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Abstract

It is well established that the long term storage of new memories requires on
demand synthesis of new proteins in the minutes and hours following that memories
formation. This requirement is specific to discrete subcellular compartments. Specifically,
neuronal dendrites synthesize new proteins locally and disruption of this process impairs
synaptic plasticity and long-term memory in hippocampal slice experiments and in vivo
behavioral experiments, respectively. Although recent studies have attempted to
determine the translational profile of dendrites within the hippocampus, no current
consensus exists. Furthermore, it is not known how this translational profile changes
during the course of memory consolidation. Understanding the dynamics of protein
translation in dendrites is an important step in understanding why this process is
necessary for memory.

Using a previously generated mouse line, which expresses an EGFP-tagged
ribosomal subunit under the control of the Camk2a promoter, we isolated ribosome
bound mRNA from dendrites and somata of projection neurons in CA1 of the
hippocampus. In a previous study we successfully used this technique combined with
RNAseq to generate a list of likely-dendritic mRNAs. Here we update this list,
considerably expanding the sample size used to generate our predictions. We find that our
updated list of dendritic predictions overlaps with some, though not all, of the genes
previously predicted to be dendritic. We compared mRNAs that are predicted to be bound
preferentially to ribosomes in dendrites versus in somata and found differences in the

untranslated regions of these genes underscoring the ability for elements of the



untranslated region to act as localization signals that target these genes to distinct
subcellular compartments.

We further explored the translational profile of dendrites and somata during the
early time course after a behavioral learning paradigm. We find that mRNAs in dendrites
in particular experience an early and late phase of ribosome binding increases as
compared with mice that did not undergo a learning paradigm. These separate phases of
ribosome binding constitute a pool of mRNAs that are involved in functionally distinct
biological processes. Furthermore, the translational profiles of dendrites and somata are
almost entirely non-overlapping underscoring the point that changes in protein synthesis
during memory are subcellular compartment specific. The temporal pattern of these
phases of ribosome binding provides new insight into how local translation within
dendrites might be regulated in response to learning. We hope that in addition, our results

will be a resource to the field of local dendritic translation.
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Chapter 1: Introduction



The ability to encode and store memories is arguably the most important function
of the central nervous system. How this phenomenon occurs, in which experience is
captured by complex chemical and physical changes in the brain, has been a central
question in neuroscience since Santiago Ramon y Cajal first suggested that learning was
the result of changes in synaptic strength[1]. The development of behavioral models and
a slew of new tools has since allowed us to directly probe the mechanisms of memory

storage.

1.1 Protein Synthesis and Memory

1.1.1 Protein synthesis is required for long-term memory

During the mid-1900’s, a growing sense that protein synthesis was somehow
linked to memory storage was finally made testable by the discovery of the protein
synthesis inhibiting drug, puromycin [2]. In 1963, Josefa Flexner et al. showed that
intracranial injection of puromycin into the temporal lobe could block memory formation
in mice [3]. Mice that had received injections of puromycin in the first three days
following a behavioral task in which they learned the location an electric shock would be
delivered were later unable to recall this memory. Injections made after three days did not
result in a memory deficit, indicating that there is a critical period for memory formation
during which protein synthesis is required. In the decades since it has become clear that
while memory acquisition and short term memory storage during the minutes to hours
after a memory is formed are independent of protein synthesis, the long term storage of

those memories requires it [4].


https://paperpile.com/c/60uL2m/mMNa
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The use of protein synthesis inhibiting drugs came with several drawbacks. For
one, exact placement and spread of the drug within a brain region was difficult to control.
For another, these drugs could not differentiate between constitutive protein synthesis and
that which was initiated during the formation of a memory. The use of these drugs thus
gradually gave way to more precise genetic manipulations. In 2004 Raymond Kelleher et
al. noted that the ERK/MAPK pathway, which was known to be involved in synaptic
activity and plasticity, may also be involved in regulation of protein translation. By
expressing a dominant negative form of the ERK kinase, MEK1, specifically in Camk2a-
expressing neurons of the mouse forebrain, they were able to show that loss of this
signalling pathway produced memory and plasticity deficits and that those deficits were
coupled with loss of translational regulation in those neurons [5]. In another study Mauro
Costa-Mattioli et al. showed that knockout of the protein kinase GCN2, which stimulates
the translation of ATF4, a CREB antagonist, lead to dysregulation of both long term

potentiation and memory[6].

1.1.2 Regulation of protein synthesis in memory

An important corollary of the research showing the need for protein synthesis
during memory formation is that not only constitutive protein synthesis is required.
Indeed as the studies from Kelleher and Costa Mattioli suggested, interfering with the
activation of specific signaling pathways and the downstream translational regulation
they employ is sufficient to cause deficits in long term memory storage. The complex

signaling mechanisms through which neurons are activated during plasticity and long
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term memory may ultimately comprise many overlapping modes of translational
regulation. Fortunately, much work has been done describing the various means by which
protein synthesis may be regulated during memory [7].

In eukaryotes, initiation appears to be the most common rate limiting step in
translating a given mRNA. Initiation is the formation of the complete ribosomal complex
at the 5’ end of the mRNA transcript. This is accomplished in a stepwise fashion whereby,
the small 40S ribosomal subunit is first assembled into a pre-initiation complex, followed
by the association of the mRNA with the preinitiation complex and finally assembly of
the full 80s ribosomal complex. This process can be regulated at two key points. First,
phosphorylation at Ser51 of the eukaryotic initiation factor eIF2a inhibits the exchange of
GDP for GTP on the preinitiation complex, which results in its not being incorporated
into the preinitiation complex and a subsequent downregulation of translation [8]. GCN2,
the only elF2a kinase conserved from yeast to mammals [9] regulates this process. As
mentioned above, the activity of this kinase stimulates the synthesis of ATF4. This
counter intuitive process is accomplished thanks to a secondary effect of elF2a
phosphorylation which leads to an increase in translation for a subset of mRNAs that
contain upstream open reading frames (WUORFs) within their 5’UTRs [10]. Approximately
40 percent of all mammalian genes are estimated to contain at least one uORF [11]
making this an important potential mechanism of translational regulation.

The second major point of regulation during initiation is the loading of the mRNA
onto the preinitiation complex. The best characterized mode of regulation of this process

is mediated via the mammalian target of rapamycin or mMTOR. mTOR is a kinase which is
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responsible for, among other things, phosphorylating eIF4E binding proteins (4E-BPs)
which inhibit protein synthesis by preventing eIF4E from being assembled into the elF4F
complex and thus preventing loading of ribosomes on mRNA [12,13]. In particular, the
mTOR complex mTORC1 almost exclusively regulates the translation of mRNAs
containing a 5’ terminal oligopyrimidine (TOP) motif. In a recent study, Carson Thoreen
et al. definitively showed that the selectivity of mTORCI for regulation of TOP motif
containing mRNAs worked through its interactions with 4E-BPs rather than some other
mechanism as had been suspected [14] There is substantial evidence that mTOR
signaling by the ERK pathway is important, in particular, in the hippocampus where
downstream mTOR effectors generally activated by numerous stimulation paradigms can
be blocked by ERK inhibitors [15-17].

The engagement of the molecular mechanisms governing translation is not limited
to any single modality of synaptic plasticity. In fact, both enhancements of synaptic
strength via long-term potentiation (LTP) and decrement of synaptic strength via long-
term depression (LTD) require protein synthesis for the maintenance of those
modifications to synaptic strength [16,18,19]. Interestingly, the mechanisms for achieving
long term plastic changes in synapse strength have been shown to overlap considerably
regardless of the direction of those changes. For example, Sreedharan Sajikumar and
Julietta Frey showed in 2004 that induction of late-LTD which requires protein synthesis
at one synapse could induce either late-LTP or late-LTD (both of which are protein
synthesis dependent) at a neighboring synapse, even in the presence of protein synthesis

inhibitors [20]. Thus, a common pool of proteins are likely to be translated that can
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support plastic changes in synaptic strength, and the direction of those changes is likely
mediated by the nature of the upstream neuronal activity in (at least partially) a protein
synthesis-independent manner. The translation of these common pools of proteins is
mediated in part by molecular mechanisms that are engaged by multiple upstream
processes. For example, as mentioned above, the ERK pathway is activated by numerous
stimulation paradigms including both NMDA receptor activation [15] and mGIluR
receptor activation [21].

On the other hand, differences in protein synthesis for specific genes have been
demonstrated for varying modes of synaptic plasticity. One well-studied example is the
gene Arc, translation of which is increased at synapses in response to NMDA -mediated
LTP and mGluR-mediated LTD but not NMDA-mediated LTD [22-24]. Indeed, gene
specific differences in translation can be driven in response to the diverse downstream
pathways that are engaged by different modes of neuronal activation. In particular, RNA
binding proteins that target specific sequence motifs within mRNAs can regulate the
translational status of those mRNAs. NMDA receptor activation drives the
phosphorylation of cytoplasmic polyadenylation element binding protein (CPEB) which
specifically regulates the translation of mRNAs containing a cytoplasmic polyadenylation
elements (CPE) [25,26]. Loss of the RNA-binding protein Fragile-X Mental Retardation
Protein (FMRP) leads to an enhancement of mGluR dependent late-LTD [27,28]. Thus,
both general translational mechanisms (as above) and gene specific translational
mechanisms are engaged during plasticity and memory, however the full extent of each of

those mechanisms and how they interact with each other is not yet known [16].
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Taken together, these findings paint a vivid picture. Protein synthesis in the
minutes and hours following acquisition is necessary for long term storage of a memory.
The synthesis of these proteins is not merely constitutive but rather is regulated by
neuronal activity. And finally, multiple signalling pathways are involved in the regulation

of said protein synthesis.

1.2 Local Protein Synthesis

1.2.1 Support for local protein synthesis in dendrites

As the idea that protein synthesis was required for memory was beginning to gain
ground, a parallel discovery was made. Although it had been speculated that all proteins
were synthesized within the cytoplasm, in 1964 David Bodian first observed the presence
of ribosomal particles in close apposition with “synaptic knobs” within proximal
dendrites in electron microscopy images of monkey spinal cord[29]. This placement of
ribosomes it turned out, was commonplace and as Bodian suggested, was likely to have
some functional relevance. Further solidifying this idea, Oswald Steward and William
Levy showed that polyribosomes tended to cluster in dendritic spines of dentate granule
cells, distal to the somata[30]. The distal placement of these polyribosomes ran counter to
the idea that postsynaptic proteins were synthesized solely in the soma and trafficked out
along the dendrite.

In the early 1990’s a series of studies added support for the idea of local protein
synthesis, showing that biochemical fractions enriched for synaptoneurosomes (synaptic

fragments, sheared from the neuron during fractionation) not only contained ribosomes,
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but could incorporate radiolabeled amino acids into a new polypeptide chain after
fractionation [31-33]. In 1993, Sherry Feig and Peter Lipton used radiolabeled amino
acids to demonstrate protein synthesis in CA1 dendrites of hippocampal slices from
guinea pig [34]. This protein synthesis was dependent upon stimulation and occurred
within minutes. The rapid time frame and the fact that no corresponding increase in
protein synthesis was observed in soma was evidence that the increases in dendritic
protein were due to local protein synthesis. More recently, dendritic protein synthesis was
visualized in cultured hippocampal neurons using alternative amino acids that could be
substituted for their endogenous counterparts, incorporated into newly synthesized
proteins and subsequently labeled by chemical modification [35].

Functional support for the hypothesis that local protein synthesis is involved in
memory was first shown by Hyejin Kang and Erin Schuman. They demonstrated that
enhancements of synaptic transmission induced by the neurotrophic factor BDNF were
dependent upon local translation. In rat hippocampal slices that had been lesioned to
isolate CA1 dendrites from their somata, BDNF application enhanced synaptic
transmission. Treatment of lesioned hippocampal slices with the protein synthesis
inhibitor anisomycin blocked this enhancement [36]. Dendritic protein synthesis has
since been shown to be required for a number of modalities of synaptic plasticity,
including: mGluR-dependent long-term depression [19] and NMDA-dependent long term
potentiation [37]. Separately, the discovery that the 3°’UTR of the mRNA Camk2a
contained a targeting element responsible for its localization into dendrites made it

possible to directly test the effects of local protein synthesis on behavior in vivo [38].
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This was elegantly done by Stephan Miller et al. using a genetic mouse model in which
the Camk2a gene was truncated to exclude the dendritic targeting element. The truncated
mRNA failed to localize to dendrites in CA1 of the hippocampus and these led to deficits
in hippocampal dependent memory tasks and synaptic plasticity in these mice [39].
Together these studies established that local translation of specific proteins was required
for long term memory.

As evidence for the role of local protein synthesis in memory mounted, it became
obvious that questions about the specifics of this process would need to be addressed.
What is the precise timing of local translation in dendrites? Do the mRNAs exist in
dendrites as a ready pool or do they require translocation from elsewhere in the neuron?
What specific set of proteins are synthesized locally and how does this translational
profile respond to neural activity? What molecular mechanisms regulate local translation

generally and in response to activity?

1.2.2 Localization of mRNAs into dendrites

A large body of work has gone into understanding the dynamics of RNA
localization. The presence of cis-acting signals within an mRNA’s 3’UTR can determine
the localization of that mRNA. These signals are bound by various RNA binding proteins
which act in #rans in order to guide these mRNAs to their ultimate destination (reviewed
in [40,41]). Truncation of the Camk2a 3’UTR to remove it’s dendritic targeting element
efficiently blocked the vast majority of dendritic localization for this mRNA [38] and as

was discussed above, subsequently blocked plasticity and memory [39]. This supports the
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idea the Camk2a is part of a readily available pool of mRNAs that are available to be
translated in dendrites and which are required for memory. However, these studies did not
preclude the possibility that localization of certain mRNAs to the dendrite may be
concurrent with neural activity.

Activity dependent localization of mRNAs was described in the mid 1990’s by
Roger Knowles et. al. In two consecutive studies, they labeled RNA granules with SYTO
14, which fluoresces on contact with nucleic acid, and measured the dynamics of those
RNA granules in cultured hippocampal neurons by time-lapse imaging. RNA granules
were found to move at approximately 6 uM/min. Application of the neurotrophin NT-3
onto hippocampal neurons induced the translocation of RNA granules into dendrites.
Based on these findings and the average distance of CA1/CA3 dendritic fields from their
cell bodies (100 - 150 uM) they estimated that upon stimulation, RNA granules could
arrive at sites of synaptic activity within 30 minutes [42,43]. Further support for RNA
localization directly to sites of synaptic activity was shown in 2002. Linnaea Osstroff et
al. showed that tetanic stimulation of hippocampal slices from rat could induce the
translocation of polyribosomes from dendritic shafts into spines. Furthermore, spines
which contained polyribosomes following tetanic stimulation contained larger post-
synaptic densities, indicating structural plasticity may be linked to local translation [44].

There are thus two potential pools of mRNA from which neuronal dendrites might
draw: a ready-pool of mRNAs contained locally and ready to be translated within
minutes of some neural activity, and a translocalized pool that may be delivered to distal

sites within the dendrite approximately 30 minutes after activity. The timing of the local
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protein synthesis requirement in studies of synaptic plasticity was generally within
minutes of the stimulation protocol, arguing that at least the ready pool is required for
synaptic plasticity to occur. Activity dependent translocalization of mRNAs may serve to
replenish members of the ready pool or as an additional level of spatio-temporal
regulation of local protein synthesis. More research must be done to determine what
mRNAs belong to which of these two pools and to determine what functional

significance, if any, accessing mRNA from one pool over another serves.

1.3 Gene Expression Profiling and Memory

As the role of protein synthesis in memory was becoming more fully appreciated,
speculation grew regarding what classes of proteins might be necessary. In keeping with
the view that it is changes in the strength of neuronal interactions that ultimately result in
the formation of memory, Barondes and Squire hypothesized that the required set of
proteins would be “1) enzymes which regulate the synthesis or destruction of
neurotransmitters; 2) receptor molecules in the post-synaptic neuron; 3) structural
proteins; or 4) proteins which direct specialized types of intercellular recognition.”[45]
The rise of molecular biological techniques allowed researchers to finally begin
identifying and studying these proteins. Because translation of a protein was thought to
be correlated with the abundance of its mRNA, many early genetic studies of memory
focused on transcriptional changes occurring after learning. A class of genes whose
abundance was growth factor stimulated was first identified in non-neuronal cells[46].

Such so-called immediate early genes (IEGs) were subsequently found to also be induced

11
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in neuronal cells following neurotransmitter mediated stimulation[47,48]. The expression
of IEGs goes up during the hours following neuronal activity and represent a diverse
array of functions [49]. Many of these genes coded for transcriptional regulators [50] and
thus represented a fifth class of proteins that might be responsible for sustaining long
term memory. This class of proteins it is reasoned, play a role in stabilizing the memory
by altering the expression of downstream effector genes.

Using in situ hybridization assays, it is possible to visualize the expression of
IEGs after neuronal activity. Arc, a cytoskeletal protein found to coprecipitate with F-
Actin, had low basal mRNA levels within the hippocampus. However, after induction of
synaptic activity, Arc mRNA expression rapidly increased and was found to localize
within both somata and dendrites [51,52] and disrupting Arc expression led to deficits in
synaptic plastity and memory[53]. Later work showed that Arc was further localized

within recently activated portions of dendritic shafts and synapses [24].

1.3.1 Next generation tools for studying protein synthesis in memory

The early progress made thanks to classic molecular biological techniques, while
substantial, was limited in two respects: 1) these approaches were low-throughput
allowing the researcher to study only a handful of genes at a time, and 2) they were
candidate-based and so couldn’t provide an unbiased view of potential translational
changes that might be involved in memory. Advances in genetics would eventually
eliminate both of these issues in future studies. The rise of gene-chip experiments, better

known as microarrays, allowed the first high-throughput screens of gene expression
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changes occurring during memory. A microarray contains hundreds or thousands of
cDNA probes which hybridize to DNA or RNA isolated from biological samples. The
probes are tagged and, upon hybridization and excitement with a laser, they fluoresce.
The level of fluorescence is correlated with the abundance of the mRNA for that probe in
the sample [54]. In one study, microarrays were used to study transcriptional changes that
occured in the hippocampus of rats following a spatial learning task. Rats were trained on
the Morris water maze task in which they were required to learn the location of a
platform in a pool of water. RNA was isolated from the hippocampus of trained and
untrained rats at timepoints from 1 hour to 24 hours after training and was subsequently
measured by microarray. Memory related genes were identified, the functions of which
aligned strikingly well with those that Barondes and Squire had originally hypothesized
[55]. Many other studies have successfully used microarray technology to identify
memory related genes [56—60] but these studies were limited to pre-defined probe sets
which had to be selected prior to the microarray. Because of this, novel gene isoforms
could not be detected. In addition, because microarrays contain a set number of cDNA
probes, there is an upper limit to the amount of DNA or RNA they can detect. A new
technology that could measure gene expression for the entire genome in an unbiased way
and which had no upper threshold for detection was needed to capture the full extent of

gene expression changes occuring during memory.

The invention of RNAseq solved these issues. Unlike hybridization based
approaches sequencing approaches directly identify the sequence of cDNA fragments in a

sample. Traditional sequencing methods which analyzed single transcripts individually
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were too low throughput and far too expensive to be done routinely on a genome wide
scale. RNAseq solved this issue, allowing for massively parallel analysis of many RNA
fragments at a time. Briefly, cDNA libraries are made from RNA fragments collected
from biological samples and indexed adapters are ligated to both ends of the fragments.
These cDNA molecules are then sequenced from one or both ends creating individual
“reads” which are aligned to a reference genome and subjected to a variety of
downstream analyses [61]. The emergence of this technology allowed for unbiased

screens of gene expression, including analysis of splicing variants within a sample [62].

A major consideration for gene expression studies is how mRNA is collected and
processed for RNAseq. Although there is some evidence that local translation of proteins
in non-neuronal cells may play a role in synaptic regulation affecting learning and
memory [63], the vast majority of studies have focused on the well documented
requirement for protein synthesis in neurons. Thus it is important to determine that the
mRNA being collected and analyzed using RNAseq is coming from the correct cell-type.
Furthermore, it has become clear that despite initial impressions to the contrary, mRNA
abundance has poor correlation with protein abundance [64—67]. To account for this,
several methods of mRNA collection have been utilized. I will briefly summarize them

below.

Early methods for collection of mRNA enriched for or exclusively containing
single cell-types included laser capture microdissection (LCM) and fluorescence

activated cell-sorting (FACS). LCM, first developed by Michael Emmert-Buck et al. in
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1996 [68], allows visualization and isolation of a specific cell or cells. However, the
technique requires fixation of the tissue which can degrade RNA molecules and is prone
to contamination from neighboring cell-types [69]. FACS on the other hand can be done
on fresh tissue and, thanks to the addition of a fluorescent marker for the cell-type of
interest, either added during collection by immunostaining or encoded genetically, the
likelihood of including cell-types other than the one of interest is relatively minor. One
limitation of cell-sorting methods is that they require enzymatic dissociation of the
isolated brain tissue and there is some evidence that the dissociation process can, itself,

alter the gene expression profile [70].

These methods for isolating RNA from specific cell-types can be combined with a
variety of biochemical techniques that allow researchers to address specific questions. As
mentioned above, the abundance of an mRNA was found to be poorly correlated with the
abundance of the protein for said gene. There are currently three common approaches to
address this problem, all of which are based on the well documented idea that the rate
limiting step in translation of an individual mRNA is initiation, during which the
complete ribosomal complex is loaded onto the mRNA [71]. The classic approach, called
polysome profiling, uses a sucrose gradient and centrifugation to separate mRNAs that
are bound to one or more ribosomes from mRNAs that are unbound and so unlikely to be
actively translating. Two more recent approaches have since been developed. The first is
a technique known as ribosome footprint profiling [72]. In this technique, ribosome
bound mRNAs are enzymatically digested, leaving only the ribosome-protected portion

of the mRNA molecule available for deep sequencing. This allows for highly sensitive
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detection of ribosome placement along an mRNA and is useful for determining
translational efficiency of an mRNA, however regulatory features within the untranslated
regions of the mRNA are destroyed in the process limiting what analyses can be done in
these experiments. The final approach is translating ribosome affinity purification [73] or
TRAP. Because TRAP is the preferred method of translational profiling used in our lab I

will describe it in slightly greater detail below.

TRAP uses a genetically encoded enhanced Green Fluorescent Protein-tagged
version of the ribosomal subunit L10a (EGFP-L10a) to allow immunopurification of
ribosomes containing this subunit. The addition of the elongation blocking chemical
cyclohexamide prevents mRNA from being redistributed into the non-ribosome bound
pool during the collection process. Our lab has successfully used this technique to isolate
mRNA from specific cell-types in the brain [74—76]. As with polysome profiling, and in
contrast to ribosome footprint profiling, there is no digestion step which allows analysis
of untranslated regions that may contain important regulatory information. TRAP has the
additional advantage over these other methods of mRNA collection of being directly cell-
type specific. Freshly dissected tissue may be homogenized and immediately processed,
eliminating the need for fixation, enzymatic dissociation or lengthy cell sorting
techniques. However, although the majority of translational regulation occurs at the
initiation step, ribosomes have been shown to stall during elongation [77]. Thus, an
important caveat for TRAP studies is that ribosome-bound mRNA may not be actively

translating.
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1.3.2 Recent translational profiling studies of protein synthesis during memory

The development of these translational profiling tools has lead to a slew of new
research aimed at taking an unbiased approach to discovering which proteins are
synthesized during synaptic plasticity and memory and what signaling pathways
ultimately control this process. The first unbiased next-generation study to predict
mRNAs localized to dendrites was performed by Ivan Cajigas et al in 2012 [78]. In this
study they micro-dissected neuropil from stratum radiatum and isolated mRNAs from
this tissue. Because their study did not utilize a cell-type specific method for isolating
mRNA, they filtered from their lists any genes that were thought to be restricted to non-
neuronal cell-types or to the nucleus. Their final list contained 2,550 genes thought to be
localized to dendrites suggesting a previously unappreciated diversity of potentially
locally synthesized proteins. In 2014, Joshua Ainsley from our own lab published a study
utilizing the TRAP method of mRNA isolation proposing 1,890 mRNAs which mostly
did not overlap with the Cajigas list [74]. In this study more than 800 genes which had
been filtered from the Cajigas list were shown to be dendritically localized, including
several which had previously been thought to be restricted to the nucleus but which were
confirmed to be dendritically localized by in situ hybridizations.

Other studies have effectively used these next generation tools to push forward
our understanding of translational changes that occur in the minutes and hours following
neuronal activation. In 2015, Jun Cho et al [79] used ribosome footprint profiling to
detect alterations in translation efficiency in the hippocampus at 5 minutes, 10 minutes,

30 minutes and 4 hours following contextual fear conditioning. They found that
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translational repression, rather than translational upregulation were major features of this
time course and that this repression was mediated at least in part by inhibition of the
Estrogen receptor 1 (ESR1) pathway. In contrast, a study by Patrick Chen et al. in 2017
[80] showed that the of majority differentially expressed (DE) genes were upregulated
during the short time course after synaptic plasticity in hippocampal slice, although
downregulation was seen at later time-points. Chen et al. also found that TRAP improved

their detection of differentially expressed genes over total RNA-seq.

1.4 Contributions of this Thesis

It is into this body of work that we submit our findings. In this thesis I will
present what is, to my knowledge, the first in vivo translational profiling study of the time
course of local protein synthesis within CA1 hippocampal dendrites following contextual
fear learning. This work is presented in two parts. In part one I will present a follow-up to
the study in Ainsley et al. [74] in which we add to the list of dendritically predicted
mRNAs and compare features of mRNAs that are preferentially enriched in dendrites or
somata. These data were generated from 30 individual mice and represent a substantial
expansion of mouse numbers used in the previous study. We find 2,923 genes predicted to
be in dendrites, the largest list of dendritically predicted mRNAs to date. Our list adds
supporting evidence for many previously identified dendritic mRNA candidates and
identifies a new set of candidate mRNAs.

In part two, we analyze the time-course over which our ribosome-bound dendritic

mRNAs were collected and present our findings on the temporal dynamics of ribosome-
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mRNA binding. Our findings clarify outstanding questions regarding the preference for
repression or enhancement of translation during the early time points following neuronal
activation. We find that early upregulation in ribosome binding immediately following
contextual fear conditioning in dendrites is followed by repression of ribosome binding at
15 minutes following fear conditioning.

It is our hope that the data presented here will add to our understanding of local
protein synthesis as it relates to the formation of long term memory. We further hope that
the supplementary tables which include our list of predicted dendritically localized genes

will serve as a resource to the field at large.
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Chapter 2: Methodology
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2.1 Animals

All animal procedures were performed in accordance with the National Institutes
of Health Guide for the Care and Use of Laboratory Animals and were approved by the
Tufts University Institutional Animal Care and Use Committee. Mice used for this study
were heterozygous for two transgenes: tetracycline transactivator protein (tTA) under
control of the Camk2a promoter, and EGFP-L10a fusion protein under the tetracycline
operon (tetO). Mice had access to food and water ad libitum and were socially housed
with littermates prior to the start of any experiment. Mice were kept on a normal light-
dark cycle of 14h light/10h dark. All experiments were performed during the light phase.
For transferring mice during experiments, mice were handled by the tail. Mice were

generally between 10-12 weeks of age at the start of each experiment.

2.2 Fear Conditioning

At least 3 days prior to the start of any behavioral experiment, mice were placed
in single housing to minimize the amount of hippocampal activation occurring during the
resting state. Cages were not disturbed following single housing until the day of the
experiment. On the day of the experiment, mice were transported from our animal
housing room to a separate room which houses our fear conditioning apparatus. Mice
were transported in their home cages placed inside an opaque paper bag to minimize
visual stimulus prior to the onset of fear conditioning. At the beginning of the
experimental day, and between fear conditioning sessions, all surfaces, grids and trays

inside the apparatus were cleaned. All urine and feces were removed and surfaces were
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wiped down with 70% ethanol to remove odors from previous animals that had been

placed in the conditioning boxes and to provide a consistent contextual cue.

All fear conditioning was performed during the same time of day between
09:00:00 am and 10:30:00 am. Mice were received one contextual fear conditioning trial.
Fear conditioning trials lasted 500 seconds and were performed using the Coulbourn
Instruments; H10-11RTC, 120W x 100D x 120H. Each 500 second trial consisted of 4, 2
second long, 0.7 mA foot shocks administered at 198, 278, 358, and 438 seconds. Mice
were sacrificed immediately, 15 minutes or 30 minutes following fear conditioning. If
mice were not sacrificed immediately they were returned to their home cages and

transported back to the animal housing room prior to sacrificing them.

2.3 mRNA Isolation and Immunoprecipitation

All RNA handling was performed at lab benches that had been thoroughly cleaned
with bleach, 70% ethanol, and RNase Zap (Invitrogen) to remove contaminating DNA
and RNA degrading enzymes. RNA isolation was performed using a modified version of
the detailed Translating Ribosome Affinity Purification (TRAP) technique published by
Heiman et al. [73,81,82] that was optimized to remove background [74]. An anti-GFP
antibody (HtzGFP-19C8) from the Monoclonal Antibody Core Facility at the Memorial
Sloan-Kettering Cancer Center was covalently bound to magnetic epoxy beads
(Invitrogen) followed by BSA treatment to reduce non-specific binding. Following
behavioral testing, mice were anesthetized using isoflurane. Mice were decapitated and

the head was submerged in ice-cold dissection buffer (1x HBSS, 2.5 mM HEPES-KOH,
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35 mM glucose, 4 mM NaHCO3). The brain was removed, rinsed briefly in fresh
dissection buffer and placed into an ice cold brain slicer matrix (Zivic Instruments).
Between 2 and 4 coronal slices were made through the anterior portion of the
hippocampus, each 0.5mm thick. Slices were placed on a cold petri-dish that had been
filled with ice. Homogenization buffer [82] containing cycloheximide was added to each
slice in order to pause translocation of ribosomes. Brain slices were micro-dissected to
isolate CA1 stratum pyramidale and stratum radiatum tissue sections. Cortical and striatal
tissue was peeled away from the hippocampus. A cut just lateral to CA1 was made to
remove CA3. Another cut was made along the ventral side to remove dentate gyrus.
Finally, stratum pyramidale was separated from stratum radiatum with a single cut along
the border between the two regions (Figure 3.1). Each micro-dissection was added to

150pu1 of homogenization buffer and homogenized using an automatic pestle.

Homogenized samples were centrifuged at 2,000 x g for 10 minutes, lysate was
moved to a clean tube and centrifuged at 20,000 x g for 15 minutes. All centrifugations
were done at 4°C. The lysate was transferred to a clean tube containing the Anti-GFP-
L10a coated beads. Samples were incubated with the beads for 1 hour at 4°C with end-
over-end rotation. The supernatant (SN) was saved for comparison to the immunopurified
samples (IP). After five washes with 0.5ml of KCI buffer, RNA was extracted with Trizol
LS. The back extraction described in Ainsley et al [74] was omitted because it was found
not to improve yield in our study. RNA was precipitated using NaOAc, isopropanol, and
linear acrylamide overnight at -80°C. After two washes with 80% EtOH, the RNA was

resuspended in 12 pl nuclease-free water.
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2.4 Quantitative RT-PCR and Bioanalyzer Analysis

In order to remove genomic DNA contamination, mRNA samples were treated for
30 minutes with TURBO DNase (Ambion) prior to any downstream applications. RNA
was re-isolated with Trizol LS as described above to remove DNAse. RNA yield and
quality measurements were taken using the Agilent Technologies 2100 Bioanalyzer using
RNA Pico chips and according to the manufacturer’s instructions. cDNA libraries were
prepared using reverse transcription (RT) with Superscript III (Invitrogen) using a
combination of random hexamers and anchored-oligo dT primers in order to minimize 3’
UTR bias associated with reverse transcription by anchored-oligo dT alone. Quantitative
RT-PCR was performed with SYBR Green PCR master mix (Applied Biosystems) on
either the Mx3000P thermo cycler (Agilent) or the StepOne thermo cycler (Applied
Biosystems). Primers used are listed in table 2.1 below. Deenrichment of non-neuronal
genes in the IP was determined by the AAct method (AAct = Actl — Act2). Actl was
calculated as the expression of Gfap (negative control, expressed in astrocytes) in the IP
normalized for the expression of Gfap in the IP (Actl = Gfap IP ct — Gfap SN ct), and
Act2 represented the normalized expression of Camk2a (positive control, expressed in
CA1 projection neurons) in the IP (Act2 = Camk2a 1P ct — Camk2a SN ct). Larger AAct
values indicated greater de-enrichment of non-neuronal genes and therefore a more
successful IP. Correct placement of the micro-dissection was determined by Wfs/ which
is only expressed in cell bodies of CA1 projection neurons. WfsI Act was calculated
(Wfsl Act =Wfsl ct— Camk2a ct) for dendrite and soma samples. Micro-dissections were

considered correctly placed if Wfsl Act was at least 2X larger in the dendrite or if Wfsl
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was undetectable in the dendrite.

Table 2.1. qPCR primer sequences.

Gene name Primer sequence

Gfap F 5’-CGGAGACGCATCACCTCTG-3’
Gfap R 5’-AGGGAGTGGAGGAGTCATTCG-3’
Camk2a F 5’-TTTGAGGAACTGGGAAAGGG-3’

Camk2a R 5’-CATGGAGTCGGACGATATTGG-3’

Wisl F 5’-GGATGAAGATGAGGACGAGC-3’

Wifsl R 5’-TGATGGGTGGGTACAATGGT-3"

2.5 Library preparation and RNA-sequencing

Because RNA concentration was low, RNA samples were amplified and
converted to complementary DNA using the Ovation RNA-Seq V2 Kit (Nugen)
according to the manufacturer’s instructions. This kit is optimized to reduce RNA
sequences contained in ribosomal RNA and uses a combination of oligo dT and random
primers in order to reduce 3’ end bias. Libraries were prepared and barcoded using the
TruSeq Nano DNA Kit (Illumina), according to the manufacturer’s instructions. Barcoded
libraries were multiplexed and sequenced on the HiSeq2500 at the Tufts University Core
Facility. Libraries were sequenced using the high output mode for 50 bp single end

sequencing.
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Sequencing quality control was performed using FastQC (Barbraham Institute). Reads
were aligned using STAR (version 2.3.0e)[83] Unique read counts per gene were
determined using HTSeq (version 0.6.1p) [84] and used for intersample comparisons and
differential expression analysis. Clustering analysis was performed on count data using
variance stabilizing transformation as part of the DESeq2 R package [85]. Differential
expression analysis was also carried out using DESeq2. For all differential expression
analyses, a term to model a sequencing batch effect found in our data was included in the
design in addition to the term for our comparison of interest. When the differential
expression analysis was performed by negative binomial likelihood ratio test the batch
effect was used as the reduced model. Cufflinks (version 2.0.2) was used to generate
FPKM (fragments per kilobase of transcript per million mapped reads) with ribosomal
and mitochondrial sequences masked. Gene annotations and genome files were obtained

from Gencode [86] (Release version GRCm38, Gencode version M17). GO analysis was

performed using DAVID (https://david.nciferf.gov) [87,88] Dendritic prediction scores

were calculated using a logistic regression algorithm in R.

2.6 Tissue preparation and immunohistochemistry

A small group of mice were used for immunohistochemistry to check expression
of the EGFP-L10a fusion protein. Mice were deeply anesthetized with ketamine/xylazine
and perfused transcardially with ice cold 0.1M phosphate buffer for 1 min at a rate of 15

ml/min followed by ice-cold 4% paraformaldehyde (PFA) in 0.1M phosphate buffer for 5
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min at a rate of 15 ml/min. Brains were removed and post-fixed in 4% PFA overnight at
4°C. Brains were transferred to 30% sucrose for 48-72 hours at 4°C, and then snap-frozen
in -50°C isopentane for 3 min. Frozen brains were stored wrapped in parafilm in air-tight
conrainers at -20°C until sectioning. Coronal brain sections were sliced at 20um using a
cryostat and immediately placed in 1X PBS at room temperature. Sections were stored at

-20°C in a glycerol-based cryoprotectant and protected from light until use.

For immunohistochemistry, free-floating brain sections were washed in a solution
of 1X PBS overnight at 4°C to remove any excess cryoprotectant. All washes were done
with gentile agitation while protected from light. Sections were rinsed three times for 15
minutes in 1X PBS with 0.25% Triton-X-100 (PBS-T). Sections were then blocked at
room temperature for 1 hour in PBS-T containing 10% normal goat serum. Primary
antibody for GFP (Aves chicken anti-GFP, polyclonal, 1:500) was diluted in blocking
solution and incubated overnight at 4°C with gentle agitation, while protected from light.
Sections were washed three times for 20 min in PBS-T. Secondary antibody (Jackson
Immuno research, goat anti-chicken DyLight 488 1:500) was diluted in blocking solution
and applied to the sections for 2 hours at room temperature. Sections were washed three
times for 15 min in 1X PBS. Sections were mounted onto slides, coverslipped using
Prolong Gold Anti-fade Mounting Media, stored at 4°C and protected from light until

imaging.

2.7 Microscopy

To detect EGFP-L10a expression, images were acquired using a Nikon AIR
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confocal laser scanning microscope using 20X air or 60X oil objectives. We used 488 nm
excitation lines and band-pass emission filters of 500-550 nm (GFP) were used.. 1024 x
1024 resolution images were acquired using an average of 2 line scans with a 1.1 pixel

dwell time. Z sections with 1um step size were taken.

2.8 Statistical analysis

All statistical analysis was done in the R statistical programming language. Error
bars represent +/- SEM. Comparisons between groups were found using one-tailed
Welch'’s t-tests for normally distributed variables and values are considered statistically
significant with p <0.05. For differential expression analysis, multiple comparison
corrections were done using the Benjamini Hochberg algorithm [89] and values were

considered statistically significant if the adjusted p-value, padj <0.1.
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Chapter 3: Results
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3.1 Diverse pools of mRNAs localize to discrete neuronal compartments

A previous study in our lab used the TRAP methodology to define the set of
ribosome-bound mRNAs that are present in dendrites [74]. Although TRAP has clear
advantages over other methods of mRNA isolation which have been used to study
dendritically localized mRNAs [78,90] (described above), this study was limited in two
respects. 1) Translational profiling of dendrite and soma samples was carried out only on
mice that had not undergone any behavioral training paradigm or on mice that had been
sacrificed immediately after fear conditioning. This approach is likely to miss many
important changes in translation that occur in the minutes following learning. 2)
Predictions for dendritically localized mRNAs were ultimately based on very low
numbers of mice. Therefore, in order to determine the complete list of dendritically
localized mRNAs it was important that we addressed these limitations in the current

study.

3.1.1 Isolation of mRNA from CA1 projection neuron dendrites and somata.

In order to isolate mRNA from dendrites and somata within CA1 projection
neurons, we used a mouse line that had been previously generated in our lab [75].
Enhanced green fluorescent protein-tagged ribosomal subunit L10a (EGFP-L10a) is
expressed via the tetracycline transactivator (tTA-TetO) system under the control of the
Camk2a promoter [91]. EGFP-L10a is strongly expressed in projection neurons that
reside in the CA1 of the hippocampus in this mouse (Figure 3.1A). The hippocampus is a

highly laminar structure. Expression of EGFP was detectable in both somata of these
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neurons which reside in the stratum pyramidale of the hippocampus as well as within
dendritic branches which extend into the stratum radiatum. We therefore separately
collected hippocampal tissue from the stratum pyramidale and stratum radiatum and
categorized these as soma samples and dendrite samples respectively . In contrast to our
previous study which collected tissue punches from flash frozen hippocampal slices,
micro-dissections were performed fresh in order to minimize freeze-fracture of the
mRNA molecules in our samples (Figure 3.1B). During learning, neuronal activity drives
changes in translation within both dendrites and somata. We were interested in measuring
changes in the translational profiles during the early time course following a hippocampal
learning paradigm that was likely to be due to specific alterations in ribosome binding
rather than broad changes in mRNA expression due mostly to de novo transcription. We
therefore considered a narrow timeframe for mRNA collection from CA1 dendrites and
somata that would meet this criteria. In a study from 1999, Guzowski et al tracked the
time it took for Arc mRNA to move from the nucleus to the cytoplasm in the
hippocampus after interaction with a novel environment. They found that Arc cleared the
nucleus and had entered the cytoplasm within 30 minutes [92]. We therefore collected
mRNA from CA1 dendrites and somata at several points during the first 30 minutes after
a hippocampal learning task. Because previous studies have suggested that ribosomal
granules may travel into the dendritic shaft from somata within 30 minutes of neuronal
activity [42,43], this time course allows us to capture the early changes in ribosome
binding occurring within dendrites potentially including those due to translocalization

from somata. Specifically, prior to micro-dissection, mice were fear conditioned
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following a contextual fear conditioning protocol (Figure 3.1C and see methods) and
either sacrificed immediately (FCO) or allowed to recover in their homecage for fifteen or
thirty minutes prior to sacrifice (FC15 and FC30 respectively). A subset of mice were
taken directly from their home cages and sacrificed (HC). Upon sacrifice, all mice
immediately had their brain removed, slices from the hippocampal region prepared and
micro-dissections performed in the presence of cycloheximide to prevent ribosome
dissociation from the mRNAs. mRNA from Camk2a-expressing neurons was then
isolated from dendrite and soma samples by TRAP immunopurification. Both the neuron
enriched, ribosome-bound mRNA (IP; immunopurified) samples and flow-through
mRNA (SN; supernatant) samples were collected.

The quality, sizing and concentration of mRNA samples was measured by Agilent
Bioanalyzer (Figure 3.1D). The quality of the mRNA was determined by RIN score
which takes into account the shape of the entire RNA electropherogram trace to
determine levels of RNA degradation [93]. Dendrite IP samples had an average RIN of
6.5 and Soma IP samples had an average RIN of 7.5. SN samples had poorer RIN values
(dendrite SN average = 5.3; soma SN average = 5.5). The difference in RIN value was
likely due to a depletion of 28s ribosomal RNA in SN samples (Figure 3.1D). This
phenomenon is consistent with the idea that free-floating 60s ribosomal subunits will be
slightly depleted in SN samples during the TRAP protocol. Also consistent with a
successful TRAP immunopurification is the depletion of small RNAs seen in IP but not

SN samples (Figure 3.1D) which may also contribute to lower RIN scores in SN samples.
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As we have seen previously, RNA concentrations for IP samples are in the hundreds of

picograms range[74].
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Figure 3.1 Collection of dendritic and somatic mRNA by TRAP. A) EGFP-L10a
expression in the dorsal CA1 of a Camk2a-EGFP-L10a mouse. EGFP-L10a is detected
in both the somata and the dendrites of CA1 projection neurons. Scale bar = 20 um. B)
Micro-dissection of a 0.5 mm thick bilateral hippocampal section. Left hippocampus has
not yet been micro-dissected. Right hippocampus has had dentate gyrus removed and has
been separated into stratum pyramidale (top) and stratum radiatum (bottom) sections. C)
Experimental design for mRNA collection. Mice were singly housed for three days and
subjected to one 500 second fear conditioning session. Mice micro-dissected at 0
minutes, 15 minutes or 30 minutes after fear conditioning and subjected to TRAP
immunopurification. IP samples containing mRNAs bound to EGFP-tagged ribosomes
from Camk2a expressing neurons and SN samples containing a mixture of mRNAs
bound to un-tagged ribosomes and unbound mRNAs were collected. D) Representative
bioanalyzer traces from IP and SN samples. IP samples are depleted for small RNAs in
the 25-200 bp range. E) qPCR results for a positive (Camk2a) and negative (Gfap)
control genes. [P samples are relatively de-enriched for Gfap versus Camk2a compared
with their respective SN samples. For visual clarity, data are presented as 2"-(Ct(IP) -
Ct(SN)). P-value < 0.05. F) gPCR results for CA1 projection neuron cell body marker
Wis1. Dendrite samples are relatively de-enriched for Wfs1 versus Camk2a compared to
Soma samples. For visual clarity, data are presented as 1/(Ct(Wfs1) - Ct(Camk2a)). P-
value < 0.05.

Successful depletion of non-neuronal mRNAs from the IP samples during the
TRAP protocol was measured by qPCR. Primers for Camk2a and the glial gene Gfap
were used as positive and negative controls respectively. Dendrite and soma IP samples
were enriched for Camk2a compared with SN samples(Figure 3.1E). We confirmed
placement of the microdissection by testing for the presence of gene Wfsl. Wfsl is
present at high levels within CA1 projection neuron cell bodies, but, unlike Camk2a
which is expressed in both the stratum pyramidale and stratum radiatum of the CA1
(Figure 3.1E and [38,39]), Wfs1 is not expressed within the stratum radiatum (Figure
3.1F). Dendrite samples were de-enriched for Wfs/ mRNA as compared with soma

samples by qPCR.
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3.1.2 Translational profiling of discrete subcellular compartments of CA1 Projection

neurons

We used RNA sequencing (RNA-seq) to determine the genome-wide gene
expression patterns within dendrites and somata. Samples were classified as one of:
dendrite IP (mRNAs bound to EGFP-L10a tagged ribosomes originating from stratum
radiatum dissections), soma [P (mRNAs bound to EGFP-L10a tagged ribosomes
originating from stratum pyramidale dissections), dendrite SN (mRNAs not bound to
tagged ribosomes originating from stratum radiatum dissections) and soma SN (mRNAs
not bound to tagged ribosomes originating from stratum pyramidale dissections).
Dendrite SN and soma SN samples include mRNAs not bound to ribosomes originating
in CA1 pyramidal neurons as well as a mixture of mRNAs originating from other cell
types that were located within the dissected region (Figure 3.1C) and thus are treated as a
measure of background mRNA expression in those regions. RNA-seq reads were aligned
to the mouse genome. Uniquely mapped reads accounted for greater than 75% of reads in
all samples (Supplementary Table 1; all supplementary tables are available on proquest).
Aligned reads were then used to calculate counts for every gene. Given the differences in
biological point of origin for each sample type we hypothesized that genome-wide
expression profiles for these samples would segregate based primarily along two vectors:
1) whether they were ribosome-bound (portion; IP/SN) and 2) where the micro-dissection
was placed (region; dendrite/soma). To test this we performed principal component
analysis (PCA) of the gene-count data for all samples (Figure 3.2A). Further analysis

revealed that the samples also segregated in a way that was not reflected in the
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underlying biology along the first principal component. This non-biological effect
correlated very well with which of two batches of sequencing the sample had been
included in (Figure 3.2B and Supplementary Table 1). Downstream analyses were thus
careful to account for the presence of this batch effect (see methods).

Having access to genome-wide RNA-seq data, we wanted to further confirm the
success of our TRAP immunopurification. We used available single-cell datasets [94] to
generate a list of control genes. Positive control genes were selected such that they are
expressed in CA1 pyramidal neurons but not other cell types present in the CA1 region,
while negative control genes are not expressed in CA1 pyramidal neurons. Expression
patterns for these genes were validated using the Allen Brain Institute in situ
hybridization atlas (Supplementary Table 2). We tested for fold-change differences
between the IP and SN portions for dendrite and soma samples (Figure 3.2C-D).
Differential expression testing was performed using DESeq2 [89] which uses generalized
linear models to estimate fold changes. Based on this analysis there were 7,802 genes
differentially expressed between IP and SN in the dendrite samples (4,529 genes enriched
in IP with log2 fold changes > 0; 3,273 genes enriched in SNwith log2 fold changes < 0;
false-discovery rate of < 0.1) and 6,620 genes differentially expressed between IP and SN
in the soma samples (3,094 genes enriched in IP [i.e. log2 fold changes > 0]; 3,526 genes
enriched in SN [i.e. log2 fold changes < 0]; adjusted p-value < 0.1). As expected, we
found that positive control genes were enriched in IP samples while negative control

genes were enriched in SN samples in both dendrites and somata (Figure 3.2C-D).
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Figure 3.2 RNA-seq confirms specificity of TRAP mRNA collection. A) Principal
component analysis of normalized gene counts for all samples. The first two principal
components (accounting for 31% and 24% of the variance respectively) separate samples
based on which region their micro-dissection was collected from, and whether the sample
was in the IP or the SN portion. B) Density plot of the first principal component with
samples grouped by two separate batches of RNA-sequencing. Samples separate along
PC1 indicating the presence of a batch effect for these samples. C) Top: Volcano plots of
differential expression of genes in dendrite IP vs dendrite SN samples. Positive (“pos”)
and negative (“neg”) control genes are shown. Vertical lines are plotted at +/- 2-fold
enrichment. Horizontal line is plotted at adjusted p-value (padj) < 0.1. Bottom: Boxplots
showing the log2-fold change for positive and negative control genes. Positive fold-
change represents enrichment in the IP, negative fold-change represents enrichment in the
SN. Positive control genes are more enriched in dendrite IP and negative control genes
are more enriched in dendrite SN. D) As in C but for Soma IP vs Soma SN samples.
Positive control genes are more enriched in soma IP and negative control genes are more
enriched in soma SN.

Given the functional differences between these two cellular compartments, we
hypothesized that different mRNA pools are present within dendrites and somata. We
therefore calculated estimated fold changes between dendrite-IP and soma-IP samples
(Figure 3.3A). We found 4,756 genes to be differentially expressed between these
samples. Given that individual dendrites contain relatively few mRNAs compared with
their somata [95], it was striking that nearly two-thirds of genes that were differentially
expressed appeared to be enriched in dendrites (64% or 3,037 genes enriched in dendrite-
IP [i.e. log2 fold changes > 0] compared with 36% or 1,719 genes enriched in the soma
[i.e. log2 fold changes < 0]; adjusted p-value < 0.1). One possibility is that the IP samples
contain contamination from mRNAs in the ribosome-unbound pool or from ribosome-

bound mRNA in other cell-types. Indeed, the stratum radiatum from which the dendrite-
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IP samples were collected is much more heterogeneous than the stratum pyramidale from
which soma-IP samples were collected. Therefore we also calculated fold enrichment for
dendrite-SN versus soma-SN samples. We found that 3,730 genes were differentially
expressed between these two samples(Figure 3.3B). In contrast to IP samples, dendrite-
SN and soma-SN enrichment were roughly even (53% or 2,005 genes enriched in
dendrite-SN [i.e. log2 fold changes > 0] compared with 47% or 1,725 genes enriched in
the soma [i.e. log2 fold changes < 0]; adjusted p-value < 0.1). It is possible that the
relatively greater heterogeneity of cell-types within the stratum radiatum versus the
stratum pyramidale gave rise to a more pronounced contamination that was exacerbated
during PCR steps during RNA-seq library construction. If this were the case, genes that
were enriched both in the IP and the SN of dendrites would contribute disproportionately
compared with genes that were enriched both in the IP and the SN of somata. Figure 3.3C
shows the overlap of enriched genes for each comparison. Filtering the differentially
expressed gene lists from the IP to exclude genes that were also enriched in their
respective SN had no effect on the percentages of genes that were enriched in either
dendrite-IP or soma-IP (66% or 2,122 genes enriched in dendrite-IP versus 34% or 1,085
genes enriched in soma-IP; Figure 3.3D). These findings suggest that dendritic
compartments have a greater diversity of mRNAs bound to ribosomes than does the
somatic compartment within the early time-points after contextual fear conditioning
measured in our study (22 out of 29 dendrite samples were obtained from fear-

conditioned mice, with the remaining 7 samples obtained from home-cage mice; 11 out
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of 15 soma samples were obtained from fear-conditioned mice, with the remaining 4

samples obtained from home-cage mice).

A. E . : - Dend SN enrich Soma.SN.enrich

log fold change
log fold change

1e-02 1e+00 1e+02 1e+04 1e-02 1e+00 1e+02 1e+04

mean of normalized counts mean of normalized counts

Percent of DE Percent of DE genes after

# of genes enriched Garice filtering
Dendrite 3,037 genes 64% 66%
Soma 1,179 36 34
Dendrite 2,005 53 -
Soma 1,725 47 -

Figure 3.3 Differential expression analysis reveals greater diversity of ribosome-
bound mRNAs in dendrites than somata. A) MA-plot of differential expression results
between dendrite IP and soma IP samples. Positive log fold change indicates enrichment
in the dendrite IP, negative log fold change indicates enrichment in the soma IP. Genes
that were significantly differentially expressed (adjusted p-value < 0.1) are plotted in red.
B) As in A but for dendrite SN and soma SN samples. C) Venn-diagram of overlapping
enriched genes from comparisons in A and B. D) Table showing total numbers of
enriched genes and percentage of all differentially expressed (DE) genes that were
enriched in dendrite vs soma for IP and SN comparisons. For IP comparisons, genes that
were enriched in SN comparisons were filtered out and the percentage of DE genes was
recalculated. Nearly two-thirds of differentially expressed genes in IP comparisons were
enriched in dendrites versus half of differentially expressed genes in SN comparisons

enriched in dendrites.
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3.1.3 Differences in regulatory elements of mRNAs enriched in dendrites or somata.

Much work has been done to parse the various means by which protein translation
might be regulated. It has been shown for example that neuronal mRNAs contain on
average much longer 3°’UTR regions [96,97]. The 3°’UTR is a potent site of translational
regulation: 3’UTRs can contain targeting elements [38,39] in the sequence secondary
structure which are required for correct localization of an mRNA as well as microRNA
binding sites which target the mRNA for degradation and binding sites for RNA binding
proteins which can regulate the level of translation [98]. Likewise, 5’UTR dependent
mechanisms for regulation of translation are well studied, the most well understood of
which are the 5’UTR cap-dependent mechanisms of translational regulation [5,6,9]. We
were therefore interested in differences between these mRNA features in our RNA-seq
data. SN samples collected from the cell layer of the stratum pyramidale are more
enriched for neuronal cell bodies as compared with SN samples collected from the
stratum radiatum which contain a mixture of background neuropil consisting of both
neuronal and glial processes. Concurrently, mRNAs enriched in pyramidale contain, on
average, much longer UTRs on both the 3” and 5° end, and this difference was more
pronounced for 3’UTRs (Figure 3.4A; Pyramidale 5’UTR, 360.15 base pair average
length, Radiatum 5’UTR 259.29 base pair average length, Welch Two Sample t-test p-
value = 4.629¢-14; Pyramidale 3°’UTR, 2033.57 base pair average length, Radiatum
3’UTR 1055.03 base pair average length, Welch Two Sample t-test p-value = 2.2e-16).
Strikingly, the reverse trend was apparent when comparing the ribosome bound IP

samples. mRNAs enriched in dendrite IP samples contained, on average, longer UTRs on
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both the 5’ and 3’ ends than mRNAs enriched in soma IP samples (Figure 3.4B; dendrite
5’UTR, 333.37 base pair average length, soma 5’UTR 290.667 base pair average length,
Welch Two Sample t-test p-value = 0.0024; dendrite 3°’UTR, 1569.38 base pair average
length, soma 3’UTR 1354.937 base pair average length, Welch Two Sample t-test p-value
= 1.59¢-05). These data are consistent with the idea that local translation of dendritic
mRNAs can preferentially use mRNAs with longer 3’UTRs [99].

The longer 5’UTR lengths observed in dendrites may be partially due to the
inclusion of regulatory motifs contained within the sequence. One commonly used and
well studied regulatory mechanism that is known to be involved in synaptic plasticity is
the regulation of translational initiation mediated by mTORCI1 [9,14]. mTORC1
specifically regulates the translation of a set of genes containing terminal
oligopyrimadine (TOP) motifs. A large percentage of these genes encode proteins that are
part of the translational machinery, including many ribosomal proteins. We have
previously seen mRNAs which encode ribosomal proteins enriched in dendrites and were
therefore curious if this phenomenon held true [74]. We measured how many mRNAs
containing known TOP motifs were enriched in each comparison. Dendrite samples were
enriched for TOP mRNAs in both the IP and SN portions compared with their respective
soma portions (Figure 3.4C). Greater levels of dendrite enrichment compared with soma
enrichment in SN samples may reflect a difference in the relative amounts of ribosome
binding versus dendritic or somatic localization of these genes. Of the 16 TOP mRNAs
enriched in dendrite IP samples, 3 encoded ribosomal proteins (Rpl9, Rpl18, Rpsi5a)

confirming our previous findings.
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RNA binding proteins can play a significant role in the localization and
translational regulation of mRNAs. Fragile X mental retardation protein (FMRP) is
known to play a role in localization and translational repression of mRNAs and loss of
FMRP results in an impairment in structural plasticity — changes in spine morphology —
that occurs after learning[100—103]. We therefore measured the total number of FMRP
target genes enriched in each sample type, using the list of FMRP target genes generated
by Darnell et al.[103] (Figure 3.4D). In the ribosome-bound IP portion dendrites were
enriched for 2.5 times as many FMRP target mRNAs as somata, while in the SN portion,
dendrite and soma layers were enriched for roughly equal numbers of FMRP target
mRNAs. Dendritically enriched ribosome-bound FMRP target mRNAs had a high
degree of overlap with dendrite SN enriched FMRP target mRNAs (72.3% of FMRP
targets enriched in dendrite SN were also enriched in dendrite IP). This is higher than
expected, as only ~30% of all dendrite IP genes overlap with dendrite SN genes (Figure
3.3C).

3.1.4 Prediction of dendritically localized mRNAs

Because our RNA-seq data indicate good separation of positive and negative
control genes between IP and SN in dendrite samples (Figure 3.2) we used these data to
generate a model to predict all potentially dendritic mRNAs. Although differential
expression analysis can reveal genes enriched in the dendrite IP versus dendrite SN, this

is an incomplete list of all possible dendritic mRNAs because it does not account for
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Figure 3.4 Ribosome-bound genes in dendrites and somata display alternate trends
in UTR length and enrichment of certain regulatory features. A-B) Average 5’UTR
and 3°’UTR lengths for genes enriched in dendrite or soma. A) Genes enriched in soma
SN have longer average 5’UTR and 3’UTR lengths than those that were enriched in
dendrite SN. B) Genes enriched in dendrite IP have longer average 5’UTR and 3’UTR
lengths than those that were enriched in soma IP. C) Percentage of genes enriched in
dendrite or soma that contained known TOP motifs. D) Percentage of genes enriched in
dendrite or soma that were known binding partners of FMRP.

mRNAs that are present in dendrites at high-levels in both the ribosome-bound portion
(IP) and ribosome-unbound portion (SN). To account for this we also calculated FPKM
(Fragments Per Kilobase of transcript per Million mapped reads) for IP samples to

capture the relative expression level for each gene within these samples. We used a
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logisitic regression model on our dendrite data to generate a predictive score for each
gene based on the average FPKM in the IP and the log2 fold-change between the IP and
SN. The model was trained on the previously generated list of control genes and gave
high predictive scores to positive control genes and low predictive scores to negative
control genes (Figure 3.5A). We generated a ROC curve (Figure 3.5A) and a threshold
for predictive score was chosen to optimize between false positives and false negatives.
There were 2923 genes above this cut-off that were predicted to be dendritic. A subset of
genes that were enriched in radiatum SN by differential expression analysis were
predicted to be in dendrites based on our criteria. Among these genes was the well

known dendritic marker Map?2, validating the use of this approach (Figure 3.5B).

We compared the results of our dendritic predictions to previous dendritically
localized mRNA lists (Figure 3.5C) generated by Joshua Ainsley et al. [74] and by Ivan
Cajigas et al. [78]. Consistent with differences in methodology, our list did not have
complete overlap with either the Ainsley or Cajigas lists, however, it is worth noting that

we demonstrate more overlap with either of the previous studies than they do with each
other (714 Jones-Cajigas and 478 Jones-Ainsley vs 434 Ainsley-Cajigas). The full list of

dendritically predicted genes is presented in Supplementary Table 3.

3.2 Divergent temporal dynamics of neuronal compartments after contextual fear

conditioning

Recent studies have begun to use RNA-seq to probe the changes in translation

that occur during memory formation [74,79,80]. These studies have so far produced
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Figure 3.5 Logistic regression analysis predicts dendritically localized genes. A) A
logistic regression based prediction algorithm was trained using already established
control genes (see Supplemental Table 2) to generate predictive scores. Log2 fold change
estimates generated by differential expression analysis of dendrite IP and dendrite SN
samples and average FPKM for each gene were used as variables in the prediction
algorithm. To minimize noise, only genes which had adjusted p-value < 0.1 in the
differential expression analysis were considered. Left, violin plots of positive, negative
and non-control (NA) gene predictive scores. The threshold above which genes were
considered to be dendritic is marked as a red bar. Right, ROC curve measuring false
positive and false negative rate. B) Average IP FPKM vs Average SN FPKM for
dendritically predicted genes. Genes plotted in red have negative log2 fold changes based
on differential expression, indicating a higher level of enrichment in the dendrite SN.
These genes were nevertheless predicted to be dendritic based primarily on the high
average I[P FPKM. Dendritic marker, Map2, which was more enriched in dendrite SN
than dendrite IP is plotted in green to emphasize the importance of including the FPKM
as a measure of total expression in a sample type in the prediction algorithm. C) Venn
diagram of the overlap of previously generated lists of dendritically predicted genes. Our
list (Jones) has a higher degree of overlap with either of the previous lists (Aisnsley,
Cajigas) than they have with each other.

somewhat conflicting results. For example, Ainsley et al. found that, immediately
following fear conditioning, CA1 pyramidal dendrites were enriched for ribosomes
bound to mRNAs related to translation [74]. By contrast, Cho et al. found that mRNAs
related to translation were repressed following fear conditioning [79]. These
discrepancies likely arise due to differences in experimental design amongst the major
studies that have so far been reported. To date, no study has combined cell-type and
regional specificity to measure the changes that occur in translation over time during
memory formation. Our experimental design (Figure 3.1B) allows us to interrogate the

temporal dynamics of ribosome binding after fear conditioning in dendrites and somata.
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3.2.1 TRAP greatly enhances detection of translational changes in dendrites and somata

We used DESeq2 to obtain estimated fold-changes (negative binomial Wald-test)
for each behavioral time point (0 minutes, FCO0; 15 minutes FC15; or 30 minutes FC30)
in mice that had undergone FC compared with mice who had not had behavioral training
(home cage, HC). We hypothesized that alternate pools of differentially expressed (DE)
genes would be present in dendrites and somata so we therefore performed DEseq on
dendrite IP and soma IP samples separately. We also separately performed DEseq on
dendrite SN and soma SN samples. Dendrite samples contained 529 unique DE genes
across all time points. Notably, we observed a shift from increase in ribosome binding in
genes that were DE at FCO to a decrease in ribosome binding in genes that were DE at
FC15 (Figure 3.6A; FCO, 79.7% upregulated; FC15, 35.0% upregulated; FC30, 57.6%
upregulated). Soma samples contained 410 unique DE genes and underwent a similar
relative decrease in ribosome binding at 15 minutes but had roughly equal levels of
ribosome binding increases and decreases at 0 and 30 minutes (Figure 3.6A; FCO0, 57.4%
upregulated; FC15, 37.2% upregulated; FC30, 55.2% upregulated). Strikingly, there
were only 10 unique DE genes in dendrite SN samples. Soma SN samples contained 206
unique DE genes notably number of DE genes increased at each time point. Because the
somatic micro-dissection, by definition, contains cell bodies soma SN samples are likely
to include nuclear localized mRNAs and so it is likely that the increase in DE genes over

the time course is due to transcriptional changes in the soma SN.

We observed very little overlap between DE genes in IP samples and SN samples
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in either dendrites or somata. Only 6 genes were DE in both IP and SN of soma samples
and only 1 gene was DE in both IP and SN of dendrite samples. Perhaps unsurprisingly,
50% of shared DE genes in somata and 100% of shared DE genes in dendrites were
immediate early genes (IEGs) (Figure 3.6B). Immediate early genes are known to
rapidly increase in expression following neuronal activity [46—48] so we expected that
these genes would be upregulated at later time points in all samples. Although this was
indeed the case, we noted that these expression increases were more obvious in IP
samples and, as in the case of Npas4 did not follow the same temporal dynamic in both IP

and SN (Figure 3.6C).

3.2.2 Temporal patterns of alteration in ribosome binding in dendrites and somata

We wanted to further understand the temporal dynamics of differential expression
at each time point in our dataset. We therefore separately performed DESeq analysis
using the negative binomial likelihood ratio test to test for genes that were differentially
bound to ribosomes (i.e. DE in IP) at any time-point after FC compared with HC in
dendrites (Figure 3.7) and somata (Figure 3.8). The likelihood ratio test performed better
for genes where very few samples in a given group were expressed at extremely high
levels. We observed 206 DE genes in dendrite IP (Figure 3.7A, full list of DE genes in
Supplementary Table 4) that displayed a mixture of increase and decrease in ribosome
binding. In soma IP we observed 56 DE genes (Figure 3.8A, full list of DE genes in
Supplementary Table 5), a substantial decrease from our results using the Wald test.

There was minimal overlap in genes that were DE in both dendrite IP and soma IP. Only
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Are, Lrrc27, and Fos were significantly DE in both dendrite and somata. Arc and Fos are
both IEGs and as expected follow a similar time course in both soma IP and dendrite IP
(Figure 3.6C). Lrrc27 is a member of a protein family known as leucine-rich repeat
domain containing proteins many of which have a role in mediating neuronal functions
including axonal guidance, synapse formation and some of which have been shown to be
involved in various nervous system disorders [104].

DE genes in both dendrite IP and soma IP displayed alterations in fold-change
over the time-course and we were therefore curious if these dynamics were biologically
meaningful. As a first step, we performed k-means clustering to group genes by their
temporal dynamics. Log2 fold-changes at all three time-points versus HC were used to
cluster significantly DE genes. To determine how many centers to use for k-means
clustering, we first determined how many centers were needed before the total within-
clusters sum of squares reached a lower limit (known as the “elbow method”). By chance,
both dendrite IP and soma IP were optimally clustered using 4 centers (Figure 3.7B,
Figure 3.8B). In dendrite IP samples, clustered genes were characterized by three
prominent temporal dynamics (Figure 3.7C). The first and third clusters (as determined
by the k-means algorithm) had an early increase in ribosome binding at FCO followed by
a sharp decline at FC15 and another sharp increase in ribosome binding at FC0O. These
two clusters differed primarily in the absolute value of fold changes. The second cluster

was characterized by a sharp decrease at FC15 which rebounded to homecage levels at
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Figure 3.6 TRAP improves differential expression analysis of fear conditioning time-
course. A) Number of differentially expressed genes in dendrite IP and SN (left) and
soma [P and SN (right) at each time-point after FC compared with HC samples.
Downregulated genes are colored green, upregulated genes are colored red. B) Table of
genes which were DE in both IP and SN of their corresponding samples. C) Plots of
normalized gene counts for IEGs which were DE in IP and SN samples. Arc Fos and
Npas4 were DE in dendrite IP, soma IP and soma SN. Fos was also DE in dendrite SN.

FC30. The fourth and final dendrite IP cluster was characterized by an increase in
ribosome binding at FC15 that dropped to homecage levels by FC30. The up-down-up
pattern displayed by clusters 1 and 3 appeared to be unique to dendrites. By contrast in
the soma, increases (cluster 1 and cluster 4, FCO; cluster 3 FC15) or decreases (cluster 2,

FCO0) in ribosome binding leveled off by FC15 and did not change substantially from this

level by FC30.

3.2.3 Early and intermediate ribosome binding engage alternate functions in dendrites

We were intrigued by the up-down-up pattern of ribosome binding changes in
dendrite IP samples and wanted to understand if this was a function of the underlying
biology. We suspected that genes exhibiting this up-down-up pattern might contribute to
shared biological processes that were separate from those of genes undergoing alternate
temporal dynamics. Therefore, we used The Database for Annotation, Visualization and
Integrated Discovery (DAVID) [87]to perform functional annotation clustering of genes
in different gene clusters. Because of their similar temporal dynamics we combined
dendrite IP clusters 1 and 3. Cluster 2 did not return any statistically significant

functional annotation clusters so we do not report gene ontology for these genes here. As
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Figure 3.7 Temporal patterns of differential expressed genes in dendrite IP. A)
Heatmap of all 206 significantly DE genes in dendrite IP(negative binomial likelihood
ratio test, P-adj < 0.1). B) Principal component analysis of genes clustered by log fold
change at 0, 15 and 30 minutes. Individual points correspond to single DE genes, colored
by cluster. C) Plot of log fold change for each cluster. Clusters in B and C correspond to
each other.
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Figure 3.8 Temporal pattern of differentially expressed genes in soma IP.

A) Heatmap of all 56 significantly DE genes in soma IP (negative binomial likelihood
ratio test, P-adj < 0.1). B) Principal component analysis of genes clustered by log fold
change at 0, 15 and 30 minutes. Individual points correspond to single DE genes, colored

by cluster. C) Plot of log fold change for each cluster. Clusters in B and C correspond to
each other.
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expected, statistically significant gene ontology terms for genes in clusters 1 and 3 varied
starkly from those in cluster 4 (Figure 3.9A-B). Clusters 1 and 3 were enriched for genes
associated with the membrane and its related functions (GO-term membrane accounted
for 50.57% of genes in clusters 1 and 3, full list of functional annotations are provided in
Supplementary Table 6). Cluster 4 was enriched for a variety of annotations with likely
nuclear functions including: Cell cycle, transcription regulation and nucleotide binding
(Full list of functional annotations are provided in Supplementary Table 7). Cluster 4 was
also enriched for microtubule elements. Among these was the neuronal microtubule gene
Tubb3 and the immediate early gene Arc. Likewise, Egrl, Egr4, Fos, Nr4al and Nrd4a?2
were grouped (all immediate early genes) into the nucleotide binding annotation cluster.
Given the potentially nuclear function of a large percentage of genes in cluster for
of dendrite IP samples, we wondered whether the somatic differential expression time
course for these genes would provide context for how these genes came to be localized to
dendrites. We hypothesized that a global increase in ribosome binding throughout the
neuron could lead to a transient increase in ribosome binding within dendrites. We
therefore measure fold changes for dendrite IP cluster 4 genes in soma IP samples (Figure
3.9C-D). To our surprise we found that in the soma, there is a decrease in ribosome
binding at FCO which precedes the increase in ribosome binding at FC15, suggesting that
these mRNAs may begin moving into dendrites even earlier than we expect, potentially
while bound to ribosomes. We also measured fold change differences for Dendrite cluster

1 and 3 genes in soma IP. Genes in these clusters initially increased in ribosome binding
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Figure 3.9 Temporally derived gene clusters are functionally distinct. A) Functional
annotation clustering results for dendrite IP genes in gene clusters 1 and 3. Vertical red
bar indicates a p-value of 0.05. Annotational clustering results are colored by enrichment
score and sizes correspond to percentage of genes within a gene cluster that were
annotated for a given term. B) Functional annotation clustering results for dendrite IP
genes in gene cluster 4. C) Fold-change plots for gene clusters 1 and 3 for soma IP
samples. D) Fold-change plots for gene cluster 4 for soma IP samples.
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and had a decrease in ribosome binding at FC15, which precedes the late increase in
ribosome binding that occurs in these genes in dendrite IP samples, potentially suggesting
a similar translocalization of ribosome bound mRNAs into the dendrite. It is important to
note that differential expression changes were not statistically significant in soma IP
samples for these genes by likelihood ratio test (with the exception of Arc, Lrrc27, and
Fos). However, because the trends are visually apparent we report these data with the

aforementioned caveat.
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Chapter 4: Discussion
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4.1 Translational profiling of dendritic and somatically localized mRNAs

4.1.1 Prediction of dendritic mRNAs, past and present

It is clear from a vast body of work that local protein synthesis within dendrites is
necessary for a variety of plasticity and memory paradigms [4,36],[19,39]. What is less
clear is which plasticity mechanisms require local translation in order to properly carry
out their functions. Previous studies in our lab and others[74,78,105] have worked to
develop a comprehensive list of mRNAs that are locally translated within dendrites in the
hope that such a list would help answer the question, “what role does local protein
synthesis play during neuronal plasticity underlying learning?”” Here we add to this body
of work and produce our own list of predicted dendritic mRNAs. Notably, we achieve
greater overlap between our list and either of two previous lists than those lists had with
each other (Figure 3.5C). Our data thus add further support for these previous studies
(Ainsley et al.[74] and Cajigas et al.[78] ). We also propose an additional 1900 genes not
previously predicted to be in dendrites. It is not surprising that complete overlap with the
Ainsley or Cajigas dendritic predictions was not observed. Lack of overlap can be readily
explained by differences in experimental design. Cajigas et al. generated dendritic
predictions by first collecting total mRNA isolated from stratum radiatum and ensured
neuronal specificity of their predictions by filtering genes that were previously found to
be expressed in non-pyramidal cell-types, as well as genes with a known nuclear
function. Ainsley et al. ensured cell-type specificity with the same TRAP methodology

used in our study and were therefore able to predict dendritically localized mRNAs that
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had been filtered from the Cajigas list. Importantly, TRAP specifically isolates ribosome
bound mRNAs. Although it is possible that a subset of mRNAs pulled down using this
technique are stalled, it is worth noting that the majority of translational regulation occurs
at the initiation step [7,16] and even mRNAs bound to single ribosomes, long thought to
be the products of stalled translation, actively contribute to synthesis of proteins at low
levels [106]. TRAP is therefore more likely to reveal genes which are part of an actively
translated pool of mRNAs rather than simply mRNAs which arrive in the dendrites as a
result of “spill-over” localization from somata.

To generate their list, Ainsley et al. employed a machine learning algorithm based
on support vector machines which used two separate expression values for each gene;
one for the coding sequence and 3’UTR adjacent to the stop codon and one for the distal
3’UTR. Splitting the data in this way was done to account for loss of coverage in distal
3’UTR of RNA-seq reads in the IP due to RNA fragmentation. Given the greater numbers
of biological samples from which our dendritic predictions were based and the lack of a
clear trend indicating fragmentation of the RNA and loss of 3’UTR coverage in [P
samples (data not shown) we decided not to employ this approach and to instead base our
predictions on enrichment of genes in the IP samples (versus SN) and total expression in
the IP samples for each gene. Differences in dendritic gene lists are also likely to be due
to the inclusion of later fear conditioning time-points included in our analysis. Our list of
dendritic predictions therefore represents mRNAs that are possibly localized to CA1
dendrites and bound to ribosomes at any point prior to and up to 30 minutes following

neuronal activation by contextual fear conditioning. Although it is the largest list of
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dendritically predicted mRNAs to date, it should by no means be considered exhaustive.
In order to reduce noise produced by unreliable fold changes in our dendritic predictions
we only considered genes that were significantly differentially expressed between IP and
SN in dendrite samples. Thus a limitation of our approach is that there were mRNAs that
we detected in our dendritic microdissection at roughly equivalent levels in both the IP
and SN, but that we cannot predict as being truly dendritic using our current method.

Future work in our lab will focus on refining our prediction algorithm.

4.1.2 Implications of dendritic mRNA diversity for synaptic plasticity mechanisms

The dendritic compartment is a spatially limited region of the neuron that, based
on imaging data [107] and measurements of mRNA copy abundance in other cell-types
[108,109], likely contains an order of magnitude fewer mRNA transcripts than does the
neuronal cell body [95]. As argued by Kenneth Kosik, roughly 100,000 mRNA copies are
split amongst the pool of dendritically localized mRNA pool. Kosik suggests that these
100,000 mRNAs are split amongst the roughly 2500 genes found to be dendritically
predicted in the Cajigas list. Kosik further suggests there are approximately 500 copies of
the 100 most abundant genes and roughly 21 copies each of the less abundant genes
based on observations from single cell RNA-sequencing of rat pyramidal neurons [110].
However, as our data and previous work in our lab show, the actual number of
dendritically localized genes is likely to be much larger than suggested by Cajigas.
Integrating the Ainsley and Cajigas lists with our own, the true number of dendritically

localized mRNAs is potentially as large as roughly 6000 genes or more. Following the
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same logic used by Kosik to generate these approximations, there are thus potentially as
few as 9 copies of each of the least abundant mRNAs. Given the low amount of overlap
in gene profiling studies it seems likely that more dendritically localized mRNAs will be
predicted, potentially pushing low abundance mRNAs to a vanishingly small
approximate number of copies present within each dendritic arbor if Kosik’s model holds.
On the other hand it is possible that dendritically localized genes are present in individual
dendrites at variable rates. High throughput screens using bulk RNA such as ours cannot
differentiate between individual neurons and most single-cell RNA sequencing methods
require enzymatic dissociation that remove neuronal processes making it impossible to
use these methods to study local translation within the dendrites of a single neuron.
However, some evidence that individual dendrites express different subsets of genes is
provided by a recent study from Sarah Middleton, James Eberwine and Junhyong Kim
[111]. They used a sub-cellular sequencing approach to sequence individual dendrites and
somata from single neurons and observed a subset of “high variability” dendritically
localized mRNA that were expressed in an “all or nothing” pattern from cell to cell. Such
high variability genes may come about as a result of differences in activity dependent
localization of specific mRNAs between individual neurons over the lifetime of those
cells resulting in a recruitment of unique pools of mRNAs to individual dendritic arbors,
akin to a “dendritic fingerprint”.

Along these lines, our data revealed a greater diversity of ribosome bound
mRNAs enriched in dendrites than in somata (3,037 genes enriched in dendrite IP vs

1,179 enriched in soma IP; Figure 3.3) suggesting a greater degree of heterogeneity
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among dendrites than somata. This trend was not mirrored in SN samples, suggesting that
heterogeneity amongst [P samples was specific for subcellular compartments and not
merely regional. Additionally, because this trend was observed in the ribosome-bound IP
portion indicating a greater likelihood that these mRNAs would be translated, it is likely
to be functionally relevant . The implication of these results is that dendritic
heterogeneity is not simply a result of individual cell to cell variability but rather it is the
result of functional differences between the two cellular compartments. One possibility is
that dendritic heterogeneity may arise as a consequence of differences in activity at
specific synapses. This interpretation of our data is consistent with the synaptic tagging
model which proposes that activated synapses are “tagged” in a protein synthesis
independent manner which allows these synapses to then “capture” plasticity related
products (PRPs) [112,113]. PRPs might include proteins synthesized in the somata or
mRNAs which are then transported to tagged synapses. Although our study does not
directly address whether dendritically enriched genes are distributed to specific synapses,
there is evidence that that is likely to be the case. One of the most abundant types of
genes predicted to be dendritic in our dataset and others are those which enode
cytoskeletal proteins and other structural elements. These genes contribute to the
structural plasticity that occurs following synaptic activity and allows for the growth of
new dendritic spines and the enlargement of existing ones in a synapse-specific manner
[114,115]. A recent study by Jun-Hyeok Choi et al. found that contextual fear
conditioning induced an increase in size and number of synapses that was correlated to

the strength of the fear conditioning protocol used and thus to the retrieval of that fear
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memory [116]. Thus structural remodeling of synapses driven by translation of
cytoskeletal proteins give rise to a “synaptic engram” the strength of which is correlated
with the strength of the memory. It may also be the case that other classes of genes aside
from cytoskeletal are involved in the formation of synaptic engrams. Within our dataset,
low abundance mRNAs that are nevertheless predicted to be localized to dendrites are
likely to be localized selectively to individual dendritic branches or synapses rather than
constitutively throughout the stratum radiatum. Such genes would be good candidates for
future studies that attempt to further resolve the mechanisms by which synaptic engrams

may arise.

4.1.3 Regulatory features associated with Dendritic mRNAs

Of great interest among those studying local translation is how this system is
regulated and how those mechanisms differ from those employed constitutively within
the whole neuron. Neurons can selectively target mRNAs to their processes but it is not
clearly understood how this occurs. A well known example of this is seen in the
neurotrophin, BDNF. Two isoforms of BDNF mRNA are produced in the brain, that vary
based on their 3’UTR length. The short 3’UTR version of BDNF is restricted to the
somata while the long 3’UTR isoform is trafficked into dendrites in an activity dependent
manner [99,117]. Likewise, as mentioned previously, a dendritic targeting element (DTE)
within the 3’UTR of the mRNA for Camk2a was first identified in 1996 by Mayford et al
[38]. A handful of other genes have also been found to contain DTEs within their 3’UTRs

including MAP2, Arc and Shankl [118—120]However, these DTEs do not contain
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significant sequence similarity to each other, making prediction of other DTEs difficult. It
is possible that protein interactions with the secondary structure of the DTE sequence are
ultimately what drives localization of genes containing these features into the dendrites.
DTEs can range from a couple hundred base pairs long to multiple kilobases (as is the
case with BDNF). Our data showed that ribosome-bound mRNA enriched in dendrites
had longer average 3’UTRs as compared with ribosome bound mRNA enriched in somata
(Figure 3.4). It is likely the case that several of these mRNAs contain previously
undiscovered DTEs. Notably this trend was reversed in comparison of SN samples. That
is, mRNAs enriched in dendrite SN samples in our dataset had significantly shorter
3’UTRs as compared with those enriched in soma SN samples. Because soma SN
samples are likely to be much more enriched in mRNAs originating from neurons due to
a greater density of cells and more homogeneity of cell-type within the stratum
pyramidale, this data supports studies that have shown a preference for longer 3’UTR
isoforms in neuronal cells [96]. In fact, the trends present in the 3’UTR in comparisons
between dendrite and soma samples were mirrored in the 5’UTR. This finding is
consistent with the idea that neurons, as highly specialized cells, require multiple
strategies to regulate translation, many of which rely on the presence of motifs within the
primary or secondary sequence for interactions with RNA binding proteins or miRNAs.
In previous studies of local translation, translation has been consistently found to
be among the most highly enriched gene ontology (GO) terms [74,121,122]. Although
translation was not among the top enriched GO terms in our data set, several genes

known to be a part of the translational machinery were enriched in dendrite IP samples as

65


https://paperpile.com/c/60uL2m/GGSL
https://paperpile.com/c/60uL2m/Eqla+uciT+44Iu

compared with soma IP samples including three genes which encode ribosomal subunits
(Rpl9, Rpl18, Rpsl5a). While it makes intuitive sense that translational machinery might
need to be translated locally given that quickly putting that translational machinery to
work following synaptic activity seems to be a key design element of dendrites,
ribosomes have not yet been shown to be capable of de novo assembly outside of the
nucleolus. Nevertheless, this finding is consistent with earlier findings in our lab which
also found ribosomal protein mRNAs to be predicted in dendrites [74]. There are several
possible scenarios which may explain why ribosomal protein mRNAs are localized to
dendrites. First, it is possible that ribosomes, in fact, are assembled de novo within
dendrites or that subunits may be swapped out as necessary to prolong the lifespan of
already assembled ribosomes. A second possibility is that ribosomal protein mRNAs are
localized to dendrites incidentally by the same pathway which localizes other
translational machinery mRNAs to dendrites. Indeed many of the translational machinery
genes contain 5’ TOP motifs and are commonly regulated by mTORCI1 [9,14]. We show
that there is a modest enrichment for TOP motif containing genes in the dendrite IP
compared with the soma IP samples (Figure 3.4). It has been suggested that local
synthesis of TOP motif containing mRNAs may be important for synaptic plasticity by
increasing the overall translational capability within dendrites [123]. It is possible that
the TOP motif itself or some other feature shared amongst TOP-motif containing mRNAs
also regulates their localization, though no such mechanism has yet been found. On the
other hand, more than half of the known TOP motif containing genes (60 of 109) were

enriched in dendrite SN compared with only 2 TOP genes in the soma SN (Figure 3.4).
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This could indicate that TOP genes are enriched in non-neuronal cells within the stratum
radiatum or that these mRNAs were simply localized to dendrites but not bound to
ribosomes. While our data cannot differentiate between these two possibilities, given the
available evidence suggesting that local protein synthesis of TOP genes is involved in
synaptic plasticity and the dearth of TOP genes in both the soma IP and soma SN samples
it seems likely that some mechanism exists to specifically shuttle TOP genes into the
dendrite. The final possibility is that the ribosomal proteins synthesized within dendrites
have a function that is completely separate from their role within ribosomes. Several
ribosomal proteins have, for example, been found to activate the pro-apoptotic tumor
suppressor p53 pathway [124,125]. Some research has suggested that moderate activation
of pro-apoptotic genes may aid in synaptic plasticity. For example Mattson and Duan
found that caspase activation could lead to degradation of glutamate receptor subunits,
leading to a reduced glutamatergic response [126]. Importantly, none of these three
possibilities are mutually exclusive and it could be that all or some combination of these
occurs.

Among the genes that were DE between dendrite IP and soma IP, we saw that
nearly ~8% of genes enriched in the dendrite IP were FMRP targets compared with only
about ~5% of genes enriched in soma IP that were FMRP targets (a 1.5X enrichment).
FMRP-mRNA binding is thought to mediate two separate functions, repression of mRNA
translation and and localization of mRNAs into the dendrites [127,128]. Because FMRP
is thought to repress translation at the elongation phase, repressed mRNAs might still be

present in our ribosome bound IP samples[129]. Conversely, release of FMRP repression
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could have the effect of reducing the enrichment of these genes in IP samples if, for
example, these genes are stalled in large numbers such that when repression was released,
and protein synthesis was successfully completed, ribosomes were able to dissociate from
the mRNA causing it to leave the IP and enter the SN mRNA pool. Notably, FMRP is
known to not be required for dendritic localization of all of its targets [130]. Our system
provides an ideal method by which to test both dendritic targeting and translational
repression of FMRP target candidate genes. An active area of research being pursued in
our lab utilizing the same dendrite TRAP approach described here in an FMR-KO x
Camk2a-EGFP-L10a mouse line. The groundwork we have laid here has established a
list of candidate genes (247 FMRP targets that were enriched in dendrite IP samples vs 98

in soma IP) that we will test for perturbations in our future study.

4.2 Temporal dynamics of protein translation during memory

4.2.1 Advantages of TRAP for studying changes in local translation over time

One of the major takeaways from the early studies of protein translation using
protein synthesis inhibiting drugs was this: timing is everything. Application of protein
synthesis inhibitors prior to training can block long-term but not short term memory [4].
However, even the short span of time during which an animal is undergoing behavioral
training can be enough for protein synthesis to occur, allowing long term memories to be
stored. Administration of anisomycin 15 minutes prior to training but not administration
immediately following behavioral training was capable of blocking long term memory up

to one week later [131,132]. In fact, multiple rounds of protein synthesis occur and
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support long term memory. Blocking protein synthesis at 12 or 24 hours after behavioral
training has been shown to impair memory retention [131]. IEGs are another well known
example of temporal dynamics in gene expression changes that occur after neuronal
activity. Indeed, it is hard to imagine a scenario in which careful temporal regulation of
protein synthesis does not occur at a fine level, occurring in multiple waves of translation
over the course of minutes to hours following learning. The alternative, in which
translation increases constitutively, might quickly burn up translational resources
(translational machinery, free amino acids and ATP) especially in spatially limited regions
such as dendrites where such resources may be scarce or and would reduce the capacity
for tight spatial and temporal regulation of signaling cascades that are required for
cellular function. In order to gain a complete understanding of how memories are formed
and stored at the molecular level, it is thus imperative that we have a full picture of the
translational dynamics in the minutes and hours following learning.

Recent studies have made attempts to address this challenge and have come to
surprisingly disparate conclusions. In our lab, Ainsley et al. captured the ribosome
binding profiles of CA1 dendrites immediately after fear conditioning and observed
widespread ribosome binding increases [74]. In contrast, Cho et al. used ribosomal
footprint analysis of whole hippocampus to show that during the early time course after
fear conditioning, translational repression dominated the changes in differential
expression [79]. There were a few major differences between these two studies. 1)
Ainsley et al used TRAP to isolate their mRNA in a cell-type specific way to analyze

dendritically localized genes whereas Cho et al. collected mRNA from whole
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hippocampus which contains a mixture of excitatory neurons, interneurons and glial cells.
Thus the gene expression profiles of these two studies were very different and may have
represented different cell types. 2) Cho et al collected mRNA at 5 minutes, 10 minutes,
30 minutes and 4 hours after fear conditioning. Ainsley et al. collected mRNA
immediately after fear conditioning but did not collect any mRNA at later time points. In
our study, we included two additional time points (0 minutes, 15 minutes and 30 minutes
following fear conditioning) which allow us to better compare our cell-type specific
approach with the study from Cho et al.

The advantages of a TRAP-based cell-type specific approach are immediately
apparent in the dendrite (Figure 3.6). In dendrite SN samples only 10 genes were
differentially expressed. The neuropil which makes up the stratum radiatum, from which
these mRNA samples were collected, is a heterogeneous mixture of dendritic and axonal
processes from CA1 and CA3 respectively as well as glial and interneuronal cell-types. It
is probable that other cell-types contained within the stratum radiatum undergo activity
dependent changes in translation, potentially over the same time course in which we
collected mRNA. For example, interneurons have been shown to respond to neuronal
activity by modulating the expression of transcriptional regulator Er81 [133]. Likewise
astrocytes locally translate mRNAs within their peripheral processes [63] and it is
possible this translation is modulated by activity to some degree. However, those changes
are masked by the high levels of background mRNA in the dendrite SN. In the soma,
where mRNA was collected from the more cellularly homogeneous stratum pyramidale,

gene expression changes are more obvious. Despite this fact, only 6 genes were
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differentially expressed in both IP and SN of Soma, 50% of which were IEGs. In
addition, IP samples had twice the number of differentially expressed genes (410 soma IP
versus 206 soma SN) demonstrating the utility of our model. As a separate measure to
assess the quality of our data, we compared DE genes in our dendrite dataset
(Supplementary Table 4) with a list of non-neuronally enriched genes generated using the
Brain RNA-seq dataset generated by Ye Zhang et al. [134] and found that the majority of
DE genes did not appear to be enriched in non-neuronal cell-types. However, of the list of
~200 most highly DE genes 11 were included in the list of non-neuronally enriched
(Abcbla, Atf3, Enpp6, Lyll, Pdgfd, Pla2g4a, Rcsdl, Sema3g, Snx20, Sox17 and Tiel)
corresponding to about a 5% false positive rate. On the other hand, Ye Zhang et al did
not perform any behavioral assays on mice prior to collection of specific cell-types so it
is possible that these genes appear in our dataset only in response to neuronal activity. An
illustration of this is the gene A#f3 which is DE in our dendrite dataset, as well as
apparently enriched in non-neuronal cell types. Patrick Chen et al. found 4#3 to be
significantly upregulated in hippocampal CA1 neurons in response to NMDA receptor
dependent late-LTP [80,134]. Likewise, long-term memory is mediated in an NMDA
receptor-dependent manner [135—138]. It is therefore likely that at least some supposedly
non-neuronally enriched genes found in our dataset are included due to the activity-
dependent regulation of those genes.

Nevertheless, our data add evidence to support a wide-spread repression of
translation after fear conditioning. Our data suggest an additional detail of this model.

The majority of ribosome binding changes occuring in our data set were increases until
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15 minutes after fear conditioning. Therefore repression appears to predominate at some
point between immediately after fear conditioning (when we noticed an increase in
ribosome binding) and 5 minutes after fear conditioning (the first time point for which
mRNA was collected in Cho et al.). We observe this for both dendrite IP and soma IP
samples, though the effect was stronger among dendrites. This finding bridges the
conceptual gap between Ainsley et al and Cho et al. Although we cannot rule out the
possibility that ribosome binding of mRNAs is increased at FCO and then immediately
paused during elongation, such a finding would be interesting in its own right given that
the majority of translational regulation is accomplished at the level of initiation [9,16]
and would suggest that this method of translational control is more common than

expected.

4.2.2 Multiple waves of protein synthesis in dendrites after learning

The idea that multiple waves of protein synthesis are necessary for memory has
been around since the early 2000’s. As described above, protein synthesis inhibitor
studies made clear that the initial round of protein synthesis after learning is followed by
a required second round of protein synthesis in the hours that follow [131,132,139]. In
this study we show a much more rapid temporal pattern in which multiple waves of
protein synthesis are carried out within minutes of each other. In Figure 3.9 we clustered
genes that were DE compared to HC at 0, 15 or 30 minutes after FC based on their fold
changes. Interestingly, both dendrite IP and soma IP DE genes clustered into separate

temporal patterns but only genes that were DE in dendrite IP displayed early (0 minute)
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and late (30 minute) waves of ribosome binding increases within a single set of genes.
These ribosome binding increases were separated by a decrease in ribosome binding at 15
minutes that was at or below ribosome binding levels in HC mice. This up-down-up
temporal pattern contributed to different cellular functions as described by gene ontology
than did genes that increased in ribosome binding specifically at 15 minutes following
fear conditioning (Figure 3.9). Specifically, 50% of up-down-up genes were enriched for
GO terms related to membrane, including a subset which were annotated as having
transmembrane domains (Supplementary Table 6). In order to be functional once
translated, transmembrane proteins must be co-translationally shuttled into the
endoplasmic reticulum. In keeping with this idea, studies have shown activity dependent
modulation in endoplasmic reticulum structure within dendrites [140]. Although
endoplasmic reticulum within dendrites tends to be smooth endoplasmic reticulum with
relatively sparse ribosomes [141], this is in agreement with the relatively sparse number
of total mRNA copies in a given dendrite [95] Indeed this sparseness is consistent with
the early-late pattern of these genes in our dataset. Our data would predict a model in
which ribosomes and associated translocons are rapidly used up following fear
conditioning and are subsequently replaced within 30 minutes, either through remodeling
of the endoplasmic reticulum to recruit this molecular machinery from neighboring
synapses or else translocalization of these proteins from somata.

A large cluster of genes in our dataset increased in ribosome binding at FC15
within dendrite IP samples. Although a smaller percentage of these genes had statistically

significant GO terms associated with them (Supplementary Table 7), those that did had
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functions most often associated with the nucleus (e.g. cell cycle, nucleotide-binding,
transcription regulation, Figure 3.9B). It’s possible that these genes represent “spill-over”
from the somatic compartment into the dendrite and we cannot rule that out in our study.
On the contrary, a corresponding (though not statistically significant) dip in ribosome
binding in soma IP precedes the increase in ribosome binding observed in dendrite IP
which may be the result of translocalization of these ribosome bound mRNAs into
dendrites. Spill-over and unnecessary translation of genes meant for a nuclear fate may be
merely a side-effect of global increase in translation of these genes and could have one of
three consequences. 1) It may siphon off translational resources in the dendrite providing
a negative feedback mechanism in order to keep noise low, while the nuclear protein
itself goes unused and is ultimately degraded. 2) Conversely, spill-over mRNAs may
dissociate from ribosomes and be degraded, replenishing translational machinery rather
than using it up. Several of the genes in this cluster are IEGs whose expression is tightly
regulated both at the protein and mRNA level [142]. Such mRNAs aree rapidly targeted
for degradation, for example by microRNAs, freeing up their ribosomes. 3) Finally, it is
possible that some of these genes have functions other than their known nuclear
functions.

One enticing possibility is that up-down-up genes, especially those with functions
at the membrane, may be translational correlates of the “synaptic engram” described
above. If such synaptic engrams existed, they would require insertion of membrane
bound proteins at the synapse to help strengthen connectivity between pre-and-post

synapse as well as to modulate the signaling capacity via insertion of receptors and ion
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channels. In this cluster of genes within our data set there are several already known to
have functions at the synapse, including the leucine rich repeat protein gene Lrrtm4
which mediates excitatory synapse development [143], Grip! which colocalizes with
inhibitory synapses [144] and synaptic organizing protein, Agrn which plays a role in
stabilizing the post-synapse in response to destabilization by acetylcholine [145]. Other
genes in our dataset that cluster into this up-down-up category are therefore good
candidates to further explore how local protein synthesis contributes to synaptic plasticity

and memory.

4.3 Future Directions

The data presented here lay the groundwork for a generation of future
experiments in our lab and, we hope, the field at large. That said, there are several future
studies which are of immediate interest to us and I will describe them briefly here. First,
our study thus far has been entirely gene-level, however a primary advantage of RNA-seq
over microarray is that reads are sequenced in an unbiased way providing access to
information about what isotypes are present in the sample. For example, we have
searched for differences in several gene-level modes of regulation amongst the gene
clusters we describe in this study, including 5’UTR and 3’UTR length, presence of TOP-
motifs or upstream open reading frames and microRNA binding sites (data not shown)
and have so far found no statistically significant features that would explain variations in
temporal pattern. Key regulatory features in these genes, may not be encoded in the exon

for these genes however. Studies have shown that intronic sequences can target
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cytoplasmic mRNAs into dendrites [146].One recent study by Sharangdhar et al showed
that a retained intron mediated localization of Calm3 mRNA into the dendrites via
interaction with the RNA binding protein Staufen2 [147]. By comparing intron retention
in mRNA in dendrite IP samples with dendrite SN and soma IP and SN samples we may
be able to identify more such intronic localization sequences.

Second, given the dendritic localization and translational repression functions of
FMRP, and its relevance to human disease, our lab has begun collecting mRNA from
dendrite and soma dissections in Camk2a-TRAP mice crossed with FMR knock-out
mice. Our data indicate the presence of 247 FMRP targets within dendrites, but as
mentioned above, not all of FMRP’s targets require it for dendritic localization. By
comparing our current data set with the FMR-KO data set we should be able to better
understand which mRNAs require FMRP in order to localize to dendrites. Furthermore,
perturbations of local protein synthesis in FMR-KO mice may be interesting in their own
right, providing insight into abnormalities in structural plasticity that occur in Fragile X
[127]. Indeed, if genes clustered into up-down-up temporal patterns are truly important
for anything approaching a synaptic engram, their tight temporal regulation is likely to be
altered in the FMR-KO data in which dendritic spine abnormalities are common.

Finally, it will be important to validate our findings with regard to the temporal
pattern of local translation at the protein level. Such experiments may be conceptually
easiest to perform in cell culture where single dendrite resolution may be achieved for
imaging. Techniques such as SINAPS (Single-molecule imaging of nascent polypeptides)

recently developed in Robert Singer’s lab [148] allow translation dynamics to be tracked
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directly for single mRNAs by fluorescent reporter. Such an approach is ideal for

confirming temporal dynamics of translation for target candidates identified in our study.

4.4 Concluding remarks

We present this work in the hope that it will add to our understanding of how
memory is formed and ultimately stored at a molecular level. This translational profiling
approach has identified new candidates for genes that may potentially be [131]
dendritically translated and has furthered our understanding of certain regulatory features
borne by those candidate genes. Our study has also revealed a previously unknown
temporal dynamic of ribosome binding during the first 30 minutes after a learning
paradigm. These findings lay the groundwork for future studies in which we will
hopefully be able to directly test the necessity of candidate genes and pathways by
genetic perturbation of upstream regulators (as in the case of FMRP target genes) or of

the candidate genes themselves.
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