (0.32 M sucrose, | mM NaHCO;3),
and layered onto a discontinuous gradient with 1.2 M, 1.0 M, and 0.8 M sucrose layers prepared
in 1 mM NaHCOs;. The gradient was spun at 82,500 g for 2 hours. Synaptosomes separate into
the band between the 1.0 M and 1.2 M layers. This band was collected and spun at 100,000 g for
20 min to pellet the synaptosomes.

Protein extraction and immunoblotting

RIPA bufter (50 mM Tris, 150 mM NacCl, 0.1 % SDS, 0.5 % Na deoxycholate, 0.1 %
SDS, 1 % NP-40) with cOmplete protease inhibitor (Roche) and benzonase (Sigma #E1014) was
used for protein extraction from synaptosomes and neuronal cultures. For synaptosome
preparations, total protein levels were determined with by BCA protein assay (Pierce) and 5 mg
of protein was loaded per lane. For neuronal cultures, proteins were extracted and the same

volumes were loaded for each condition. All protein samples were run on 10 % polyacrylamide
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gels and transferred to a PVDF membrane for immunoblotting. Blots were scanned using the
Odyssey imaging system (Li-Cor) and quantified with ImageJ software.
Antibodies

We used the following antibodies. Vendors, catalog numbers, and dilutions are shown
within parenthesis. PSD-95 (Abcam 18258; 1:1000), GluA2 (Invitrogen 32-0300; 1:200), MAP2
(PhosphoSolutions 1100-MAP2; 1:20,000), copGFP (Evrogen AB513; 1:3,000), Synapsin I
(Abcam ABS; 1:1000), GFAP (Millipore MAB360; 1:1000), Tuj1 (Millipore AB15708; 1:1000),
Alexa Fluor® 488 goat anti-rabbit (Invitrogen 11008; 1:20,000), Alexa Fluor® 488 goat anti-
mouse (Invitrogen 11001; 1:20,000), Alexa Fluor® 555 goat anti-mouse (Invitrogen A21422;
1:20,000), Alexa Fluor® 633 goat anti-chicken (Invitrogen A21103; 1:20,000), IRDye® 680LT
goat anti-mouse (Li-Cor 926-68020; 1:20,000), IRDye® 800CW goat anti-rabbit (Li-Cor 926-
32211; 1:20,000)
RNA extraction and quantification

The miRNeasy Mini kit (Qiagen) was used according to manufacturer’s protocol for
extraction of total RNA and DNasel treatment. The amount of RNA extracted was measured
with a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies). For miRNA RT-qPCR
assays, RNA was diluted to below 10 ng/puL. and measured with the Qubit RNA assay kit on a
Qubit fluorometer (Invitrogen).
Reverse transcription and quantitative PCR (RT-qPCR)

For mRNA RT-qPCR, the amount of starting material in each reaction was normalized to
total RNA. Transcripts were primed with random hexamers and reverse transcribed with

SuperScript III (Invitrogen). The resulting cDNA was then used for comparative qPCR with
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SYBR Green (Applied Biosystems) and gene specific primers (GluA2 — fwd:
CCATCGAAAGTGCTGAGGAT, rev: AGGGCTCTGCACTCCTCATA; Camk2a — fwd:
TCTGAGAGCACCAACACCAC, rev: CCATTGCTTATGGCTTCGAT; c-Fos — fwd:
CACACAGGACTTTTGCGC, rev: GACACGGTCTTCACCATTCC; Fads3 — fwd:
ATGACCTACCAGGCGACAAG, rev: CAATCAACAGGGGTTTCAGG; pre-miR-124 — fwd:
GTGTTCACAGCGGACCTTG, rev: ATTCACCGCGTGCCTTAAT). Looped primers specific
for mature miRNAs were used for RT, and TagMan® probes were used for gPCR (Applied
Biosystems). Standard curves were determined for all genes quantified, all of which had
amplification efficiencies within 100 + 10%.
Dissociated hippocampal cultures

Hippocampi were dissected from postnatal day 0 C57BL/6J mice (Jackson Laboratory)
and dissociated by trypsin treatment and trituration. The dissociated neurons were plated on
culture plates or on HCl-etched coverslips (Deckgliser #1001/12). Culture plates and coverslips
were coated with 0.1 mg/mL poly-DL-lysine (Sigma #P-9011) overnight at 37 °C. Plating
medium consisted of B-27 supplement (1 mL/50 mL media), 0.5 mM glutamine (Gibco #21103-
015), 25 uM glutamate (Sigma #G-5889), and B-mercaptoethanol (25 pM; Sigma #G-57522)
diluted in Neurobasal-A media (Gibco #21103). Neurons for FISH and immunocytochemistry
(ICC) were plated at low density (approximately 210 cells/mm? or 40,000 cells/well in a 24-well
plate). Neurons for RNA or protein extraction were plated at high density (approximately 630
cells/mm? or 240,000 cells/well in a 12 well plate).

Fluorescence in situ hybridization
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Neurons (14-21 DIV) were processed for FISH using the QuantiView mRNA and
miRNA kits according to manufacturer’s protocol (Affymetrix). Each QuantiGene® mRNA
probe set consists of a mixture of 20 pairs of short oligonucleotides that are complementary to
different regions of the transcript. Each pair hybridizes to the target mRNA at adjacent sites and
amplifies the signal through sequential hybridization of branched DNA molecules. The resulting
signal comes from fluorophore-conjugated oligonucleotides. This technology can provide up to
8,000-fold signal amplification and is reported to have single molecule sensitivity. The
QuantiGene® miRNA probes undergo a similar amplification system with branched DNA
molecules, however differs in that only one pair of olignucleotides is used. Also, the final
amplification step for the miRNA FISH is an enzymatic reaction with the Fast Red chromogenic
substrate. After the last FISH amplification and wash steps, neurons were blocked in 10% goat
serum and processed as described for immunocytochemistry.

Image acquisition

Images were acquired on a Zeiss LSM700 microscope by an experimenter blind to the
treatment. Confocal images of FISH and ICC experiments were acquired with a 40 x/1.3 oil
objective. For FISH images, Z-stacks of an area including the cell body and dendritic processes
were taken. Images of surface GluA2 ICC experiments were acquired in single sections with a
pin hole of 1 airy unit. For total GluA2 ICC images, single sections were acquired with different
pinhole settings. The pin hole was first set to 5.62 airy units to capture dendritic signal from 5
um sections. Then, for the same field, the pin hole was maximized to 14.07 airy units and the
plane of focus was adjusted to capture somatic signal from 12.4 pm sections. The copGFP

transduction marker was partially quenched by fixation, but could still be seen in the cell body
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and this signal was used to confirm transduction. The gains for signals to be quantified were set
at subsaturation levels. Live images to assess transduction efficiency were acquired with a 10
x/0.3 air objective.
Image analysis

Images were analyzed by an experimenter blind to the treatment and quantified with
ImagelJ software. To measure FISH puncta distribution, stack images of FISH staining were
converted to maximum projection intensities. Somatodendritic compartments were linearized
using the “Straighten” function in ImageJ with a width setting of 25 pixels (corresponding to ~4
um). Somatodendritic compartments were selected on the basis of MAP2 staining.
Measurements of dendritic distance began at the center of the cell body and extended out along
the dendrite until the boundary of the image. Only dendrites that did not overlap with cell bodies
were selected. Then, the ImageJ “Find Maxima” function with a noise tolerance of 10 was used
to identify individual puncta and report the distance of the puncta from the center of the cell
body. Since dendrites of different lengths were imaged, only dendrites longer than 150 pm and
only puncta within 150 um were included in the analyses. To measure total somatic and proximal
GluA2 protein expression by ICC, regions of interest were defined manually based on MAP2
staining. For dendrites >20 um from the soma, regions of interest were defined based on dilated
MAP2 masks. The mean pixel intensity and integrated densities were determined using the
“Measure” function and corrected for background signal. To measure synaptic GluA2 protein
expression by ICC, synapsin I puncta were used as synaptic markers in images of surface GluA2
staining. Dendrites greater than 20 um from the soma were linearized with the “Straighten”

function and a width setting of 40 pixels (corresponding to ~6 um). The “Analyze Particles”
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function was used to select Synapsin I puncta that were between 4-500 pixel units and with a
circularity between 0.5-1.0. The number of puncta identified was used as an approximation of
the number of synapses. Then, the “Find Peaks” function in the GDSC plugin was used to
identify GluA2 puncta and report their total intensity. Finally, the “Match Calculator” function in
the GDSC plugin was used to identify GluA2 puncta that were within 8 pixels (corresponding to
~1 pm) of Synapsin I puncta. Matched GluA2 puncta were considered synaptic.
Statistical methods

To compare the distributions of FISH puncta across cell groups, we performed two types
of analysis. First, we developed a mixed effects analysis of variance (ANOVA) model of mean
puncta distance, with variation between cell groups represented as a fixed effect, and variation
between dendrites represented as a nested random effect. The analysis therefore controls for
between-dendrite variation in estimating cell group effects on mean distance from cell body.
Second, we classified puncta as either somatic, proximal, or non-proximal according to distance
from cell body, and developed one way ANOV A models of the mean proportion of puncta in
each of the three bins. Variation between cell groups was represented as a fixed effect in these
models. This second analysis enables us to compare puncta density between cell groups for
particular dendrite segments. SAS version 9.3 was used to fit the models, and SPSS version 21
was used. One-tailed t-tests were used to compare GluA2 ICC intensity between control and
miR-124 overexpression conditions.
Lentiviral transduction

The pMIRNA1-124 overexpression plasmid was purchased from Systems Biosciences.

This plasmid was modified to introduce two point mutations in the seed site for the

37



overexpression control plasmid. For the sponge plasmids, the pre-miR-124 sequence was deleted
and sponge sites were cloned into the 3°’UTR of copGFP, as described by Ebert et al. The
plasmids were packaged in HEK293T cells with A8.9 and VSVG, and concentrated by
ultracentrifugation. Neurons were transduced at 13 DIV. During transduction, half of the media
was removed and stored at 4 °C. Virus was mixed with the remaining media and applied to the
neurons. Transduction media was replaced with the saved media the next day (16-24 hour
incubation). At 21 DIV (8 DIV post transduction), transduced neurons were harvested for RNA
or protein extraction, or fixed for immunocytochemistry.
Immunocytochemistry

Neurons grown on coverslips were fixed in 4% paraformaldehyde for 10 minutes,
permeabilized in 0.1% Triton-X for 5 minutes, blocked in 10% goat serum for 30 minutes, and
incubated in primary antibody 16-24 hours at 4 °C. Secondary antibodies and Hoechst (1:1000,
Invitrogen H3570) were incubated for 1 hour in the dark. Coverslips were mounted using Aqua
PolyMount (Polysciences #18606) and allowed to dry overnight before imaging. All steps were
performed at room temperature unless otherwise noted. For surface staining of GluA2 (also see
Appendix, Protocol 1), neurons were first incubated live at 37 °C for 30 minutes in GluA2
antibody diluted with artificial cerebrospinal fluid (ACSF; 119 mM NacCl, 26.2 mM NaHCOs,
2.5 mM KCI, 1 mM NaH;POy4, 1.3 mM MgCl,, 10 mM glucose, 2.5 mM CaCl,). The ACSF used
was first bubbled with carboxygen (5 % CO,/95 % O,) to pH 7.35, adjusted to 293 mmOsm with
glucose, and filtered with a 0.22 um filter. Then, neurons were fixed, permeabilized, and stained
for intracellular proteins (i.e. MAP2, Synapsin I) as described above.

2.3 Results
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2.3.1 Prediction and initial validation of the GluA2/miR-124 interaction

We identified a predicted target site for miR-124 in the 3’UTR of GluA2 mRNA using
the TargetScan algorithm (Version 4.0), which considers both the thermodynamic stability of
RNA:RNA interactions and the degree of target site conservation across species [127] (Figure 2-
1A). To validate the prediction, we used a dual luciferase reporter assay system in 293T cells
(Figure 2-1B). In one set of assays, the GluA2 3’UTR containing the miR-124 target site was
fused to the 3’ end of a luciferase reporter construct. Co-transfection of this reporter with a
synthetic miR-124 duplex resulted in a 50% knockdown of luciferase signal (Figure 2-1B). This
interaction depended on the miR-124 seed sequence, as transfection with a mutant miR-124
duplex with two point mutations did not produce significant knockdown in luciferase expression
(Figure 2-1C). In another set of assays, the miR-124 target site was deleted from the reporter.
Co-transfection of this construct with miR-124 did not reduce luciferase expression compared to
transfection of the target-deleted construct alone (Figure 2-1C). To confirm the importance of
sequence complementarity between the miR-124 seed and GluA?2 target site, a luciferase
construct with point mutations complementary to those in the mutant miR-124 was made. With
seed-target complementarity restored, the transfected miRNA once again repressed luciferase
expression (Figure 2-1D). These studies indicate that miR-124 inhibits translation of target
GluA2 mRNA reporters in a sequence-specific manner.
2.3.2 Determining the subcellular distribution of GluA2 mRNA and miR-124

GluA2 mRNA and miR-124 must be present in the same subcellular compartment to be
able to interact. To determine whether they are both present at synapses, we prepared

synaptosome fractions from mouse forebrain. The enrichment of synaptic terminals was
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Figure 2-1. The GluA2 3’ untranslated region (UTR) has a functional miR-124 target site.

(A) Schema showing the position of the fully complementary miR-124 target site at the 5’ end of
the GluA2 3° UTR. The seed region of miR-124 is shown in bold. Vertical bars depict Watson-
Crick base pairs.

(B-D) Wild type and mutant reporter constructs were transfected into HEK293T cells with miR-
124 mimics or mutant miR-124 mimics with two point mutations in the seed region (underlined).
Luciferase activities are reported relative to reporter only controls.

(B) Transfection of the wild type reporter (“WT”) with miR-124 resulted in robust knockdown of
luciferase activity while transfection with mutant miR-124 did not. Significance determined by
one-way analysis of variance (ANOVA) with Bonferroni correction.

(C) Transfection of miR-124 with a reporter lacking the miR-124 target site (“TD”) did not
reduce luciferase activity. " site of deletion. Significance determined by two-tailed t-test.

(D) Transfection of a mutant reporter with two point mutations in the miR-124 target site (“PM”)
did not show knockdown by miR-124. Knockdown was restored when the mutant reporter was
transfected with the complementary mutant miR-124. Significance determined by one-way
ANOVA with Bonferroni correction. ***p<(.001; error bars show standard error of the mean

(S.E.M.); N =4 per group.
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confirmed by western blotting for the post-synaptic scaffold protein, PSD-95 (Figure 2-2A).
RNA was extracted and relative concentrations of GluA2 mRNA and mature miR-124 were
measured by comparative RT-qPCR (Figure 2-2B). The synaptosome:total ratios for GluA2
mRNA and miR-124 were 0.14 and 1.52 respectively. To help put these ratios into context, we
measured Camk2a mRNA (ratio = 0.90), which has been widely reported to be present in distal
compartments [128-132]. We also measured miR-134 (ratio = 2.14) as a positive miRNA control
for distal localization [133]. For a negative control, we chose Fads3 mRNA (ratio = 0.20), which
has been reported to be somatically-restricted [116]. These results suggest that GluA2 mRNA is
as de-enriched from synapses as Fads3 mRNA, and that miR-124 is more synaptically-enriched
than Camk20 mRNA.

Since synaptosome preparations are subject to contamination by closely-associated glial
components, we performed FISH on dissociated hippocampal cultures to complement these
findings. FISH allows us to visualize the subcellular distribution patterns of GluA2 mRNA and
miR-124 in individual cells. Again, Camk2o and Fads3 mRNA were used for comparison. Using
the QuantiGene® (Affymetrix) detection system, all four RNAs appear as discrete puncta that
are present at high concentrations in the cell body (Figure 2-3A).

The extent of dendritic localization varied greatly between genes and, to a lesser extent,
between individual neurons and dendrites. Because of the variability between different neurons
and dendrites, we imaged many neurons to determine the overall distribution pattern for each
gene. In Figure 2-3B, we estimated the distance of a typical puncta from the center of the cell
body. The mean distances for miR-124 and Camk2a mRNA were 33.27 um (95% CI [31.64,

34.89]) and 33.46 um (95% CI [32.36, 34.55]) respectively, placing them in the dendritic
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Figure 2-2. miR-124 is enriched at synapses.

(A) Synaptosome fractions were prepared from adult forebrain. Western blotting shows
enrichment for PSD-95 in the synaptosome fraction. 5 ug of total protein was loaded in each lane.
(B) Comparative RT-qPCR on RNA extracted from total and synaptosome fractions of mouse

forebrain. Error bars show 95% confidence intervals. N = 3 fractionations.
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Figure 2-3. GluA2 mRNA and miR-124 have different distribution patterns.

(A) Representative fluorescence in situ hybridization (FISH) images of straightened dendrites.
Top: red, FISH puncta; cyan, MAP2; blue, Hoechst. Bottom: FISH puncta in gray scale.
Arrowheads show puncta positions in the non-proximal dendrite. Scale bar = 20 um.

(B) Group data for average puncta distance from the center of the cell body. Error bars show
95% confidence intervals. Pairwise comparisons of each gene are reported in Figure 2-4C.

(C) Puncta were classified into three subcompartments and the percentage of puncta in each
subcompartment is shown. Error bars show 95% confidence intervals. One-way ANOVA
comparisons between genes are reported in Figure 2-4D.

(D) Table showing the absolute number of puncta per um in each subcompartment, along with
number of dendrites measured for each gene. Dendrites were imaged from 4 to 7 independent

experiments.
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subcompartment. The mean distances for GluA2 and Fads3 mRNA were 10.42 um (95% CI
[9.02, 11.82]) and 10.18 um (95% CI [6.75, 13.62]) respectively, which lie in the cell body or
proximal dendrite. Pairwise comparisons of the average distance between genes showed that
there was sufficient evidence to distinguish between the location of miR-124 and GluA2 puncta,
while there was insufficient evidence to distinguish between miR-124 and Camk2a puncta or
GluA2 and Fads3 puncta locations (Figure 2-4C).

For further analysis, we divided the puncta into three subcompartments (cell body;
proximal dendrite, up to 20 um from cell body; and non-proximal dendrite, 20-140 um from cell
body), which were chosen based on the distribution patterns of the different RNAs (Figure 2-4A
and B). We quantified the proportion of puncta in each subcompartment to account for
differences in expression levels between the transcripts. The proportion of FISH puncta in the
soma and non-proximal dendrites are shown in Figure 2-3C. This analysis reveals a significant
difference in the somatic/dendritic distribution of miR-124 and GluA2 puncta, with no
significant difference between the somatic/dendritic distribution of miR-124 and Camk2a
(known to be dendritically localized) or between GluA2 and Fads3 (known to be somatically
localized) (Figure 2-4D). The conclusion is that GluA2 is a predominantly somatically restricted
mRNA, while miR-124 is present in somata and in dendrites.

We performed several controls to confirm that the FISH signals we observed were
specific. The specificity of GluA2 and Fads3 probes were verified by hybridization with sense
probes, which did not produce any signal (Figure 2-5A and D). The specificity of the miR-124
probe was verified by hybridization in the presence of a competitive inhibitor that has full

complementarity to miR-124, which produced a marked reduction in signal (Figure 2-6C). In
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Figure 2-4. Group data of puncta distribution.

(A) Fraction of puncta present in arbitrary bins. The 0-10 um bin corresponds to the soma. Bins
beyond 10 um are in the dendrite. Error bars show standard deviation.

(B) Inverse cumulative distribution of puncta in arbitrary bins.

(C) Pairwise comparisons of average puncta distance shown in Figure 2-3B.

(D) Table to accompany Figure 2-3C. Left, fraction of puncta in each of the three
subcompartments — soma, proximal, and non-proximal dendrites. Right, pairwise comparisons

between genes in each subcompartment. Comparisons that are significantly different are in bold.
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Figure 2-5. Controls for mRNA FISH.

(A) GluA2 sense probe does not bind non-specifically. Red, GluA2 mRNA sense probe; cyan,
MAP2; blue, Hoechst. Scale bar = 20 um.

(B) GluA2 antisense signal is absent from astrocytes. Red, GluA2 mRNA antisense probe; green,
GFAP; cyan, MAP2; blue, Hoechst. Scale bar =20 um.

(C) Camk2aq antisense signal is not in inhibitory neurons. Red, Camk2a mRNA; green, GAD67;
cyan, MAP2; blue, Hoechst. Scale bar = 20 pm.

(D) Fads3 sense probe does not bind non-specifically. Scale bar =20 um.
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Figure 2-6. Controls for miR-124 FISH.

(A) The DapB negative control, which is not complementary to any miRNA sequences, does not
bind non-specifically.

(B) miR-124 signal is absent from astrocytes. Red, miR-124, green, GFAP; cyan, MAP2; blue,
Hoechst.

(C) miR-124 signal is drastically reduced in the presence of a competitive inhibitor at 10X
concentration. The inhibitor is fully complementary to mature miR-124. Red, miR-124; green,

GFAP; cyan, MAP2; blue, Hoechst. Scale bar =20 um.
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A DapB negative control

C miR-124 + 10X inhibitor
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addition, the DapB control probe for miRNA FISH did not produce any signal (Figure 2-6A). As
yet another indication of probe specificity, both miR-124 and GIluA2 antisense probes hybridize
to MAP2 positive neurons and do not produce signal in GFAP positive astrocytes (Figure 2-5B
and 6B). Finally, signal from the Camk2a antisense probe was absent from GAD67 positive
inhibitory cells (which do not express Camk2a, Figure 2-5C). Taken together, these controls
indicate that the FISH probes are highly specific.

Since miRNA FISH probes can recognize both mature and precursor miR-124 (pre-miR-
124), we measured pre-miR-124 in synaptosome fractions. The RT-qPCR results show that pre-
miR-124 is depleted from synaptosomes (ratio = 0.09), indicating that the miR-124 FISH signal
in non-proximal dendrites is likely from mature miR-124 (Figure 2-2).

Since our findings contrasted with previous reports showing that GluA2 mRNA localized
to dendrites, we asked whether activity altered the distribution pattern of miR-124 or GluA2
mRNA by silencing neuronal cultures with the sodium channel antagonist tetrodotoxin (TTX; 1
uM), or by stimulation with the GABA 4 receptor antagonist bicuculline (BIC; 40 uM), which
drives glutamatergic transmission. Neither silencing nor stimulation altered the dendritic
localization of GluA2 puncta at any time point examined (15 minutes, 1 hour, or 3 hours, Figure
2-7). As a positive control, we probed for cFos mRNA, an immediate early gene that is strongly
induced by activity [134], which was absent in the TTX- treated cultures, but was highly
expressed in the cell body of bicuculline-treated cultures.

2.3.3 The effects of overexpressing miR-124 levels on endogenous GluA2 levels
To test the effects of manipulating miR-124 levels on GluA2 expression in neurons, we

transduced dissociated hippocampal cultures with lentivirus to overexpress either pre-miR-124
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Figure 2-7. GluA2 FISH on cultures with different levels of activity.

(A) Cultures treated with tetrodotoxin (TTX; 1 uM) or with bicucullin (BIC; 40 uM) for 3 hours
before processing for FISH. Red, GluA2 or c-Fos mRNA; cyan, MAP2; blue, Hoechst. Scale bar
=20 pm.

(B-D) Distribution of FISH puncta after activity treatments. Dissociated neurons were treated
with TTX (1 uM) or BIC (40 uM) for (A) 15 min, (B) 1 hr, and (C) 3 hr. Results are plotted as
an inverse cumulative distribution (i) and as proportions of puncta binned by cell compartment
(i1). From each condition, 4 to 6 dendrites were quantified. Error bars show standard deviation.

The distribution of miR-124 is included as a point of reference.
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(pMIRNA1-124), which is processed by the Dicer pathway into mature miR-124 [135], or a
control with point mutations in the seed region similar to the mutant used in the luciferase assays
(pMIRNA1-124P.M.) (Figure 2-8A). Co-expression of copGFP from the same vector indicated
that transduction efficiency was high, with over 90% of neurons being transduced (Figure 2-8B).
Transduction of the overexpression construct increased mature miR-124 expression by 3.2-fold
while GluA2 mRNA levels were not significantly changed at 1.1-fold relative to control (Figure
2-8C). However, total GluA2 protein levels were reduced by 27% (Figure 2-8D), as determined
by western blotting on whole cells lysates. This result indicates that miR-124 represses
translation of endogenous GluA2 in a manner that is dependent on the seed region.

To complement this approach with experiments in which we reduced endogenous miR-
124, we designed sponge constructs with bulged miR-124 binding sites in the 3° UTR of copGFP
(sponge-124) as well as a previously published control sponge that does not recognize miRNAs
(sponge-CXCR) (Figure 2-9) [136]. By having multiple miRNA binding sites, sponges are
believed to divert miRNAs from binding their endogenous targets. However, when we
transduced cultures with sponge-124, we noticed that the copGFP marker was almost exclusively
expressed in non-neuronal cells and no change in GluA2 protein was observed (Figure 2-9C).
Visual inspection of the cultures and Tuj1 immunoblotting did not indicate reduced neuronal
viability (Figure 2-9). Instead, we suspect that the endogenous concentration of miR-124 was so
high that it repressed copGFP expression and overwhelmed the transduced sponge-124. This
possibility is supported by tests in HEK293T cells that show that increasing concentrations of

miR-124 do repress copGFP expression from sponge-124 (data not shown). Of note, miR-124 is
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Figure 2-8. miR-124 overexpression in dissociated cultures.

(A) Overexpression and control lentiviral constructs.

(B) Live images of transduced cultures taken before harvesting for protein or RNA. Co-
expression of copGFP identifies transduced cells. Scale bar = 50 um. DIC, differential
interference contrast.

(C) Comparative RT-qPCR measurement of miR-124 and GluA2 mRNA fold changes in
neurons transduced with pMIRNA 1-124 relative to control. Error bars show S.E.M. N =3
independent experiments.

(D) Western blot analysis of protein lysates from transduced cultures. Band intensities were
quantified and normalized to Tujl. The difference relative to control is shown below with

standard error. N = 4 independent experiments.
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Figure 2-9. Sponge transduction in cultured neurons.

(A) Sponge-124 and control sponge-CXCR lentiviral constructs.

(B) Western blot analysis of protein lysates from transduced cultures. Band intensities were
quantified and normalized to Tuj1. The difference relative to control is shown below with
standard error. N = 4 independent experiments.

(C) Live images of transduced cultures taken before harvesting for protein. Co-expression of

copGFP identifies transduced cells. Scale bar = 50 um. Scale bar = 50 um.
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the most abundant miRNA in the mouse brain [137]. As a result, we were not able to knockdown
miR-124 in hippocampal neurons with our sponge-124 construct.

In addition to immunoblotting whole cell lysates, subcompartment-specific GluA2
expression was also measured using quantitative ICC. As with the FISH analysis, the cell body,
proximal, and non-proximal dendritic regions were analyzed. GluA2 immunostaining was
performed on permeabilized neurons to measure total GluA2 expression. Quantification of mean
GluA2 signal intensity show that miR-124 overexpression significantly reduced GluA2
expression in all three regions of the neuron: the cell body, proximal, and non-proximal regions
showed 33%, 30%, and 17% reductions in mean pixel intensity respectively (Figure 2-10A-C).
The integrated intensity per cell body was also reduced by 33% (Figure 2-10Aiii). This
observation is consistent with the immunoblotting results.

To measure synaptic GluA2 expression, GluA2 immunostaining was performed on
nonpermeabilized neurons using an antibody that recognizes an extracellular N-terminal epitope.
In the absence of permeabilization, only surface-expressed GluA2 proteins are labeled. Since
functional synapses should have both pre- and post-synaptic compartments [138], we used
antibodies against the pre-synaptic protein, synapsin I, to mark presynaptic compartments, and
focused on GluA?2 signals that were apposed to synapsin-immunoreactive puncta. Quantification
of synaptic GluA2 puncta intensities did not reveal a significant difference between miR-124
overexpression and control (Figure 2-10D). Together, these data indicate that overexpression of
miR-124 decreases the total expression of GluA2 but does not alter the concentration of GluA2

at synapses.
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Figure 2-10. Overexpression of miR-124 downregulates cytoplasmic but not synaptic GluA2
protein levels.

(A-C) Measurement of total GluA2 protein expression by immunocytochemistry (ICC).

(A) GluA2 expression in the cell body. (i) Representative images of cell bodies of transduced
neurons. Red/gray, GluA2 protein; green, copGFP. (ii) Mean GluA2 intensity per pixel. (iii)
GluA2 intensity per cell body. (B) GluA2 expression in proximal dendrites (i) Representative
images. Red/gray, GluA2 protein; cyan, MAP2 (ii) Mean GluA2 intensity per pixel.

(C) GluA2 expression in non-proximal dendrites (i) Representative images. Red/gray, GluA2
protein; cyan, MAP2 (ii) Mean GluA2 intensity per pixel. N =5 independent experiments, 3 to 5
fields per experiment.

(D) Measurement of synaptic GluA2 protein expression by ICC. (i) Representative images of
surface expressed GluA2. Red, GluA2; cyan, Synapsin. (ii) Fraction of Synapsin puncta that are
within 8 pixels (1.248 um) of GluA2 puncta. (iii) Integrated intensity of GluA2 puncta that are
within 8 pixels of Synapsin puncta. N = 3 independent experiments, each with dendrites from 5
different neurons quantified. P values were determined by one-tailed #-tests. *P<0.05, **P<0.01,

**%P<(0.001. Error bars show S.E.M.
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2.4 Discussion

This study was aimed at determining whether and how miR-124 regulates translation of
GluA2 in neurons. Computational identification of a conserved miR-124 site in the 3’UTR of
GluA2 gave rise to the hypothesis that miR-124-mediated regulation of GluA2 could produce
rapid changes in GluA2 expression. Since the GluA2 subunit is calcium-impermeable, such local
changes would have important functional consequences on synaptic strength and connectivity.
We were particularly intrigued by the possibility that local regulation could occur in dendrites
given previous reports that GluA2 mRNA localized to dendrites [117], and that GluA2
underwent local, activity-dependent translation in dendrites [118].

As a first test of whether miR-124 might regulate GluA2 expression in dendrites, we
asked whether both RNAs localized to dendrites and/or synapses. Our synaptosome RT-qPCR
(Figure 2-2) and FISH (Figure 2-3) results showed that this was not the case: GluA2 transcripts
were largely restricted to the cell body, while miR-124 was present in significant concentrations
in dendrites. These observations suggest that miR-124 most likely regulates GluA2 transcripts in
the cell body rather than in dendrites.

Our findings conflict with previous reports that GluA2 mRNA is dendritically localized
and that miR-124 is somatically restricted in neurons [117,139]. Although we are confident
about the specificity of the FISH probes we used (especially since both GluA2 signals were
present in neurons but not in astrocytes), we did explore a number of explanations for the
discrepancy between our results and previously published reports. To address whether the
discrepancy might arise from technical differences in FISH methodologies, we used additional

approaches for FISH, including digoxigenin-modified riboprobes for GluA2 FISH and locked
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nucleic acid (LNA) for miR-124 FISH. GluA2 FISH using riboprobes did not reveal dendritic
localization of GluA2 mRNA in cultured hippocampal neurons (data not shown), and the results
using LNA probes to detect miR-124 were inconclusive, as the signal for the antisense LNA was
not significantly different from the signal from the sense LNA (data not shown). In considering
the lack of dendritic localization of GluA2 mRNA, it is possible that RNA binding proteins on
some transcripts may block probe recognition and lead to underestimation of dendritic
localization. However, we do not think this is likely as the QuantiGene mRNA probes used
recognize 20 different regions on each transcript. Additionally, pre-treating the neurons with
proteinase K to improve probe accessibility did not increase the number of transcripts detected
(data not shown). A possible explanation for the lack of detection of miR-124 in dendrites in Kye
et al. is that the locked nucleic acid probe used did not hybridize well with miR-124. This
possibility is supported by the low level of miR-124 signal detected in the cell body, which was
only slightly higher than their negative control. One would expect a much stronger signal,
considering that miR-124 is the most abundant miRNA in the mouse brain [137]. Another
possible source of the discrepancy between our results and those of Grooms et al. and Kye et al.
is that their FISH experiments were performed on rat hippocampal neurons while we used mouse
hippocampal neurons. Finally, we addressed the possibility that levels of activity regulate GluA2
and/or miR-124 localization in dendrites of cultured neurons by incubating cultures with TTX or
bicuculline, but were not able to detect significant GluA2 signal in dendrites under any condition
(Figure 2-7).

We next sought to evaluate dendritic localization of RNA in a manner that was

independent of concentration, since differences in absolute RNA concentration might affect

65



measurements of RNA distribution. All RNAs are abundant in the cell body, where they are
transcribed. However, by carefully quantifying the somatic signal, and directly comparing it to
the signal in dendrites in the same cell, rather than saturating the somatic signal in order to detect
signal in the dendrites, we were able to quantify and compare the proportion of FISH signal in
three compartments: the soma, the proximal dendrite (0 to 20 um from the soma) and the non-
proximal dendrite (greater than 20 um from the soma). These analyses revealed that Camk2a
mRNA and miR-124 were significantly more dendritically-localized than either GluA2 or Fads3
mRNAs (Figure 3). Since we compared the proportion of each RNA, these differences are
probably due to an RNA-specific mechanism and not just an effect of transcript or miRNA
abundance. We hope that these methods and methods of analyses will provide a useful reference
for future studies on transcript and miRNA localization in neurons.

Our luciferase assays and overexpression studies in neurons show that miR-124
downregulates GluA2 expression in a manner that is dependent on the seed sequence (Figures 2-
1, 8 and 10). Overexpression of miR-124 in neurons reduces endogenous GluA2 protein levels
without affecting mRNA levels, suggesting that miR-124 acts by repressing translation and not
by degrading GluA2 target transcripts (Figure 2-8). While total protein levels are reduced, we did
not detect a change in the concentration of GluA2 at synapses (Figure 2-10). It appears that at
this modest level of downregulation (~30% by immunoblot), post-translational mechanisms exist
to maintain normal levels of synaptic GluA2 expression. These mechanisms may include
enhanced trafficking of GluA2-containing AMPARs, which is a well-studied mechanism of
AMPAR regulation involving post-translational modifications and several interacting proteins

[140-143]. Taken together, the colocalization of miR-124 and GluA2 localization in the cell
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body but not in the dendrite, and the effects of overexpression of miR-124 on total but not
synaptic GluA2 protein in neurons, are most consistent with a model in which the majority of
GluA2 protein is synthesized in the soma and subsequently transported into dendrites and
synapses [110-113].

Several previous studies have suggested that GluA2 is a likely candidate for post-
transcriptional regulation. GluA2 translation following pilocarpine-induced status epilepticus has
been shown to be regulated in a 3°> UTR-dependent manner [ 144]. Furthermore, GluA2 mRNA
immunoprecipitates with FMRP, a RISC component, and GluA2 translation following DHPG
treatment is dysregulated in FMRP knock-out mice [145]. miR-124 has also been shown to
found with FMRP in the mouse brain [146]. The work presented here further suggests a role for
post-transcriptional regulation of GluA2 mRNA by miR-124, and indicates that majority of this
interaction likely takes place in the cell body. Although miR-124 does not affect synaptic GluA2
expression by itself, there are several other predicted miRNA target sites its 3° UTR, including a
validated interaction with miR-181. Saba et al. have found that transfection of a miR-181 duplex
into hippocampal cultures reduces surface GluA2 puncta size [147]. Collectively, these findings
indicate that the concentration of GluA2 in neurons and at synapses is fine-tuned by multiple
mechanisms, some of which occur in the cell body and others of which occur locally at synapses.
Our findings suggest that the local mechanisms do not involve local translation, but rather
consist predominantly of post-translational processes.

2.5 Acknowledgements for this section
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3 Using high-throughput sequencing to identify gene expression changes during chemical

long-term potentiation in acute slices

3.1 Introduction: activity dependent changes in gene expression

Neurons are highly polarized cells, extending many elaborate processes with numerous
synaptic subcompartments. These subcompartments are capable of responding independently
from one another to external stimuli. Furthermore, the responses can be long-lasting, in a manner
that requires new transcription and translation [5]. These features impose unique challenges on
the spatial regulation of gene expression, which the neuron employs a fascinating repertoire of
mechanisms to fulfill.

Regulation of activity-dependent changes in gene expression occurs at both the
transcriptional and translational level. A number of studies have found that neuronal stimulation
induces profound changes in the transcriptome, including changes in transcript levels, splicing,
and polyadenylation [127,149-152]. Neuronal activity can also affect protein synthesis by
modifying translational regulators [153].

We use high-throughput RNA sequencing to survey changes in the transcriptome during
a physiologically relevant model of learning — chemical long-term potentiation (chemLTP) in
acute hippocampal slices. We will also sequence the polyribosome bound fraction of mRNAs to
infer changes in the proteome. This approach will allow us to identify: (1) genes that are
important for long-lasting changes in synaptic plasticity, and (2) general mechanisms that
regulate gene expression during these changes.

3.1.1 Transcription
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Maintenance of long-lasting changes in synaptic plasticity requires new gene expression
and has been shown to be transcription and translation dependent. In a study of plasticity in acute
rat hippocampal slices, Nguyen et al. found that application of transcriptional inhibitors during
the induction of long-term potentiation blocks the persistence of this potentiation at 100 min
[154]. This effect was observed with both actinomycin D and DRB, which inhibit transcription
by intercalating DNA or by preventing transcriptional elongation respectively.

These observations suggest that neurons require new RNA synthesis in order to support
the long-lasting enhancement of synaptic strength seen during LTP. The new RNAs probably
serve a purpose beyond replenishing transcripts lost during basal turnover. Nguyen et al. [1994]
found that blocking transcription after LTP induction does not affect potentiation in the time
frame studied, indicating that temporarily halting the replenishment of transcripts does not
measurably alter synaptic strength. Instead, the new RNA synthesis likely contributes to the pool
of RNAs necessary to meet the new requirements for protein synthesis, suggesting that the new
transcription occurring during LTP induction plays an integral role in its maintenance. The newly
synthesized RNAs may also be noncoding and contribute important regulatory functions to
establishing a long-lasting change in synaptic strength.

To change transcription, synaptic activity generates signals that travel long distances to
the nucleus [68]. One way the signal travels is through the trafficking of soluble proteins. Studies
have identified transcription factors and activators that are basally tethered at synaptic sites, and
undergo translocation to the nucleus in a synapse- and stimulus-specific manner [69,155-157].
Once in the nucleus, they initiate transcriptional programs that are necessary for long-lasting

responses. Neuronal stimulation can also affect chromatin structure [158,159]. However, only a
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few of the necessary transcriptional products have been identified. Also, it is not understood how
different external stimuli activate different transcriptional programs.

Genome-wide studies using microarrays have found that the transcriptome is altered by
various forms of neuronal activity, including depolarization of cultured neurons [160], LTP
induction in acute slices [161], and seizure induction in animals [162,163].
3.1.1.1 Promoter usage

Neuronal activity can modify gene expression by altering transcription factor function.
Activity-dependent transcription factors have been identified by studying the proximal promoter
regions of activity-induced genes. One well-characterized gene is c-Fos, which is induced by
glutamatergic stimulation and by calcium influx during depolarization [164,165]. Mutational
analysis of the c-Fos promoter region identified a cAMP response element (CRE)-like element
that binds CRE binding protein (CREB) [166]. The c-Fos promoter region also contains a serum
response element that mediates calcium-dependent transcription by interacting with the serum
response factor [167]. In a different approach using transcriptome profiling, the transcription
factor MEF2 was also found to play a role in the regulation of gene induction during
depolarization [160]. The MEF2 family of transcription factors is also activated by calcium.
However, while CREB is activated by both calcium and cAMP, MEF2D activation is
antagonized by cAMP [168].

There are several reports of genes switching promoter usage with activity. The gene
encoding BDNF expresses several different 5’UTR isoforms that result from alternative
promoter usage. These isoforms have been found to be differentially upregulated after kainite-

induced seizures in rat brain [ 169]. The mechanism underlying the switch has not been identified,
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although may involve epigenetic modifications as incubation of C6 and N2A cell lines with
DNA methyltransferase and histone deacetylase inhibitors differentially alters isoform
expression [170]. The post synaptic density signaling protein, SynGAP, is another gene that
shows activity-dependent alternative promoter usage, giving rise to isoforms with opposing
effects on synaptic strength [171].
3.1.2 Co-transcriptional RNA processing

Neuronal activity also alters the processing of nascent RNA. Activity-dependent change
in splicing is an active area of study and more recently there has been increasing interest in the
closely related process of cleavage and polyadenylation.
3.1.2.1 Alternative splicing

Newly transcribed coding RNA (called “pre-mRNA”) usually consists of several exons
that are spliced together to form messenger RNA (mRNA). The exons may be “constitutive,”
meaning that they are always included in the fully processed mRNA, or they may be “alternative”
and only included in mRNA sometimes. The inclusion or exclusion of alternative exons is called
“alternative splicing”, and increases transcript diversity and diversity in the encoded proteins.
Recently, a study across tissue types in primates and mice found that the forebrain has the
highest proportion of alternatively spliced exons [172], supporting the idea that neurons have a
flexible gene expression program. Several activity-regulated alternative splicing events have
been identified in genes that encode proteins with important roles in synaptic plasticity [151]. In
many of these events, the switch in splicing has been found to be regulated by CaMKIV. One
example is the big potassium (BK) channel, which is involved in repolarizing neurons after an

action potential. Depolarization represses the inclusion of the STREX exon in BK transcripts
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through an upstream CamKIV responsive RNA element, making the BK channels less sensitive
excitable [173]. Activity also represses the alternative splicing of GluN1 in a CaMKIV-
dependent manner [152].

Many splicing proteins participate in other aspects of RNA metabolism and can shuttle
between the nucleus and cytoplasm [151]. In the cytoplasm, splicing factors function in
polyadenylation, translation, and turnover [151].
3.1.2.2 Cleavage and polyadenylation

Another RNA processing event that occurs after transcription has begun and before it has
terminated is cleavage and polyadenylation (CPA) (although strictly speaking, transcript
termination and cleavage are coupled events). The site of CPA is important as it defines the
boundaries of the 3’ UTR (discussed in Section 1.1.4). There are several elements that influence
where CPA occurs: (1) an AAUAAA sequence or variant that is 15-30 nt 5’ to the CPA site, (2)
a GU-rich downstream sequence element that is 0-20 nt 3’ to the CPA site and not part of the
final mRNA, (3) a U-rich upstream element that is 0-20 nt 5’ to AAUAAA, and (4) the
nucleotides at the actual site of CPA [174]. These cis elements, called the polyadenylation signal
(PAS), recruit the cleavage and polyadenylation specificity factor (CPSF) and the cleavage
stimulatory factor (CstF) with varying efficiency that is dependent upon the actual sequences
present [174].

Genes often have several potential PASs and as a result, can produce transcripts with
alternative 3’ UTRs. High throughput sequencing of the 3 end of transcripts from various mouse
tissues found that 79 % of genes have an alternative 3° UTR isoform [175], which is much higher

than the 32 % previously identified by studying cDNA/EST databases and demonstrates why
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known annotations cannot be completely relied on to study 3’UTRs [176]. In addition to the
CPSF and CstF complexes, and increasing number of splicing factors have been implicated in
the process of CPA (e.g. Ul, U2AF65, ELAV, Nova, etc.) [177]. There are two main types of
alternative 3’UTR isoforms: splicing independent or splicing dependent (Figure 3-1). The
splicing independent type is most common and arises from use of different PASs within the same
last exon [176]. These isoforms have the same coding sequence and share only part of their
3’UTRs. The longer isoform has an extended 3’UTR that may contain regulatory elements not
present in the shorter isoform. Alternative isoforms of this type encode the same protein but
undergo different post-transcriptional regulation. The splicing dependent alternative 3°UTR
isoforms have different coding regions and hence produce different proteins. These proteins
differ in their C-terminal and can have markedly different functions. Some or none of the 3’'UTR
sequence is shared between these isoforms.

The choice of which PAS to use is probably determined by an interplay between the
splicing and CPA factors present and their levels of activity [178,179]. Interestingly, PAS
selection is dynamically regulated in several cell types, including neurons. A well-studied
example of a transcript that switches 3 UTRs is Homer1, which favors a shorter isoform upon
many different types of neuronal stimulation, in a manner that may be mediated by the MAPK
cascade [73,180-183]. The shorter isoform encodes a truncated protein that disrupts the
interactions of full-length Homerl, leading to smaller and fewer dendritic spines [180]. In
addition to Homerl, a previous study using microarrays and KCI depolarization of dissociated

hippocampal cultures has identified 58 other genes that switch 3’UTRs with activity [160].
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Figure 3-1. Types of alternative 3’UTRs.
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3.1.3 Post-transcriptional regulation

The 3’UTR contains cis regulatory elements that determine the post-transcriptional fate
of mRNAs. The regulatory elements may alter transcript stability, localization, and translational
efficiency, providing a flexible and diverse means for neurons to regulate gene expression.
Transcripts from the brain have the longest 3’UTRs among different tissues [184], indicating an
important role for post-transcriptional regulation in neurons. Brain 3°’UTRs are 500 nt longer on
average than Ensembl annotations and contain additional regulatory sequences, such as miRNA
target sites [184].

In conjunction with having longer 3’UTRs with more cis regulatory sequences, the brain
has also been found to express 323 of 380 putative RNA binding proteins (RNABPs), which may
act as trans factors to determine the post-transcriptional fate of mRNAs [185]. It has been
hypothesized that RNABPs coordinately regulate groups of genes involved in synaptic plasticity
[186].
3.1.3.1 Regulation by miRNAs

MicroRNA array studies have shown that expression of many miRNAs is highly enriched
in, or even restricted to, the brain [93]. Further, a large number of miRNAs have been detected in
neuronal dendrites [139], and some have been found to be enriched at synapses[187]. Since they
regulate gene expression post-transcriptionally and in a potentially reversible manner, miRNAs
are well-suited to direct rapid changes that are restricted to subcellular compartments (e.g. by
regulating local translation). Furthermore, miRNAs enable transcript-specific regulation and

have even been found to selectively regulate different isoforms of the same gene [188].
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Most miRNAs are transcribed by pol II as primary miRNA transcripts (pri-miRNA;
~1000 nt) that are capped and polyadenylated. Pri-miRNAs are processed in the nucleus by
Drosha and DGCRS into precursor miRNAs hairpins (pre-miRNA; ~70 nt) that are exported into
the cytoplasm [189]. Pre-miRNAs are cleaved by Dicer into miRNA duplexes (~21 bp). Either
strand of the duplex may be incorporated by RISC and function as a mature miRNA, although
usually only one strand functions as a miRNA (the guide strand) while the other strand is
degraded (the passenger or “*” strand) [189].

Mature miRNAs recognize targets by partial complementarity to sites in the 3’ UTR of
target transcripts. Target sites have also been found in the 5 UTR and coding regions of
transcripts. The most important determinant of whether miRNA/mRNA interaction occurs is
base paring between the target and the 2-8 nts at the 5° end of the miRNA (the “seed”) [189].

Within RISC, miRNAs repress gene expression by either destabilizing the transcript or
by repressing its translation. The exact mechanisms involved in repression are an area of active
investigation. Destabilization most likely occurs by deadenylation of target transcripts, but may
also occur through decapping. Both deadenylation and decapping make transcripts more prone to
degradation by exonucleases. Also, the RISC component, Ago2, has RNAseH activity that is
capable of endonucleolytically cleaving targets. In vitro assays have found that translational
repression by miRNAs is dependent up on the 5’ m’G cap. Ago2 may compete with eIF4F
binding to the cap and prevent circularization of the mRNA during translational initiation.
Repression may also occur by preventing the recruitment of the 60S subunit. Translational
repression can also occur post-initiation. This mode of regulation is supported by polysome

fractionation studies that do not detect changes in the levels of target transcripts in polysome
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fractions, and also by studies that find miRNAs present in these fractions. While the mechanism
is not understood, it is speculated that premature termination is involved or that translational
elongation may be slowed down. There have also been suggestions that miRNPs recruit
proteases that degrade nascent polypeptides [189].

Several studies have taken a genome-wide approach to study the effects that miRNAs
have on the ribosomal loading of their targets. In one set of studies, miRNA levels are
manipulated and SILAC (stable isotope labeling with amino acids in cell culture) with
quantitative mass spectrometry is used to measure changes in the resulting protein levels
[190,191]. These studies found that miRNAs act mostly by degradation of target transcripts and
less so by repressing translation [190]. They also found that miRNAs generally have modest
effects on protein levels [190,191], and that protein level effects are more pronounced if the
target transcripts are degraded [190]. One caveat of these studies is that the use of mass
spectrometry limits analysis of translation to the most abundant proteins [192].

In another set of studies, ribosomally loaded transcripts are used as a proxy for translation.
While not measuring protein levels directly may be seen as a shortcoming, it could also be an
advantage. The dynamics of protein and mRNA turnover are very different, making the two
difficult to compare directly. The use of ribosomally loaded transcripts allows the comparison of
two populations of mRNA, which is a more straightforward comparison with fewer confounding
factors. Hendrickson et al. [2009] overexpressed miR-124 in HEK293T cells and then used
polysome fractionation and microarrays to determine the ribosome occupancy (percent of
transcript with ribosomes) and density (number of ribosomes per transcript) of target transcripts.

They found that miR-124 acts to both decrease target levels as well as decrease the ribosomal
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occupancy and density of targets. In another study, Guo et al. [2010] overexpressed different
miRNAs in HeLa cells and used ribosomal footprinting and RNAseq to determine translational
efficiency of targets. They found that transcript destabilization mostly accounts for the decrease
in gene expression and that translational efficiency played a smaller role. These studies and
others demonstrate that the mechanisms underlying miRNA regulation are complex and cannot
be easily generalized.

Currently, the prevalent view is that both translational inhibition and transcript
destabilization occur during miRNA regulation, and that the two processes are coupled [122].
The genome-wide studies described above have focused on steady state transcript and protein
levels. Greater insight into the dynamics of miRNA regulation may be obtained by measuring
transcript and protein levels at different time points. Also, the studies described above use
chronic overexpression or knockdown of miRNAs. It will be interesting to see what acute,
physiological changes in miRNA levels have on target translation, which is one of the areas of
investigation of this study.
3.1.3.2 Stabilization by RNA binding proteins

RNA turnover is determined by an interplay between stabilization and destabilization.
Sequences in the 3’UTR (cis elements) interact with trans-acting RNA binding proteins
(RNABPs; e.g Hu proteins, hnRNPs) to enhance or decrease transcript stability [195].
3.1.3.3 Transcript localization

mRNA localization and local translation provide a means of spatially-restricting gene

expression. Localization elements are most often found in the 3’UTR [74], and genes with
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alternative 3’UTR isoforms may show different degrees of dendritic localization (e.g. importin
bl [196], BDNF [197]).
3.1.4 Translational regulation

In addition to new transcription, new translation is also required for long-term memory.
The modification of translation factors and signaling pathways involved in translation can alter
long-term memory formation [83,198,199]. For instance, the phosphorylation status of elF2a can
enhance or disrupt LTP [83]. Also, the mTOR signaling pathway regulates translation through
phosphorylation of 4E-BPs and S6Ks, and activation of this pathway suppresses changes in
synaptic strength [199].

Genetic mutations of translational regulators have been found in several monogenic
causes of autism spectrum disorders [200-202]. One notable example is the fragile X mental
retardation protein (FMRP). FMRP is an RNA binding protein that associates with a subset of
mRNAs (i.e. those containing a G-quartet or kissing complex [203,204]) to regulate translation
[92,205,206], transport [207], and degradation [208]. It associates with polysomes in the brain to
repress translation, and this regulation is believed to occur at synapses and with transcripts
encoding synaptic proteins [205,206].
3.1.4.1 Cis-regulatory elements influencing translational efficiency

There are several genes that are translated in a LTP/LTD-dependent manner (e.g.
Camk2a, PKM, Arc, Maplb). However, not much is known about how these specific transcripts
come to more actively translated. One cis regulatory element that has been identified in
transcripts that are translated during long term memory is the 5’ terminal oligopyrimidine tract

(5°TOP) [209]. Interestingly, 5>’TOP mRNAs have been found to be distally localized in mouse
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and Aplysia neurons [210,211]. Another cis regulatory element that plays a role during activity-
dependent translation is the cytoplasmic polyadenylation element (CPE) (see Section 3.1.4.2)
[84].

As a demonstration of the importance of cis elements in regulating translation during
synaptic plasticity, studies have found that alternative 3’UTR isoforms confer different
translational efficiencies upon the same coding sequence. For instance, BDNF has two tandem
3’UTR isoforms that encode the same protein, but the longer 3’UTR contains regulatory
sequences that are absent in the shorter 3’UTR. Translation of the longer 3'UTR is repressed
under basal conditions, and this repression is alleviated by activity [212]. A similar observation
has been made for GluA2, which also has short and long 3’UTR isoforms that are differentially
translated upon activity [ 144].
3.1.4.2 Polyadenylation affecting translation

Most mRNAs acquire a long polyA tail (~200 -250 nucleotides) after cleavage and
polyadenylation in the nucleus. In the cytoplasm, CPE-containing mRNAs interact with the CPE
binding protein (CPEB), which dynamically regulates polyA tail length [84]. CPEB has many
interacting partners. One of them is polyA ribonuclease (PARN), which shortens the polyA tail
of CPE-containing mRNAs to ~20-40 nt. Phosphorylation of CPEB disrupts the interaction with
PARN, and allows the polyA polymerase, germ-line-development factor 2 (Gld2), to lengthen
the polyA tail [84,213]. Polyadenylation requires two cis elements in the 3’UTR: the
hexanucleotide AAUAAA and the CPE (UUUUUAU and variants) [214]. PolyA binding
proteins (PABP) bind along the lengthened tail to help initiate translation by recruiting elF4G to

elF4E, which then recruits the 40S ribosomal subunit. PolyA tail length correlates with
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ribosomal density (the number of ribosomes on a transcript) and consequently, how actively a
transcript is translated [215]. Hence, CPEB regulates translation of a subset of mRNAs by
altering the length of the polyA tail. (PolyA tail length does not correlate with mRNA decay
rates, although deadenylation is required for decay [215,216])

In neurons, CPEB has been detected at synapses and is phosphorylated in an activity-
dependent manner [85,213,217]. NMDAR activation leads to the phosphorylation of CPEB by
Aurora kinase, and is correlated with an increase in the polyadenylation of Camk2a transcripts
[217]. Visual stimulation of rats also leads to the polyadenylation and translation of Camk2a [85].
Studies using injected Xenopus oocytes have found that the polyadenylation of Camk2a is
dependent upon the two CPEs in the Camk2a 3’UTR [85]. CPEB phosphorylation is also
increased by Camk2a [218].

3.1.5 Our experimental paradigm

Long term potentiation (LTP) is a long-lasting form of synaptic plasticity that occurs
between many types of synapses. It has been particularly well-characterized for the CA3-CA1l
synaptic connections of the Schaffer collateral pathway in the rodent hippocampus (Figure 1-3).
Late-phase LTP (L-LTP) at the CA3-CA1 synapses is transcription and translation-dependent,
and also requires activation of NMDA receptors.
3.1.5.1 Acute hippocampal slices

We are interested in studying the synaptic connections between neurons, and have chosen
an experimental model in which normal synaptic contacts are preserved. Furthermore, the
neighboring, non-neuronal cells (i.e. glia) in acute slices also retain their native positions.

However, it should be noted that since acute slices are an ex vivo preparation, the longer range
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connections and neuromodulatory factors are naturally lost. By performing our study in acute
slices, our results can hopefully be generalized to processes that occur in the brain. Although
working with tissue brings greater physiological relevance to our study, the presence of multiple
cell types causes reduced sensitivity to detect events that occur only in a subpopulation of cells.
3.1.5.2 Chemical LTP

In choosing a stimulation protocol to use, our main criteria were that (1) the synaptic
effect produced is long-lasting and requires new transcription, (2) majority of the cells are
affected, and (3) the signaling pathways involved are physiologically pertinent. Chemical LTP
(chemLTP) meets these criteria. The potentiation produced by chemLTP lasts for at least 3 hours
and is transcription dependent [219]. During chemLTP, the entire slice is bathed in the treatment
solution, inducing potentiation at a maximum number of synapses. This is in contrast to the more
traditional way of inducing LTP with electrical stimulation, which only affects a subset of
synapses. Finally, chemLTP produces potentiation by activating the cAMP-PKA and CamK2a
pathways [219], both of which are important for learning and memory in animals [220-222].

We would like to focus on transcriptional events that are specifically required for the
establishment of long-lasting changes in synaptic strength, and have chosen to study chemically-
induced LTP (chemLTP) in acute hippocampal slices as our experimental paradigm [219]. Since
the potentiation achieved with this stimulation is long-lasting and transcription and translation
dependent, the transcriptional changes induced should include the subset specifically required for
long-term plasticity. With the chemLTP paradigm, we hope to identify the population of
transcripts relevant to the maintenance of long-lasting forms of plasticity and also elucidate

general mechanisms that come into play to regulate gene expression.
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3.2 Methods
3.2.1 Sample preparation and sequencing

See Table 3-1.
3.2.1.1 Preparation of acute slices

Acute slices were prepared from 2-3 month old male C57BL/6 mice. Mice were first
anesthetized with isofluorane and then sacrificed by cervical dislocation. The hippocampus was
quickly isolated on ice, and then cut into 500 um slices with a tissue chopper. The slices were
trimmed to remove the dentate gyrus, and then transferred to interface chambers where they were
recovered at 30 °C with continuous ACSF perfusion. Unlike the CA1 and CA3 cell body layers
that contain mostly pyramidal cells, the dentate gyrus has mostly granule cell bodies and is
removed to reduce cell heterogeneity. Furthermore, the mossy fiber connections between the
dentate gyrus and CA3 undergo a form of LTP that is not dependent on NMDARs [223]. The
CA3 is retained as bursting from CA3 cells is required for chemLTP in the CA1 [219].
Furthermore, the CA3 region has recurrent collaterals that should undergo chemL TP with
mechanisms similar to the CA1 neurons [224-228].
3.2.1.2 Elevated potassium treatment

Slices were recovered for two hours and treated with elevated potassium (8.4 mM KCl)
for 40 minutes. The slices were collected by quick freezing on dry ice 3 hours after washout of
the treatment solution. Untreated, time-matched controls were also collected.
3.2.1.3 ChemLTP, forskolin, and chemLTP with APV treatments

After two hour recovery periods, slices in separate chambers were treated with either

DMSO only, the chemL TP cocktail, forskolin only, or the chemLTP cocktail with APV (see
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Appendix, Protocol 2). The slices were collected by quick freezing on dry ice 3 hours after
treatment. The experiment was performed three times. Two mice were used for each replicate,
and yielded a total of 20-24 slices (5 or 6 slices per condition). For the pilot experiment, the same
protocol was used except slices were recovered for 3 hours, only the control and chemLTP
treatments were performed, and 10 mice were used for 10 replicates that were pooled.
3.2.1.4 RNA extraction

Frozen slices were transferred to a glass 0.2 mL micro grinder and homogenized in
Qiazol. RNA was then extracted with the Qiagen microRNeasy kit, which is suitable for both
mRNA and small RNAs. About 2.5 pg of total RNA can be recovered from 5-6 slices.
3.2.1.5 Library preparation

Libraries for regular RNA sequencing were prepared with the [llumina TruSeq Stranded
Total RNA sample prep kit with RiboZero to remove ribosomal RNA. For each library, 1.1 pg of
total RNA was used. Stranded libraries preserve the directionality of the fragments so that the
sequencing reads can be unequivocally aligned to one strand of DNA (Figure 3-2). Libraries
prepared with random hexamers usually have low coverage at the ends of transcripts because of
an inherently reduced number of priming positions (Figure 3-3). Coverage at the very 3’ end of
transcripts is also low because for fragments to cover this region, reverse transcription should
start in the polyA tail. In a truly random mix of hexamers, only 1/4096 hexamers can generate
fragments that begin in the polyA tail. To enrich for reads at the 3’ end, the reverse transcription
step was spiked with dTg oligos to try increase priming events in the polyA tail. However, this
did not seem to improve 3’UTR coverage (Figure 3-4). Libraries were multiplexed and

sequenced with 50 bp paired-end reads.
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Figure 3-2. Comparison between stranded and unstranded libraries.
(A) Stranded libraries preserve the directionality of the reads. The dUTP method of library
preparation is depicted here [229].
(B) Unstranded libraries loose information about which strand of DNA the RNA was

transcribed from.
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Figure 3-3. Schema illustrating why coverage at both ends of transcrips are low.

Colored bars represent sequencing fragments, and arrowheads of the same color represent the a
nucleotide they cover. For example,for the nucleotide indicated by the orange arrowhead, there is
only one possible sequencing fragment that would cover it (assuming all fragments are the same
length). The green nucleotide is more likely to be sequenced, since there are more fragments that
can cover it. Coverage at the end of the 3’UTR requires sequencing fragments that arise from
priming in the polyA tail. Reverse transcription with dTs hexamer primers may increase the

number of fragments thatspan the polyA tail and 3’UTR.
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Figure 3-4. Transcript coverage at the 3’ end was not improved by spiking in dT¢ hexamers
during reverse transcription.

Top: Library preparation using the Illumina Truseq kit with oligodT purification and the dUTP
modification [229]. Single end 100 bp sequencing.

Bottom: Library preparation with the Illumina TruSeq stranded kit with RiboZero purification.

Only the first read of paired end 100 bp sequencing run was considered.

90



Normalized Coverage

Normalized Coverage

1.2

1.0

0.8

06

04

0.2

0.0

1.2

1.0

0.8

0.6

04

0.2

0.0

RNA-Seq Coverage vs. Transcript Position
All_Reads
in file C1-pilot.bam

20 40 60 80 100
Normalized Distance Along Transcript
RNA-Seq Coverage vs. Transcript Position
All_Reads
in file C1-polyT.bam
I I I I I
20 40 60 80 100

Normalized Distance Along Transcript

91




Libraries for small RNA sequencing were prepared with the Illumina TruSeq small RNA
sample prep kit using 1.1 pg of total RNA from the same samples used for total RNA sequencing.
Libraries were multiplexed and sequenced with 50 bp single end reads.

For the pilot experiment, [llumina TruSeq kit with polyA selection was used to make a
library from 4 pg of total RNA. The Illumina protocol was modified with the dUTP modification
to make the library strand specific. The resulting library was amplified and the 350-450 bp bands
were gel purified for sequencing.

3.2.2 Bioinformatics
3.2.2.1 Preprocessing

Binary basecalls were filtered for chastity and converted to Sanger FASTQ format using
CASAVA v.1.8.2 [230]. The resultant FASTQ files were then passed through FastQC-0.10.1 to
verify that no considerable artifacts arose related to library generation or sequencing [231].
3.2.2.2 Alignment

A reference genome was created for the STAR Aligner-2.3.0.1 [232]. Ensembl release 72
was used as the annotation source for creation of the splice junction database [233].
Chromosome ordering and naming conventions were altered to make the annotation consistent
with the UCSC mm10 assembly [234]. All samples were aligned using default parameters, and
the resultant alignments were sorted and converted to the BAM alignment specification using
SAMTools-0.1.14 [235].
3.2.2.3 Differential expression analysis

Differential expression analysis was carried out using the Cuffdiff program supplied with

Cufflinks-2.1.1 [236]. The alignment files for each treatment were supplied as biological
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replicates and Cuffdiff was run with the options for fragment bias and multi-read correction
enabled (flags —b and —u, respectively).
3.2.2.4 Identification of end-tags

Reads that span the 3’ end of transcripts and the polyA tail are considered “end-tags” as
they provide information on the exact site of CPA. Unmapped reads with 7 or more leading ‘A’s
or ‘T’s (readl or read2, respectively) were trimmed of the homopolymer sequence and realigned
with the same settings. The re-alignments were clustered into groups to identify putative CPA
sites. Mates for low quality homopolymer reads were pulled, trimmed for As and realigned.
3.2.3  Validation experiments
3.2.3.1 RT-gPCR

Total RNA (100 ng) was reverse transcribed using random hexamers (50 ng/uL) and
SuperScript IIT (Invitrogen) in a total reaction volume of 20 pL. The resulting cDNA was used
for quantitative PCR with SYBR green and exon-spanning gene-specific primers. The efficiency
of the primers were determined to all be within 100+10%.
3.2.3.2 Semi-quantitative end-point PCR

cDNA prepared from control and chemLTP treated slices was used for PCR using isoform

specific primers. The number of cycles was kept low at 25 to avoid saturation of the reaction.
3.3 Results
3.3.1 Optimization of the treatment protocol
3.3.1.1 Effects of elevated potassium treatments on gene expression

Slices exhibit periods of high-frequency bursting while incubated in elevated potassium

(8.4 mM KCl, compared to 2.5 mM in ACSF and 30 mM in high potassium solutions) (Figure 3-
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5a). After washout, acute slices treated with elevated potassium continue to have persistent
spontaneous bursting (approximates 2-3 bursts/min compared no bursting in control) (Figure 3-
5b). The spontaneous bursting lasts at least two-hours in all the slices tested, and are attenuated
over time by incubation in actinomycin D (Figure 3-5c¢). These results indicate that the activity
induced by elevated potassium has long-lasting effects on synaptic connections, and that these
effects are transcription-dependent.

Despite the increased levels of activity and potentiation of synaptic connections, we did
not detect upregulation of the immediate early genes Arc, c-Fos, BDNF (fold change by RT-
qPCR relative to time-matched controls were 0.79, 0.79, and 1.48 respectively). This unexpected
observation led us to consider previous reports that slice preparation itself has significant effects
on gene expression and test this phenomenon in our slices [237,238].
3.3.1.2 Slice preparation up-regulates gene expression

We extracted RNA from slices that were prepared and maintained on interface chambers
but not treated with any stimulation. We also extracted RNA from hippocampi that were
removed and frozen immediately without being sliced. RT-qPCR results show substantial
upregulation of genes associated with neuronal activity (Figure 3-6). These results show the gene
induction effects induced by the injury of cutting acute slices and incubating them in interface
chambers.

The observation that slice preparation alters the transcriptional landscape of the neurons
is consistent with previous findings that neuronal injury induces activity and engages plasticity
mechanisms [239]. Additionally, previous studies have found that acute slice preparation alters

post-translational modifications and protein levels [237,238]. DMSO alone tends to induce a
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Figure 3-5. Electrophysiological effects seen with incubation of acute slices in increased
potassium.

(A) Bursting induced by continuous application of increased K™ ACSF (8.4 mM

KCI) for 6 hours. Traces show approx. 11 minute-long recordings taken at the indicated time
points from the same slice. Similar responses were seen in 4 other slices. Vertical scale bar is 5

mV, horizontal scale bar is 1 minute. (continued) (Data from T. J. O’Dell)
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Figure 3-5 (continued). (B) Plots show spontaneous bursting induced by bath application of
increased K™ ACSF (8.4 mM) for either 20 (n = 8) or 40 minutes (n = 6). Although a 20 minute
application of increased-K~ ACSF does induce persistent bursting in some slices, the effect is
much less reliable and robust compared to a 40 minute application of increased-K+ ACSF. (C)
Blocking transcription suppresses the long-lasting spontaneous bursting induced by elevated
potassium. Slices were incubated in 40 uM actinomycin D 30 min prior to increased K

treatment, during increased K, and for 1 hour after treatment. (Data from T. J. O’Dell)
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Figure 3-6. Slice preparation induces activity-dependent genes.

Hippocampus was dissected out and part of it was snap frozen immediately. Slices were cut from
the other hippocampus and maintained in interface chambers for 30 min, 3 hr, or 5 hr. Error bars
show standard deviation. N=2 for all except N=4 for c-Fos at 3 hours. Fold-change of several
known activity-induced genes as measured by RT-qPCR. Slices treatments are indicated on the

x-axis. The y-axis represents fold-change relative to control. Error bars show S.E.M.
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small degree of up-regulation in some genes (Figure 3-7). These finding highlight the importance
of having controls that account for the slice preparation induced injury and the effects of vehicle
application.

Although comparison to time-matched control slices will allow us to identify LTP-
relevant transcripts amidst injury-induced transcription, the signaling pathways activated by slice
preparation should still be minimized. Neurons may engage injury responses that interfere with
normal LTP mechanisms, and the injury responses introduce a relatively unpredictable variable.
To minimize injury effects, we tried modifying the ACSF as well as our slice preparation
methods (Figure 3-8) [240]. However, these modifications did not attenuate the injury response,
as determined by measuring changes in transcript levels. We decided that time is the best way to
minimize the injury response, i.e. the recovery period after slicing, since the transcript levels
begin to decrease by 5 hours (Figure 3-6).

While deciding on the parameters with which to induce chemLTP, we considered two
factors: the injury effects associated with slice preparation and the health of the slice as it is
maintained in vitro. We would like to apply the treatment with minimal interference from the
injury effects, but cannot wait too long as slice health is equivocal beyond 8 hours after cutting.
We performed some preliminary experiments varying the recovery period before treatment and
the wash-out period after treatment (Figure 3-9), and decided on 2 and 3 hours for recovery and
post-washout incubation, respectively. We compared a 2 or 3 hour recovery period and found
that neither enhanced the detection of chemLTP-induced changes (Figure 3-9A). It seemed that
the 3-hour recovery period may reduce the variability in fold change measured, however 2 hours

would be more consistent with previous studies. We also compared harvesting slices at 30
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Figure 3-7. Effects of DMSO on gene expression.

Slices were cut, recovered for 3 hours, treated with 0.2% DMSO, and harvested 3 hours after
treatment washout. Expression of different genes was determined by RT-qPCR. Genes were
normalized to HPRT mRNA and compared to time-matched, untreated control slices. Error bars

show standard deviation.
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Figure 3-8. Attempts to minimize gene expression induced by slice preparation.

(A) Dissection and slice cutting were performed in a modified ACSF that contained no calcium
and 10 mM Mg”". Slices were maintained in the modified ACSF for 30 minutes and either frozen
or switched to normal ACSF. (B) Slices were cut and allowed to recover as described previously

in Coba et al. (i.e. in a submerged chamber, among other differences). Error bars show standard

deviation. N= 2.
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Figure 3-9. Changes in transcript levels at different time points.

Comparison of changes in transcript levels induced after different periods of recovery and post-
washout incubation. (A) Slices were recovered for 2 (N =4) or 3 hours (N = 2), treated to induce
chemLTP, and then incubated for 3 hours after treatment washout. (B) Slices were recovered for
2 hours, treated to induce chemL TP, and then incubated for 30 min (N = 2) or 3 hours (N =4)
after treatment washout. (C) Slices were recovered for 3 hours, treated to induce chemL TP, and
then incubated for 30 min or 3 hours (both N = 2) after treatment washout. Error bars show

standard deviation.
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minutes or 3 hours after treatment washout, and found that BDNF and Arc both tended to be
more up-regulated at 3 hours while cFos was more up-regulated at 30 minutes (Figure 3- 9B and
C). Since cFos is a rapid immediate early gene (IEG), we decided that a 3 hour post-washout
would allow us to detect transcript level changes that are not limited to the rapid IEGs.
Preliminary tests indicate that these parameters will allow the detection of significant changes in
chemLTP versus vehicle-treated slices (section 3.3.2.1).
3.3.2  Preliminary results
3.3.2.1 Activity-induced genes are up-regulated by chemLTP treatment

We used RT-qPCR to confirm upregulation of the known activity-induced genes — Arc,
c-Fos, Egr4, and Npas4 [155,241] (Figure 3-10).
3.3.2.2 The short isoform of Homer1 is upregulated by chemLTP treatment

Slices treated with the chemLTP protocol showed an increase in the Homerl isoform
with the shorter 3’UTR (called Homerla or Homer1S) while the isoforms with the longer 3°’UTR
(HomerlL and D) were unchanged (Figure 3-11). These results are consistent with previous
reports of the activity-induction of Homerla [160,181,183]. The Homer proteins are important
post-synaptic scaffolding proteins. Homerla arises from the use of an upstream polyadenylation
signal that results in an isoform encoding a truncated protein. The truncated protein has the N-
terminal PPXXF motif, which interacts with other post-synaptic proteins, but lacks the C-
terminal coiled-coiled domain, which mediates dimerization with other Homer proteins.
Homerla acts as a dominant negative to full-length Homer1, and reduces spine size and synaptic

transmission [180].
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Figure 3-10. Fold change of known activity-induced genes as determined by RT-qPCR.
Total RNA extracted from the slices sent for sequencing were used. Genes were normalized to

HPRT mRNA, and then to control condition levels to determine fold induction.
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Figure 3-11. The short Homerl isoform is preferentially up-regulated by chemLTP.

(A) Semi-quantitative end-point qPCR (25 amplification cycles) shows increase in the short:long
ratio in chemL TP-treated slices compared to control. PCR with no reverse transcription (“No
RT”) confirm absence of genomic DNA in the RNA extracts. (B) Positions of the PCR primers.

(continued)
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Figure 3-11. (continued) (C) Normalized coverage of the short Homer1 isoform. The region
shown correspondsto the 3’UTR of the short isoform (coordinates indicated are for UCSC
mm10). The blue lines at the top show positions of annotated exons (thick bars) and introns (thin
lines). The coverage indicates that 3’UTR of this isoform extends past the current annotation and
probably has two polyadenylation signals. To normalize the coverage tracks for visual inspection,
we applied a normalization method similar to that used by the R package DESeq (Anders, 2010).
We first generated size-factors essentially as described, and then used this as a normalization

quotient on all data points.
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3.3.2.3 Sequencing statistics

Sequencing statistics are provided in Table 3-2.
3.3.2.4 End-tags can be used to identify CPA sites

Preliminary analysis of the end-tags identified in our sequencing data seem to lie mostly
in the 3’UTR of annotated genes. They also appear to agree well with the Hoque et al. annotation
of alternative 3’UTRs [175]. Some genes had many more end-tags than others, and this did not
seem to correlate with expression level determined by the number total reads to that gene (Figure
3-12).
3.3.3 Differential expression analysis

New transcription is required for the maintenance of LTP [154,219,242], indicating an
important role for the newly transcribed genes. To identify these induced genes, we use
differential expression analysis between the four conditions. It should be noted that in our
experiments, we are measuring the steady-state levels of transcripts at 3 hours after treatment.
Hence, the abundance of a given transcript is determined by both transcription rates and
transcript stability. Transcripts that are up-regulated may be due to transcriptional induction or
enhanced transcript stability. LTP also leads to the downregulation of transcripts, although the
significance of downregulation is not clear. It may be that these transcripts are simply not
required in the new cell state, or that the protein products of these transcripts are inhibitory to the
maintenance of LTP. As before, the downregulation of transcripts may be a result of
transcriptional repression or decreased transcript stability.

Differential expression analysis of our sequences results are shown in Tables 3-3 and 3-4.

Briefly, compared to control, chemLTP treatment up-regulated 163 genes and down-regulated 16
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Figure 3-12. Reads that span the 3’UTR / polyA tail junction can be used to identify site of
cleavage and polyadenylation (CPA).

These reads contain terminal untemplated ‘A’s (or ‘T’s depending on direction) are called “end-
tags”. The 3°’UTR of BDNF contains two polyA signals and shown here is the CPA site for the
upstream polyA signal. Gray bars represent reads, colored nucleotides represent mismatches, the
sequence panel shows the genomic sequence, and the RefSeq panel shows annotation for the
BDNF 3’UTR. VHI1, VH2, and VH3 refer to the control, chemL TP, and forskolin only samples

from replicate 1.
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genes, forksolin treatment up-regulated 63 genes and down-regulated 4 genes, and chemLTP in
the presence of NMDAR block up-regulated 118 genes and down-regulated 7 genes. Across the
conditions, the mean upregulation was 2.20-fold and median upregulation is 1.86-fold. These
changes are modest compared to other RNAseq studies, and may be due to several related factors.
First, the plasticity-related gene induction is occurring in the presence of injury-related gene
induction that occurs from slice preparation. Although the effects of injury are common in all the
treatment conditions and can be accounted for with the vehicle-treated control, the injury causes
substantial gene induction that may dampen the fold change induced by chemLTP. Second, our
protocol induces synaptic strengthening, which is a relatively mild change in cell state compared
to differentiation or transformation. Third, many of the transcripts that are up-regulated in our
samples are transcripts that were already being expressed. Even seemingly small two or three
fold increases in these transcripts can actually represent substantial changes in transcription. For
comparison, when a transcript goes from not being expressed to being expressed at one copy, its
fold change is infinite (i.e 1 divided by 0) even though it has only undergone one additional
round of transcription. On the other hand, a transcript that is initially present at 100 copies and
increases to 150 copies is measured as having a 1.5 fold increase. Fourth, the brain slices used
are a heterogeneous mix of many cell types that probably respond differently to chemLTP.
Finally, a study using KCl depolarization of cultured neurons found similarly modest levels of
gene up-regulation of MEF?2 targets: mean 2.92 and median 2.22 [160]. Hence, even though the
fold changes detected in the slices seem modest, they should not be viewed with less confidence.

3.3.3.1 Dissecting the signaling pathways involved in chemLTP
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The chemLTP protocol has two main components: (1) activation of the cAMP signaling
pathway by forskolin, and (2) global depolarization by high potassium. During depolarization,
both ligand-gated and voltage-gated ion channels are activated to allow the influx of calcium and
activation of calcium signaling pathways. In particular, concurrent pre- and post-synaptic
depolarization leads to glutamate release and relief of the magnesium block from NMDA
receptors (NMDARs) and their subsequent activation. NMDAR activation is necessary for LTP
at CA3-CALl synapses, as blocking their activity blocks the maintenance of potentiation
[219,243].

Individually, neither depolarization nor forskolin treatment results in LTP. While the
cAMP and calcium signaling pathways have overlapping targets, their downstream effects are
sometimes antagonistic. To elucidate the roles of the different pathways, we treated slices with
forskolin only so that the changes in gene expression due to cAMP signaling could be
determined separately. We also treated slices with chemLTP in the presence of APV to block
NMDARs. This condition allows us to examine the effect of activating this very specific class of
glutamate receptors. We do not have a depolarization-only condition and will rely on published
databases for gene expression changes due to calcium signaling [160].

To delineate the effects of the different pathways, we determined the differential
expression for each condition compared to control and compared the list of genes to see where
they overlap (Table 3-4 and Figure 3-13). We were interested to see if there were any genes that
were up-regulated in one condition while down-regulated in another, but did not observe this
happening. However, there was one instance of two genes from the same family that were

altered in opposite directions (Col6al and Col6a3).
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Figure 3-13. Overlapping differential expression (DE) between the conditions tested.
Cuffdiff was used to determine DE between the conditions shown and control. Results from the
three replicate experiments were considered (q<0.05). The number of DE genes in each group

are indicated.
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We also made direct comparisons between the conditions and report the DE in Table 3-3.
There is some degree of agreement between the direct comparisons and the comparisons with
respect to control; both lists should be considered when identifying genes that are differentially
regulated in one condition but not another.
3.3.3.1.1 Genes differentially expressed by LTP only (88 genes)

The differential expression of these genes is a result of the synergistic effects of cAMP,
depolarization, and NMDAR activation acting together. They are only induced when all three
components are present.
3.3.3.1.2 Genes differentially expressed by LTP with APV only (38 genes)

This list was unexpectedly long. These genes are only differentially expressed when
cAMP is elevated, neurons are depolarized, but NMDAR are blocked. The implication is that
NMDAR activation suppresses these genes during depolarization and cAMP elevation (genes in
this list are all upregulated). Somehow, calcium influx through NMDAR decreases transcription
or transcript stability of this population.
3.3.3.1.3 Genes differentially expressed by forskolin only (4 genes)

This list is short, indicating that most genes that are induced by cAMP elevation are
generally not antagonized by calcium elevation. Most genes that are activated in the presence of
forskolin remain activated in the presence of depolarization.
3.3.3.1.4 Genes that are differentially expressed whenever there is cAMP elevation (53 genes)

These genes are DE in the presence of cAMP elevation, regardless of whether there is
depolarization or NMDAR activity. Most of the forskolin-induced genes fall into this category.

This subset includes 14 of the previously identified 49 immediate early genes (IEGs) [241].
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3.3.3.1.5 Genes that are differentially expressed when there is cAMP elevation and
depolarization (31 genes)

These genes are differentially expressed by cAMP signaling only if there is also calcium
signaling, regardless of NMDAR activity. This may also contain the subset of genes activated by
depolarization alone, but that condition has not been explored yet.
3.3.3.2 BDNF is not induced in our slice treatments

A gene that is notably absent from our DE lists is BDNF, which has been found by
several studies to be an activity-induced gene [160,241,244]. One possible explanation of why it
is not up-regulated in any of our conditions is that the time point we look at is too early. BDNF is
considered a delayed IEG and in cultured neurons, its expression ramps up between 1 and 3
hours [241,245]. Another possibility is that since BDNF was already induced by slice
preparation (Figure 3-6), chemLTP treatment was not able to induce it further. Finally, it is
possible that cAMP signaling antagonizes the pathway that up-regulates BDNF during activity.
Calcium influx during depolarization activates CREB, which then up-regulates BDNF
transcription [245]. In addition to the CREB binding site, there is another calcium-dependent
element in the BDNF promoter that is hypothesized to be responsible for the delayed kinetics of
BDNF induction [245]. Regulation via this second element may be inhibited in a cAMP-
dependent manner, an effect which would be exaggerated in our forskolin-treated slices. An
example of a transcription factor that is activated by calcium but repressed by cAMP is MEF2
[168], which targets BDNF [160]. To explore the possibility that cAMP plays a role in
suppressing calcium-induced BDNF expression, it would be informative to repeat the

depolarization studies performed in cultures in the presence or absence of forskolin to see how
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BDNF expression is modified. We did not do a depolarization only condition so cannot address
this possibility with our dataset.
3.3.3.3 Gene ontology analysis of differentially expressed transcripts between LTP and control
The genes that were DE in LTP compared to control were organized into functional groups

(Table 3-5). These groups can help identify interesting candidates for follow-up.
3.4 Discussion and future directions
3.4.1 Dissecting processes responsible for changes in transcript level

The steady-state level of a transcript is determined by how actively it is being transcribed
and by factors that stabilize and destabilize the transcript. To determine the relative contribution
of these processes and whether there are global mechanisms acting to regulate a large number of
transcripts, we will examine genomic sequences for promoters and 3’UTRs for motifs affecting
stability. Correlation of gene expression with cis regulatory elements and promoter usage will
allow us to determine whether changes in transcript levels are due to altered stability or
transcription.
3.4.1.1 Promoter usage

The proximal promoter region of differentially expressed genes will be scanned for
known promoter elements, histone positions, and enriched motifs. Expression patterns that
correlate well with promoter usage would suggest that transcriptional regulation is a likely
mechanism of gene regulation for those transcripts. For example, if there is a group of up-
regulated transcripts that have a promoter element in common, these transcripts are likely to be
up-regulated because of increased transcription (which may or may not be accompanied by

increases in transcript stability). This interpretation can be tested in cultured neurons using
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transcriptional inhibitors and pharmacologically-induced activity (e.g. TTX withdrawal or
bicuculline treatment).
3.4.1.2 Transcript stability

Transcript stability is influenced by cis elements, most of which are expected in the
untranslated regions, especially the 3’ UTR which is typically longer than the 5> UTR (800 and
200 nucleotides on average, respectively [246]).
3.4.1.2.1 Motif analysis

The 5° and 3’ UTRs of differentially expressed transcripts will be scanned for enriched
motifs that may influence transcript stability. Motifs that correlate well with changes in transcript
levels would suggest that transcript stability is being regulated. For example, a motif that is
enriched in up-regulated transcripts may be playing a role in stabilizing the transcripts. The
degree of conservation of the motifs will also be considered.
The polyadenylation signal usage between conditions will also be characterized.
3.4.1.2.2 Length of the polyA tail

The fragments that arise from reverse transcription priming in the polyA tail may provide
information on polyA tail length (read types 2, 3, and 4 in Figure 3-14), since a longer polyA tail
has more opportunities for primer binding. This can be tested with ligation-mediated
polyadenylation tests.
3.4.2 Differential expression of glia-enriched genes
3.4.2.1 Astrocyte genes

Several astrocyte-enriched genes were significantly up-regulated by chemLTP treatment.

These include thrombospondin, which is important for synapse formation [247], and glypican4,

118



Figure 3-14. Types of reads from paired-end sequencing.
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which is important for the formation of functional synapses [248]. It is tempting to speculate
from these results that astrocytes play a role in synaptic strengthening during LTP. In order for
this to occur, there should be a way to signal to astrocytes which synapses are active and should
be strengthened. An alternative explanation could be that the forskolin and depolarization during
chemLTP treatment have direct effects on astrocytes, causing them to up-regulate
thrombospondin and glypican4 whether or not there is synaptic activity. One way to distinguish
between these two possibilities would be induce LTP using electrical stimulation and
determining whether these astrocyte genes are again up-regulated. This question may also be
addressed in culture by using bicuculline to increase synaptic activity, and then measuring
glypican4. However, because the in vivo contacts between astrocytes and neurons are not
preserved in dissociated culture, a negative result from culture studies would not be conclusive.
3.4.2.2 Microglia genes

Microglia-enriched genes were also differentially expressed with chemLTP treatment,
which was an unexpected result. A possible role for microglia during synaptic plasticity could be
to eliminate inactive synapses [249]. Potentiation at Schaffer collateral synapses during
chemLTP is dependent upon bursting of the CA3 cells [219]. Although many of the connections
between CA3-CAl neurons are intact, some will invariably be lost as axons project out of the
slice. Synapses on neurons downstream of the lost connections will not be potentiated because of
the lack of synaptic activity. While intact CA3-CA1 connections are strengthened, synapses from
severed connections may be weakened and selected for elimination. Consistent with the idea of
synapse weakening and elimination with activity is the activity-induced expression of Arc, which

accelerates AMPAR endocytosis [250], and the short isoform of Homer1, which weakens
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synapses [180]. To explore the role of microglia in synapse elimination, one possible experiment
could be to treat and stain for activated glia and assess the number of synapses on adjacent
neurons.
3.4.3 Sequencing the translationally active population of mRNAs
3.4.3.1 Polysome fractionation

An mRNA transcript that is undergoing translation typically has many ribosomes bound
to it and is called a polyribosome, or polysome. In polysomes, each ribosome may be engaged in
translation so multiple nascent polypeptides may be synthesized simultaneously. Actively
translating mRNAs can be separated from free mRNA by ultracentrifuging polysome lysates on
a sucrose gradient. Light, free mRNA stays at the top of the gradient, while mRNA with heavy
ribosomes bound will travel at a faster rate through the gradient. The sucrose gradient can then
be fractionated with continuous UV monitoring to identify which fractions contain polysomes
(Figure 3-15). RNA extracted from these fractions can be used for sequencing. Measuring
transcripts in polysomes fractions is a proxy for measuring newly translated proteins. Cis
elements in transcripts from the free and polysomal fractions will be compared to identify motifs
that influence translation.

In addition to sequencing the entire polysome fraction, the individual polysome peaks can
be collected separately and used for RT-qPCR studies. This will allow us to determine how many
polysomes are bound to an mRNA, which provides a measure of how actively it is being

translated.
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Figure 3-15. Example of a brain polysome profile.
Polysome profile obtained from forebrain homogenate that was centrifuged on a 20-50 %
sucrose gradient. This lysate for this profile was obtained from a 3 month old mouse without the

addition of detergents in the lysis buffer.
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3.4.3.2 Advantages and disadvantages of polysome fractionation

Examining changes in mRNA levels alone provides an incomplete picture of gene
expression, since mRNA levels are not well-correlated with protein levels [251]. One of the
reasons for this discrepancy is the abundance of post-transcriptional mechanisms that regulate
mRNA translation. Another reason for the discrepancy between mRNA and protein levels is the
different dynamics that regulate the synthesis and degradation of these two very different
macromolecules. Proteins and mRNAs are not easily compared as they have very different half-
lives and do not exist on the same time scale [251]. One of the advantages of polysome
fractionation over proteomic assays (e.g. mass spectrometry) is that it allows us to compare total
transcripts with ribosomally-loaded transcripts. By comparing two populations of mRNAs, we
do not need to worry about preexisting proteins or rates of protein degradation confounding our
analysis. An advantage of polysome fractionation over ribosome pull-down assays is that
fractionation allows the separation of monosomes, which are generally considered inactive, from
polysomes, which are more active. Polysome fractionation is also preferred over ribosomal
footprinting for this study, since we are interested in identifying cis regulatory elements, which
are abundant in the untranslated regions of transcripts where ribosomes are not expected to bind.
Another advantage of polysome fractionation is that the integrity of the polysome complexes can
confirmed by UV monitoring the fractions.

A disadvantage of using polysome fractions is that not all transcripts with multiple
ribosomes are being translated. A subset of polysomes may be stalled, for example by FMRP
[205]. Also, it is not clear how quantitative measuring mRNA levels in polysomes will be for

assessing increases or decreases in translation. A transcript with 3 ribosomes or 12 ribosomes
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would be counted as one, even though the latter is probably undergoing much more active
translation than the former.
3.4.3.3 Enriching for reads a the 3’ end
Since spiking in dTs hexamers did not improve coverage of 3’'UTRs, we could try

published protocols that are designed to sequence exclusively from the 3° end of transcripts (e.g.
3’T-Fill [252]). This would allow us to precisely identify CPA sites and what 3’UTR isoforms
are being loaded onto ribosomes.
3.4.3.4 microRNA-mRNA interactions

With sequencing data from total mRNA, miRNA, and ribosomally-loaded mRNA, we can
study the correlation between miRNA expression and transcript abundance, as well as
translational efficiency. This would provide information on how miRNAs regulate targets during
synaptic plasticity.
3.5 Conclusions

This study will generate three main datasets (total RNA, small RNA, and polysomal RNA)
that will provide genome-wide information on how gene expression changes during LTP and
during activation of different signaling cascades. One of the most common applications of high-
throughput sequencing is use differential expression analysis to identify genes that are up- and
down-regulated under different conditions. In addition to determining differential expression in
the three datasets, this study will address general mechanisms of gene regulation that are
employed during LTP. We will have a lot of data to work with and will take a systematic
approach to make sense of it by classifying the data (based on e.g. motifs, expression patterns,

etc.) and trying to make connections between observations.
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Table 1. Sequencing project details.
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Table 2. Alignment statistics.
Alignment statistics for the sequencing runs for all 3 sets of replicates C, control; L, chemLTP; F,

forskolin only; A, chemLTP + APV.
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Table 3. Differential expression between treatment conditions as determined by Cuftdiff.

Cellular location and type of protein provided by Ingenuity Pathways Analysis software.
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Gene D Description Nomnalizzd PRI Fold change qvalue Cellular location Type of protein
Sample 1 I Sample 2 (2
Contral vs. LTP (179 genes)
Has1 Hyaluronan synthase1 0145925 1.05738] 7.246076314| 0.0124402|Plasma Membrane  |enzyme
Trh [Thyrotropin releasing hormane 1.20811 8.32476] 6.88506369| 0.0124402|BEdtracellular Space |other
Cor? (Chemokine (C-C matif) receptor 7 0.298029 1.25953] 4.226167652| 0.0124402|Plasma Membrane |G-protein coupled receptor
Thbs1 [Thrombospandin 1 313213 121784 3.88698085] 0.0124402|Extracellular Space |other
Eard Early growth response 4 T.9458 29.3352| 36919166895 0.0124402|MNucleus transcription regulatar
Esm Endathelial cell-specific molecule 1 0.204663 0.705059] 3.44496661] 0.0464016|BExctracellular Space  [growth factor
11120 Interleukin 12b 227201 T.BT096| 3.376292745] 0.0124402|Extracellular Space  |cytokine
Inhba Inhibin beta-A 4.30587 14.526] 3.373555742] 0.0124402|Extracellular Space  |growth factor
1<If4 Kruppel-like factor 4 (gut) 36229 12.0448] 3.323722649] 00124402 Mucleus transcription regulatar
CyrB1 (Cysteine rich protein 61 6.21073 203972 32384172714 0.0124402|Extracellular Space |other
Popirag Zg’te‘” phosphatase 1. re gulatory (inhibitor) subunit 211438 sese17| 214803155| 00122402|cytoplasm other
Arc Activity regulated cytoskeletal-associated protein 61.8026 189.486] 3.065983642] 0.0124402|Cytoplasm other
Rasl11a RAS-like, family 11, member A 158113 484323 2.063137226] 0.0124402|Nucleus ather
3930402G23Rik  JRIKEN cDNA 3930402G23 0.295745 0.900712] 3.045565221] 0.0124402unknown other
Sik1 Salt inducible kinase 1 3.20085 9.20046] 2.604351222] 0.0124402|Cytoplasm kinase
Fos FBJ csteosarcoma oncogene 104.082 300459 2.88673765| 0.0124402|MNucleus transcription regulatar
Tinf2 [Terf1 {TRF1}-interacting nuclear factor 2 11.1058 31.8618] 2.868924496] 0.0124402|Mucleus other
Col6a3 (Collagen, type VI, alpha 3 0.46462 1.26853] 2.730244209] 00124402 |Extracellular Space |other
Gem %z’ci‘?d'”g protein (gene overexpressed in skeletal 200825|  548241| 2739941432] 00124402|Plasma Membrane  |enzyme
Fosh FEJ osteosarcoma oncogene B 11.0884 28 3375| 2555366106 0.0124402|Nucleus transcription regulatar
Gjad Gap junction protein, alpha 4 0725483 1.85101] 2.551383911] 0.0124402|Plasma Membrane  |transporter
Ear1 Early growth response 1 9.96789 25.37838| 2.548048674| 0.0124402|Nucleus transcription regulatar
Arldd (ADP-ribosylation factor-like 4D 15741 20.4388| 2543720221 0.0124402|Nucleus enzyme
Btg2 E-cell translocation gene 2, anti-proliferative 15,1533 38.2818| 2.526307056] 0.0124402|Mucleus transcription regulator
Zic2 Zic finger protein of the cersbellum 2 1.22075 3.0817) 25244234071 0.0124402|MNucleus transcription regulatar
1110 Interleukin 10 0615259 1.55045] 2519992478 0.0124402|BExtracellular Space  |cytokine
Hist1hda Histone cluster 1, Hda 510824 125 832 2.463313077] 00124402 |Nucleus ather
| gfbpl 1 Insulin-like growth factor binding protein-like 1 047245 1.15018] 2434507593 0.0124402 Junknown ather
Brmf Bel2 modifying factor 0408524 0.984943] 2.410980529] 0.0124402|Cytoplasm other
Atoh8 Atonal homolog 8 (Crosophila) 0365986 0.879602] 2.40337205] 00225306 unknawn ather
Cerl 2 (Chemoking (C-C matif) receptor-like 2 2.24667 5.38835] 2.368378571] 0.0124402|Flasma Membrane [G-protein coupled receptor
MNrdal Nuclear receptor subfamily 4, group A, member 1 14 5828 34,8614 2380578864 0.0124402|MNucleus ligand-dependent nuclear receptor
MNeat? Nuclear paraspeckle assembly transcript 1 9.28607 21.6874| 2.335481472] 0.0124402|Mucleus other
4930523C07Rik  |RIKEN cDMNA 4830523C07 gene 1.64527 3.83033] 2323572031 0.0124402 |uknown other
Tnfaip2 [Tumor necrosis factor, alpha-induced protein 2 48495 11.0136] 2271098061 0.0124402|Extracellular Space |other
Egr2 Early growth response 2 3.5251 7.98169] 2.264244887] 0.0124402|Mucleus transcription regulator
Trmt61h [RMNA methyltransferase 61 hamolog B 10672 24.0398| 2252596199 0.0124402|unknown ather
111b Interleukin 1 beta 21.3488 48 0293 2 249742682] 00124402 |Extracellular Space  |cytokine
Cartpt (CART prepropeptide 1.567393 3.52705] 2.249493191] 0.0383086|Ectracellular Space  |other
Rnf217 Ring finger protein 217 8.29902 18.5481] 2.234977024| 0.0124402|unknown enzyme
Zic1 Zinc finger protein of the cerebellum 1 1.25028 2.78708| 2229158736 0.0124402|Nucleus transcription regulatar
Espli Extra spindle poles-like 1 (5. cerevisiae) 0267412 0.595055| 2.225238544] 0.0124402|Mucleus peptidase
Dom3z DOM-3 hamolog Z (C. elegans) 4.88464 10.8535] 2.221971019] 0.0124402 Junknown ather
Foxcl Forkhead box C1 0677113 1.502421 2.218846707| 0.0124402|Nucleus transcription regulator
Sath? Special AT-rich sequence binding protein 2 0871555 1.89228 2.1711509] 0.0124402|Nucleus transcription regulatar
Gib2 (Gap junction protein, beta 2 0933745 2.02629| 2170067623 0.0124402|Flasma Membrane  |transporter
Cyp1b1 (Cytachrome P450, family 1, subfamily b, polypeptide 1 1.36252 2.94746] 2.163248396] 0.0124402|Cytoplasm enzyme
Rab20 RAB20, member RAS oncogene family 3.54401 T.B6622| 2163144437 0.0124402|Cytoplasm enzyme
Fam163b Family with sequence similarity 163, member B 4 60065 988032 2147592096 0.0124402|unknown ather
Gaddd5g (Growth arrest and DNA-damage-inducible 45 gamma 38 9467 82 3454 2.114298858| 0.0124402 |Nucleus ather
Tphg Trophoblast glycoprotein 4.03427 349878 2.10664906] 0.0124402|Flasma Membrane |other
116 Interleukin 6 15.0086 315671 2.103264077] 0.0124402|Bxtracellular Space  |cytokine
MNiacr1 Niacin receptor 1 2.03419 421681 2.072971095] 0.0124402|Flasma Membrane |G-protein coupled receptor
MNpasd Neuranal PAS domain protein 4 8.41951 17.0605] 2.02630311] 0.0124402|Nucleus transcription regulator
Cenl Cyclin L1 265044 53 6779] 2.025248989] 0.0124402|MNucleus other
Nrda2 Nuclear receptor subfamily 4, group A, member 2 8.33552 16.6923] 2.002552408] 0.0124402|Nucleus ligand-dependent nuclear receptor
Nikie huclear factor of kappa LNt polypepiids gens 28e11|  se2aaz| 1.945458223] 00124902 hcleus ranscription regulator
ehhancer in B-cells inhibitor, epsilon

Arrdc3 Arrestin domain containing 3 179833 349372 1942761767 0.0124402|Plasma Membrane |other
Wps3Th Vacuolar protein sorting 37B (yeast) 9.60922 18 B017| 1.9235814886] 0.0124402|Cytaplasm ather
Procr Protein C receptor, endothelial 243194 4.66529] 1.918342072] 0.0225306|Flasma Membrane  [other
Gpro3 (G protein-coupled receptar 63 4.03189 T.66605] 1901356422 0.0124402|FPlasma Membrane |G-protein coupled receptor
Bag2 BclZ-associated athanogene 3 3.11515 5.90584| 1885846291 0.0124402|Cytoplasm ather
kcned Ef;?;fﬂ'ﬁ;” ggﬁ:fﬂam channel, Iskcrelsted 220007|  432003| 1.880382187| 0.0124402|Plasma Membrane  ion channel
Kdm6b DM 1 lysine (K)-specific demethylase 6B 1.81754 3.42737| 1.885989965] 0.0124402|BExtracellular Space  |other
Paxf Paired box gene 6 4.07291 T.BE306| 1.881470831) 0.0124402|MNucleus transcription regulatar
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Ghsr Growth hormaone secretagogue receptor 0968501 1.80067] 1.857318197| 0.0225306|Flasma Membrane |G-protein coupled receptor
Sox11 SRY-box containing gene 11 211506 5.77913] 1.855222214] 0.0124402|MNucleus transcription regulator
<12 Kruppel-like factor 2 {lung) 1.57287 2.91767] 1.854989473]| 0.0388086|Nucleus transcription regulator
ler? Immediate early response 2 12.5639 23.2304] 1.8483975361| 0.0124402|Cytoplasm other
Junb Jun-B oncogene 110.789 204 47| 1.845582207| 0.0124402|Mucleus transcription regulator
[Tet? Tet methylcytosine dioxygenase 3 2.87407 T7.10299] 1.83348789] 0.0124402|MNucleus other
[VYipf2 (\WASAMVASL interacting protein family, member 3 219066 58.484| 1832973591 0.0124402|Flasma Membrane |other
Pppirisa ?;’;S'” phosphatase 1, regulatory (inhibitor) subunit s02024] 36 0414] 1828585113] 0 0124402|Cyoplasm other
Irs2 Insulin receptor substrate 2 11.9626 21.8267| 1.824574425| 0.0124402|Cytoplasm enzyme
7 Fhocd Zinc finger homeodomain 4 1.05489 1.91868] 1.818849282| 0.0124402|Extracellular Space |other
ALf3 Activating transcription factor 3 26,7836 43.5411] 1.812347997| 0.0124402|Nucleus transcription regulator
I11rn Interleukin 1 receptor antagonist 429129 T.77209] 1.811319441| 0.0124402|Extracellular Space  |cytokine
AT Adenylate kinase 7 1.38547 2.50761] 1.80934016| 0.0225306|Cytoplasm kinase
Cd14 CD14 antigen 32225 58.2805] 1.808549393| 0.0124402|Flasma Membrane |transmembrane receptor
1111 I nterleukin 11 1.83095 3.28256] 1.792815466| 0.0388086|Extracellular Space  |cytokine
Ttn Titin 0.31577]  0.565256] 1.790084884| 0.0124402funknown kinase
Nrarp Motch-regulated ankyrin repeat protein 270508 4.83116] 1.785955334] 0.0225306]|Nucleus transcription regulator
Rnf122 Ring finger protein 122 1.70215 3.03882] 1.78528574| 0.0225306)unknown other
Lrrc32 Leucine rich repeat containing 32 1.00367 1.78675] 1.780219333| 0.0307235|Flasma Membrane |other
Gm13889 Fredicted gene 13889 425227 T5.4709] 1.774837573| 0.0124402Junknown other
Fstit Follistatin-like 4 4.4257 7.85415]  1.77466904] 0.0124402unknown other
Csmp 1 Cysteine-serine-rich nuclear protein 1 18.0467 31.8958] 1.767402953| 0.0124402|MNucleus transcription regulator
Dusp1 Dual specificity phosphatase 1 13.102 23.0889] 1.762243153]| 0.012440Z|Nucleus phosphatase
Lcmt2 Leucine carboxyl methyltransferase 2 508249 8.94468] 1.759300665]| 0.012440Z unknawn enzyms
Cwic25 CVWC25 spliceosome-associated protein homolog 12.6848 22.243) 1753510416 0.0124402 Junknown other
Doczb Double C2, beta 8.21059 14.2829] 1.739569115| 0.0124402|Cytoplasm transporter
\aff V-maf musculoaponeurelic fibrosarcoma oncogene 213883]  37.1484] 1.728853415| 0.0124402|Nucleus transcription regulator
Family, protein F {avian)
[\4fs1 Wvolfram syndrome 1 homolog (human) 15.032 26.1052] 1736637931 0.0124402|Cytoplasm enzyms
DuspS Dual specificity phosphatase 5 8.63065 15.0493] 1.733658811| 0.0307235|Nucleus phosphatase
Inf2 Inverted formin, FH2 and ¥YWH2 domain containing 991076 171681 1.732272626] 0.0124402|unknawn other
Dakh Diacylglycerol kinase, eta 18.0494 31.2405] 1730829962 0.0124402|Cytoplasm kinase
[Tiparp TCDD-inducible poly{ ADP-ribose) polymerase 25483 44.0828| 1.729890838] 0.0124402 |unknown other
Lct Lactase 524767 9.07122] 1728619091 0.0124402|Flasma Membrane  |enzyme
Kenh7 Fotassium voltage-gated channal, subfamily H (sa- 930062  18.0269| 1723205787| 00124402|Flasma Membrane  |ion channel
related), member 7
Apoldl Apclipoprotein L domain containing 1 10.5025 18.0628] 1.719852831| 0.0124402 Junknown other
Sipall? Signal-induced proliferation-associated 1 like 3 8.62413 14.8148] 1.717827295| 0.0124402 unknown other
6420411K18Rik  |RIKEN cDMA 8430411K18 gene, non-coding RNA 4.74648 8.13546) 1.71399987| 0.0124402 Junknown other
Cxcl 10 Chemakine (C--C motif) ligand 10 28 8546 43.0808| 1.700970358| 0.0124402|Extracellular Space |cytokine
Cdknla Cyclin-dependent kinase inhibitor 1A (P21} 6.49421 11.0082] 1.895083098| 0.0124402|Nucleus kinase
| gsfab | mmunoglobulin superfamily, member 9B 2 49586 4.22986| 1.694748272] 0.0207235|unknowin other
Aff1 AFAIFMR2 family, member 1 357581 6.05272] 1.692883217| 0.012440Z|Nucleus transcription regulator
GrinZh Glutamate receptor, ionotropic, NMDAZB (epsilon 2) 55266 93.2179] 1.686104555| 0.0124402|Flasma Membrane |ion channel
Hr Hairless 1.19878 2.01611] 1.681808819| 0.0307235|MNucleus transcription regulator
Iqsec? | G motif and SecT domain 2 13.8502 23.2826] 1681025955 0.0124402|Cytoplasm other
Dsp Desmoplakin 4.43602 7.44933] 1.679282558| 0.0124402|Flasma Membrane |other
| 7fhyc2 Zinc finger hormeohox 2 1.37119 2.20084] 1.677987537| 0.0225306]Nucleus other
Dyriclh Eﬁ:;zaﬁf‘ﬂ“w tyrosine-{Y)-phosphorylation requlated | 5 seooel 5 g7a00| 1 676709277 0.0124402|Mucieus kinase
Fam@5a Family with sequence similarity 85, member A 576374 9.57649] 1.661507724| 0.0124402|Cytoplasm other
Pim1 Froviral integration site 1 11.3869 18.9171] 1661296982 0.0225306]Cytoplasm kinase
Hsbst3 Heparan sulfate 8-Q-sulfotransferase 3 9 45639 15.6935] 1.659570535| 0.0225306 unknown enzyms
Siczan fnoe‘;f;ff'e’ family 2 {faciltated glucese ransporter). | yq peaal 39 5408| 1654091721 0.0124402|F1asma Membrane  [iransporer
Soga2 Sggﬁffg;”v member 2, coiled-coil domain-containing 457473 7.53402| 1846877218 0.0124402|unknown other
Nfil2 Muclear factor, interleukin 3, regulated 16,8631 27.7442] 1.645257046] 0.0124402|MNucleus transcription regulator
Ear3 Early growth response 3 910872 14.9516] 1841465013 0.0307235|Nucleus transcription regulator
Sema domain, seven thrombospondin repeats (type 1
Semash and type 1-like), transmembran e domain (TM) and 1.83477 2.999| 1.634538093| 0.0307235|Flasma Membrane [other
short cytoplasmic domain, (semaphorin) 5B
Rph3a Fabphilin 3A 24 3221 39.6359] 1629627233 0.0124402|Flasma Membrane  |transporter
Gm2115 Predicted gene 2115 218874 35.6562] 1.629071584| 0.012440Z2 unknawn other
Mast m:rrﬂoéifi‘e associaled serine/threonine knase family s4ntes| 8 78s73| 1628400082 00124402 unknown Kinase
[Tact Tachykinin 1 9.02419 14.6732] 1.620986185| 0.0307235|Extracellular Space  |other
Shank1 SH3/ankyrin domain gene 1 21.9651 35.7084] 1.625732619] 0.0124402|Cytoplasm other
hap3k13 Mitogen-activated protein kinase kinase kinase 13 228316 3.70685] 1.623607602| 0.0388086|Cytoplasm kinase
Mcor2 Muclear receptor co-repressor 2 6.26093 10.1565) 1.822201482| 0.0124402|Nucleus transcription regulator
Gpcd Glypican 4 60963 9.8734| 1619438858 0.0124402|Flasma Membrane  |transmembrane receptor
Shisa? Shisa homolog 7 780255 12.6101) 1816145401 0.0124402 unknown other
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kengs Potassun vollags.gated channel, subfamiy Q. 23.9148|  33.6472| 1616038083 00124402|Flasma Membrane  [ion channel
Al414108 Expressed sequence Al414108 210251 3.39268| 1.614106755| 0.0464016Junknown other
Nikb 1 ?;fffrgfg;’ of kappa light chain gene enhancerin B-| 45 j7e0] 24 35¢) 1 g04a77001] 0.0725308|Nucleus transcription requlator
Ferl Period homalog 1 (Drosophila) 7.26696 11.8275] 1.601420301] 0.0307235|MNucleus other
Fatd FAT tumor suppressor homolog 4 (Drosophila) 4.04595 6.46438| 1597740379 0.0225306Junknown other
Elmsan1 ELM2 and Myb/SANT-like domain containing 1 3.02368 481853 1592927488 0.0307235|Nucleus other
Sema domain, seven thrombospondin repeats (type 1
Semada and type 1-like), transmermbrane domain (TM) and §.28422 13.1702| 1.588788663| 0.0124402|Flasma Membrane  |transmembrane receptor
short cytoplasmic domain, {(semaphorin) SA
Mdgat mﬁ;ﬂma‘” containing glycosylphosphatidylinositol seea12|  o02217] 1580008373 0.0225308|Plasma Membrane  [other
Ankrd13a Ankyrin repeat domain 13a 15.667 24.8852| 1.588384788| 0.0225306|Plasma Membrane  [other
Ml 2 hyeloidlymphoid or mixed-lineage leukemia 2 3.95437 6.27065] 1.585750723] 0.0124402|Nucleus transcription regulator
Siah2 Sewen in absentia 2 7.80205 12.3562| 1.583713094| 00388086 Nucleus transcription regulator
MNrdad MNuclear receptor subfamily 4, group A, member 3 13.4583 21.313] 158382857 0.0225306|Nucleus ligand-dependent nuclear receptar
i1 heningioma 1 4.35686 6.89473] 1.582512615] 0.0307235|Nucleus other
Eif2c2 Eukaryotic translation initiation factor 2C, 2 6.95175 10,9573 1.576188412] 0.0307235|Cytoplasm Other
Zbtb20 Zinc finger and BTB domain containing 20 23.0187 36.2526| 1.575060232] 0.0225306|MNucleus other
Ephabt Eph receptor AB 63.6171 100197 1575001279 0.0464016|Flasma Membrane  |kinase
Camta2 Calmodulin binding transcription activator 2 20.8301 3A2.782) 1573780132 0.0124402|Nucleus other
Zmiz 1 Zinc finger, MIZ-type containing 1 2.54128 3.98924| 1.569777406] 0.0307235|Nucleus other
Fam107b Family with sequence similarity 107, member B 19.5676 306773| 1567758129 0.0225306Junknown other
Gpr19 G protein-coupled receptor 19 15.098 2385 1.566437274| 0.0464016|Plasma Membrane |G-protein coupled receptor
Sezf Seizure related gene 6 17.5049 27 4139| 1.566070326| 0.0225306]Extracellular Space |other
Crem CAMP responsive element modulator 13.6105 21.202) 1.557769741| 0.0388086|Nucleus transcription regulator
Cebph CCAAT/enhancer binding protein (C/EBP), beta 12.4953 16.458] 1.557222397] 0.0464016|Nucleus transcription regulator
Frikcd Protein kinase C, delta 10.7477 16.7331 1.55689322| 0.0225306|Cytoplasm kinase
Arid1a AT rich interactive domain 1A (Swi1 like) 521877 8.10715] 1.552459899] 0.0307235|Nucleus transcription requlator
Grin2a Glutamate receptor, ionotropic, NMDAZA {epsilon 1) 51.877 80.0349| 1542782835 0.0307235|Flasma Membrane  [ion channel
Cacnale ngcu‘:lr: channel, voltage-dependenl, Rtype. alpha 1B o0 o1l 56 s4a4] 1535621857| 0.0307225]Plasma Membrans  [ion channel
Crtct CREB regulated transcription coactivator 1 11.9256 16.235] 1.528072698] 0.0388086|Nucleus transcription regulator
9330001HOBRIk  |RIKEN cDMNA 8830001HOE gene 2.93005 4.5559] 1.528800335| 0.0307235|uknown other
Adaritsa A disintegrin-liks and metallopeptidase (reprolysin 1s.0068]  22.0268| 1527732547| 0 0zss088|Exvacelular Space  |peptidase
type) with thrombospondin type 1 matif, 4
Fosl2 Fos-like antigen 2 11.1496 16.961] 1.521219144] 0.0464016|Nucleus transcription requlator
Pedhs Protocadherin & 25.0617 37.8404] 1.509888484| 0.0464016)Plasma Membrane  |other
Celsr2 Cacherin EGF LAG seven-pass G-type receptor 2 16.8474 254704] 1.507362075| 0.0124402|Plasma Membrane  |G-protein coupled receptor
R3hdm?2 R3H domain containing 2 10.0863 15.1986] 1.506844976] 0.0464016|MNucleus other
Moy MNephroblastoma overexpressed gene 103.661 66 7471 0643898413 0.0307235|Extracellular Space |growth factor
Crym Crystallin, mu 264 877 167.842| 0.632660504| 0.0307235|Cytoplasm enzyme
Nnat MNeuranatin 259761 161.172] 0620462963 0.0307235|Plasma Membrane  [transporter
Ccl9 Chemokine (C-C motif) ligand 9 25.8664 21.2817| 0593360584 0.0124402|Extracellular Space [cytokine
Cpne2 Copine |l 6.48767 3.82828| 0.590085526| 0.0124402|unknown other
Cpne? Copine VI 130,922 T1.153) 0543474782 00124402 unknown transporter
Itabl1 Integrin, beta-like 1 6.05808 3.15987| 0521595381| 0.0124402|unknown other
Scmid Sex comb on midleg-like 4 (Drasophila) 1.3238]  0661393] 0499615451 0.0124402|unknown other
Trhr Thyrotropin releasing hormone receptor 0897154 0.437655] 0487826488 0.0464016|Plasma Membrane |G-protein coupled receptor
Grp Gastrin releasing peptide 18.5518 876831 0472638809| 0.0124402|Extracellular Space |growth factor
Fibin Fin bud initiation factor homolog 1.70272 0.784839] 0460933331 0.0225306Junknown other
Angptld Angiopoietin-like 4 30.052¢9 12,4086 0446168325 0.0124402|Extracellular Space  |other
ColGal Collagen, type VI, alpha 1 25136 1.06723] 0.424580495] 0.0124402|Extracellular Space  |other
Dcn Decorin 171931 6.00561| 0.349305194| 0.0124402|Extracellular Space |other
Ccl17 Chemokine (C-C motif) ligand 17 3.5803 1.011268] 0.282450508| 0.0307235|Extracellular Space  |cytakine
Ttr Transthyretin 3.99007] 0.8318246] 0.205321982] 0.0124402|Extracellular Space  |transporter
Control vs. LTP with APV (125 genes)
XIr3b H-linked lymphocyte-regulated 2B 0154514 1.81916) 11.7734889] 0.0124402|Nucleus other
Has1 Hyaluronan synthase1 0145925 1.22684] 8407343391 0.0124402|FPlasma Membrane  |enzyme
Trh Thyrotropin releasing hormone 1.20911 962441| 7959953484 0.0124402|Extracellular Space |other
Egr2 Early growth response 2 3.5251 16.4602] 5520465791 0.0124402|Nucleus transcription regulator
Esm Endothelial cell-specific molecule 1 0.204663 0.952682| 4.659774047| 0.0124402|Extracellular Space  |growth factor
Inhba Inhibin beta-A 4.30587 19.4424) 4515325524 0.0124402|Extracellular Space  |growth factor
Thbs1 Thrombospondin 1 313313 12.2732] 3.917219578| 0.0124402|Extracellular Space  |other
Egrd Early grawth response 4 T.9458 30.8467| 3.882134225] 0.0124402|Nucleus transcription regulator
Areg Amphiregulin 0397247 1.48012) 3.725628527] 0.0124402|Extracellular Space  |growth factor
Arc Activity regulated cytoskeletal-associated protein 61.8026 203.101| 3.286267682| 0.0124402|Cytoplasm other
Fos FEJ ostecsarcoma oncogene 104.082 339.196| 3.258911106] 0.0124402|Nucleus transcription regulator
If4 Kruppel-like factor 4 (gut) 3.6239 11.5158 31777376 0.0124402|Nucleus transcription requlator
Sik1 Salt inducible kinase 1 3.20985 10.1293] 3155677984 0.0124402|Cytoplasm kinase
Rasl11a RAS-like, family 11, member A 15.8113 49.3388] 3120462772 0.0124402|Mucleus other
Tinf2 Terf1 (TRF1)-interacting nuclear factor 2 11.1058 33.0469| 2.975640008| 0.0124402|Mucleus other
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Btg2 B-cell translocation gene 2, anti-proliferative 15.1533 44.6641] 2.847475865| 0.0124402|Mucleus transcription regulator
Cyri1 Cysteine rich protein 61 6.21073 16.0732] 2.910001708| 0.0124402|Extracellular Space [other

Gem SHIECE;'G‘”Q protein {gene oversxpressed in skeletal 20.0825|  58.2425| 2.900154984| 00124402|Flasma Membrane  [enzyme

Mrdal MNuclear receptor subfamily 4, group A, member 1 14.5828 406345 2.788453343| 0.0124402|Nucleus ligand-dependent nuclear receptor
Ghsr Growth hormone secretagogu e receptor 0.969501 2.66125] 2.744969273| 0.0124402|Flasma Membrane |G-protein coupled receptor
Espl1 Extra spindle poles-like 1 (S. cerevisiae) 0267412 0.732568] 2.739476067] 0.0124402|MNucleus peptidase

Junb Jun-B oncogene 110.789 208.779] 2.696840123| 00124402 |Nucleus transcription regulator
3930402G23Rik  |RIKEMN cDNA 3830402G23 gene 0285745 0.791433] 2.6762631838| 0.0124402 unknown ather

Cenpa Centromere protein A 3.02543 7.80359) 2.579336501] 0.0124402|Nucleus ather

Fosh FBJ osteosarcoma oncogene B 11.0894 28.5279) 2.572533742| 00124402 |Nucleus transcription regulator
Eqr1 Early growth response 1 996739 24 6276] 2.4707002668| 00124402 |MNucleus transcription regulator
HistThda Histone cluster 1, Hda 51.0824 123.008] 2.408024382| 0.0124402|Nucleus other

Fopirag ;g’te‘” phosphatase 1. regulatary (inhibitor) subunit 211430]  s07707| 2401190724| 0 0124402 Cyroplasm ather

Gjad Gap junction protein, alpha 4 0725493 1.73601] 2.2928666438] 0.0124402|Plasma Membrane  |transporter

[Trmté1b tRMNA methyltransferase 618 10.672 254018] 2.380228372| 00124402 Junknown other

Domaz DOM-3 homolog Z (C. elegans) 488484 11.4136] 2.236631128| 00124402 unknown other

Gm13884 Fredicted gene 13888 42 5227 408.0353] 2328998068 0.0124402Junknown other

Gm129 Gene model 129, (NCBI} 7.00884 16.2007] 2.311533066| 0.0124402|unknown other
[1930523C07Rik  |RIKEN cDNA 4830523C07 gene 1.64527 3.76342) 2.287417958| 0.0124402Junknown other

Aldh1a3 Aldehyde dehydrogenase family 1, subfamily A3 0753424 1.68429] 2.248791647| 0.0124402|Cytoplasm enzymes

Kened Eféf;;‘ﬁ? ;g::‘gfgam chennel, Iskereleted 220007|  514783| 2.239086001| 0 0124402|Plasma Membrane  [ion channsl

[Tpbg Trophoblast glycoprotein 4.03427 8.99208) 2.229175187] 0.0124402|Flasma Membrane |other

MNpasd Meuronal PAS domain protein 4 841951 18.4472] 2.191000783] 0.0124402|MNucleus transcription regulatar
Arldd ADP-ribosylation factor-like 4D 11.5731 2517y 2174871254 0.0124402|Mucleus enzyme

Cartpt CART prepropeptide 1.56793 3.39808) 2.1672265891] 0 .0464016|Extracellular Space |other

Aim 1 Absent in melanoma 1 0331929 0.709099] 2.136293684) 00124402 |Extracellular Space |other

Foxc1 Forkhead box C1 0877113 1.44628] 2.135953145] 00124402 |MNucleus transcription regulator
Mrarp MNotch-regulated ankyrin repeat protein 270508 575612] 2.127884729] 0.0124402|Mucleus transcription regulator
Errfi1 EREB receptor feedback inhibitor 1 56.17688 118.764] 2.114124003| 0.0124402|Cytoplasm other

|er? |mmediate early response 2 12.5639 26.488| 2.108503043| 0.0124402|Cytoplasm other

Brrf Bel2 modifying factor 0408524 0.857623] 2.099316853| 0.0225306|Cytoplasm ather

Dusp1 Dual specificity phosph atase 1 13.102 27.504) 2.089215086| 0.0124402|Nucleus phosphatase

Ccnlt Cyclin L1 26.5044 55.503] 2.084114026] 0.0124402|Nucleus other

Cwe25 CYWCZ25 spliceosome-associated protein homolog 12.6848 26.4455] 2.084815912| 0.0124402 Junknown other

PopiriSa T?Ate‘” phosphatase 1, regulatory {inhibitor) subunit 30,3004 41768 2087475188 0 0124402|cyroplasm othar

Gpr19 G protein-coupled receptor 189 15.098 30.8176] 2.041175174] 0.0124402|Flasma Membrane  |G-protein coupled receptor
MNrda2 Muclear receptor subfamily 4, group A, member 2 823552 17.0065] 2.040255738] 0.0124402|Nucleus ligand-dependent nuclear receptor
Tiparp TCDD-inducible poly{ ADP-ribose) polymerase 25.483 51.845| 2.034493964| 0.0124402 |unknown ather

Gjh2 Gap junction protein, beta 2 0933745 1.89877| 2.033492865] 0.0307235|Flasma Membrane  |transporter

1112b Interleukin 120 227201 456882 2.011358155| 0.0124402|Extracellular Space  |[cytokine

Cusp6 Dual specificity phosph atase 6 55.2217 110.556] 2.002038881| 0.0124402|Cytaplasm phosphatase

S0 SRY-box containing gene 11 311506 £6.22382) 1.9979770234] 0.0124402|Nucleus transcription regulatar
MNpb:2 Meuronal pentraxin 2 47.933 95.0478]  1.98292897| 0.0124402|Extracellular Space |other

Gpr3 G- protein coupled receptor 3 378124 T.42551] 1.96377821| 0.0124402|Plasma Membrane |G-protein coupled receptor
R4 S:’?r';‘:;i)“nf)famrx- 4 (influences HLA class I 1002393]  1.96082] 1.952035081| 00124402 Mucleus transcription requlator
Kdm6h KOM lysine (K)-specific demethylase 6B 1.81754 A.54298] 1.849324131] 0.0124402|Extracellular Space  |other

Nfi13 Muclear factor, interleukin 3, regulated 16.8631 A2.7973] 1.844910813| 0.0124402|MNucleus transcription regulator
116 Interlsukin & 15.0088 29.045) 1.935219216| 0.0124402|Extracellular Space |cytokine

Ccerl2 Chemaokine (C-C motif) receptor-like 2 224687 4.33] 1.927294447] 0.0124402|Flasma Membrane |G-protein coupled receptor
Cyp1b1 Cytochrome P450, family 1, subfamily b, polypeptide 1 1.36252 2.62043) 1.923232283| 0.0124402|Cytoplasm enzyme

PaxG Faired hox gene 6 4.07291 7.8241| 1.921009861| 0.0124402|Nucleus transcription regulatar
AKT Adenylate kinase 7 1.28547 2.6197| 1.890840821| 0.0124402|Cytoplasm kinase

<12 Kruppel-like factor 2 (lung) 1.57287 2.95168] 1.876612786| 0.0307235)MNucleus transcription regulator
Homer1 Homer homolag 1 (Drosophila) 100.254 187.929] 1.87265083| 0.0124402|Flasma Membrane |other

ArlSh ADP-ribosylation factor-like 5B 10.9664 20.3091] 1.851942107| 0.0124402 Junknown enzyme

Rnf217 Ring finger protein 217 8206802 15.2522] 1.837827041| 0.0124402|unknown enzyme

Csmp1 Cysteine-serine-rich nuclear protein 1 18.0467 32.0304] 1.830275722| 0.0124402|Mucleus transcription regulator
1111 Interlsukin 11 1.83095 3.33588] 1.821936907| 0.0307235|Extracellular Space |cytokine

Rnf122 Ring finger protein 122 1.70215 A.06627] 1.80141083| 0.0124402 Junknown other

Apaldl Apolipoprotein L domain containing 1 10.5025 18.9146] 1.800959827| 0.0124402 |unknown ather

Plk3 Falo-like kinase 3 (Drasophila) 5488393 Q.85727) 1.795846443] 0.0124402|MNucleus kinase

Perd Feriod hamolog 1 (Drosophila) 7.26696 12.867] 1.784376434| 0.0124402|Nucleus ather

Wiaft f\gmgr“(fémoé’?gazungomf'bmsamma oncogene 212883 2380332] 1.778221449| 00124402 Nucleus transcription regulator
Bag? Bcl2-associated athanogene 2 3115815 5.50618] 1.767551193| 0.0307235|Cytoplasm other

Rgsd Regulator of G-protein signaling 4 159.739 282.233] 1.76684198| 0.0124402|Cytoplasm other

Fosl2 Fos-like antigen 2 11.1498 19.6916] 1.7661317688] 0.0124402|MNucleus transcription regulatar
Rrad Ras-related associated with diabetes 2 65355 468272) 1.764702513| 0.0225306|Cytoplasm enzyme

Trib1 Tribbles homolog 1 (Drosophila) 518027 G.05974] 1.748894181| 0.0124402|Cytoplasm kinase
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WpsdTh Wacuolar protein sorting 378 {yeast) 9604922 16.6934]  1.73722305] 0.0124402|Cytoplasm other
MNeatl Muclear paraspeckle assembly transcript 1 928607 16.0726] 1.730823963] 0.012440Z2|Nucleus other
Lmbril Limb region 1 like 29887 5.15936] 1.72628899| 0.0388086|Flasma Membrane |other
Dusp5 Dual specificity phosphatase 5 868065 14.9339] 1.720371337] 0.0388086)Nucleus phosphatase
Gaddd5g Growth arrest and DNA-damage-inducible 45 gamma 289467 669749 1.71965362| 0.0124402|Nucleus other
Bhlhed( Basic helix-loop-helix family, member e40 204265 50.2916] 1.708479575| 0.0124402|Nucleus transcription regulator
Frmd6 FERM domain containing 6 11.5625 19.7062] 1.7043244431 0.0124402|Cytoplasm other
Tact [Tachykinin 1 9.02419 15.2729] 1.692435673]| 0.0307235|Extracellular Space |other
Siah2 Seven in absentia 2 7.80205 12.1781] 1.689056982| 0.012440Z2|Nucleus transcription regulator
Mfbie Z';‘hcfna!eﬁcn‘ggfeﬁjfmgfgf z‘;g’lfoeﬂpt'de gene 280311|  4.86203] 1.680556446] 00464016 Mucleus transcription requlator
Pt Paliovirus receptor 472537 7.84977| 1.661197954| 0.0225306|Flasma Membrane |other
Irs2 Insulin receptor substrate 2 11.9628 19.6774] 1.644910399] 0.0124402|Cytoplasm enzyme
Nk 1 E’;geﬁrgfg?’ of kappa light chain gene enhancerin B-1 ¢ 4750l 54 qug7| 1 6a3850503| 00124402 Mucieus transcription regulator
Ftgs?2 Prostaglandin-endoperoxide synthase 2 60.02 98 4376] 1.640080923| 0.0124402|Cytoplasm enzyme
Stkd0 Serinefthreonine kinase 40 8.63235 14.1102] 1.634575482] 0.0124402|Cytoplasm kinase
Arrdc3 Arrestin domain containing 2 17.9833 26.3852] 1.634028334| 0.0124402|Flasma Membrane |other
Crem CAMP responsive element modulator 13.6105 220388 1619248042 0.0225306|Nucleus transcription regulator
Spry2 Sprouty homolog 2 (Drosophila) 325639 526299 1.616201413| 0.0124402|Flasma Membrane |other
Aff1 AFAIFMR2 family, member 1 357581 5.75597| 1.609694602| 0.0307235|Nucleus transcription regulator
Cd24a CD24a antigen 735782 11.8119] 1.605390205] 0.0307235|Flasma Membrane |ather
Tetd [Tet methylcytosine dioxygenase 3 387407 6.18203] 1.595974942| 0.0124402|Nucleus other
Fam107b Family with sequence similarity 107, member B 19.5676 21.2042] 1.594682264| 0.0225306 unknown other
Ilir gy IMiRNA containing gene 826192 12.1612] 1.592989768| 00225306 unknomwn other
Elmsani ELMZ and Myb/SANT-like domain containing 1 202388 4.81395| 1.592083497| 0.0388086]|Nucleus other
1190002N15Rik  |RIKEN cDNA 1180002N15 gene 13.9153 22.0972] 1.587981384| 0.0124402|Cytoplasm other
Rasl11b R AS-like, family 11, member B 260711 40 7386 1.562592939] 00225306 unknown enzyme
Cdk11b Cyclin-dependent kinase 11B 19.5217 20.395| 1.556988188] 0.0307235[Nucleus kinase
Dnajb5 Cnad (Hspd0) homolog, subfamily B, member 5 48 5464 74 8859] 1.542563629| 0.0124402|Cytoplasm other
Gadd4ob Growth arrest and DNA-damage-inducible 45 beta 92,4912 141.63] 1.531280046] 0.0307235|Cytoplasm other
Falct PQ loop repeat containing 1 184737 28.0537] 1.518576934] 0.0388086|unknown other
Ifrd1 Interferon-related developmental regulator 1 597856 90 7734| 1.518316965| 0.0388086|Nucleus other
Jund Jun proto-oncogene related gene d 55.8745 83.9123] 1.501800316] 0.0464016|Nucleus transcription regulator
Dnajb1 Dnad (Hspd0) homolog, subfamily B, member 1 263227 54 506| 1.500602638] 0.0333086]Nucleus other
Sic2a Sﬂ‘zr“ﬂtsecff‘er farmly 2 (faciltated glucoss ransporter). | g ngas] 28 5620 1.408359608| 0.0388088|Pasma Membrane  [ansparter
Eprs Glutamyl-prolyl-tRNA synthetase 48.7692 72.8437] 1.493641585| 0.0464016]Cytoplasm enzyme
I11a Interleukin 1 alpha 867699 57 4984] 0662500753 0.0464016|Extracellular Space  |cytokine
Ccl3 Chemokine (C-C motif) ligand 3 197.289 128.159] 0.649601559] 0.0225306|Extracellular Space |cytokine
Ccl9 Chemokine (C-C motif) ligand 9 35,3664 2157112 0.599758665| 0.0124402|Extracellular Space |cytokine
Zfp273 Zinc finger protein 273 545411 2.02355] 0.554361895| 0.0225306|Nucleus other
Sele Selectin, endothelial cell 288161 1.17007| 0.406047384| 0.012440Z2)Flasma Membrane  |transmembrane receptor
Mmp13 Iiatrix metallopeptidase 13 0845794 0.20649] 0.319746395| 0.0307235|Extracellular Space |peptidase
Angptid Angiopoietin-like 4 20.0529 8.10913] 0.269831372| 0.0124402|Extracellular Space |other
Control vs. forskolin (67 genes)
Ir3b {-linked lymphocyte-regulated 3B 0154514 1.71126) 11.07511673] 0.012440Z2|Nucleus other
Trh [Thyrotropin releasing hormone 1.20911 11.1759) 8243120556 0.0124402|Extracellular Space  |ather
Has1 Hyaluranan synthase1 0145925 1.10279) 7.557242933] 0.012440Z2|Flasma Membrane |enzyme
Thhs1 [Thrombospondin 1 2.13313 11.3223] 3.613733208] 0.0124402|Extracellular Space |other
Tinf2 [Terf1 (TRF1)-interacting nuclear factor 2 11.1058 320195 2.883138215| 0.0124402|Nucleus other
Espl1 Extra spindle poles-like 1 [S. cerevisiae) 0267412 0.762848] 2.852703884| 0.0124402|Mucleus peptidase
Gjad Gap junction protein, alpha 4 0725493 2.04283] 2815790502 0.0124402|Flasma Membrane  |transporter
Sptssb Serine palmitoyltransferase, small subunit 0491788 1.384] 2814210023 0.0124402|Cytoplasm other
3930402G23Rik  |RIKEN cDNA 3930402G23 gene 0295745 0.520929] 2775812268 0.0124402 unknown other
Gem izz’ci‘?d‘”g protein (gene overexpressed in skeletal 20.0825] 545182 2.714713594] 0.0124402|P1asma Membrane  |enzyme
Cyreil Cysteine rich protein 61 6.21073 16.8442] 2.712118095] 0.0124402|Extracellular Space |other
Sik1 Salt inducible kinase 1 320085 8.64926] 2694635249| 0.0124402|Cytoplasm kinase
Cartpt CART prepropeptide 1.567393 4.16088| 2653745464 00124402 |Extracellular Space |other
1112b Interleukin 12b 227201 593568] 261251623 0.0124402|Extracellular Space  |cytokine
I Kruppel-like factor 4 (gut) 36239 945911 261019936| 0.0124402|Nucleus transcription regulator
Popirag Zg‘e‘” phosphatase 1, regulatory (inhiditor) subunit 211439 5 4444 2 574924266| 00124402]cytoplasm ather
Rasl11a RAS-like, family 11, member A 158113 38.1288| 2474728053] 00124402 |Nucleus other
Fos FBJ osteosarcoma oncogene 104.082 252 204 2423110169] 0.0124402|Nucleus transcription regulator
Inhba Inhibin beta-A 4.30587 9.96417] 2.31408202| 0.0124402|Extracellular Space |grawth factor
Trmt61b tRNA methyltransferase 1B 10.672 24 4176] 2.288004675| 0.0124402 unknown other
Ear2 Early growth response 2 35251 7.90626] 2.242845123| 0.0124402|Nucleus transcription regulator
Rab20 RAB20, member RAS oncogsne family 354401 7.8821| 2.224066615] 0.0124402|Cytoplasm enzyme
Hist1h4a Histone cluster 1, H4a 51.0824 112.598] 2.223819972| 0.012440Z|Nucleus other
Brf Bel2 modifying factor 0408524 0895813 2.192808765| 0.0124402|Cytoplasm other
Dom3z DCOM-3 homolog Z (C. elegans) 4.88464 10.5425] 2.158306865] 0.012440Z unknawn other
4930523C0TRIk  |RIKEN cDNA 4830523C07 gene 1.64527 3.5298] 2.145419843] 0.0124402 Junknown other
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Fatassium voltage-gated channel, |skrelated

Kcned Subfamily. gene 4 2.29907 4.92816] 2.143546925] 0.0124402|Plasma Membrane  [ion channel
Zic2 Zic finger protein of the cerebellum 2 1.22075 2.54586] 2.085480756| 0.0124402|Nucleus transcription regulator
Foxc Forkhead box C1 0877113 1.40506] 2.075069992] 0.0124402|MNucleus transcription regulator
1111 Interleukin 11 1.83095 3.67821] 2.008805917| 0.0124402|Extracellular Space |cytokine
Sic16a3 ﬁg‘ﬂ“ﬁgoﬁtﬁ;g;?;”‘m'\é;rsg(m”ocarboxy"c acid 0666323 1327] 1.991526048| 00388086|Plasma Membrane  |transparter
Tphg Trophoblast glycoprotein 4.03427 8.0246| 1.98910578| 0.0124402|Plasma Membrane |other
P a6 Paired box gene 6 407291 8.05847] 1.978552395| 0.0124402|Nucleus transcription regulator
Gjh2 Gap junction protein, beta 2 0933745 1.82127] 1.961215407| 0.0225306|Plasma Membrane  |transporter
Brg2 B-cell translocation gene 2, anti-proliferative 15,1533 29.5762] 1.951801044] 0.0124402Nucleus transcription regulator
MNrarp Motch-regulated ankyrin repeat protein 270508 5.23362| 1.924735024| 0.0124402|Nucleus transcription regulator
Cenll Cyclin L1 26.5044 49.3476] 1.861868265| 0.0124402|Mucleus other
Cerl2 Chernokine (C-C motif) receptor-like 2 2 24667 4.17512] 1.858356127| 0.0124402|FPlasma Membrane  |G-protein coupled receptor
Nikbie :ﬁﬁfﬂf’ggfaﬁgsgﬁ;”"fﬁgfgﬁ ’;%E’F:ﬂp“de gene 289311 5.23813) 1.845119172| 00124402 Nucleus transcription regulator
<enis fﬂf;f;frg nwardly-rectifying channel, subfarmly J. 137025  2.52424| 1.842172571| ©0382026|Plasma Membrane  [ion channel
Arldd ADP-ribasylation factor-like 4D 11.5731 21.2861] 1.839272194| 0.0124402|Mucleus enzyme
Tnfaip2 Turmor necrosis factor, alpha-induced protein 2 48495 8.70041] 1.812642233| 00124402 |Extracellular Space  |other
116 Interleukin & 15.0086 26.9754] 1.797328355| 0.0124402|Extracellular Space |cytokine
Apaldl Apolipoprotein L domain containing 1 10.5025 18.5785] 1.768957025] 0.0124402 Junknown other
Sphkl Sphingosine kinase 1 4 65885 8.21756] 1.763861153| 0.0124402|Cytoplasm kinase
Fam163b Family with sequence similarity 163, member B 4.60065 8.11007] 1.762810017| 0.0124402unknown ather
Eqrd Early growth response 4 79458 13.5805) 1.7091236847] 0.0124402|Mucleus transcription regulator
Cwe25 CVWC25 spliceosome-associated protein homolog 12.6848 21.8125] 1.703802268| 0.0124402 Junknown ather
Maff f\’a’;”"a\:‘r;r“;;'ﬁn'o;";gc‘:“ngo“cf‘bmaa“oma oncogene 213883]  36.3427] 1.699181543] 00124402 Mucleus transcription regulator
Arc Activity requlated cytoskeletal-associated protein 61.8026 104.172] 1.6855552346] 0.0124402|Cytoplasm other
Junb Jun-B oncagene 110.789 184 81| 1.668122225] 0.0124402|Nucleus transcription regulator
ler2 |mmediate early response 2 12,5639 20.8142| 1.656662819| 0.0124402|Cytoplasm ather
So11 SRY-hox containing gene 11 311506 5.132| 1.647481197| 0.0124402|Nucleus transcription regulator
Meat Muclear paraspeckle assembly tran script 1 928607 14.9458] 1.609481507] 0.0124402|Mucleus other
Vps3Th Wacuolar protein sorting 37B (yeast) 960922 15.3488] 1.587295228| 0.0124402|Cytoplasm other
Falct FQ loop repeat containing 1 184737 29.2421] 1.588321528| 0.0124402 Junknown other
Tiparp TCDD-inducible poly{ ADP-ribose) polymerase 25483 40.3389] 1.58297558| 0.0124402 Junknown other
Lcmi2 Leucine carboxyl methyltransferase 2 5.08249 7.99305] 1.572663486| 0.0307235)unknown enzyme
Ear1 Early growth response 1 996789 15.4848] 1.553478281] 0.0307235|Mucleus transcription regulator
Gadddsg Growth arrest and DNA-damage-inducible 45 gamma 38,9467 60.2779] 1.547700158| 0.0225308 |Mucleus ather
Popirisa ?;’;S'” phosphatase 1, regulatory (inhibier) subunit s02024] 31 2318| 1.545045007| 0 0307235|Cytoplasm other
Arrdc3 Arrestin domain containing 3 17.9833 27.7062] 1.540671196| 0.0307235|Flasma Membrane  |other
Slc2a fﬂ"e‘ruﬂtgecra{”er family 2 {facilitated glucose transparter), 100634]  28.5112| 1.405505462] 0.0454016]Prasma Membrane  [transporter
Dcn Decorin 17.1931 10.9026] 0.624127567| 0.0388086|Extracellular Space |other
Grp Gastrin releasing peptide 18.5518 11.4224] 0.615704819] 0.0464016|Extracellular Space  |growth factor
Sele Selectin, endathelial cell 288161 1.52564] 0.528442164| 0.0124402|Plasma Membrane  [transmembrane receptor
Angptid Angiopoietin-like 4 20,0529 8.62501] 0.286995496| 0.0124402|Extracellular Space |other

LTP with APY ws. LTP (24 genes)
ColBald Collagen, type VI, alpha 3 0401061 1.26853] 3.162935314] 0.0124402|Extracellular Space |other
1110 Interleukin 10 08631201 1.55045] 2.456249087| 0.0464016|Extracellular Space  |cytokine
Sele Selectin, endathelial cell 117007 2.60349] 2.225072004| 0.0124402|Flasma Membrane |transmembrane receptor
Zic1 Zinc finger protein of the cerebellum 1 1.28209 278708 2.17385675| 00124402 |Nucleus transcription regulator
AnoZ Anoctamin 2 0.807397 1.22013] 2.173421996] 0.0124402|Plasma Membrane  [ion channel
Col23a1 Collagen, type XX, alpha 1 0348567 0.711228] 2.04042412| 00225306|Flasma Membrane  |other
Sath2 Special AT-rich sequence binding protein 2 097879 1.89228] 1.933282889] 0.0124402|Mucleus transcription regulator
Cxcl2 Chemokine (C-X-C motif) ligand 2 27.1032 49.8186| 1.838107677| 0.0124402|Extracellular Space |cytokine
1110 Interleukin 1 beta 27 6107 48.0293] 1.738517651]| 0.0124402|Extracellular Space |cytokine
1112 Interleukin 1 alpha 574934 95.655| 1.663611509] 0.0124402|Extracellular Space [cytokine
Angptld Angiopoistin-like 4 810918 13.4086] 1.653508739] 0.0225306|Extracellular Space  |other
\Wipf3 (\WASAMVASL interacting protein family, member 3 37 5678 58.484| 1.556758714] 0.0124402|Flasma Membrane |other
Sezh Seizure related gene 6 17.6208 27.4139] 1.555769218| 0.0225306|Extracellular Space |other
Shank1 SH3fankyrin domain gene 1 225426 35.7084] 1.516734908| 0.0464016|Cytoplasm other
Cpne? Copine VIl 109.54 T1.153| 0.649561804] 0.0307235Junknown transparter
Fgsd Regulator of G-protein signaling 4 282233 172.688] 0.611902222] 0.0124402|Cytoplasm other
Errfi EREB receptar feedback inhibitor 1 118.764 T1.886] 0.60528443] 00124402 |Cytoplasm other
Dcn Decorin 11.5481 6.00561] 0.520051783| 0.0124402|Extracellular Space |other
Gm129 Gene model 129, (NCBI) 16.2007 8.23754] 0.508468153] 0.0124402unknown other
Colgal Collagen, type VI, alpha 1 243247 1.06723] 0.438743325] 0.0124402|Extracellular Space |other
Ear? Early growth response 2 19.4602 7.68169] 0410154572 00124402 |Nucleus transcription regulator
Clcal Chloride channel calcium activated 1 0.759641 0.285465] 0.375789253] 0.0124402]|Plasma Membrane  |ion channeal
Ttr Transthyretin 546587 0.8192468] 0.149882916| 0.0124402|Extracellular Space |transporter
KIr3h K-linked lymphocyte-regulated 38 1.81916]  0.168736] 0.093304602| 0.0124402Nucleus other

Forskolin we. LTP (18 genes)

MNpasd |Neur0ﬂa\ PAS domain protein 4 I 5 64827' 17 OSOSI El 020482378| 0 0124402|Nucleus transcription regulator
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Fosh FEJ osteosarcoma oncogene B 12 6997 28.3375] 2231351922 0.0124402|Nucleus transcription regulator
Egrd Early growth response 4 13.5805 29.3352] 2160097198 0.0124402|Nucleus transcription regulator
Col6ad Collagen, type VI, alpha 2 0.590885 1.26853] 2.146830602| 0.0124402|Extracellular Space  |other
Sath2 Special AT-rich sequence binding protein 2 0.889158 1.89228] 1.913018038| 0.0307235|Nucleus transcription regulator
Arc Activity regulated cytoskeletal-associated protein 104172 189.486] 1.818972469| 0.0124402|Cytoplasm ather
Col22a1 Collagen, type XXII, alpha 1 0570378 1.00934] 1769598407 0 0338086|Extracellular Space |other
Sele Selectin, endaothelial cell 152564 2.60343] 1.706430391]| 0.0388088|Plasma WMembrane [transmembrane receptor
Eari Early growth response 1 154849 25.3788] 1.638938579] 0.0124402|Nucleus transcription regulator
Mrda MNuclear receptar subfamily 4, group A, member 1 21.7041 34.38614] 1.606212651] 0.0124402|Nucleus ligand-dependent nuclear receptor
Cxcl2 Chemokine (C-X-C motif} ligand 2 31121 49.8186] 1.600788172| 0.0124402|Extracellular Space |cytokine
Fim1 Proviral integration site 1 11.8806 18.9171| 1.592268067| 0.0124402|Cytoplasm kinase
\vipf3 WV ASANVASL interacting protein family, member 3 37.187 58.484| 1.572700137| 0.0124402|Plasma Membrane |other
Ccn Decorin 10.9026 6.00561] 0550842001 0.0124402|Extracellular Space |other
ColBal Collagen, type VI, alpha 1 217234 1.06723] 0491281291 0.0124402|Extracellular Space |other
(C2cdda C2 calcium-dependent domain containing 4A 1.6789 0.583804] 0.347730061] 0.0124402 Junknown other
[Ttr Transthyretin 276078 0.819246] 0.296746548] 0.0124402|Extracellular Space  [transporter
PAIr3b -linked lymphocyte-regulated 3B 1.71126 0.169736] 0.099187733] 0.0124402|Nucleus ather

LTF with APV vs. forskolin (24 genes)
Ecell Endothelin converting enzyme-like 1 0.216979 0.642666] 2.961873448| 0.0388086|Plasma Membrane |peptidase
Plds Phospholipase D family, member 5 0.306339 0.859188] 2.804687434| 0.0124402|unknown other
Btq?2 B-cell translocation gene 2, anti-proliferative 44.6641 20.5762] 0.662193613] 0.0464016|Nucleus transcription regulator
Fhoco33 F-box protein 33 67.8535 44 6603] 0658186801 0.0388086|unknown ather
1190002M15Rik  |RIKEN cDNA 1190002N15 gene 22.0972 14.3243| 0.648240921| 0.0124402|Cytoplasm other
Eart Early growth response 1 2462786 15.48439| 0.628762028| 0.0124402|Nucleus transcription regulator
Dusp1 Dual specificity phosphatase 1 27 504 1716221 0.62393835| 0.0124402|Nucleus phosphatase
Ptas2 FProstaglan din-endoperoxide synthase 2 95.4376 61.3528] 0.623266035] 0.0124402|Cytoplasm enzyme
Junb Jun-B oncogene 298.778 184 .81 0.618548089| 0.0124402|Nucleus transcription regulator
Errfil EREE receptor feedback inhibitor 1 118.764 71.14891 0.5990781] 0.0124402|Cytoplasm ather
Rgs4 Regulator of G-protein signaling 4 282,233 161.537] 0.572355336| 0.0124402|Cytoplasm other
(Gm12889 Predicted gens 13889 99.0353 56.4404] 0569902095 0.0124402 unknown ather
Homer1 Homer homolog 1 {Drosaphila) 187 929 104 766] 0557477313 0.0124402|Plasma Membrane |other
Gm129 Gene madel 129, (NCBI) 16.2007 8.89007| 0.548800814] 0.0124402|unknown other
Mpbe2 MNeuranal pentraxin 2 95.0478 51.2848] 0539568488 0.0124402|Extracellular Space |other
Mrdatl MNuclear receptor subfamily 4, group A, member 1 406345 21.7041] 0534129325 0.0124402|Nucleus ligand-dependent nuclear receptor
Arc Activity regulated cytoskeletal-associated protein 203.101 104.172] 0.512906941| 0.0124402|Cytoplasm other
Inhba Inhibin beta-A 19.4424 9.96417] 0512495769 0.0124402|Extracellular Space |growth factor
Ghsr Growth harmone secretagogue receptor 266125 1.31057] 0492463942 0.0124402|Plasma Membrane |G-protein coupled receptor
Fosh FBJ osteosarcoma oncogene B 28.5278 12.6897]| 0.445167446| 0.0124402|Nucleus transcription regulator
Eqrd Early growth response 4 30.8467 13.5805] 0.440257857| 0.0124402|Nucleus transcription regulator
Ear? Early growth response 2 194602 7.90626] 0406278239] 0.0124402|Nucleus transcription regulator
Npasd MNeuronal PAS domain protein 4 18.4472 5.64827] 0.306135952| 0.0124402|Nucleus transcription regulator
L arsZ L eucyl-tRNA synthetase, mitochondrial 881882 164 .575] 0.186617393| 0.0225306|Cytoplasm enzyme
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Table 4. List of genes shown in the different regions of the Venn diagram in Figure 3-13
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Upregulated genes in black, downregulated genes in blue.

Gene |ID | Description | Location Type
LTP only (88 genes)

Crym crystallin, mu Cytoplasm enzyme

Vsl Wolfram syndrome 1 {(wolframin) Cytoplasm enzyme
1Dgkh diacylglyceral kinase, eta Cytoplasm kinase
IMap3k13 mitogen-activated protein kinase kinase kinase 13 Cytoplasm kinase
IPim1 pim-1 ohcogene Cytoplasm kinase
IPrkcd protein kinase C, delta Cytoplasm kinase
IFamGSa family with sequence similarity 65, member A Cytoplasm ather
Ilqsec2 1Q motif and Sec7 domain 2 Cytoplasm ather
IShank1 SH3 and multiple ankyrin repeat domains 1 Cytoplasm ather
IEif‘2c2 Eukaryotic translation initiation factor 2C, 2 Cytoplasm other
IDoc2b double C2-like domains, beta Cytoplasm transporter

Celt7 chemokine (C-C motif) ligand 17 Extracellular Space cytokine

Cxcl10 chemokine (C-X-C motif) ligand 10 Extracellular Space cytokine
1o interleukin 10 Extracellular Space cytokine
III1b interleukin 1, beta Extracellular Space cytokine
liim interleukin 1 receptor antagonist Extracellular Space cytokine

Nov nephroblastoma overexpressed Extracellular Space growth factor

Colbat collagen, type VI, alpha 1 Extracellular Space other

Col6a3 collagen, type VI, alpha 3 Extracellular Space other

Sez6 seizure related 6 homolog (mouse) Extracellular Space other

Zthx 4 zinc finger homeobox 4 Extracellular Space other

Adamts4 ADAM metallopeptidase with thrombaospondin type 1 motif, 4 Extracellular Space peptidase

Tir transthyretin Extracellular Space transporter

Cdkn1a cyclin-dependent kinase inhibitor 1A (p21, Cip1) Nucleus kinase
IDyrkib dual-specificity tyrasine-(Y)-phosphorylation regulated kinase 1B Nucleus kinase

Nr4a3 nuclear receptar subfamily 4, group A, member 3 Nucleus ligand-dependent nuclear receptor
Camta2 calmodulin binding transcription activator 2 Nucleus cther
JMn1 meningioma (disrupted in balanced translocation) 1 Nucleus cther
IR3hdm2 R3H domain containing 2 Nucleus other

Zbtb20 zinc finger and BTB domain containing 20 Nucleus other

Zthx2 zinc finger homeobox 2 Nucleus other

Zmiz1 zinc finger, MIZ-type containing 1 Nucleus other

Arid1a AT rich interactive domain 1A (SW-like) Nucleus transcription regulator

A3 activating transcription factor 3 Nucleus transcription regulator
Cebpb CCAAT/enhancer binding protein (C/EBP), beta Nucleus transcription regulator
Crtc1 CREB regulated transcription coactivator 1 Nucleus transcription regulator
|Egr3 early growth response 3 Nucleus transcription regulator
IHr hair growth associated Nucleus transcription regulator
iz myeloidymphoid or mixed-lineage leukemia 2 Nucleus transcription regulator
Ncor2 nuclear receptor corepressor 2 Nucleus transcription regulator
Sath2 SATB homeobox 2 Nucleus transcription regulator

Zicl Zic family member 1 Nucleus transcription regulator
JLct lactase Plasma Membrane enzyme

Cor7 chemokine (C-C motif) receptor 7 Plasma Membrane G-protein coupled receptor
Celsr2 cadherin, EGF LAG seven-pass G-type receptor 2 Plasma Membrane G-protein coupled receptor
Gpré3 G protein-coupled receptor 63 Plasma Membrane G-protein coupled receptor
Niacr1 hydroxycarboxylic acid receptor 2 Plasma Membrane G-protein coupled receptor
Trhr thyrotropin-releasing harmone receptor Plasma Membrane G-protein coupled receptor
Cacnale calcium channel, voltage-dependent, R type, alpha 1E subunit Plasma Membrane ion channel

Grin2a glutamate receptor, ionotropic, N-methyl D-aspartate 2A Plasma Membrane ion channel

Grin2b glutamate receptor, ionotropic, N-methyl D-aspartate 2B Plasma Membrane ion channel
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potassium voltage-gated channel, subfamily H (eag-related),

IKcnh7 member 7 Plasma Membrane ion channel
IKcnq3 potassium voltage-gated channel, KQT-like subfamily, member 3 Plasma Membrane ion channel
IEphaG EPH receptor A6 Plasma Membrane kinase
IAnkrd13a ankyrin repeat domain 13A Plasma Membrane other
IDsp desmoplakin Plasma Membrane other
Ierc32 leucine rich repeat containing 32 Plasma Membrane other
IMdga1 MAM domain containing glycosylphosphatidylinositol anchor 1 Plasma Membrane other
IPcdh8 protocadherin 8 Plasma Membrane other
IProcr protein C receptor, endothelial Plasma Membrane other
sema domain, seven thrombospondin repeats (type 1 and type 1-
Sema5sb like), transmembrane domain (TM) and short cytoplasmic domain, |Plasma Membrane other
(semaphorin) 5B
\VWipf3 WASMASL interacting protein family, member 3 Plasma Membrane other
Cd14 CD14 molecule Plasma Membrane transmembrane receptor
GCpcd glypican 4 Plasma Membrane transmembrane receptor
sema domain, seven thrombaospondin repeats (type 1 and type 1-
Semaba like), transmembrane domain (TM) and short cytoplasmic domain, |Plasma Membrane transmembrane receptor
(semaphorin) 5A
Nnat neuronatin Plasma Membrane transporter
JRph3a rabphilin 3A homalog (mouse) Plasma Membrane transporter
HsBst3 heparan sulfate 8-O-sulfotransferase 3 unknown enzyme
Mast4 microtubule associated serinefthreonine kinase family member 4 unknown kinase
Tth titin unknown kinase
6430411K18Rik |RIKEN cDNA 6430411K18 gen unknown other
Al414108 expressed sequence Al414108 unknown other
Atoh8 atonal homolog 8 (Drosophila) unknown other
Cpne2 copine |l unknown other
JFat4 FAT tumor suppressor homolog 4 (Drosophila) unknown other
IFibin fin bud initiation factor homolog (zebrafish) unknown other
IFstI4 follistatin-like 4 unknown other
IGm 2115 predicted gene 2115 unknown other
Ilgfbpl1 insulin-like growth factor binding protein-like 1 unknown other
IIgszb immunaglobulin superfamily, member 9B unknown other
linf2 inverted formin, FH2 and WWH2 domain containing unknown other
Itgbl1 integrin, beta-like 1 (with EGF-like repeat domains) unknown other
Scmid sex comb on midleg-like 4 (Drosophila) unknown other
Shisa7 shisa homolog 7 (Xenopus laevis) unknown other
Sipall3 signal-induced proliferation-associated 1 like 3 unknown other
Soga2 SOGA family member 2 unknown other
9830001HOERIk |RIKEN cDNA 9830001H06 gene unknown other
Cpne? copine VII unknown transporter
APY only (38 genes)
Aldh1a3 aldehyde dehydrogenase 1 family, member A3 Cytoplasm enzyme
|Eprs glutamyl-prolyl-tRNA synthetase Cytoplasm enzyme
prostaglandin-endoperoxide synthase 2 (prostaglandin G/H
|Pt952 synthase and cyclooxygenase) Cytoplasm enzyme
JRrad Ras-related associated with diabetes Cytoplasm enzyme
Stk40 serinefthreonine kinase 40 Cytoplasm kinase
Trib1 tribbles homolog 1 (Drosophila) Cytoplasm Kinase
1190002N15Rik |chromosome 3 open reading frame 58 Cytoplasm other
|Dnajb5 Dnad (Hsp40) homoleg, subfamily B, member 5 Cytoplasm other
IErrﬂ1 ERBB receptor feedback inhibitor 1 Cytoplasm other
IFrmd6 FERM domain containing 6 Cytoplasm other
IGadd45b growth arrest and DNA-damage-inducible, beta Cytoplasm other
IRgs4 regulator of G-protein signaling 4 Cytoplasm other
IDuspG dual specificity phosphatase 6 Cytoplasm phosphatase
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Ccl3 chemokine (C-C motif) ligand 3-like 1 Extracellular Space cytokine

iI1a interleukin 1, alpha Extracellular Space cytokine

Areg amphiregulin Extracellular Space growth factor

Aim1 absent in melanoma 1 Extracellular Space ather

MNptx2 neuronal pentraxin |l Extracellular Space other

Mmp13 matrix metallopeptidase 13 (collagenase 3) Extracellular Space peptidase

Cdk11b cyclin-dependent kinase 11B Nucleus kinase
IPIk3 polo-like kinase 3 Nucleus kinase
ICenpa centromere protein A Nucleus other
IDnajb1 DnaJ (Hsp40) homolog, subfamily B, member 1 Nucleus other
||frd1 interferon-related developmental regulator 1 Nucleus other
Ipr273 zinc finger protein 708 Nucleus other
IBhIhe40 basic helix-loop-helix family, member €40 Nucleus transcription regulator
IJund jun D proto-oncogene Nucleus transcription regulator
IRix4 regulatory factor X, 4 (influences HLA class || expression) Nucleus transcription regulator
Gpr3 G protein-coupled receptor 3 Plasma Membrane G-protein coupled receptor
Cd24a CD24a antigen Plasma Membrane ather

Homer1 homer homolog 1 (Drosophila) Plasma Membrane other
JLmbril limb region 1 homolog (mouse)-like Plasma Membrane other
IPvr poliovirus receptor Plasma Membrane ather

Spry2 sprouty homolog 2 (Droscphila) Plasma Membrane ather

ArlSb ADP-ribosylation factor-like 58 unknown enzyme
JRasl11b RAS-like, family 11, member B unknown enzyme
IGm129 chromosome 1 apen reading frame 51 unknaown ather
|Mirg miRNA containing gene unknown other

FSK only (4 genes)

Sphk1 sphingosine kinase 1 Cytoplasm kinase

Sptssb serine palmitoyltransferase, small subunit B Cytoplasm other
Jcnig potassium inwardly-rectifying channel, subfamily J, member 8 Plasma Membrane ion channel

solute carrier family 16, member 3 (monocarboxylic acid transparter
Slc16a3 4) Plasma Membrane transporter
LTP and FSK (7 genes)

JRah20 RABZ20, member RAS oncogene family Cytoplasm enzyme

G gastrin-releasing peptide Extracellular Space growth factor

Decn decorin Extracellular Space other

Tnfaip2 tumor necrosis factor, alpha-induced protein 2 Extracellular Space other

Zic2 Zic family member 2 Nucleus transcription regulator
JLemt2 leucine carboxyl methyltransferase 2 unknown enzyme
IFam163b family with sequence similarity 163, member B unknown ather

LTP and APV (31 genes)

Cyp1b1 cytochrome P450, family 1, subfamily B, polypeptide 1 Cytoplasm enzyme
fIrs2 insulin receptor substrate 2 Cytoplasm enzyme
|Ak7 adenylate kinase 7 Cytoplasm kinase
IBag3 BCLZ-associated athanogene 3 Cytoplasm other
ICCIQ chemokine (C-C motif) ligand 9 Extracellular Space cytokine
|E5m1 endothelial cell-specific molecule 1 Extracellular Space growth facter
Ixdmeb lysine (K)-specific demethylase 6B Extracellular Space other

Tac1 tachykinin, precursor 1 Extracellular Space other

Nrdal nuclear receptor subfamily 4, group A, member 1 Nucleus ligand-dependent nuclear receptor
Nrda2 nuclear receptor subfamily 4, group A, member 2 Nucleus ligand-dependent nuclear receptor
JEImsan1 ELM2 and Myb/SANT-like domain containing 1 Nucleus other
IPer1 period circadian clock 1 Nucleus other
ITet3 tet methylcytosine dioxygenase 3 Nucleus other
IDusp1 dual specificity phosphatase 1 Nucleus phosphatase
IDusp5 dual specificity phosphatase 5 Nucleus phosphatase
IAﬁ’1 AF4/FMR2 family, member 1 Nucleus transcription regulator
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Crem cAMP responsive element modulator Nucleus transcription regulator
Csrmp1 cysteine-serine-rich nuclear protein 1 Nucleus transcription regulator
|Fosb FBJ murine osteasarcoma viral oncogene homolog B Nucleus transcription regulator
|F05I2 FOS-like antigen 2 Nucleus transcription regulator
<z Kruppel-like factor 2 (lung) Nucleus transcription regulator
Nfil3 nuclear factor, interleukin 3 regulated Nucleus transcription regulator
Nfkb1 nuclear factor of kappa light polypeptide gene enhancer in B-cells 1 [Nucleus transcription regulator
Npas4 neurcnal PAS domain protein 4 Nucleus transcription regulator
Siah2 siah E3 ubiquitin protein ligase 2 Nucleus transcription regulator
Ghsr growth hormone secretagogue receptor Plasma Membrane G-protein coupled receptor
Gpri9 G protein-coupled receptor 19 Plasma Membrane G-protein coupled receptor
JRnf217 ring finger protein 217 unknown enzyme
IFam107b family with sequence similarity 107, member B unknown other
IGm 13889 chromosome 11 open reading frame 96 unknown other
IrRnf122 ring finger protein 122 unknown other
APV and FSK (3 genes)

XIr3b X-linked lymphocyte-regulated 3C Nucleus other

Sele selectin E Plasma Membrane transmembrane receptor
1Pqlc1 PQ loop repeat containing 1 unknown other

All three lists (53 genes)

Trmt&1b tRNA methyltransferase 61 homolog B (S. cerevisias) Cytoplasm enzyme

Sik1 salt-inducible kinase 1 Cytoplasm kinase

Arc activity-regulated cytoskeleton-associated protein Cytoplasm other
|Bmf Bcl2 modifying factor Cytoplasm other
IIEIQ immediate early response 2 Cytoplasm other
IPpp1 r15a protein phosphatase 1, regulatory subunit 15A Cytoplasm other
IPpp1r3g protein phosphatase 1, regulatory subunit 3G Cytoplasm other
IVp537b vacuolar protein sorting 37 homolog B (S. cerevisiae) Cytoplasm other
II|1 1 interleukin 11 Extracellular Space cytokine
III12b interleukin 12B (natural killer cell stimulatory factor 2, cytotoxic lympHExtracellular Space cytokine
III6 interleukin 6 (interferon, beta 2) Extracellular Space cytokine
linhba inhibin, beta A Extracellular Space growth factor

Angptid angiopoietin-like 4 Extracellular Space other

Cartpt CART prepropeptide Extracellular Space other

Cyre1 cysteine-rich, angiogenic inducer, 61 Extracellular Space other

Thbs1 thrembospendin 1 Extracellular Space other

Trh thyrotropin-releasing hormone Extracellular Space other

Arldd ADP-ribosylation factor-like 4D Nucleus enzyme

Cenll cyclin L1 Nucleus other

Gadd45g growth arrest and DNA-damage-inducible, gamma Nucleus other

Hist1h4a histone cluster 2, H4 Nucleus other

Neat 1 nuclear paraspeckle assembly transcript 1 (non-protein coding) Nucleus other
JRasl11a RAS-like, family 11, member A Nucleus other
ITinf2 TERF1 (TRF1) - interacting nuclear factor 2 Nucleus other
IEspH extra spindle pole bodies homolog 1 (S. cerevisiae) Nucleus peptidase
IBth BTG family, member 2 Nucleus transcription regulator
IEgr1 early growth response 1 Nucleus transcription regulator
IEgr2 early growth response 2 Nucleus transcription regulator
IEgr4 early growth response 4 Nucleus transcription regulator
IFos FBJ murine osteosarcoma viral oncogene homolag Nucleus transcription regulator
IFoxc1 forkhead box C1 Nucleus transcription regulator
IJunb jun B proto-oncogene Nucleus transcription regulator
IKIf4 Kruppel-like factor 4 (gut) Nucleus transcription regulator
st v-maf musculoapeneurdtic fibrosarcoma oncogene homolog F (avianNucleus transcription regulator
Nfkbie nuclear factor of kappa light polypeptide gene enhancer in B-cells infNucleus transcription regulator
Nrarp NOTCH-regulated ankyrin repeat protein Nucleus transcription regulator
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Paxs

paired hox 6 Nucleus transcription regulator

Sox11 SRY (sex determining region Y)-box 11 Nucleus transcription regulator
Gem GTP binding protein overexpressed in skeletal muscle Plasma Membrane enzyme

Has1 hyaluronan synthase 1 Plasma Membrane enzyme

Cerl2 chemokine (C-C motif) receptor-like 2 Plasma Membrane G-protein coupled receptor
JKcned potassium voltage-gated channel, Isk-related family, member 4 Plasma Membrane ion channel

Arrdc3 arrestin domain containing 3 Plasma Membrane other

Tpbg traphablast glycoprotein Plasma Membrane other

Gja4 gap junction protein, alpha 4, 37kDa Plasma Membrane transporter

Gjb2 gap junction protein, beta 2, 26kDa Plasma Membrane transporter

Slc2al solute carrier family 2 (facilitated glucose transporter), member 1 Plasma Membrane transporter
3930402G23Rik  |RIKEN cDNA 3930402G23 gene unknown other
4930523C07Rik  |KIAADD40 unknown other

Apold1 apolipoprotein L domain containing 1 unknawn other

Cwc25 CWC25 spliceosome-associated protein homolog (S. cerevisiae) unknown other
|Dom3z dom-3 homolag Z (C. elegans) unknown other
ITiparp TCDD-inducible poly(ADP-ribose) polymerase unknown other
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Table 5. Functional categories of differentially expressed genes.

A select list of functional categories containing genes that were differentially regulated between
LTP and control. Ingenuity Pathway Analysis was used for this anlaysis. The p-values reported
are a measure of likelihood that the association between a dataset of genes and a given process or
function is due to random chance. It is calculated by considering the number of genes in the
dataset that participate in the process and the total number of genes that are known to be
associated with the process. The Benjamini-Hochberg method was used to correct for multiple

testing.
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Category Function Function Annotation B-H p-value | # Molecules Molecules
AFFL, ARID1A, ATF3, BTG2, CAMTA2, CDKNLA, CEBPB, CELSRZ,
CREM, CRTC1, CRYM, CSRNP1, DUSP1, DUSP5, DYRK1B, EGR1,
EGR2, EGR4, FOS, FOSB, FOSL2, FOXC1, GADDA5G, GEM, HR, 1L10,
Gene Expression transcription transcription of RNA 3.06E-11 56 IL11, IL1B, IL6, INHBA, JUNB, KDMG6B, KLF2, KLF4, MAFF, MLL2,
MN1, NCOR2, NFIL3, NFKB1, NPAS4, NRAAL, NRAAZ, NRAA3,
NRARP, PAX6, PER1, PRKCD, SATB2, SIK1, SOX11, TRH, ZBTB20,
ZIC1, ZIC2, ZM1Z1
ARC, CACNALE, CARTPT, CDKN1A, CREM, CYRe1, DUSP1, EGR1,
EGRZ, EGR3, EPHAB, FOS, FOSB, GHSR, GRIN2A, GRIN2B, GRP, IL10,
|Behavior behavior behavior 9.75E-11 39 IL1B, IL1RN, IL6, JUNB, KLF4, MN1, NFKB1, NOV, NPAS4, NR4A2,
NR4A3, PAXb, PCDHS, PERL, SEZ6, SHANK1, TAC1, TRH, TRHR, TTR,
ZIC1
ARC, CACNALE, CREM, EGR1, EPHAG, FOS, GRIN2A, GRIN2B, GRP,
|Behavior learning learning 2.80E-07 20 IL1B, IL1RN, IL6, JUNB, NR4A2, PAX6, PCDHS, SEZ6, SHANKY, TAC1,
TTR
Behavior long-term memory  |long-term memory 2.25E-06 8 ARC, CREM, EGR1, GRP, IL6, PCDH&, SHANK1, TAC1
. ARC, CREM, EGR1, GRIN2A, GRIN2B, GRP, IL1B, IL1RN, IL6, PAX6,
IBehawor memory memory 1.40E-05 13 PCDHS, SHANKL, TAC1
|Behaw0r spatial learning spatial learning 9.34E-04 9 ARC, CACNAIE, EPHAB, FOS, GRINZA, IL6, SEZ6, SHANKL, TTR
Behavior Iong—te.rr.n long-term recognition 2. 76E.03 3
recognition memory |memory ARC, EGRL IL6
[Behavior conditioning conditioning 3.64E-03 8 ARC, CARTPT, CREM, EPHAB, GHSR, GRIN2A, ILLRN, PER1
Nervous System
Development and long-term memory  |long-term memory 2.25E-06 8
Function ARC, CREM, EGR1, GRP, ILb, PCDHE, SHANK1, TAC1
Nervous System
Development and memory memory 1.40E-05 13 ARC, CREM, EGR1, GRINZA, GRIN2B, GRP, IL1B, IL1RN, IL6, PAX6,
Function PCDH8, SHANK1, TAC1
Nervous System I ) fbrai
Development and proliferation Eerﬁsl eration of brain 1.49E-05 9
Function CDKN1A, IL1B, IL1RN, IL6, INHBA, NCOR2, PAXb, ZIC1, ZIC2
Nervous System
Development and loss loss of neurons 135E-04 9
Function CEBPB, IL10, IL1RN, IL6, NFKB1, NR4A2, PPP1R15A, TACL, TTR
Nervous System ADAMTS4, CELSRZ, DUSP1, EGR1, EGR2, EGR3, GRINZB, IL1B,
morphology of nervous
Development and morphology 9.59E-04 22 ILIRN, IL6, NCOR2, NFKB1, NPAS4, NR4A2, NRARP, PAXb, SEMASA,
Function system SEMASB, SEZ6, SHANKY, TACL, ZICL
Nervous System
Development and morphology morphology of dendrites | 2.01E-03 5
Function DUSP1, SEMASA, SEMASB, SEZb, TACL
Nervous System excitatory . X
Development and postsynaptic excrtatf)ry postsynaptic 1.23E-03 7
Function potential potential ARC, DOC2B, EGR3, GRIN2A, GRIN2B, IL1B, SEZ6
Nervous System development of central
Development and development nervous system 1.68E-03 17 CXCL10, EGR1, EGR2, FOXC1, IL11, IL1B, IL6, IRS2, MDGA1, NCOR2,
Function NR4A2, NR4A3, PAXb, THBS1, ZBTB20, ZIC1, ZIC2
Nervous System
Development and development development of brain 2.83E-03 14 EGR1, EGR2, FOXC1, IL6, IRS2, MDGA1, NCOR2, NRAA2, NRAA3,
Function PAX6, THBS1, ZBTB20, ZIC1, ZIC2
Nervous System - firing of histaminergic
Development and firing neUrons 127E-03 2
Function TRH, TRHR
Nervous System L
long-term long-term recognition
Development and recognition memory | memory 2.76E-03 3
Function ARC, EGR1, ILb
Nervous System X ;
i i action potential of
Development and action potential nervous tissue 2.87E-03 5
Function EGR3, GRIN2B, IL1B, NFKB1, SEZ6
Nervous System NMDA-mediated | NMDA-mediated
Development and ) ) 3.79E-03 3
Function synaptic current synaptic current FOSB, GRIN?A, GRINZB
Cell-To-Cell Signaling induction induction of cells 4.37E-06 8

and Interaction

GRP, IL10, IL12B, IL1B, IL1RN, IL6, INHBA, TRH
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Cell-To-Cell Signaling

ATF3, CARTPT, Ccl9, CCR7, CD14, CDKN1A, CEBPB, DUSPL, EGR2,

dl | activation activation of cells 3.70E-05 25 EGR3, GHSR, GJA4, IL10, IL11, IL12B, IL1B, ILLRN, IL6, KLF2, NCOR2,
and Interaction NFKB1, PRKCD, PROCR, TACL, THBS1
Cell-To-Cell Signaling L. activation of central
ctivat 4.86E-04 5
and Interaction activation nervous system cells COKNLA, CEBPB, IL1B, ILIRN, IL6
Cell-To-Cell Signaling L. L
and Interaction activation activation of astrocytes 1.18E-03 4 CEBPB, IL1B, ILIRN, IL5
Cell-To-Cell Signaling . o £ mi " 392603 5
and Interaction acthation activation of microgla oot CEBPB, IL10, IL18, ILIRN, IL6
Cell-To-Cell Signaling . . . .
and Interaction stimulation stimulation of cells 5-02E-05 " lros, GRP, 1110, 1L11, IL128, IL1B, ILLRN, IL6, INHBA, THBSL, TRH
Cell-To-Cell Signaling . . . " CCL17, CD14, CXCL10, GJA4, GIB2, IL10, IL1B, INHBA, PCDHS,
and Interaction signaling signaling of cells 6.05E-04 11 SEMASA, TRH
Cell-To-Cell Signaling ~ |*- 20 itat toynapti
ed : ‘1 ec‘t_lgna n8 postsyna ptic exct at_n?t postsynaptic 1.23E-03 7
and interaction potential potenta ARC, DOC2B, EGR3, GRIN2A, GRIN2B, IL1B, SEZ6
Cell-To-Cell Signaling i tential action potential of 5 87603 5
and Interaction action potenta nervous tissue S EGR3, GRIN2B, IL1B, NFKB1, SEZ6
Cell-To-Cell Signaling NMDA-mediated NMDA-mediated 3.79E.03 3
and Interaction synaptic current synhaptic current i FOSB, GRIN2A, GRIN2B
Cell Signaling synthesis synthesis of nitric oxide 7.60E-04 10 CERPB, GHSR, GRIN2B, IL10, IL120, IL1B, ILIRN, IL6, PRKCD, TACT
. . . . CXCL10, FOS, GRIN2 A, GRP, IL1B, 116, NFKB1, TAC1, TRH, TRHR,
Cell Signaling quantity quantity of Ca2+ 3.94E-03 12 TR, WFS1
Protein Trafficking secretion secretion of protein 1.57E-03 7 ARLAD, CD14, CXCL10, IL10, IL1B, IL6, LRRC32
ANGPTL4, ARC, ARRDC3, ATF3, BAG3, C11orf96, CDKN1A, CREM,
Neurolosical Di leotic sei eotic sei C28L27 - CRYM, CYR61, DUSP1, DUSP5, EGR1, EGR2, EGR3, EGR4, FOS,
curclogical Disease  eplleptic seizure eplleptic selzure e FOSB, GADDASG, IER2, ILLB, INHBA, JUNB, NFIL3, NRAAL, NRAA3,
TAC1, TIPARP
ANGPTL4, ARC, ARRDC3, ATF3, BAG3, C11orf96, CDKN1A, CREM,
Neurological Disease epilepsy epilepsy 127E-24 32 CRYM, CYRb1, DUSP1, DUSP5, EGR1, EGR2, EGR3, EGR4, FOS,
FOSB, GADD45G, GRIN2A, GRIN2B, IER2, IL1B, INHBA, JUNB,
KCNQ3, NFIL3, NR4A1, NR4A3, SLC2A1, TACL, TIPARP
ANGPTL4, ARC, ARRDC3, ATF3, BAG3, C110rf96, CDKN1A, CREM,
Neurological Disease seizures seizures 1.07E-22 35 CRYM, CYR61, DUSP1, DUSPS, EGR1, EGR2, EGR3, EGR4, FOS,
FOSB, GADDA45G, GRIN2A, GRIN2B, IER2, IL1B, IL1RN, IL6, INHBA,
JUNB, KCNQ3, NFIL3, NR4A1, NRAA3, SEZ6, SLC2A1, TACL, TIPARP
Neurological Disease schizophrenia Schizophrenia 1.13E-05 18 BTG2, CRYM, DUSP1, EGR3, EGR4, GRIN2A, GRIN2B, HCAR2Z, IL10,
IL1B, IL1RN, PAX6, PCDHS, PRKCD, SEMASA, TAC1, THBS1, TTR
N logical Di + disord M + Disord 5 03E-05 58 AFF1, CARTPT, CRYM, DUSPS, EGR1, EGR2, EGR3, EGR4, FOS, FOSB,
eurological Disease movement disorder ovement Disorders . - GRIN2A, GRIN2B, IL10, IL1B, IL6, JUNB, MAFF, NFKB1, NPASA,
NR4AA1, NRAAZ, PAXS, RPH3A, SEMASA, SEZ6, SLC2A1, TACT, ZIC1
disorder of basal CRYM, DUSP5, EGR1, EGR2, EGR4, FOS, FOSB, GRINZA, GRIN2E,
Neurological Disease '5°r|_er orbasa disorder of basal ganglia | 3.85E-05 n IL10, IL1B, IL6, JUNB, MAFF, NFKB1, NRAA1, NRAAZ, RPH3A,
gangia SEMASA, SEZ6, SLCIAT, TACL
Neurological Disease kindling kindling 1.11E-04 3 CREM, FOS, GRIN2A
Neurological Disease dyskinesia dyskinesia 2.26E-04 18 CRYM, DUSP5, EGR1, EGR2, EGR4, FOS, FOSB, GRIN2A, GRIN2B,
1L6, JUNB, MAFF, NFKB1, NRAAT, RPH3A, SEZ6, SLC2A1, TACL
i lacyl CoA i | | CoA
Neurological Disease  |P° o oo malacyl LoA | peroxisoma’ acyl Lo 2.99E-04 3 CEBPB, ILLB, ILIRN

oxidase deficiency

oxidase deficiency
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4 Conclusions and significance

4.1 Localization and miRNA-mediated regulation of GluA2 mRNA

At the start of the miR-124/GluA2 project, GluA2 mRNA seemed like a very favorable
candidate for local translation: GluA2 protein is present at distal compartments, its levels at the
synapse are tightly-regulated and recent studies showed that not only was GluA2 mRNA
dendritically localized, GluA2 protein was locally translated in a stimulus-specific manner.
Furthermore, the GluA2 transcript was known to undergo several interesting RNA processing
steps: alternative splicing of the flip/flop isoforms, alternative 5’ splice donors in the last coding
exon that gave rise to different carboxy terminal tails and alternative 3’UTRs, and RNA editing.
The 3°’UTR of GluA2 is 3.8 kb long and probably rich with regulatory sequence and structure. It
seemed plausible that GluA2 mRNA would be subject to further regulation at the post-
transcriptional level by interactions with RNA binding proteins that localize it dendritically.
However, the results presented in Chapter 2 provide clear evidence that GluA2 mRNA is not
dendritically localized. While an occasional GluA2 mRNA puncta is observed in distal dendrites,
the biological significance of translation from the rare dendritic GluA2 transcript is unclear.

The majority of GluA2 protein is probably translated in the cell body and transported out
to synaptic sites, despite the great distances between synapses and cell bodies. In retrospect,
there does not seem to be a significant energetic benefit to on-site versus somatic translation. In
both cases, a macromolecule (protein or RNA) must be moved long distances. There does not
seem to be a clear cell biological benefit to dendritic translation of GluA2 either. As a

transmembrane receptor, GluA2 subunits are only functional when they are inserted in the
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plasma membrane. This obviates the need for rapid translation, since a reserve pool of inactive
GluA2 subunits can be (and is) maintained until the moment it is required. Other proteins that are
not as easily regulated post-translationally have a greater need for rapid translation and turnover.
In this regard, cytoplasmic proteins may be better candidates for local translation (e.g. Camk2a).

The miR-124/GluA2 mRNA interaction was identified by computational predictions
before the availability of experimental data (e.g. Argonaute HITS-CLIP, which identifies
miRNA targets in the mouse brain). While the HEK293T cell assays and overexpression studies
in neurons show that miR-124 can down-regulate GluA2 mRNA, it is unclear whether this
interaction normally occurs in neurons and how biologically important the interaction is. To fully
address this question, the miR-124 target site would have to be deleted from the genomic GluA2
loci. The miR-124 target site in GluA2 was actually not identified as a hit in the Darnell lab
Argonaute HITS-CLIP experiment [253], which suggests that the interaction is not strong
endogenously. Hence, it is probably not worthwhile to try targeted deletion of the miR-124 site
from genomic GluA2 loci. Genomic deletion of miRNA target sites has not been reported, to my
knowledge, and would be an interesting experiment for the right miIRNA/mRNA interaction. A
good miRNA/mRNA candidate would probably not come from computational predictions, but
should be identified by experimental screens. A good candidate interaction would also preferably
involve a gene that is primarily regulated at the translational level so that post-translational
modifications do not confound the interpretation of results.
4.2 Genome-wide gene regulation during long-lasting plasticity

In contrast to the miR-124/GluA2 project where the regulation of only one gene was

studied, the chemLTP sequencing project studies the regulation of the entire transcriptome. Once
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sample collection and sequencing of total, small, and polysomal RNA is complete, we will have
a lot of data and our next challenge would be to glean useful information from it. A useful
approach to analyzing the data would be to categorize it (e.g. by sequence, function, cell type,
fold change, etc.) and make connections between groups. It will be important that we use
appropriate analyses, although RNAseq is still a relatively young technique and the tools
available for data analysis are a work in progress. It will also be important to validate our
findings from bioinformatics with wet experiments. Hopefully, this project will enhance our

understanding of how gene expression is regulated during synaptic plasticity.
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APPENDIX

Protocol 1: Immunocytochemistry for surface receptors with cultured neurons
Perform all steps at room temperature unless otherwise noted.
1. Prepare fresh artificial cerebral spinal fluid (ACSF).
a. Dissolve all chemicals except CaCls,.
b. Bubble ACSF with carboxygen until the pH is ~7.35.
c. Add CaCl,.
d. Adjust osmolarity to ~293 mOsm with glucose or water.
e. Filter with a 0.22 um filter. Warm to 37 °C before use.

Stock (M)  Final (mM) Volume

NaCl 5 119 1.19 mL
NaHCOs3 0.5 26.2 2.62 mL
KCl 1 2.5 125 uL
NaH,PO4 0.5 1 100 pL
MgCl, 1 1.3 65 uL
Glucose 1 10 500 puL
CaCl, 1 2.5 125 uL
Milli-Q water - - To 50 mL

2. Incubate in surface primary antibody.
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10.

1.

12.

Antibody should recognize an external epitope. Spin down antibody (13,000 rpm; 5
minutes; 4 °C) before taking an aliquot. Dilute antibody in pre-warmed ACSF. Replace
media with antibody dilution. Incubate at 37°C for 30 min.

Fix cells with freshly diluted 4% PFA, 10 min.

Wash cells 3 times with PBS.

Permeabilize with 0.1% Triton-X100, 5 min.

Wash cells 3 times with PBS.

Block in 10% goat serum, 30 min.

Incubate in cytoplasmic primary antibody.

Spin down antibody before taking an aliquot. Dilute in 10% goat serum. Incubate
overnight at 4°C in humid chamber. Use 30 pL for each coverslip.

Wash 3 times with PBS, 10 min per wash.

Incubate in secondary antibody.

Dilute antibody in 10% goat serum. Hoechst may be included at this step. Incubate 1 hour
in humid chamber.

Wash 3 times with PBS, 10 min per wash.

Mount with Aqua Poly/Mount (Polysciences #18606). Let coverslips dry overnight

before imaging. Let coverslips dry a couple days before storing them on their sides.
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Protocol 2: Chemical treatment of acute slices to induce long-term potentiation [219,254]

Solution Composition Recipe
A 0.2% DMSO 25 mL ACSF + 50 uL DMSO
B 50 uM FSK 45 mL ACSF + 90 uL FSK

C 30 mM KCIl, 10 mM CaCl,, 0 mM 24.5 mL modACSF + 375 uL 2 M

MgSOs, 50 uM forskolin KCI+ 125 uL 2 M Ca + 50 pL FSK
D 100 uM D-APV 15 mL ACSF + 30 uL APV
E 100 uM D-APV, solution B 15 uL solution B + 30 uL APV
F 100 uM D-APV, solution C 15 mL solution C + 30 uL APV

DMSO: dimethyl sulfoxide; ACSF: artificial cerebral spinal fluid; FSK: forskolin (25 mM stock
in DMSO; LC Laboratories F-9929); modACSF: modified ACSF without potassium, calcium,
phosphates, or magnesium; APV: 2-amino-5-phosphonopentanoic acid (50 mM stock in water)

Vehicle control

2 x 5 min DMSO (Solution A)
ChemL TP

5 min FSK (Solution B)

5 min high K/Ca + FSK (Solution C)
Forskolin only

2 x 5 min FSK (Solution B)

ChemLTP + APV
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5 min APV (Solution D)

5 min FSK + APV (Solution E)

5 min high K/Ca + /FSK + APV (Solution F)

Procedure:

1.

Acute slices of 500 um are prepared and allowed to recover for 2 hours. Each mouse
hippocampus yields 5 to 6 slices, which are distributed between different treatment
chambers. Each treatment uses 5 to 6 slices.

Prepare all solutions. Warm up to 30 °C and bubble with carboxygen.

a. Modified ACSF should be warmed and bubbled before the addition of KCI and
CaCl,. Presence of phosphates will cause the high concentration of calcium added
later to precipitate.

b. Prepare 10 mL of solution per treatment.

Stop ACSF perfusion for chamber undergoing treatment.

Apply treatment solution with a syringe and remove of the solution already present at the
same time. During this step, the chamber is essentially rinsed with ~10 mL of the
treatment solution. Once all the treatment solution has been added, stop aspiration and
allow slices to incubate submerged.

After treatment, resume ACSF perfusion of the chambers.

Let slices sit for 3 hours before snap freezing in tubes pre-chilled in dry ice.
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Protocol 3: Polysome fractionation and RNA extraction [205]

Prepare stock solutions in diethylpyrocarbonate (DEPC)-treated water and filter sterilize.

Final Lysis buffer 20% sucrose 50% sucrose
Stock

concentration (2mL) (15 mL) (15 ml)
Tris pH 7.5 M 20 mM 40 uL 0.3 mL 0.3 mL
NaCl 5M 100 mM 40 uL 0.3 mL 0.3 mL
MgCl, M 12 mM 24 uL 0.18 mL 0.18 mL
NP-40 10% 1% (200 pL) - -
RNasin 40 U/uL 30 U/mL 1.5 uL - -
Protease inhibitor 7 x 1 x 286 uL - -
DTT 2M 1 mM 1 uL - -
Cycloheximide 10 mg/mL 0.1 mg/mL 20 uL 150 uLL 150 uLL
Sucrose - 15 or 50% - 3g 75¢g

DEPC-treated
- - 1387.5 pL To 15 mL To I5mL
water
1. Homogenize tissue in lysis buffer without NP-40 added yet.
Use about 1 mL of lysis buffer for ~ 300 mg of brain tissue. If using adult forebrain,
remove the white matter tracks to avoid a myelin peak among the polysomes (Figure
A-1).
2. Add NP-40 to 1 % and incubate on ice for 10-20 minutes.

3. Clear the lysate. Spin at 4 °C for 10 min at 20,000 g.
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. Layer supernatant onto pre-chilled gradient.

Spin at 4 °C for 2 h at 39,000 rpm in a SW41 rotor (235,000 g). Set break and

acceleration to 7 (slow).

. Run gradient with continuous UV monitoring at 254 nm and collect fractions.
If the gradients are cold, there is a risk of condensation forming on the UV monitor and
causing any ribosome peaks to be occluded (Figure A-1). To avoid this, dry the UV
gun in a drying incubator for a few hours before using. Or, warm the tubes before
running.

Spike synthetic control RNA in each fraction (e.g. Invitrogen ERCC ExFold for

sequencing or Thermo Solaris for RT-qPCR).

. Proteinase K-treat fractions and phenol-chloroform extract RNA. Precipitate with

glycogen carrier (e.g. Thermo #R0561).
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Figure A-16. Troubleshooting polysome profiles.

(A) Example of a profile obtained while there was condensation inside the UV monitoring unit.
Absorbance measured with a sensitivity setting of 0.5 absorbance units full scale (AUFS), shown
on the y-axis in arbitrary units (a.u.). (B) Example of a profile from forebrain lysate with
material from white matter tracts. This lysate was prepared without detergent and spun for 90

minutes at 39 krpm on a 5-50% gradient. Absorbance measured at 0.2 AUFS.
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