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Abstract of the Dissertation

Early-life exercise engages neural epigenetic mechanisms to enable hippocampal memory and
neural function.
by
Anthony Mark Raus
Doctor of Philosophy in Biomedical Sciences
University of California, Irvine School of Medicine, 2022

Assistant Professor Autumn Skye Ivy, Chair

Aerobic exercise is well know to promote neuroplasticity and hippocampal memory.
More recent studies suggest that early-life exercise (EX) can lead to lasting improvements in
hippocampal function; however, the molecular mechanisms of this phenomenon are not
understood. Histone post translational modifications (HPTMs) are strong candidates for bridging
the gap between environmental experiences and altered gene expression. Epigenetic mechanisms
such as HPTMs can be persistent or transient and can have lasting influences on neuronal
function. This dissertation investigates epigenetic mechanisms a possible explanation for the
effect of EX on memory and develops tools for that investigation. In chapter 2 we develop a
mouse model and a novel method for coupling epigenetic information and translating mRNA in
hippocampal neurons. A Emx1-Cre? mouse was crossed with a NuTRAP? mouse to produce a
transgenic line we call Emx1-NuTRAP. This mouse expresses a cassette in hippocampal neurons
which labels both the nucleus and ribosomes in a way that allowed us to develop a novel method
we call “SIT” (simultaneous isolation of nuclei in targeted cell types (INTACT) and translating

XVi



ribosomal purification (TRAP)) to isolate both translating mRNA and intact nuclei from the
same set of cells. We applied our lab’s EX model to the Emx1-NuTRAP mouse, followed by the
SIT method from hippocampal tissue to identify an epigenetic and translational signature of EX
as it relates to improved memory (Chapter 3). These data revealed activation of neuroplasticity
genes engaged by EX, and implicated critical upstream regulators. Chapter 4 demonstrates that
EX-induced epigenetic changes correlate with altered gene expression during consolidation that
may underly EX-induced enabled memory. We discovered a distinct set of genes that had new
histone PTMs after EX that have altered expression during memory consolidation. This suggests
that neuronal chromatin in hippocampus may be “primed” by EX-induced new histone PTMs
Finally, Chapter 5 describes a novel method for tracking the individual running of group housed
juvenile mice. We constructed an RFID tracking system and correlate it with running using a
software we developed in-house. This technique could be used to identify a threshold dose of EX
for enabling of memory. Taken together, we lay the foundations for the study of epigenetics as a
key underlying mechanism of EX enabled memory and identify candidate mechanisms with

novel techniques.
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Figure 1: Experimental overview: (A) Diagram of the Emx1-NuTRAP mouse and the SIT
protocol: Female Emx1-Cre? mice were crossed with male NuTRAP? mice to produce Emx1-
NuTRAP mice. Their hippocampi were dissected and processed using SIT! which isolated both
neuronal nuclei (using streptavidin coated beads) and mRNA bound to eGFP fused ribosomes
(using TRAP) from the same lysate. (B) EX and OLM: Mice were allowed voluntary access to a
running wheel P21-41 and sacrificed on P42 either 60 minutes after OLM training or without

OLM training. Then their hippocampi were extracted and processed for sequencing.
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Chapter 1: Introduction

Significance: The need for research into positive, potentially long term, early environmental

influences on memory.

Early-life disorders of learning and memory are heterogeneous and are often comorbid
with childhood neurological dysfunction*”’. Additionally, they have profound negative
consequences for individual social, personal, and emotional development as well as integration
into adult society. With regard to neurological disorders of childhood, there is significant
cognitive comorbidity that is underappreciated when addressing neurological conditions. Further,
there are even less studies attempting to address this problem in accessible ways. These cognitive
problems often have significant emotional impacts. The economic cost is also substantial
Learning disabilities in Canada were projected in 2002 to cost the country 700 billion CAD for
all people with a learning disability at the time from birth to death®. My research addresses the
cognitive impacts of early-life neurological disorders by understanding mechanistic targets and
may ultimately improve cognition and lower emotional burden. Understanding how memory can
be improved could greatly ease this burden. Positive environmental experiences like exercise,
problem solving, and novelty are known to be able to improve memory in adult humans’.

10.11"suggesting that

Enriched environment and exercise have improved memory in adult rodents
the impacts of exercise on improving cognition are found across species. Recently exercise has
been shown to improve memory in juvenile mice for a longer duration than in adults'.

Understanding the mechanisms of memory improvement during early-life could lead to

identification of therapeutic targets and recommendations for therapeutic intervention. This



could offset the negative environmental influences and aid the treatment of memory and other
cognitive disorders in childhood.

Early environmental experiences have persistent impact on cognitive functions. Negative
environmental influences, such as early-life stress, have been extensively studied'*!”. These
studies show environmental influences can have a long-term negative impact on memory.
However, studies of early-life experiences with positive consequences for memory have been
more sparse'>!1%1°, Exercise represents a useful positive influence for study. It is non-
pharmacological, generally easily accessible, and can be used to reveal potential mechanisms for

therapeutic strategies.

Epigenetics: A molecular link between the environment and memory function.

Epigenetic mechanisms (such as DNA methylation and histone modifications) have been
found to play a significant role in long-term memory?*?!'. These mechanisms influence memory
related synaptic and transcriptional changes?>>°. Exercise is a powerful regulator of hippocampal
memory and synaptic plasticity via epigenetic mechanisms; however, most of the work has been
carried out in adult mice?®?®. Although a number of studies in adult mice show that exercise
improves hippocampal memory®’ the benefits of adult exercise on hippocampal memory are
short lived'!. On the other hand, pups of exercised pregnant mice show persistent increases in
histone 4 acetylation and improved memory>’. Recent research in the Ivy Lab has demonstrated
that aerobic early exercise (EX) enables long-term object location memory'2. Specifically, one
week of exercise during postnatal day (P) 21-27 can persist for two weeks after the cessation of

exercise, which is distinct from the 2 weeks needed in adult mice to achieve the same



result' 123! With my experiments, I aimed to identify target mechanisms promoting the

facilitation of learning and memory as a result of EX.

Postnatal hippocampal development: A sensitive period to environmental influences.

The difference in the response to environmental stimuli may result from the hippocampus
undergoing an extended period of postnatal development. For example, rodent hippocampal
neurons may be more sensitive to the environmental influence of stress in part because of the
increased corticotropin-releasing hormone (CRH) receptors during the first two postnatal
weeks*2. Another contributing mechanism could be that significant synaptic maturation is
occurring during the fourth postnatal week in rodents®2. This is supported further by hippocampal
neuronal gene expression examined during this period of development, which demonstrates
increased expression of plasticity related genes®®. Synaptic maturation and synaptic plasticity are
directly connected. Synapse maturation involves excitatory synapses being strengthened by an
increased ratio of AMPA to NMDA receptors®*. Other synaptic protein compositions are also
changed during synaptic maturation**. Additionally, the peak of synapse addition occurs at p14-
28 in rodents and during the second year of life in humans®*. Therefore, most of the aims of my
research should be most correlative with 2-5 years of postnatal human development though some
synaptogenesis can continue into adolescence in humans**-*°. Enriched environment in these
developmental periods has previously increased cortical thickness, synaptic density and
improved performance on memory tasks®>. The molecular mechanisms that drive these
developmental periods and increase their sensitivity to environmental stimuli are still being
elucidated. However, since BDNF can regulate synaptic maturation®> and exercise can increase

levels of BDNF!!, exercise may have a strong influence on this developmental time period.



Some evidence points to epigenetic mechanisms being more readily manipulated and
having greater stability when acquired during development. For example, Rett syndrome, a
human disease characterized by intellectual disability, autism, epilepsy, and impaired motor
functions, presents between 6-18 months of life*>*’. A mutation in Methyl-CpG binding protein
2 (MECP2) alters the epigenetic landscape and causes Rett Syndrome?'. MECP2, a critical
epigenetic regulator, is necessary for normal brain development during a specific postnatal
window when non-CpG methylation is reaching mature levels®’. This evidence indicates that the
developing brain is more sensitive to epigenetic change and the consequences of unusual
epigenetic change during this period of development. Additionally, maternal exercise in
embryonic development increases offspring histone acetylation and improves memory function
into adulthood?® providing evidence that these marks are stable and have lasting functional
impacts. Changes in the epigenetic landscape could act as molecular memory of early
environmental exposures, which can in turn inform subsequent brain function. Histone post
translational modification (HPTM) changes are an important candidate epigenetic mechanism
linking exercise to its effect on memory. H4K8ac is increased at memory associated genes by
exercise in adult mice, and is correlated with enabled memory performance?. Further, using a
histone deacetylase (HDAC) inhibitor during consolidation enables memory in the absence of
exercise?’. Taken together, these results provide support for a role of epigenetic modifications for

facilitated memory performance a result of aerobic EX.

Experimental overview: Develop and implement tools to identify epigenetic and transcriptional

signatures of early life exercise as they impact memory.




My dissertation accomplishes 3 major goals: identify an epigenetic and translational
signature of EX, identify how this signature alters memory associated gene expression during
memory consolidation to implicate epigenetic mechanisms, and develop the tools to accomplish
these goals. In order to better understand the link between epigenetic and transcriptional changes
made by EX, I helped develop the Emx1-Nutrap mouse and a corresponding protocol:
simultaneous INTACT?® (isolation of nuclei in targeted cell types) and TRAP* (translating
ribosome affinity purification) (together: SIT).. This model and method allow for the
simultaneous isolation of nuclei and translating mRNA specifically from excitatory neurons in
the hippocampus (using a single homogenate), allowing for better correlation between epigenetic
and translational mechanisms. I used these tools to identify a correlated epigenetic and
translational signature of EX by allowing these mice access to running wheels from P21-41 and
sacrificing them on P42 using SIT to isolate their chromatin and mRNA for CUT&RUN-seq*’
and RNA-seq. I compared this data with hippocampal RNA-seq data from mice exercised during
the same window but exposed to a learning event, OLM (object location memory) training, on
P42. 1 found that the epigenetic signature induced by EX appears to “prime” gene expression that
correlates with EX facilitated enabled memory. So that future experiments may identify a dose of
EX necessary for these phenomena, I also helped develop a method to individually track group
housed juvenile mice using radio frequency identification (RFID) tracking and running wheel
metrics. I developed a software to correlate these data sets allowing an experimenter to
determine precisely how much voluntary aerobic exercise each animal performs, without the
stress associated with social isolation or invasive implantation of tracking devices. This research

paves the way for the field to investigate neural-epigenetic mechanisms of EX’s influence on



memory in a neuron-specific and dose-specific manner. We also identify likely candidate

regulators for these effects.



Chapter 2: Developing a novel transgenic mouse and protocol for
understanding early exercises’ influence on regulating neuronal gene

expression.

Introduction:

The need for simultaneous analysis of both the transcriptome and epigenome

Epigenetic mechanisms are likely key to the study of environmental adaptation of
neurons to improve memory®>#'**3. The field of neuro-epigenetics has a significant gap in
neuron-specific transcriptomic and epigenomic analysis of the effects of exercise, especially in
early life, on the hippocampus. Some transcriptomic analysis of whole hippocampal tissue has
been done to some success after exercise in adult mice**. New translating ribosome affinity
purification (TRAP) approaches have allowed some to study mouse interneuron-specific
transcriptomes*> 7. I helped develop an experimental approach and mouse model to
simultaneously analyze the neural-specific transcriptomic and epigenetic profiles specifically
from hippocampal excitatory neurons'. I used this model and technique to contribute needed
transcriptomic and epigenomic profiling of the effects of EX to the field.

Ivy et al. 2020 previously identified changes in synaptic function that correlated with
enabled memory after EX'2. Enhanced LTP (long term potentiation) was demonstrated after juv-
adol EX(P21-41). This data suggests the enabling of memory due to EX may be a result of
enhanced synaptic plasticity. Since gene expression may alter the ability of the cell to engage
synaptic mechanisms, the regulation of neuron specific gene expression may be critical to

understanding the mechanisms of enabled memory after EX. However, cell specific techniques
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that currently exist to study both differential gene expression and underlying histone PTMs have
certain drawbacks that may complicate the study of EX enabled memory. FACS can isolate
neurons specifically, but it requires that cells be kept alive for long periods of time and undergo
mechanical processing, factors which may compromise gene expression 8. Much of the gene
expression after learning is time specific with different genes being expressed rapidly at specific
intervals during consolidation*’. Few of these timepoints could be reliably captured with this
method. Single cell sequencing presents an attractive alternative; however, many cells other than
neurons would be sequenced, limiting the number of neurons that can be studied per sequencing
experiment. This limitation can impair the detection of lowly expressed genes in the population
of neurons that is detected’. In addition, it can be cost prohibitive when considering the large
numbers of animals required for the study of multiple exercise timepoints. Preparing samples for
the single cell sequencing also requires the cells remain intact for longer periods of time,
resulting in changes in gene expression and difficulty capturing timepoint specific gene
expression.

With the generation of the NuTRAP mouse?, it became possible to isolate translating
mRNA and nuclei from select cells labeling with a promoter specific Cre driver. However, an
animal expressing this cassette specifically in hippocampal excitatory neurons had yet to be
generated. Our goal was to interrogate the interaction between epigenetic regulation and
translation in memory processes'; so we developed a mouse and a method to investigate these
connected regulatory networks simultaneously. By crossing an Emx1-Cre mouse? with the
NuTRAP mouse’, we generated a transgenic mouse line that labels excitatory neurons in the
hippocampus with both nuclear (mCherry and biotin) and ribosomal (GFP) tags. We crossed

2,51

male NuTRAP reporter mice® with female Emx1-Cre>>! mouse lines to generate Emx1-Cre;



NuTRAP transgenic progeny for this study (Figure 1). Emx1-expressing neurons are
predominately excitatory? and are necessary for hippocampal neurogenesis and motor skill
learning>?. In the presence of a loxP site-flanked sequence, Emx1-Cre facilitates recombination
in approximately 88% of neurons in the neocortex and hippocampus, and in less than 2% of
GABAergic inhibitory interneurons in these regions®>. Emx1-Cre also targets neural progenitor
cells and can be expressed in mature astrocytes in striatum®®. Of note, we exclusively used
Emx1-Cre female mice in our breeding schemes given that the Cre-recombinase has been
reported to be expressed in a subset of male germline cells®*.

We then used this transgenic animal model to address, with a novel method, the problems
of previous cell-type specific methods of investigating correlated epigenetic and transcriptional
changes. Our method performs both isolation of nuclei tagged in specific cell types (INTACT)
and translating ribosome affinity purification (TRAP) on excitatory hippocampal neurons from
the same set of cells. We call this method “SIT” for Simultaneous INTACT and TRAP.
Ultimately, the method isolates translating mRNA and nuclei from the same set of cells labeled
for cell type specificity by the NuTRAP mouse model. Previous methods had been limited by
performing TRAP and INTACT on separate tissue samples®. Brain regions are highly
heterogeneous and small differences in cell type within the region could have large differences in
function, even among neurons. Our method allows the translatome and epigenome to be studied
in concert, from the same set of cells, to allow for better correlation of translating mRNA with
epigenetic regulation. The isolated TRAP mRNA and nuclei can be used in downstream
molecular analysis applications such as RNA-seq, CHIP-seq, CUT&RUN-seq, and ATAC-seq.
Any cell type labeled with the NuTRAP cassette could use this method to isolate information

from the same set of cells. This enables information to be gathered from the same sample (which



has the potential to reduce the number of samples needed in a given study) and to overcome
population heterogeneity problems associated with using cells from separate regions in the
analysis.

This chapter focuses on the SIT protocol and the generation of the Emx1-NuTRAP
mouse model that enables SIT to isolate excitatory neurons in the hippocampus. We demonstrate
the effectiveness of the Emx1-NuTRAP mouse for labeling excitatory hippocampal neurons
specifically, and the SIT protocol for isolating high-quality chromatin and mRNA from the same

cell homogenate.
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Materials and Methods

Animals

Emx1-IRES-Cre knock-in mice (Jackson Laboratory Stock No: 005628), NuTRAP mice
(Jackson Laboratory Stock No: 029899), and C57B16/J (Jackson Laboratory Stock No: 000664)
wild type mice were obtained from Jackson Laboratories. Female Emx1-IRES-Cre and male
NuTRAP mice were crossed to generate the Emx1-NuTRAP mice used for this study. Mice were
given free access to food and water, and lights were maintained on a standard 12-hour light/dark
cycle. On postnatal day (P) 21, mice were weaned and pair-housed in either standard bedding
cages or cages equipped with a running wheel. Only male mice were used for the studies
performed. Experiments were conducted according to US National Institutes of Health guidelines
for animal care and use and were approved by the Institutional Animal Care and Use Committee

of the University of California, Irvine.

Exercise Paradigm

After weaning on P21, male mice from the same litters were randomly divided and pair-
housed in either standard cages without a wheel or cages equipped with a stainless-steel running
wheel similar to methods already described'?. Animals housed with running wheels had free
access to the wheels from P21—41. Real-time data acquisition (Vital View Software) was used to
track distance ran recorded by magnetic sensors that detect wheel revolutions. Each monitored
wheel tracked running distance for the entire cage (two mice per cage). Revolutions were

quantified for every minute daily for the duration of the exercise period and converted to
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distance ran per cage (km). Exercised mice that underwent OLM training were individually
tracked as described in Valientes et al. 2021,
Simultaneous INTACT and TRAP (“SIT”)

On P42 bothEXand sedentary control (n=4/group) Emx1-NuTRAP mice were sacrificed
by rapid cervical dislocation and both hemispheres of the hippocampus were dissected out and
collected for tissue processing. Hippocampal tissue samples were mechanically homogenized in
ImL of nuclear preparation buffer (NPB) (10mM HEPES (pH7.5); 1.5mM MgCl2; 10mM KCI;
250mM sucrose; 0.1% IGEPAL CA-630; 0.2mM DTT; 100pg/mL cycloheximide; 1x Complete
EDTA-free protease inhibitor (Roche)) by razor blade. Samples were then triturated with an 18G
needle and syringe 50x on ice.

Homogenized tissue samples were pipetted slowly onto 100um cell strainer caps on SmL
tubes and centrifuged at 1,000rct for 10 minutes at 4°C. Cell pellets were resuspended, and
samples were pipetted onto 40um cell strainer caps on SmL tubes and centrifuged at 1,000rcf for
10 minutes at 4°C. For nuclear isolation, 100uL of Streptavidin-coated Dynabeads were washed
twice with ImL NPB and resuspended with 100uL NPB. Cell pellets were resuspended and
added to washed Streptavidin-coated Dynabeads. Samples were briefly pipetted to thoroughly
suspend the beads and incubated on ice for 20 minutes. Samples were placed on a magnetic stand
to pull down nuclei bound to the beads. The supernatant from each sample was slowly pipetted
off the beads and transferred to new 1.5mL tubes for RNA isolation (described later). Nuclei-
bound beads were washed twice with ImL INTACT buffer (10mM HEPES (pH7.5); 1.5mM
MgCl12; 10mM KCI; 250mM sucrose; 0.1% IGEPAL CA-630; 1x Complete EDTA-free protease

inhibitor (Roche)) and resuspended in 100uL INTACT buffer. Bead-bound nuclei were flash
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frozen on dry ice and stored at -80°C until ready for CUT&RUN chromatin digestion and DNA
purification.

For RNA isolation, 100uL of concentrated TRAP isolation buffer (10mM HEPES (pH
7.5); 117mM MgCl12; 1M KCI; 10% IGEPAL CA-630; 100pg/mL cycloheximide; 11mg/mL
sodium heparin; 20mM DTT; 2.2units/uL Rnasin; 1x Complete EDTA-free protease inhibitor
(Roche)) was added to each sample (supernatant above). Samples were mixed by gentle pipetting
and centrifuged at 16,000rcf for 10 minutes at 4°C. The supernatant from each sample was
transferred to new 1.5mL tubes and 50uL of protein-G Dynabeads was added to each sample.
(To bind anti-GFP, 100uL of protein-G Dynabeads were washed twice with 500uL NPB and
resuspended to a final 100uL volume. 2uL anti-GFP antibody (Sigma-Aldrich, G6539,
Lot:128M4867V) was added to each tube and incubated for 1 hour on a rotating nutator at 4°C.
Excess anti-GFP was washed off with 200uLL. NPB and beads were resuspended in a final 100uL
volume.) Samples were incubated for 3 hours on a rotating nutator at 4°C. Beads were washed 3x
in 1mL high salt wash buffer (HSWB) (50mM Tris (pH 7.5); 12mM MgCI2; 300mM KCI; 1%
IGEPAL CA-630; 2mM DTT; 100ug/mL cycloheximide) at 4°C. After the third wash the beads
were slowly resuspended in 350uL RLT buffer (from Qiagen RNeasy Mini kit #74004) by
slowly pipetting up and down and incubated on a rotating nutator for 30 minutes at room
temperature. Samples were placed on a magnetic stand to pull down the beads, and the
supernatant from each were transferred to new 1.5mL tubes and stored at -80°C until ready for

RNA purification.
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Separate TRAP RNA Isolation

On P42, mice (n=3 mice/group) were sacrificed and the hippocampus was dissected out
as described above. Either the left or right brain hemisphere of the hippocampus was processed
for TRAP RNA isolation using methods similar to those previously described®>® and the other
hemisphere was processed for INTACT nuclear isolation (see below). Hippocampal tissue was
homogenized with a motorized pestle in 1ml of TRAP homogenization buffer (50mM Tris, (pH
7.5); 12mM MgClz; 100mM KCI; 1% NP-40; 100pg/ml cycloheximide; Img/ml sodium heparin;
2mM DTT; 0.2units/ul RNasin; 1x Complete EDTA-free protease inhibitor (Roche)). Samples
were centrifuged at 16,000rcf for 10 minutes at 4°C. The supernatant from each sample was
collected and incubated with 50uL of protein G Dynabeads (washed twice in ImL TRAP
homogenization buffer without RNasin or protease inhibitor and resuspended in 50uL of the
same buffer). Samples were incubated for 30 minutes on a rotating nutator at 4°C. Following the
incubation, 100uL of anti-GFP bound protein-G Dynabeads was added to each sample. (To bind
anti-GFP, 100uL of protein-G Dynabeads were washed twice with 500uL. TRAP
homogenization buffer without RNasin or protease inhibitor and resuspended to a final 100uL
volume. 2puL anti-GFP antibody (Sigma-Aldrich, G6539, Lot:128M4867V) was added to each
tube and incubated for 1 hour on a rotating nutator at 4°C. Excess anti-GFP was washed off with
200uL TRAP homogenization buffer without RNasin or protease inhibitor and beads were
resuspended in a final 100uL volume.) Samples were incubated for 3 hours on a rotating nutator
at 4°C. Beads were washed 3x in ImL HSWB at 4°C. After the final wash, the beads were

resuspended in 350uL RLT buffer (from Qiagen RNeasy Mini kit #74004) and incubated on a
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rotating nutator for 30 minutes at room temperature. Following the incubation, samples were

transferred to new 1.5mL tubes and stored at -80°C until ready for RNA purification.

Separate INTACT Nuclear Isolation

The remaining hippocampal hemisphere from each mouse (not used for TRAP RNA
isolation above) was processed for INTACT DNA isolation using methods similar to those
described®*’. Tissue samples were quickly chopped with a razor blade, added to 1mL of
INTACT buffer, and triturated with an 18G needle and syringe 50x on ice. Samples were then
added onto 100um cell strainer caps on SmL tubes and centrifuged at 1,000rcf for 10 minutes at
4°C. Cell pellets were resuspended and samples were pipetted onto 40um cell strainer caps and
centrifuged at 1,000rct for 10 minutes at 4°C. 100uL of streptavidin coated Dynabeads (washed
twice with ImL INTACT buffer and resuspended to a final 100 pL volume) were added to each
sample, and samples were incubated on ice for 20 minutes. After incubation, nuclei bound beads
were washed twice with 1mL and resuspended in 100uL INTACT buffer. Bead-bound nuclei
were flash frozen on dry ice and stored at -80°C until ready for CUT&RUN chromatin digestion

and DNA purification.

RNA Purification and Sequencing Library Preparation

RNA was purified using the Qiagen RNeasy kit according to the manufacturer’s protocol.
After purification, RNA quantity and quality were checked using the Qubit RNA High
Sensitivity assay and Agilent Bioanalyzer’s Eukaryote Total RNA Pico assay, respectively, at the
University of California, Irvine Genomics High Throughput Facility (UCI GHTF). Using an

input of 15ng of total RNA, mRNA was isolated using NEXTFLEX Poly(A) Beads 2.0, and the
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mRNA sequencing libraries were generated using the NEXTFLEX Rapid Directional RNA-Seq
Kit 2.0 according to the manufacturer’s instructions. Final libraries were sent to the UCI GHTF
for Qubit dsDNA High Sensitivity assay and the Agilent Bioanalyzer DNA High Sensitivity
assay to determine the quantity and quality of the RNA-seq libraries, respectively. Libraries were
sequenced at the UCI GHTF using 100bp paired end reads on a single lane of an Illumina

NovaSeq6000 to a minimum sequencing depth of 50 million reads.

Dorsal Hippocampal RNA Isolation

P42 wild type male mice were sacrificed by cervical dislocation. Left dorsal
hippocampus was extracted by bisecting the isolated hippocampus. The tissue was homogenized
and RNA was extracted using the Qiagen RNeasy kit according to the manufacturer’s protocol.
Sequencing libraries were prepared from the RNA as described under the section “RNA
purification” and the UCI GHTF performed sequencing library preparation, except that ERCC
ExFold RNA Spike-In Mixes (ThermoFisher cat. 4465739) were added according to the

manufacturer’s instructions.

Cleavage Under Target and Release Using Nuclease (CUT&RUN)

For chromatin analysis, CUT&RUN was performed using the EpiCypher CUTANA
CUT&RUN protocol with slight modifications similar to what has already been described*.
Nuclei bound to beads were thawed and pulled down on a magnetic stand. The supernatant was
removed and beads were resuspended in 200uL. wash buffer (20mM HEPES (pH 7.5); 150mM
NaCl; 0.5mM spermidine; 1x Complete EDTA-free protease inhibitor (Roche)). Each sample

was divided into three aliquots (50uL for anti-H3K27me3 (Cell Signaling Technologies,
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C36B11, Lot: 16), 100uL for anti-H4K8ac (Epicypher, 13-0047, Lot: 20202001-11), and 50uL
for anti-IgG control (Rabbit IgG Fisher Scientific, 026102)). Beads were pulled down on a
magnetic stand, resuspended in 100uL wash buffer and incubated for 10 minutes at room
temperature. After incubation the beads were pulled down, the supernatant was removed, and the
beads were resuspended in 50uL ice cold antibody buffer (20mM HEPES (pH 7.5); 150mM
NaCl; 0.5mM spermidine; 0.001mM digitonin; 2mM EDTA; 1x Complete EDTA-free protease
inhibitor (Roche)). 0.5uL of the appropriate antibody was added to each sample, and the samples
were mixed by gentle pipetting prior to overnight incubation at 4°C on a nutator.

On the second day, the beads were pulled down on a magnetic stand, the supernatant was
removed and the beads were washed twice in 250uL ice cold wash buffer with 0.001% digitonin.
After the washes, beads were resuspended in 50uL ice cold wash buffer with 0.001% digitonin,
and 2.5uL of CUTANA pAG-MNase was added to each sample and mixed by gentle pipetting.
Samples were incubated for 10 minutes at room temperature and beads were pulled down on a
magnetic stand. The supernatant was removed, and the beads were washed twice in 250uL ice
cold wash buffer with 0.001% digitonin and resuspended in 50pL of the same. 1pL of 100mM
CaCl, was added to each sample and mixed by gentle pipetting. Samples were incubated for 2
hours on a nutator at 4°C. Following the incubation, 33uL of stop buffer (340mM NaCl; 20mM
EDTA; 4mM EGTA; 50pg/mL RNase A; 50ug/mL Glycogen) and 1.65uL of Spike-In DNA
(Cell Signaling Technology, #40366) was added to each sample. Samples were incubated in a
preheated thermocycler for 10 minutes at 37°C. After incubation, samples were transferred to

new 1.5mL tubes and immediately processed for DNA purification.
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DNA Purification and Library Preparation

DNA was purified using the Monarch PCR and DNA cleanup kit (New England Biolabs,
13-0041) according to the manufacturer’s instructions. After purification, DNA fragments were
used to generate sequencing libraries using the NEXTFLEX Rapid DNA-Seq Kit 2.0 according
to the manufacturer’s instructions. Indices were diluted to a final concentration of 1:1,000 before
being added to samples, and a total of 13 PCR cycles was used for DNA amplification of the
libraries. Final libraries were sent to the UCI GHTF for Qubit dsSDNA High Sensitivity assay and
the Agilent Bioanalyzer DNA High Sensitivity assay to determine the quantity and quality of the
CUT&RUN-seq libraries, respectively. Libraries were sequenced at the UCI GHTF using 100bp
paired end reads on a single lane of an Illumina NovaSeq6000 to a minimum sequencing depth

of 10 million reads.

Immunofluoresence

Emx1-NuTRAP mice were anesthetized intraperitoneally with 50mg/kg of sodium
pentobarbital and transfused transcardially with 4% paraformaldehyde (PFA) in 1x PBS. After
perfusion, whole brains were dissected out and incubated in 4% PFA overnight at 4°C. After
fixation, brains were incubated in 30% sucrose for 72 hours and mounted in optimal cutting
temperature (OCT) compound. 50um coronal sections were sliced through the hippocampus
using a microtome, and every tenth section was collected in 1mL of cryoprotectant and stored at
-20°C until ready for immunofluorescent labeling. For immunofluorescence, sections were
brought up to room temperature and washed 2x in 1x PBS on a nutator for 5 minutes each.

Sections were then washed 3x in 1x PBS with 0.3% triton-X. After washes, sections were
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incubated with mCherry polyclonal antibody (ThermoFisher, PA5-34974, Lot: UG2804409F) at
a 1:200 dilution in blocking solution (1x PBS with 1% BSA) overnight at 4°C on a nutator. The
following day, sections were washed 3x in 1x PBS. Sections were incubated for two hours at
room temperature with goat anti-rabbit Alexa Fluor 594 secondary antibody (Invitrogen, A-
11012, Lot: 2119134) at a 1:200 dilution in blocking solution. After incubation, the sections
were washed twice in 1x PBS. To label nuclei, sections were incubated with DAPI at a 1:10,000
dilution in 1x PBS for 20 minutes. Sections were then washed 3x in 1x PBS and cover slipped
with Vectatshield®. Fluorescent images were acquired using a Keyence BZ-X810 All-in-One

Fluorescence microscope using the optical sectioning module.

Fluorescence Activated Cell Sorting

Fluorescence activated cell sorting (FACS) was performed to characterize neuronal and
astrocytic NuTRAP cassette expression. Whole hippocampal tissue from Emx1-NuTRAP mice
was isolated and single-cell suspensions were immunostained for cytometric analysis, as
previously described®®. We used antibodies for THY-1 (OX7) AlexaFluor™ 647 (Santa Cruz
Biotechnology, sc-53116 AF647, Lot: F2716; concentration: 1:50) and S100B (Abcam, ab41548,
Lot:GR3326165-1; concentration: 1:200) with an AlexaFluor™ 405 goat anti-rabbit IgG (H+L)
(Invitrogen, A31556, Lot: 2273716; concentration:1:800) secondary antibody. FACS analysis
was performed using a BD FACSAria™ Fusion Flow Cytometer (BD Biosciences) at the
University of California, Irvine Stem Cell Core. Samples and single-stain controls were analyzed
using the FlowJo v10.8.1 software (BD Biosciences). Samples and controls were positively gated
for live cells (SSC-A and FSC-A) and single cells (FSC-H and FSC-A), and negatively gated for

autofluorescence (Comp-Alexa Fluor 647-A (Thyl) and Comp-BV421-A (S100p)). Fraction of
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GFP+ neuronal cells was determined using quartile analysis of Thy-1 and Comp-GFP-A (GFP).
Fraction of GFP+ astrocytic cells was determined using quartile analysis of S100p and Comp-

GFP-A (GFP).

qPCR

cDNA was generated from TRAP-isolated and total input RNA samples (n=2
samples/group) using the Transcriptor First Strand cDNA Synthesis Kit (Roche) following the
manufacturer’s instructions. Relative gene expression for Agp4 (F: 5°-
ATCCAGCTCGATCTTTTGGA -3°, R: 5’>-TGAGCTCCACATCAGGACAG -3°), Tubb3 (F:
5’-GTCTCTAGCCGCGTGAAGTC -3°, R: 5’~-GCAGGTCTGAGTCCCCTACA -3°), Cd11b (F:
5’-CCCATGACCTTCCAAGAGAA -3°, R: 5>~ ACACTGGTAGAGGGCACCTG -3°), and Mog
(F: 5>-AAGAGGCAGCAATGGAGTTG -3’, R: 5’-GACCTGCAGGAGGATCGTAG -3’) was
determined by qPCR using FastStart Essential DNA Green Master Mix (Roche, 06402712001)
following the manufacturer’s protocol. Cycle counts for mRNA quantification were normalized
to Gapdh (F: 5’>-CGTCCCGTAGACAAAATGGT -3°, R: 5’-GAATTTGCCGTGAGTGGAGT -

3”). Quantification was performed using the Pfaffl method °.

Bioinformatics Analysis

Reference assembly: For all sequencing analysis that required it, the primary reference
assembly used was Genome Reference Consortium Mouse Build 38 patch release 6
(GRCm38.p6).

RNA-seq analysis: FastQ files were quality checked for sequencing errors using FastQC
)0

(version 0.11.9)°". No files were found to have sufficient quality errors to discount their use.
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Files were aligned using STAR Aligner (version 2.7.3a)°!'. Duplicate reads were removed using
Picard Tools (version 1.87)%2. SAM Tools was used to convert BAM files to SAM files for use in
downstream analysis. FastQC, alignment and duplicate removal were all preformed on the High-
Powered Compute Cluster (HPC3) operated by The Research Cyberinfrastructure Center (RCIC)
at the University of California, Irvine. R (version 4.1.0)®* was used for differentially expressed
genes (DEG) analysis. Genomic Alignments (version 1.28.0)%* (summarizeOverlaps
mode="“IntersectionNotEmpty”, singleEnd=FALSE, ignore.strand=FALSE, fragments=TRUE),
Genomic Features (version 1.44.0) (exons by gene), and R SAM Tools (version 2.8.0)%
(yieldSize=100000) were used to extract a count matrix and generate a summarized experiment
object. DEseq2 (version 1.32.0)% was used to perform a DEG analysis. Ensemble IDs were
converted to gene symbols using BiomaRt (version 2.48.1)%7:%8, PCA plots using the top 2000
genes were generated using ggplot2 (version 3.3.4)%°. Samples were determined as outliers if the
variability between the samples heavily weighted PC1 to those samples. This excluded 2
sedentary samples and 1 EX sample. Heatmaps were generated using gplots (version 3.1.1)"" and
RColorBrewer (versionl.1-2)!. Volcano Plots were generated using ggplot2®. Venn diagrams
were generated using the Venn diagram tool from Bioinformatics and Evolutionary Genomics’?.
Gene ontology analysis was performed using Panther Classification System (version 16.0)".
Genes were also categorized and a leading edge heatmap was also generated using Gene Set
Enrichment Analysis (version GSEA 4.1.0)”*. Upstream regulators were identified from the
DEGs upregulated by EX using Qiagen’s Ingenuity Pathway Analysis (IPA) (Fall 2021
Release)”.

CUT&RUN-seq analysis: FastQ files were quality checked for sequencing errors using

FastQC (version 0.11.9)%°. No files were found to have sufficient quality errors to discount their
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use. FastQ files were aligned using Bowtie2 (version 2.4.1)’®. Significant peaks were called from

these aligned files using SEACR, developed in CUT&Tag for efficient epigenomic profiling of

76,77

small samples and single cells™’’, according to CUT&Tag Data Processing and Analysis

Tutorial (updated August 12 2020): https://www.protocols.io/view/cut-amp-tag-data-processing-

and-analysis-tutorial-bjk2kky. An FDR higher than 0.1 was considered too high for called peaks.

This threshold excluded 4 samples (3 EX H4K8ac separate isolation samples and 1 EX H4K8ac
SIT sample). Peaks were called using the stringent and 0.01 settings. Significant peaks were
annotated using ChIPseeker (version 1.8.6)”® using
TxDb.Mmusculus.UCSC.mm10.knownGene’ as a reference with the following settings:
tssRegion = ¢(-3000, 3000), TxDb = TxDb.Mmusculus.UCSC.mm10.knownGene, level =
"transcript", assignGenomicAnnotation = TRUE, genomicAnnotationPriority = c("Promoter",
"SUTR", "3UTR", "Exon", "Intron", "Downstream", "Intergenic"), annoDb = NULL,
addFlankGenelnfo = FALSE, flankDistance = 5000, sameStrand = FALSE, ignoreOverlap =
FALSE, ignoreUpstream = FALSE, ignoreDownstream = FALSE, overlap = "TSS", verbose =
TRUE). This approach annotated peaks to the closest gene by distance from the promoter, except
if that peak falls within a gene before the distal intergenic region. Ensemble IDs were converted
to gene symbols using BiomaRt®":%%, Gene lists of peaks present in each condition were used to
generate Venn diagrams, as with RNA-seq analysis’?. Further Venn diagrams were generated
comparing DEGs with peak calls. Peaks were visualized using UCSC Genome Browser and
Genome Browser in a Box®%-82,

Normalized counts (for read depth) at binned sections of the DNA as well as RNA-seq

gene expression count (normalized for read depth) were compared between simultaneous and
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separate isolations as well as left and right hemispheres using Spearman’s correlations in R with
the package ggpubr (version 0.4.0)**. Bar plots were generated using Graph Pad 9 PRISM.
Data Availability

RNA-, TRAP- and CUT&RUN-seq have been submitted to GEO. The metadata and
processed files are available through GEO and the raw files are available through the SRA

database. Accession numbers: Any additional information required to reanalyze the data reported

in this dissertation is available from Autumn Skye Ivy MD PhD aivy@uci.edu.
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Detailed step by step description of the preparation of the Emx1-NuTRAP mouse

Preparation steps with step annotations (Figure 2):

1.

Cross female Emx1-IRES-Cre knock-in mice (Jackson Laboratory Stock No: 005628)
with male NuTRAP mice (Jackson Laboratory Stock No: 029899). We do not use male
Emx1-IRES-Cre animals in this cross. EmxI may allow active Cre in Sperm.

Optional: Separate the males from the dams when a pregnancy is noticed. We have found
that this decreases litter cannibalization rate.

Wean pups from their dams at P21. Earlier weaning may be possible, but qualitatively we
observe this to be a weaning time with high pup survival.

At the desired age, sacrifice the mice by cervical dislocation.

Dissect the mice to remove the whole hippocampal formation according to Sultan 201334,
Proceed to Basic Protocol 2 with this tissue.

To confirm that the ribosomes and nuclei are being fluorescently labeled specifically in
hippocampal neurons, perfuse the mice, remove the brain, section and perform
immunofluorescence imaging according to Tu et al. 2021%. We use a traditional
immunofluorescent microscope (Keyence BZ-X800), rather than the scanner described in
Tu et al. 2021. An mCherry fluorophore could be used to enhance visualization of
nuclear labeling.

Conduct experiments and care for the mice according to US National Institutes of Health

Guidelines for Animal Care and Use.
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Figure 2: Protocol Diagram: The generation of the Emx1-NuTRAP mouse and the
dissection of the hippocampus from those mice.
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Detailed step by step description of the preparation of the Emx1-NuTRAP mouse in

use with the SIT Protocol

Strategic Planning:

This protocol is intensive and has a number of time sensitive steps, especially if RNA
integrity is a concern, such as for samples frozen for long periods of time. We recommend at
least 2 people proceed with the protocol until the nuclei are isolated. We recommend all buffers
be prepared the day before (except for the final addition of DTT and Cycloheximide). It takes
approximately 11 hours to complete this protocol if the experimenter chooses to perform a 2-
hour TRAP incubation. The alternative is to perform this incubation overnight. If the shorter
method is used because of a concern for RNA integrity, that duration of experiment can be
accommodated.

Preparation of the protein-G Dynabeads with or without GFP may be done 1 day prior to
the protocol and stored overnight at 4°C. The final bead pull-down and elution should be done
with freshly prepared buffers. This preparation reduces the number of preparation steps required

the day of the protocol.

Reagents and Solutions:

Concentrated TRAP isolation buffer (CTIB)

10mM HEPES pH 7.5; 117mM MgCI2; IM KCI; 10% IGEPAL CA-630; 100ug/mL cycloheximide;
1Img/mL sodium heparin, 20mM DTT; 2.2units/ul RNasin; Ix Complete EDTA-free protease

inhibitor (Roche)
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High Salt Wash Buffer (HSWB)

0.05 M Tris pH 7.5, 0.012 M MgCi2, 0.3 M KCI, 1% IGEPAL CA-630, 0.002 M DTT, 100 ug/mL

cycloheximide

INTACT Buffer (IB)

10mM HEPES (pH7.5), 1.5mM MgCI2, 10mM KCI, 250mM sucrose, 0.1% IGEPAL CA-630

Nuclear preparation buffer (NPB)

10mM HEPES (pH7.5), 1.5mM MgCI2, 10mM KCI, 250mM sucrose, 0.1% IGEPAL CA-630,

0.2mM DTT, 100ug/mL cycloheximide
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Protocol steps with step annotations:

Preparation:

This section is critical to smooth and efficient execution of the SIT protocol. It is important enough

that we include it here rather than in Strategic planning.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Put 1x PBS on ice

Thaw cycloheximide and DTT on ice

Keep NPB, CTIB, HSWB and IB on ice

Prepare appropriate volume of NPB so it’s ready immediately after tissue dissection (2mL
buffer per animal)

Label 5 1.5mL tubes for each sample: 1 for homogenization, 1 for nuclei for INTACT and
1 tube for ribosomal mRNA for TRAP

Aliquot ImL NPB into each of the homogenization tubes

For each TRAP isolation, prepare 1 tube of washed protein G Dynabeads for pre-clearing
using steps 8-12.

Gently resuspend beads by brief vortex and pipette 50 pL of beads into a 1.5mL tube for
each sample.

Place the tube on the magnetic stand for 1-3 minutes.

Slowly pipette off buffer and add 500 uL NPB to each tube.

Gently resuspend by inversion and repeat steps 9-10.

Place the tube on the magnetic stand for 1-3 minutes and slowly pipette off buffer.
Resuspend beads in 50 uLL NPB and store on ice or 4°C until ready for use.

For each TRAP isolation, prepare 1 tube of washed protein G beads for ribosomal GFP

binding.
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23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Gently resuspend beads by brief vortex and pipette 100 puL of beads into a 1.5mL tube for
each sample.

Place the tube on the magnetic stand for 1-3 minutes.

Slowly pipette off buffer and add 500 uL NPB to each tube.

Gently resuspend by inversion and repeat steps 16-17.

Place the tube on the magnetic stand for 1-3 minutes and slowly pipette off buffer.
Resuspend beads in 100 L. NPB.

Add 2pL anti-GFP antibody

Incubate for 1 hour at 4°C on a nutator

Centrifuge as above and pipette off buffer

Add 200uL NPB and gently resuspend

Centrifuge as above, remove buffer, and resuspend in 100uL. NPB

Bead washes ensure that the solution that the beads and cells are suspended in is not affected by

the buffer that beads are shipped in.

Tissue Homogenization (Figure 3: steps I and II):

1.

After tissue dissection add ~700-800 uL of NPB (from the 1mL aliquot) to the tissue and
use a razor blade to quickly chop and mince the tissue (we show that hippocampal tissue
thawed from flash frozen works well with this protocol. Caution: Cycloheximide is
extremely toxic. Take care not to touch the solution to any part of your body or gloves.

Collect the tissue using a P1000 pipette and place in 1mL (total volume with previously

pipetted volume) NPB — Add this to the homogenization tube
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3.

Homogenize the tissue on ice slowly using 18G needle and syringe 50x. Ensure tissue is
thoroughly homogenized. Sometimes this will not fully homogenize the tissue but have

found this amount of homogenization to be sufficient regardless.

Nuclear Isolation (Figure 3: Steps III, IV, V2):

1.

10.

11.

12.

13.

Add homogenized tissue sample to 100 um cell strainer cap (Yellow) on SmL tube. This
helps separate the cells and more fully homogenize the sample.

Centrifuge 1,000 rcf for 10 min at 4°C to filter supernatant. During this spin prepare
appropriate volume of concentrated TRAP buffer (200uL per animal)

Wash streptavidin coated dynabeads (SCD) (Steps 4-9)

Resuspend beads by brief vortex and add 100 pL SCD per animal to a 1.7 mL tube.
Incubate 3 minutes on a magnetic stand.

Remove supernatant.

Add 1 mL NPB and vortex briefly.

Repeat steps 5-7.

Resuspend beads in 100 pL NPB per 100 uL SCD used.

Resuspend the cell pellet from step 2 (still in 5 mL tube).

Add sample to 40 um cell strainer cap (Blue) on SmL tube. This step aims to better lyse the
cell membrane and leave only suspended nuclei in the solution.

Centrifuge 1,000 rcf for 10 min at 4°C to filter supernatant.

Add 100 uL washed SCD to each tube.
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14.

15.

16.

17.

18.

19.

20.

Remove tubes from stand, resuspend beads by briefly pipetting up and down. Incubate for
20 minutes on ice, then resuspend, and transfer resuspended beads to a I1mL
microcentrifuge tube.

Place tubes on magnetic stand for 3-5 minutes to pull down beads (nuclei are bound to
these)

Slowly collect supernatant with P1000 pipette and save for TRAP Isolation Procedure in
mRNA tube (below)

Slowly add 1mL IB to beads while still on magnetic stand to wash

Pipette off IB slowly

Repeat steps 17 and 18.

Ensure that the beads do not dry by continuing to a downstream analysis protocol
immediately. At this step the beads will have the isolated nuclei. We use 100uL IB to
resuspend the nuclei and beads if we want to freeze for future downstream analysis. We
use Zymo Quick-DNA Microprep Plus kit (Zymo D4074) (no modifications to the

manufacturer instructions) to isolate genomic DNA for quality control.

TRAP Isolation Procedure (Figure 3: Steps V1-VIII):

1.

Add 100pL concentrated TRAP isolation buffer (CTIB) to each 1mL of supernatant. This
brings the solution concentrations to the concentrations required for a normal TRAP
isolation.

Centrifuge 16,000 rcf for 10 min.

Collect all clear supernatant and transfer to tube containing 50 pL. washed protein G

dynabeads (avoid any pellet or top lipid layer). Optional - Save 50uL of each sample in a
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10.

new tube and keep on ice. RNA from this will be extracted for use as a total RNA input
control.

Incubate for 30 minutes on nutator at 4°C

. Incubate 3 min at 4°C on magnetic stand to pellet beads and transfer supernatant to tube

containing protein G beads bound to GFP-antibody from the preparation section.

Incubate 2 hours (or overnight) on a rotating nutator at 4°C .

Slowly pipette off supernatant

Wash the beads 3 times by resuspending in 1 mL HSWB incubating at 4°C on the magnetic
stand for 3 min and removing supernatant.

Pipette off wash buffer and slowly resuspend beads in 350uL RLT buffer (from RNeasy
kit) by slowly pipetting up and down. Incubate on nutator for 30 minutes.

Proceed to RNA purification. RLT buffer is necessary as this contains reagent to bind RNA

to the column.
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Figure 3: SIT schematic of the major protocol steps.
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Results

“Emx1-NuTRAP” mouse allows for simultaneous isolation of nuclear chromatin and
translating mRNA from a single population of hippocampal neurons.

We sought to validate neuron-specific expression of the NuTRAP cassette. First,
immunohistochemistry of Emx1-NuTRAP hippocampal slices show distinct GFP and mCherry
expression in CA1 and CA3 pyramidal neurons (Figure 4A-B) as well as the granule cell layer of
the dentate gyrus (DG; Figure 4C). Furthermore, mCherry positive nuclei remained intact and
bound to the magnetic beads after our modified nuclear isolation procedure (Figure 4D). As
Emx 1-expressing neural stem cells can become astrocytes?, we sought to determine whether a
significant number of mature astrocytes were obtained in the population of isolated cells. Flow
cytometry experiments using THY-1 as a neuronal marker and S100p as an astrocytic marker
revealed a distinct population of cells double positive for GFP and THY-1, whereas a S100p and
GFP double positive cell population was absent (Figure 4F and Supplementary Table 1 from
Raus et al.!).

We performed Simultaneous INTACT & TRAP (“SIT”) by dissecting hippocampal tissue
from both brain hemispheres, combining, and homogenizing in one sample tube (Figure 3), in
order to determine that mRNA from the eGFP tagged cell population was enriched for excitatory
neural markers. Using qPCR, we found that TRAP isolated mRNA had significantly reduced
expression of Mog and Cdl1b compared to total RNA, suggesting depletion of oligodendrocyte
and microglial populations in TRAP mRNA (Figure 4E).

To confirm our TRAP-isolated hippocampal mRNA came primarily from excitatory

neurons, we compared RNA-seq data from whole dorsal hippocampal tissue of wild type mice to
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our TRAP-isolated RNA-seq data (TRAP-seq) from Emx1-NuTRAP mice to assess for neuronal
gene enrichment. We found that TRAP-isolated mRNA had significant enrichment of several
neuronal genes, including Dig4, Thyl, Eno2, and Syt4, as well as a significant reduction in
astrocytic, microglial, oligodendrocyte, and inhibitory neuronal genes (Figure 4G). There was a
relative expression increase of glial fibrillary astrocytic protein (GFAP) in our TRAP samples.
This gene can also be expressed in neural stem populations that were present in our whole
hippocampus samples, so this finding may be a reflection of the neural stem cell population of
the dentate gyrus®®*’. Overall, these findings suggest that the Emx1-NuTRAP mouse model is a
valid tool for neuron-enriched isolation of sequencing-grade, translating mRNA and nuclear

chromatin from a single brain tissue homogenate.
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Figure 4: Validation of the Emx1-NuTRAP mouse
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Figure 4: Validation of the Emx1-NuTRAP mouse. (A) Immunofluorescence imaging of the
CA1 region of the hippocampus at 20x objective and (A’) 60x objective after incubation with an
mCherry antibody overnight. (B) Immunofluorescence imaging of the CA3 and CA2 region of
the hippocampus at 20x objective and (B’) 60x objective after incubation with an mCherry
antibody overnight. (C) Immunofluorescence imaging of the DG region of the hippocampus at
20x objective and (C’) 60x objective after incubation with an mCherry antibody overnight. Scale
bars are set to S0um for all images (A-C). (D) Brightfield microscopy of a neural nucleus bound
to streptavidin coated Dynabeads™. The scale bar represents 10um. (E) gPCR of TRAP isolated
RNA compared to total RNA from the simultaneous isolation protocol **p<0.01. (F) Flow
cytometry for EGFP, THY-1, and S100B (15.3% of cells THY-1+/EGFP+ and 0.13% of cells
S100B+/EGFP+). (G) Heatmap of differentially expressed neuronal and other cell type markers
from RNA-seq data comparing TRAP-isolated RNA from our Emx1-NuTRAP mice and

previously generated dorsal hippocampal tissue RNA from wild type mice.
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Performing INTACT/TRAP on the same or separate cell suspensions yields highly
comparable TRAP-seq and CUT&RUN-seq results.

We then endeavored to validate our novel SIT technique. We performed SIT on isolated
samples by starting the protocol with the beginning steps from the INTACT procedure modified
to include cycloheximide. Cycloheximide works rapidly to inhibit protein synthesis and is used
for maintaining crosslinks between translating mRNA and ribosomal subunits during purification
in the traditional TRAP method. Despite the presence of cycloheximide, nuclear morphology
from Emx1-expressing neurons is overall unchanged (Figure 4D). Additionally, a Bioanalyzer
was used to determine if there were cycloheximide-induced double-stranded DNA breaks in our
nuclear preparation that could interfere with downstream DNA sequencing applications (such as
ATAC-, CUT&RUN-, or CUT&Tag-seq). We found no evidence of DNA double strand breaks
generating fragments of less than 1kb (Figure 5). Following magnetic purification of biotin-
labeled nuclei, the supernatant fraction was removed and taken through TRAP, while the pelleted
nuclei were processed through the remaining steps of INTACT (see Methods). Combining
bilateral hippocampi from a single mouse yielded TRAP-isolated mRNA of high quality and
sufficient concentration for sequencing (RIN > 8 for all samples, average yield RNA = 14.367
ng/ul; Supplementary Table 2 from Raus et al.! and Figure 6). INTACT-isolated nuclei were
further processed using the CUT&RUN (Cleavage Under Targets and Release Using Nuclease*’)
method to isolate antibody-specific protein-DNA interactions for downstream DNA sequencing.
The resulting DNA libraries were of high quality and concentration when using specific
antibodies (H4K8ac: average size = 1238 bp, average concentration = 126.8 nM; H3K27me3:
average size = 1032 bp, average concentration = 146.5 nM; Supplementary Table 2 from Raus et

al."). In contrast, the resulting DNA libraries using the non-specific IgG control had substantially
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lower concentrations (IgG: average size = 1035 bp, average concentration = 24.2nM;
Supplementary Table 2 from Raus et al.!) further indicating that nuclear DNA from both

isolations was of high starting quality.
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Figure 5: Representative electropherogram of DNA extracted using SIT
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Figure 6: Representative Electropherogram of RNA extracted using SIT (RIN=10)

Previous methods for performing INTACT and TRAP using NuTRAP mice have taken

separate tissue homogenates for each procedure®®. In this study, we performed SIT on a single

tissue homogenate containing bilateral hippocampi (the products of SIT are referred to as
“simultaneous isolations”). To determine if our approach of SIT is comparable to separate

INTACT and TRAP procedures, we also performed separate INTACT and TRAP from

hippocampal tissue obtained from one brain hemisphere for each method, counterbalancing for

left versus right hemispheres (we refer to this protocol as “separate isolations”). A Bioanalyzer

was used to determine the amount and quality of the RNA obtained from each type of isolation
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(Separate isolations: average RNA concentration = 7.805 ng/ul, average RIN =9.5;
Simultaneous isolations: average RNA concentration = 14.367 ng/ul, average RIN = 9.3;
Supplementary Table 2 from Raus et al.). The average RNA yield from the separate isolations
(using a unilateral hippocampus) was approximately equal to half of the average yield of the
simultaneous isolations (which combined bilateral hippocampi; Supplementary Table 2 from
Raus et al.!). Similarly, the final library concentrations for the separately isolated IgG
CUT&RUN-seq libraries were also approximately half the concentration of the simultaneous
isolations (average simultaneous: 24.2nM, average separate: 11nM; Supplementary Table 2 from
Raus et al.!). We interpret this to mean that nuclear DNA was fully intact in the simultaneous
isolation because we did not obtain substantially more than double the concentration in the
simultaneous vs separate isolations. Unilateral hippocampal homogenates yielded sufficient
sequencing concentrations and quality to allow for library preparations from individual mice
(Supplementary Table 2 from Raus et al.l).

To determine if normalized TRAP-seq counts were similar between the two isolation
methods, we performed a Spearman’s correlation between the datasets from sedentary mice. The
two TRAP-seq datasets were found to be highly correlated, with R values greater than 0.5 and p
value less than 2.2 x 1071¢ (R=1, p<2.2x10°'®; Figure 7A). CUT&RUN-seq was used to identify
genomic regions interacting with either H4K8ac, an activating histone post-translational
modification (PTM), or H3K27me3, a generally repressive histone PTM. We again applied
Spearman’s correlation to understand whether the simultaneous vs separate INTACT isolation
methods could influence CUT&RUN-seq peak distribution. We compared normalized count data
for CUT&RUN-seq peaks across a representative chromosome (chromosome 2). We binned

100bp increments along the entire chromosome from the simultaneous and separate isolations
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using datasets generated from sedentary mice. Normalized sequencing counts, which reflected
reads assigned to binned genomic regions along chromosome 2, were highly similar between
conditions (H4K8ac: R=0.65, p<2.2x107!%; H3K27me3: R=0.81, p<2.2x107'%; Figure 7B-C).
Taken together, these experiments suggest that translating mRNA and nuclear DNA isolated
from hippocampal homogenates using either simultaneous or separate isolation procedures are
comparable in terms of quality, concentration, functional characterization, and normalized
sequencing reads.

We next wanted to determine if the different isolation methods could bias resulting gene
expression on the basis of gene length. When plotting gene length against log fold change of
gene expression, we see a similar distribution pattern of EX-induced differentially expressed
hippocampal genes (DEGs) between the simultaneous and separate methods (Figure 7D-E). We
then compared the biological categories of the EX-induced DEGs obtained using either the
separate or the simultaneous isolation methods using Panther Gene Ontology (GO). Although
many of the genes did not overlap (Figure 7F-G and Supplementary Table 3 in Raus et al.!),
most GO terms did (14/20 GO terms for upregulated genes and 15/17 for downregulated genes;
Figure 7H-I and Supplementary Table 3 in Raus et al.!). Furthermore, there was high similarity
between the percentage of genes found in each of the GO categories (Figure 7J-K). Taken
together, our results demonstrate that the simultaneous approach for isolating and sequencing
mRNA and nuclear chromatin can be performed using a single hippocampal homogenate and can
generate highly similar results as more traditional methods using separate cell samples to pair

different types of sequencing results.
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Figure 7: Simultaneous and separate isolations of DNA and RNA from Emx1-NuTRAP mice are

comparable.
42



Figure 7. Simultaneous and separate isolations of DNA and RNA from Emx1-NuTRAP
mice are comparable. For Figure 7 A-E, n=2 mice for simultaneous isolations and n=3 mice for
separate isolations. (A) Spearman’s correlation for RNA expression between separately isolated
RNA and simultaneously isolated RNA (R=1, p<2.2x10-16). (B) Spearman’s correlation
between separate and simultaneously isolated DNA from CUT&RUN-seq for H4K8ac with
100bp chromosome 2 position bins (R=0.65, p<2.2x10-16). (C) Spearman’s correlation between
separate and simultaneously isolated DNA from CUT&RUN-seq for H3K27me3 with 100bp
chromosome 2 position bins (R=0.81, p<2.2x10-16). (D) Gene length versus fold change
distribution plot for simultaneously isolated RNA. (E) Gene length versus fold change
distribution plot for separately isolated RNA. (F) Genes upregulated in TRAP-seq after EX in
either simultaneous (n=2 sedentary mice and n=3 EX mice) or separate isolations (n=3 mice per
group). (G) Genes downregulated in TRAP-seq after EX in either simultaneous or separate
isolations. (H, I) Panther Gene Ontology: Biological Processes Venn diagram for genes
upregulated (H) or downregulated (I) after EX in either separate or simultaneous isolations. (J,
K) Panther Gene Ontology: Biological Processes bar graph of gene distributions for genes

upregulated (J) and downregulated (K) after EX in either separate or simultaneous isolations.
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Demonstrating the efficacy of the Emx1-NuTRAP mouse and the corresponding SIT
protocol

The Emx1-NuTRAP mouse will express eGFP bound to ribosomes in hippocampal
excitatory neurons and mCherry and biotin on the nuclear membranes of those neurons. On
coronal brain slices, the eGFP and mCherry can be observed on excitatory pyramidal neurons in
the cytoplasm and nuclear membrane respectively. The eGFP should appear diffuse throughout
the cytoplasm and the mCherry should appear as puncta on the nuclear membrane. Both can be
observed at 20x objective lens (Figure 4A-C) on an epifluorescent microscope but are best
observed with the 60x oil immersion objective lens (Figure 4A’-C’). As an example, Figure 4C
and 5C’ demonstrate the that the NuTRAP cassette is being selectively expressed in hippocampal
granule cells with potentially some inclusion of neural progenitor cells in the DG. DAPI is used
to stain the nuclear material of all cells with a blue fluorescent signal. Lack of green and red
fluorescence in the granule cell layer would indicate that the NuTRAP cassette is not being
expressed and would indicate something went wrong with the cross. Low mCherry expression,
or low signal, is normal. In these figures presented, we did not have to amplify the signal;
however, signal amplification of the mCherry with a fluorescent antibody may be required to
visualize the signal in some instances.

The SIT protocol isolates ribosomes by targeting the eGFP-labeled L.10a ribosomal
subunit and the mRNA bound to those ribosomes. We isolate the RNA with Qiagen’s RNeasy kit
as described in the protocol. The SIT protocol also isolates biotin labeled nuclei. We use these
nuclei directly in our downstream applications, which require intact nuclei (ATAC-seq and
CUT&RUN-seq). We occasionally visualize the nuclei before down-stream applications to

ensure they are intact (Figure 4D). Here we present a bioanalyzer trace (Figure 6) of DNA

44



isolated from the Nuclei using Zymo’s DNA Miniprep Kit (D3024) for the isolation of genomic
DNA. Our trace has no or very little DNA below the peak at the base of the gel indicating that
most of the DNA remains intact or genomic (Figure 6). DNA shorter than 1000bp would
interfere with our downstream applications. To aid in reproducibility, We check the
concentration of the isolated DNA to confirm that we have a sufficient quantity for our
downstream applications. We report Quality metrics with a representative bioanalyzer trace and
a table of concentrations in your supplemental information. For a method that requires whole

nuclei as an input we count nuclei to determine the concentration of the nuclei isolated.
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Neuron-specific gene expression and histone PTMs are functionally comparable between
left and right hippocampal hemispheres.

We then sought to demonstrate that our novel technique can be used to elucidate
differences between similar brain regions because our technique allows corresponding regions
from each hemisphere to be analyzed separately. Many studies take advantage of the brain’s
structural symmetry by using tissue from each hemisphere for separate molecular processing.
Prior evidence demonstrates that hippocampal lateralization can influence LTP, hemisphere-
specific glutamate receptor density, and performance in certain memory tasks®®. We wanted to
determine if there were differences in transcriptional programs and biological processes resulting
from EX in left vs right hippocampi. Using the separate isolation approach described above, we
compared EX-induced differential gene expression between left and right hemispheres. We
found that although individual gene expression patterns were different between hippocampi
originating in the left and right brain hemispheres (Figure 8 A-B and Supplementary Table 4 in
Raus et al.!), the Panther GO: Biological Processes terms were similar, with most categories
overlapping (Figure 8C-F and Supplementary Table 4 in Raus et al.!). This could suggest spatial
or hemispheric assignment of genes with functional similarity.

Finally, we wanted to determine if left and right hippocampal hemispheres had
significant differences in DEGs and CUT&RUN-seq peak distributions at baseline (without
exercise). We performed Spearman’s correlation on the transcript counts from the TRAP-seq
data (R=1, p<2.2x107'%; Figure 8G), and the CUT&RUN-seq 100 bp binned peak counts along
chromosome 2 for H4K8ac (R=0.59, p<2.2x107'%; Figure 8H) and for H3K27me3 (R=0.70,
p<2.2x107'%; Figure 8I). We found that the seq peaks and transcript counts were highly similar

with significance considered as R values greater than 0.5 and p value less than 2.2 x 10°'® (Figure
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8G-I). Overall, left and right hippocampal hemispheres did not demonstrate significant
differences in normalized sequencing counts and peak distributions in the sedentary condition,
suggesting that choice of hippocampal hemisphere is a less important factor to consider in
obtaining representative data on transcription and transcriptional regulation via histone

modifications.
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Figure 8: Histone modifications and functional categorizations of gene expression are
similar regardless of hemispheric origin of hippocampal tissue.
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Figure 8: Histone modifications and functional categorizations of gene expression are
similar regardless of hemispheric origin of hippocampal tissue. (A-B) Venn diagram of genes
upregulated (A) or downregulated (B) by EX identified between the left and right hemispheres
by the separate isolation protocol TRAP-seq (n=3 mice per group). (C-D) Venn diagram of
Panther Gene Ontology: Biological Process terms for genes upregulated (C) or downregulated
(D) by EX identified between the left and right hemispheres by the separate isolation protocol
TRAP-seq. (E-F) Percent of genes fitting into each GO category for the left and right hemisphere
for genes upregulated (E) and downregulated (F) by EX by separate isolation TRAP-seq. (G)
Spearman’s correlation between the left and right hemispheres TRAP-seq data from the separate
isolation protocol of sedentary rlog normalized expression (R=1, p<2.2x107'®). (H) Spearman’s
correlation between hemispheres for CUT&RUN-seq for H4K8ac normalized count data for
chromosome 2 in 100bp bins (R=0.59, p<2.2x107'¢). (I) Spearman’s correlation between
hemispheres for CUT&RUN-seq for H3K27me3 normalized count data for chromosome 2 in

100bp bins (R=0.7, p<2.2x10716).
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Discussion

Identifying gene regulatory mechanisms activated by exercise during sensitive
developmental periods can aid in understanding how early-life exercise may promote a

“molecular memory” of exercise’!"*°

, via the epigenome, that informs long-term cell function and
behavioral outcomes. This chapter presents results demonstrating neuron-specific, simultaneous
characterization of translating mRNA and associated histone modifications (validation and
method discussed in this chapter) to reveal molecular signatures of the early-life exercise
experience (discussed in chapters 3 and 4). To our knowledge, this is the first report describing
use of the NuTRAP construct in a predominantly neuronal population. Additionally, our unique
experimental approach for simultaneous INTACT and TRAP (“SIT”) is a technical advance for
NuTRAP applications: by modifying the nuclear chromatin isolation (INTACT) procedure to
include cycloheximide, one can obtain both polyribosome-bound mRNA (using TRAP) and
nuclear DNA from a single lysate to directly correlate gene expression programs with epigenetic
regulatory mechanisms in the same set of cells. The field of neuroepigenetics has been
challenged by very limited approaches for coupling cell-type specific transcriptional profiles
with chromatin modifications without compromising cell integrity (through flow sorting) or
genomic coverage (through single-cell sequencing). Therefore, the NuTRAP model in
combination with the “SIT” protocol offers an exciting opportunity to overcome these challenges
and perform paired transcriptomic and epigenomic analyses in any brain cell type of interest for
which a Cre line exists>%%.

Traditional epigenetic and gene expression sequencing approaches to bulk tissue samples

are confounded by the cellular heterogeneity. Further, current methods for paired analysis of the
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epigenome and transcriptome are restricted by the need for multiple transgenic animal models or
the use of highly expensive single-cell sequencing technologies. It is critical to obtain
epigenomic information in a cell-type specific manner because there are unique epigenetic
modifications distinguishing cell subtypes of the central nervous system’'*2. Roh et al. first
developed the NuUTRAP mouse to characterize adipocyte-specific and hepatocyte-specific
epigenetic and transcriptional profiles®**. The NuTRAP mouse has since been used to perform
paired transcriptome and DNA modification analysis in astrocytes and microglia, demonstrating
its utility in CNS cell-types®®. The Emx1-NuTRAP mouse described here provides a rapid, cost-
effective means for characterizing neuron-specific changes to epigenetic state and gene
expression using whole-tissue homogenates containing multiple cell types. In our technical
validation experiments, the “SIT” technique produced high quality RNA and DNA of sufficient
concentration for downstream sequencing studies from a single mouse hippocampus. This
method effectively increases the total sample size used for each analysis as the tissue sample
does not need to be separated for DNA and RNA isolation. CUT&RUN allows for low-input
cell-specific chromatin analysis*>”” further reducing the required amount of starting material.
Indeed, the DNA obtained from SIT could be used for other applications for evaluating the
chromatin landscape, including ATAC-seq. Presently, the field of neuroepigenetics is shifting to
single-cell resolution for sequencing studies. Our study was performed in bulk tissue enriched for
neurons. As the goal of this work was to characterize the transcriptional and epigenomic effects
of early-life exercise, cell subtype identity (as is often a priority in single-cell approaches) was
not necessary for our initial hypotheses but would offer a second layer of complexity to address

this study’s questions. Single-cell approaches can bias against lowly-expressed genes, which
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may present the risk of not capturing small expression changes in rate-limiting genes that may
have large changes in function as a result of EX.

In this chapter, we also assessed for hemispheric differences in DEGs and histone
modifications using our SIT protocol. A common approach to paired transcriptomic and
epigenomic analyses is to use separate brain tissue samples, using one hemisphere for gene
expression studies and the other side for epigenetic analyses”. A previous study utilizing the
NuTRAP allele in non-neuronal brain cells used separate brain hemispheres to perform INTACT
and TRAP®. However, this assumes that cells of the same type from each half of the tissue will
show the same epigenetic and transcriptional profile. This is not necessarily the case for all cell
types, especially in the CNS, as structures of the brain can show high degrees of hemispheric
specialization®**®. To address the degree of transcriptional or epigenetic difference between
hippocampi from opposite hemispheres, we performed separate INTACT and TRAP isolations
using hippocampal tissue from one hemisphere for DNA isolation and the contralateral
hippocampus for mRNA isolation. We found that although DEGs and histone PTMs differed
between left and right hippocampi, functional analysis using Panther GO revealed similar
biological processes between the two hemispheres. We interpret these data to suggest that
hemispheric origin of hippocampal tissue is not a critical contributor to conclusions drawn from

these types of sequencing studies.
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Chapter 3: Early exercise primes the neuronal genome to promote networks

of plasticity-related genes.

Introduction:
Early exercise and the potential role for neural-epigenetic mechanisms underlying enabled

memory

Environmental experiences engage epigenetic mechanisms to modulate gene expression
and cell function in post-mitotic neurons*'*>, Histone modifications and DNA methylation are
particularly important for neuronal adaptation to environmental signals by altering transcription
and synaptic function?>*. Behavioral outputs such as stress reactivity, reward seeking, and long-
term memory have been shown to result from changes to chromatin accessibility and gene
expression in neurons'®**-1%2_ In addition to this, the neuronal chromatin landscape undergoes
waves of epigenetic modifications as a function of brain maturation itself’!1%1% Postnatal
periods of heightened sensitivity to environmental stimuli can lead to lasting changes to cellular
function and may result from temporally specific epigenetic mechanisms in the developing
brain!%>1%, Whether gene regulatory mechanisms in postmitotic neurons are uniquely influenced
by early-life experiences to inform long-term function is a question that is just beginning to be
explored. Identifying epigenetic processes involved in modulating cell function, particularly
during brain development, is critical for understanding how early-life experiences impact long-
term behavioral outcomes.

Aerobic exercise enhances performance on cognitive tasks involving the hippocampus in

both adult humans and animal models'?”!%, The type, timing, and duration of exercise exposure
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matters with regard to whether it has a persistent impact on hippocampal function'!!%1%°,

Findings in both adolescent and adult rodents implicate a role for histone modifying enzymes in
the mechanisms of exercise-induced benefits to hippocampal memory. Both voluntary exercise
or treatment with a HDAC3 inhibitor enable hippocampal memory after a subthreshold learning
stimulus, increase brain-derived neurotrophic factor (BDNF), and promote acetylation of H4KS8
at the BDNF promoter?®!!1%!! This suggests that exercise engages epigenetic regulatory
mechanisms to promote plasticity mechanisms in memory. Adult exercise also opens a temporal
window for persistent improvements to memory performance when a reactivating exercise
exposure is introduced®!, suggesting a “molecular memory” of the initial exercise®!. Although the
majority of these studies have been performed in adults, more recent work also demonstrates the
effects of exercise on hippocampal memory and associated alterations in neurotrophic factor
expression, synaptic plasticity, and neurogenesis are similar in juvenile and adolescent
periods!'>!81%26.112 Pprevious work in our lab showed that EX for either one week (juvenile
period; postnatal days (P) 21-27) or three weeks (juvenile-adolescence; P21-41) facilitated
hippocampal long-term memory formation in response to a learning stimulus typically
insufficient for forming long-term memory. This finding was associated with increased long-
term potentiation (LTP) as well as modulations to synaptic physiology in hippocampal CA1!2,
Using SIT for neuron-specific, paired transcriptomic and epigenomic bulk sequencing, we found
hippocampal gene expression programs and associated histone modifications that are driven by
EX to promote plasticity. These data reveal an epigenetic signature resulting from EX that may

form the basis of persistently enabled hippocampal function.
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Materials and Methods

Materials and methods for Chapter 3 are described in Chapter 2 since much of the data presented

in Chapter 3 was collected as a direct result of experiments described in Chapter 2.
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Results

Early-life exercise promotes expression of plasticity-related genes and is associated with
transcriptional regulatory pathways implicated in hippocampal memory.

To identify the transcriptional effects of EX in hippocampal neurons, we performed cell-
type specific bulk sequencing on TRAP-isolated mRNA extracted from Emx1-NuTRAP
hippocampi using our “SIT” protocol. We compared DEGs from sedentary mice vs EX (running
distances shown in Figure 9). Using DESeq?2 to assess for DEGs (>30% expression increase with
a p value < 0.05), we found that EX alters gene expression in Emx1 expressing neurons (297
upregulated and 338 downregulated genes; Figure 10A and Supplementary Table 3 in Raus et
al."). Many of the genes upregulated after EX are known to be involved in exercise and/or
hippocampal memory mechanisms, including Bdnf''* and Nr4al''*. To functionally categorize
EX-induced DEGs, we performed a Panther Gene Ontology (GO) analysis’? focusing on the
Molecular Function categorization and separated by upregulated and downregulated genes.
Regardless of gene expression directionality, GO term categories with the most genes

99 ¢¢ %% <¢

functionally assigned to them were “binding”, “catalytic activity”, “molecular function
regulator”, “transporter activity”, “molecular transducer activity”, and “structural molecule
activity” (Figure 10B). Many of the upregulated genes driving these categories are known to
have critical roles in neuronal function (Kcnal, Slc24a4, Stxbp5l, Gabra2, and Camk2n?),
neurodevelopment (Artn, Kdm7a, Sox21, Gap43, and Efna5), and hippocampal memory (Bdnf,

Nrdal and Dusp)).
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Figure 9: Running Daily running distances of each cage during the EX paradigm.
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Figure 9: Running Daily running distances of each cage during the EX paradigm. Values of
days missing or low due to software error were imputed by averaging the previous 3 days
available. 2 Way Analysis of Variance (ANOVA) reveals that there is significant difference
between postnatal days (p<0.0001) and cages (p<0.0001) but no significant effect of isolation

(p=0.1508).
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Figure 10: EX leads to tr;nscriptomic changes in hippocampal neurons during
adolescence.
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Figure 10: EX leads to transcriptomic changes in hippocampal neurons during
adolescence. (A) Volcano plot of differentially expressed genes reaching significance identified
by TRAP-seq on EX versus sedentary (n=2 sedentary mice and n=3 EX mice, absolute value
log?2 fold change > 0.3785 and p-value < 0.05). (B) Panther Gene Ontology: Molecular Function
top terms by most genes assigned. (C) Top 6 “Upstream Regulators” identified by Ingenuity
Pathway Analysis (IPA). (D) Representative Gene Set Enrichment Analysis: Reactome leading-
edge diagrams showing genes upregulated (D) or downregulated (D) in EX, and their categories
of enrichment. * Abbreviated terms in (D): (1) “transport of mature mRNAs derived from
intronless transcripts”, (D’): (2) “activation of the mRNA upon binding of the cap binding
complex and EIFs and subsequent binding to 43S, (3) srp dependent cotranslational protein

targeting to membrane, and (4) response of eif2ak4 gen2 to amino acid deficiency.
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To evaluate possible transcription factors and upstream regulators implicated by EX-
induced activated gene networks, we applied Qiagen’s Ingenuity Pathway Analysis (IPA) to our
TRAP-seq dataset’>. We identified significant canonical signaling pathways implicated in EX
effects on hippocampal neuronal function (Figure 11 and Supplementary Table 5 in Raus et al.!).
Additionally, the top six upstream regulators by significance included CREB1, KMT2A, LEF]1,
SMAD3, EGR1, and MITF. Each of the top five transcription factors have been implicated in
hippocampal development or function (Figure 10C and Supplementary Table 5 in Raus et al.!)!!>
122 The transcription factors KMT2A and LEF1 have not been previously associated with the
effects of exercise on hippocampal function. Interestingly, CREB1 (through its associated
CBP!#) and KMT2A (through its methyltransferase activity!!'®) both have histone modifying
properties. LEF1 has been shown to regulate neural precursor proliferation in the
hippocampus'!”. SMAD3 is critical for intermediate progenitor cell survival and negatively
regulates serum insulin after exercise!'®!!”. EGR1 is an immediate early gene that recruits TET1

t120, MITF was the sixth upstream

DNA demethylase during neural activation and developmen
regulator identified and is a transcription factor linked to autophagy mechanisms'?!. These
specific transcription factors were not significantly differentially expressed in our TRAP-seq

dataset; however, their activity may not be linked to a change in their own expression after EX

but rather modulated by exercise to influence programs of gene expression.
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Figure 11: Canonical pathways identified by Qiagen’s IPA of genes upregulated by EX.
Supplementary table 3C and 3D in Raus et al.! have the genes identified by the top two pathways

listed in this bar chart.
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To further understand whether the transcriptional profiles resulting from EX were
enriched for specific a priori assigned molecular functions, we performed Gene Set Enrichment
Analysis (GSEA)™*. We evaluated the “Reactome” category of functional gene sets followed by a
leading-edge analysis to further determine which genes were driving the significant categories
(Figure 10D and Supplementary Table 6 in Raus et al.!). Of the DEGs upregulated after EX,
several interesting categorizations and the genes driving them were revealed. The genes H3c4,
H2bc3, H2bc5, and H2bc9 genes, which encode histone family member proteins, were driving
the categories: “DNA methylation”, “HDACs deacetylate histones”, and “transcriptional
regulation by smRNAs”. “Meiosis” and “meiotic recombination” also emerged in these results
which was unusual; however, leading edge analysis showed many of these genes (Atm, Blm,
Msh4, and Mnd]l) to be generally involved in cell-cycling processes. Exercise is well known to
increase adult neurogenesis in hippocampal dentate gyrus and can explain cell cycle gene
enrichment in our dataset!®®. Several nucleoporin complex genes (Nup35/ 42/ 43/ 50/ 58/ 62/ 93/
107/ 153/ 210) were also identified for their associations with categories such as: “gene silencing
by RNA”, “nuclear envelope breakdown”, and “transport of mature mRNAs derived from
intronless transcripts”. Nup genes form a variety of nuclear pore complexes that play critical
roles in cellular processes including cell-cycle regulation, cellular differentiation, and epigenetic
control'?,

Of the downregulated pathways identified, translation-associated categories
(“translation”, “eukaryotic translation initiation/elongation”, and “SRP-dependent co-
translational protein targeting to membrane”) were driven by significant downregulation of

ribosomal protein gene families (Rps, Rpl, Rplp) and eukaryotic initiation factor 3 (elF'3)

subunits. Over-expression of e/F'3 subunits has been linked to neurodegeneration, and altered
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expression of elF'3 has been associated with neurodevelopmental disorders'?. Additionally,
collagen genes (Collal, Colla2, Col2al, Col3al, and Col5al) were downregulated after EX,
leading to the identification of categories including: “MET activates PTK2 signaling”, “MET
promotes cell motility”, and “collagen degradation™. Col/lal and Colla2 have been previously
identified as putative aging genes that decrease in their expression after chronic exercise in
female adult rodents'?®. By analyzing these enriched pathways and the networks of genes driving
them, we were able to identify several expected, as well as unexpected, transcriptional programs

activated by EX that could be unique to exercise timing during the juvenile-adolescent period.

Neuronal H4K8ac is enriched and H3K27me3 is reduced at a subset of plasticity genes
after EX.

The power of the Emx1-NuTRAP mouse model (coupled with the “SIT” technical
approach) is the ability to directly pair differential gene expression with governing epigenetic
mechanisms. This is achieved by obtaining both TRAP-seq and epigenomic-sequencing data
from the same cell population (Figure 1). To investigate EX-induced changes in histone PTMs
across the genome, hippocampal nuclei were obtained from EX and sedentary mice using the
INTACT method followed by CUT&RUN-seq for the modifications H3K27me3 and H4K8ac
from nuclear chromatin. We chose these two histone PTMs for their previously described
functions. H4K8ac is a permissive modification that is enriched at Bdnf after adult exercise, and
its presence correlates with improved hippocampal memory?’. H3K27me3 is a repressive histone
mark and a common control in CUT&RUN-seq studies**'?” and is decreased at the Bdnf
promoter region after contextual fear conditioning training”®. Peaks were called using SEACR”’

and histone PTM enrichment peaks were overlapped with EX-induced DEGs obtained from our
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TRAP-seq experiments described in Chapter 2 (Figure 12A and A’). We evaluated for the
presence of H4K8ac and H3K27me3 peaks in union with upregulated and downregulated mRNA
as a result of EX. 93 upregulated genes had new H4K8ac peaks, while 35 downregulated genes
had new H3K27me3 peaks (Figure 12B and Supplementary Table 7 in Raus et al."). Notably, of
those 93 upregulated genes with H4K8ac peaks, 14 also had new H3K27me3 peaks as a result of
EX. 17 genes had presence of H3K27me3 in both conditions (ELE and sedentary; Figure 12A).
We interpret these results to mean that transcription of these 93 genes was promoted as a result
of EX-induced H4K8ac.

The loss of either H3K27me3 or H4K8ac after EX did not substantially correlate with
changes in translating mRNA expression (Figure 12B). This result may indicate that EX-induced
differential gene expression is associated with the addition, rather than removal, of these two
histone modifications. We found one gene that was downregulated and had loss of H4K8ac
(Asphdl), and two genes downregulated with loss of H3K27me3 (Fdxr and R¢/1; Figure 12B and
Supplementary Table 7 in Raus et al."). Of particular interest, reduced expression of paternally-
inherited R#/1 is associated with improved hippocampal memory performance, whereas
overexpression results in memory deficits!?*!?°, Unsurprisingly, the majority of histone PTM
peaks newly present as a result of EX did not correlate with gene expression changes. However,
notable upregulated genes with new H4K8ac after EX include Prox1, Sntb2, and Kptn. PROX1
is involved governing differentiation, maturation, and DG versus CA3 cell identity in
intermediate progenitor cells of the hippocampal DG'*°, while SNTB2 is involved in G protein-

coupled receptor cell signaling!®!

. KPTN encodes a protein involved in cytoskeletal cell
structure, and its mutation can cause neurodevelopmental disability and seizures!*?. Interestingly,

downregulated genes found to have new H3K27me3 after EX included Col3al, Efnb2, Epop,
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and Myoc. COL3A1 and MYOC are structural proteins involved in the extracellular matrix and
the cytoskeleton respectively!3*-13°. EFNB2 is a signaling molecule involved in cell migration
and its haploinsufficiency can cause neurodevelopmental disability!*¢-13®, EPOP is a known
editor of the chromatin landscape by altering H2Bub and H3K4me3 distributions'3%!4°,
Although changes in gene expression associated with H3K27me3 peaks were less
numerous than those associated with H4K8ac, we noticed a striking difference in the distribution
of peaks across the genome (Figure 12C). After EX, the distribution of H3K27me3 decreases in
the promoter region and increases in the distal intergenic and intronic regions (Figure 12C). To
investigate how EX-induced changes to histone PTM distribution might alter gene expression,
we looked at the distribution of peaks around Prox/ (Figure 12D). Most apparent changes in
histone PTM peaks occurred in regions annotated as regulatory regions, rather than the promoter
region, which is concordant with our data showing that most histone PTM changes happen
outside of the promoter region. Taken together, these results suggest that EX promotes the new
addition of H4K8ac and H3K27me3 PTMs to regulate gene expression. Given that most

identified peaks did not correlate with DEGs, they may instead implicate regions of interest that

are “primed” for facilitated gene expression following future stimuli, such as learning.
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Figure 12: EX alters H4K8ac and H3K27me3 occupancy.
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Figure 12: EX alters H4K8ac and H3K27me3 occupancy. (A) Venn diagram of gene peaks
identified in CUT&RUN-seq for H4K8ac and H3K27me3 by SEACR (top 1% of peaks
FDR<0.1) overlapped with genes upregulated (A) and downregulated (A’) in RNA by EX (n=2
sedentary mice and n=3 EX mice). (B) CUT&RUN-seq SEACR peak calls at genes that overlap
with genes differentially expressed by EX as determined by TRAP-seq. (C) Stacked bar of the
relative distribution of peak calls at various genomic regions identified by CUT&RUN-seq called
using SEACR. (D) Representative track of CUT&RUN-seq data around Prox/ showing
differential peak height between EX and sedentary conditions for H4K8ac (top) and H3K27me3

(bottom).
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Discussion

This chapter focuses on the impact of exercise on hippocampal gene expression and
associated epigenetic modifications specifically during juvenile-adolescent periods (the fourth
through sixth postnatal weeks of life in mice). We discovered gene expression programs, and
alterations in the histone modifications H4K8ac and H3K27me3, that may be unique to this
early-life period. Recently published reports have investigated the effects of voluntary exercise
on adolescent and adult hippocampal gene expression and epigenetic modifications through
RNA and DNA sequencing methods from heterogenous cell populations'®''°. Our data revealed
several notable genes with either chromatin-modifying or neurogenesis-regulating properties
were either upregulated with new H4K8ac (Prox1, Sntb2, and Kptn), or downregulated with new
H3K27me3 (Col3al, Efnb2, Epop, and Myoc). One could consider the mechanistic implications
for these genes: for example, EX could “prime” the expression of Prox/ by the addition of
H4KS8ac, and in turn, subsequent Prox/ expression can promote neurogenic fate and cell location

t!4! EX was also found to alter the expression of Kptn, which encodes a protein

assignmen
involved in actin dynamics and neuromorphogenesis'*?. Increased Kptn expression could
promote cytoskeletal changes occurring with altered synaptic plasticity after exercise. Overall,

the differentially expressed genes and their associated chromatin states occurring after EX

provide molecular candidates involved in the effects of EX on hippocampal function.
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Chapter 4: Early exercise engages histone PTMS to facilitate gene expression

and memory consolidation.

Introduction:

Early exercise may “prime” the epigenome to enable memory

The hippocampal memory effects of juvenile exercise (P21-27) demonstrated by our lab'?
persisted two weeks after exercise cessation, which is potentially longer than the effect of
exercise on adult hippocampal function®'. Given Ivy et al.’s previous finding that EX can
facilitate long-term memory and increase LTP'2, we hypothesize that this may be due to altering
the epigenomic landscape, to ultimately promote a transcriptional state supporting hippocampal
memory consolidation. Transcription is required for both hippocampal long-term memory and
LTP. LTP is defined as a synaptic plasticity response considered the cellular correlate of learning
and memory'*?.. The hypothesis that epigenetic mechanisms underlie enabled long-term memory
is supported by the finding that in adult rodents, long-term memory is formed in response to a
subthreshold learning event after exercise or HDAC3 inhibition and involves increased
acetylation of neuroplasticity gene promoters2’. It is possible that exercise (whether in early life
or adulthood) may “prime” hippocampal function for response to future experiences (such as
future exercise bouts or hippocampal learning events). Epigenetic mechanisms are strong
candidates for the priming effects of exercise: the epigenome could harbor a “molecular
memory” of the exercise experience by readying the chromatin landscape for efficient gene
expression, thereby modulating neuronal function and behavioral output 23!, The specific

mechanisms underlying sustained electrophysiological and behavioral effects observed in our
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studies of EX have not been assessed from the perspective of a potential molecular memory of
EX within the epigenome. In this Chapter, we compare our epigenomic and translatomic EX data
from Chapter 3 with gene expression data acquired during hippocampal memory consolidation
(and after EX). We identified a network of genes that may underly this primed enabling effect of

EX on memory.
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Materials and Methods

Much of the materials and methods for Chapter 4 are described in Chapter 2 since much of the
data presented in Chapter 4 was collected as a direct result of experiments described in Chapter

2. The exception to that is the behavior paradigm described here.

Behavior

Wild type mice were habituated, handled and then underwent OLM training'* for either
three or ten minutes at P41 as described previously'2. On postnatal day 36, mice were brought
into a testing room with reduced room brightness. Mice were handled for approximately 2 min
each, for a total of 5 consecutive days prior to the OLM training session (twice a day for the first
2 days followed by once a day for the next 3 days). Habituation sessions were 5 min, twice per
day for 3 days (P39-P41) and occurred within chambers containing four unique spatial cues on
each wall of the chamber (horizontal lines, black X, vertical strip, and blank wall). Habituation
overlapped with the last 3 days of handling. During the training phase (P42), mice were placed
into the same chambers with two identical objects and exposed to either a subthreshold (3 min)
or threshold (10 min) training period. Mice were sacrificed for consolidation experiments 1 hour

later.
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Results

ELE alters H4K8ac and H3K27me3 occupancy at regulatory regions of genes involved in
hippocampal memory consolidation.

Prior work from our lab and others has found that both EX and adult exercise can
facilitate hippocampal long-term memory formation in mice exposed to a typically sub-threshold
learning event (3 minutes of object location memory (OLM) training, which is normally
insufficient for LTM formation in sedentary mice)'?2°. These findings suggest that EX may
“prime” neuronal function to facilitate hippocampal learning. In this experiment, we investigate
whether EX-enabled hippocampal memory is associated with altered presence of histone PTMs
H4K8ac and H3K27me3 in regulatory regions of genes associated with learning and
hippocampal plasticity; the prediction being that alterations of histone PTM occupancy as a
result of EX could promote gene expression programs necessary for facilitating memory
consolidation. Wild type animals underwent EX followed by OLM training on P42 and were
sacrificed 60 minutes later (Figure 13A). Dorsal hippocampi were dissected, and tissue was
homogenized and processed for bulk RNA-seq. These data were compared to the EX-induced
DEGs, H4K8ac, and H3K27me3 occupancy occurring without learning (generated from Emx1-
NuTRAP mice TRAP-seq and CUT&RUN-seq). We categorized DEGs based on the
experimental group: EX alone, EX+3 min learning stimulus, Sedentary+3 min learning stimulus,
and Sedentary+10 min learning stimulus. To discover EX-induced genes “primed” for regulation
during memory consolidation, we focused specifically on candidate genes associated with
memory after exercise (cCGAME), candidate genes associated with memory after exercise or

sedentary (cGAMES), and candidate genes associated with memory after sedentary (cGAMS)
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conditions (Figure 13B-C and Supplementary Table 8 in Raus et al.!). We then evaluated
cGAME and cGAMES groups of genes for the new presence or absence of histone modifications
H4K8ac and H3K27me3 after EX, suggesting addition or removal of these histone marks
denoting a permissive (increased gene expression) or repressive (reduced gene expression)
chromatin state, respectively (Figure 13B’-C’ and Supplementary Table 9 in Raus et al.}).

In the cGAMES group, there were 145 genes found to be significantly increased in the
mice that underwent a threshold learning event (3 min for EX; 10 min for sedentary mice). Of
these 145 genes, 40% of them (58) had new H4K8ac following EX, whereas 87 genes had no
change in the histone PTMs evaluated in this study (Figure 13B-B’). We consider the group of
58 genes to potentially be “primed,” or readied, by EX for rapid transcription to support
hippocampal memory consolidation at 3 min OLM training, while also being involved in
memory consolidation mechanisms in the threshold learning of sedentary mice (10 min OLM
training). The cGAME group of genes are those which significantly increased in the EX mice
that underwent a threshold learning event but were not increased in any of the other groups
(including the sedentary, threshold learning event / cGAMS group and cGAMES group). These
genes may be of unique importance for memory consolidation specifically occurring after EX
given their absence in sedentary learners. We found that the cGAME group had significant
upregulation of 256 genes, with approximately 30% (76) of those genes receiving new H4K8ac
following EX alone (Figure 13B-B’). We also evaluated the cGAMES and cGAME that were
significantly downregulated during memory consolidation. We found 304 cGAMES and 361
cGAME genes (Figure 13C). In both of these groups, a small minority of down-regulated genes
had altered H3K27me3 after EX, and this was mostly gain of H3K27me3 (cGAMES: 6.3%;

cGAME: 6.4%) (Figure 13C’). Notably, we did not find any genes that were upregulated during
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memory consolidation and had new H3K27me3 in the cGAME and cGAMES groups and no
genes that were downregulated had new H4K8ac in the cGAME and cGAMES groups

We next wanted to determine how EX “priming” directed gene expression during
memory consolidation that occurs after exercise (ELE 3min OLM) relative to sedentary memory
consolidation (Sed 10min OLM). We compared these to the group that experienced the sub-
threshold learning event (Sed 3min OLM). We compared the relative log2 fold changes (LFCs)
of the genes in cGAME and cGAMES using z-scores for each group across the genes (Figure
13D). In the vast majority of these primed genes, the EX drove gene expression during 3 min of
OLM training in the same direction as 10 minutes of OLM training in sedentary animals (Figure
13D). In some cases, the gene expression changes after EX were more exaggerated in the same
direction as a sedentary threshold event (Figure 13D). We interpret this to indicate that EX
enables a 3min consolidation event to be threshold (when 10 minutes is required for a sedentary
mouse) by priming these genes for altered gene expression in the same direction as a sedentary
threshold event.

We next identified upstream regulators of cGAME and cGAMES genes with EX-induced
histone modifications, as these mediators are likely involved in long-term memory formation of a
subthreshold learning event following EX. The cGAMES and cGAME lists were evaluated using
Qiagen’s Ingenuity Pathway Analysis (IPA). First, candidate regulators were identified for the
cGAME and cGAMES groups that have histone PTM changes as a result of EX that we
measured (Figure 13E and Supplementary Table 10 in Raus et al.!). Inhibition of MECP2 may
indicate a reduction in DNA methylation. CREB1 is required for LTM!'>!14*, SNCA may play a

role in neuroplasticity by modulating synaptic vesicle transport'#>.
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Next, we wanted to identify gene networks that might be at play that are not just
regulated by the histone PTMs we selected. Many more histone modifications exist and may
regulate gene expression during consolidation in addition to those we selected. We investigated
the genes in cGAME and cGAMES using IPA and identified a set of likely upstream regulators
for these genes taken together (Figure 13E’’ and Supplementary Table 10 in Raus et al.!). Once
again MECP2 inhibition and CREBI1 activation appear to be indicated validating their presence
in the previous IPA. Notably new to this group are inhibition of FMR1, KMT2D, and TCF20,
along with activation of FASN, CTNNB1, and MKNK1. Next, we interrogated what networks
might be unique to exercise-enabled consolidation by running the cGAME list through IPA
analysis (Figure 13E’ and Supplementary Table 10 in Raus et al.!). Unique to this group, RTN4,
an inhibitor of neurite outgrowth!¢, was predicted to trend towards inhibition. GRIN3A, a
glutamatergic NMDA receptor important to synaptic development and refinement'*’, was
predicted activated in this group. These findings suggest that EX may enable consolidation by
increasing neurite and synapse growth and development. TCF7L2 is also predicted to be
activated. Given that this transcription factor is involved in Wnt signaling, and neurogenesis'*%,
and activated CTNNBI is also predicted to be associated with threshold consolidation generally,

altered Wnt signaling may be critical for EX enabled consolidation.
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Figure 13: EX may prime consolidation-induced gene expression.
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Figure 13: EX may prime consolidation-induced gene expression. (A) Experimental design
diagram. (B) Venn diagram representing upregulated genes relative to mice without EX or
learning in either EX, EX and 3 min OLM training, Sed and 3 min OLM training, and Sed and
10 min OLM training. (B’) Pie chart showing the relative percentage of genes that have new
H4KS8ac presence or H3K27me3 loss as a result of EX in specific groups identified in the Figure
13B labeled cGAME and cGAMES. (C) Same as Figure 13B but for downregulated genes
relative to mice without EX. (C’) Pie chart of downregulated genes in the cGAME or cGAMES
groups that have new H3K27me3 or new loss of H4K8ac as a result of EX. (D) Z-score based
heatmap of genes in the cGAMES and cGAME groups that have new H4K8ac or H3K27me3
presence or loss as a result of EX. Expression values used to calculate the Z-scores were relative
to mice that did not experience OLM training or EX. (E) Upstream regulators identified by IPA
of the genes represented by Figure 13D. (E’) Upstream regulators identified by IPA of the genes
in the cGAME (up and downregulated) group that are unique to that when only those are
included in the IPA analysis. (E’’) Upstream regulators identified by IPA of the genes in the
cGAME and cGAMES (up and downregulated) group when the genes in those groups are put
through IPA together. (* indicates that the activated or inhibited indicator is registered from the
IPAs based on the z-score for that regulator’s expression and not directly indicated based on

software prediction).
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Discussion

This chapter identified, for the first time, novel gene expression networks and their
epigenetic regulation that may be involved in the hippocampal memory benefits of EX. We also
identified a group of genes that are altered in their gene expression only in sedentary animals
undergoing a threshold learning event (“cGAMS” group). The separation of this group from the
cGAME and cGAMES groups indicates that EX may engage a separate, perhaps complementary
network of genes to promote memory consolidation. We also identify a subset of cGAME and
cGAMES genes that appears to support a “priming” model of EX induced epigenetic changes
and their impact on memory. Genes that have altered hPTMs after EX and underwent 3min
training have gene expression driven in the same direction as sedentary animals undergoing a ten
min learning event. 3 min of training is on average insufficient to encode a long-term memory in
a sedentary mouse but sufficient for anEX mouse whereas 10 min of training is on average
sufficient'>?°. A next step of this work will be to test the necessity and sufficiency of identified
genes and gene networks, their histone modifications, and/or their upstream regulators mediating
the effects of EX on hippocampal memory performance. Another unanswered question is how
long the memory-promoting effects of EX last after exercise cessation, and whether there is

stability of EX-induced epigenetic modifications to allow for the persistence of EX effects.
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Chapter 5: Developing a method for individual tracking of group housed

juvenile mice.

Introduction:
The need for a method for individually tracking voluntary wheel running of pair housed

juvenile mice

The lack of techniques to monitor exercise in group-housed mice has also been a major
gap in the field of exercise research and a particular impediment to investigation into the effects
of exercise in early-life time points. Because studies involving voluntary exercise usually require
comparison of individual running amounts, the traditional approach is to individually housed and
track mice!*!%°. However, mice are social animals and solitary housing could increase the stress
of the mice!*""!*2, Since stress has a major impact on the cognitive development of rodents in

early life'>

, investigating the effects of exercise in this way could complicate interpretation of
results. To address this difficulty, I helped develop a novel method for tracking voluntary wheel
running in group-housed juvenile mice'**. This method will allow for studying the effects of

exercise, as well as exercise amount, in early life without the possible confound of isolation

stress.
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Ear Tag and
RFID Tag

RFID Antenna

Figure 14: Illustration of dual RFID and Vital View system for individual mouse running
in pair-housed cage.
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Materials and Methods

Animals

Mice were progeny of C57B16J dams obtained from Jackson Laboratories and were bred,
born, and reared in our vivarium. Mice had free access to food and water and lights were
maintained on a 12-hour light/dark cycle. Upon weaning on postnatal day (P) 21, mice were pair-
housed in standard cages with free access to an in-cage stainless steel running wheel equipped
with a plastic net fitted around the rim for the safety of the juvenile mice. All mice are typically
6g-9g at time of weaning. Tracking was conducted continuously 24 hours a day for three weeks
from P21-41. All experiments were conducted according to US National Institutes of Health
guidelines for animal care and use and were approved by the Institutional Animal Care and Use

Committee of the University of California, Irvine.

Materials and Reagents
1. UHF RFID Tag for Metal Product Management (Murata Manufacturing Co:
LXTBKZMCMG-010)
2. Command™ Small Poster Strips (3M Company: 17024ES)
3. Pegboard, 5/32” thickness, holes spaced 17 apart
4. LOCTITE® SUPER GLUE PRECISION PEN (Henkel Corp: 2066118)
5. Netting material (Industrial Netting: Vexar: NG3060-164)
6. Ear Tag, Mouse, Light Blue, 1-100 (Stoelting Co: 56782)
7. Ear Tag, Backing only, Pk/100 (Stoelting Co: 56792)

8. Etching Engraver Pen (Porsin: LX1323)
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9.

Jackson mice WT C57BIl6J (Jackson Laboratories: 000664)

10. Teklad 1/8” Corncob Bedding (Envigo, Teklad: 7092A)

11. Cotton Nestlets (Ancare nestlets)

12. Teklad Global Soy Protein-Free Extruded Rodent Diet (Envigo, Teklad: 2020X)

Equipment

1.

2.

9.

RFID Passive Antenna (Abracon LLC: ARRANS5-915.000MHz)
L-Size Mouse Cage Body — 36.5 x 20.7 x 14.0 cm - Polycarbonate (Tecniplast Group:

1284L.001; sourced from Starr Life Sciences)

. Autoclavable Filter Top (Tecniplast Group: 1284L-400SU; sourced from Starr Life

Sciences)

4.5" Running wheel with reed switch (Bio-Lynx scientific equipment, Inc.: 610-0003-00;
sourced from Starr Life Sciences)

MMCX (J)-LL100HF-RPTNC (M) 60" Cables (Federal Custom Cable, LLC: SCA1086-

60)

Ear Tag, Applicator (Stoelting Co: 56791)

Keonn AdvanReader-160 UHF RFID Reader (4-Port) (Keonn Technologies: ADRD-M4-

ESMA-160.01)

. AdvanMux-8 UHF RFID Multiplexer (8-Port) (Keonn Technologies: ADMX-8-e-

110.04)

CATS5 Ethernet Cable

10. USB 3.0-to-Gigabit Ethernet Adapter (Best Buy Co., Inc., Insignia: NS-PU98635-C)
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11. Power Over Ethernet Injector (Phihong: PSA16U-480(POE); sourced from Keonn
Technologies)
12. SMA Male to SMA Male 24 Cable (Bracke Manufacturing, LLC: BM92046.24)
13. Data Port 24 channel box (Starr Life Sciences)
14. Data Port USB Cable (Starr Life Sciences)
15. Electric Drill
16. Table Saw
17.5/32”, 3/16” Drill Bits
18. Two Laptops (one for each software program) with the following requirements:
1. Minimum Requirements for VitalView®: Windows PC (Windows XP or newer), 2
GHz Processor, 2 GB Ram, 800 MG Free Hard Disk space, USB port.
11. Minimum Requirements AdvanNet™ Software: Firefox or Chrome browser,
Internet connection, USB port.
19. Computer (for IndividualRFIDELEMus program)

1. Minimum Requirements: Windows 10, 12 GB of RAM

Software

1. AdvanNet™ Software (Keonn Technologies, S.L.)

2. VitalView® Activity Data Acquisition Software (Starr Life Sciences Corp)

3. IndividualRFIDELEMus program (IndividualRFIDELEMus)
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Procedure

A. RFID Antenna Setup (Figure 2)

1.

Cut 2” x 2” pegboard squares for each cage with two holes inside each square: Take the
pegboard and draw lines to make cuts orthogonally such that:

a. One set of lines runs across every other hole.

b. The other set of lines runs 2" between every other hole.

c. Using a table saw, carefully cut through the lines (Figure 15A).

Place the pegboard square white-side-up. Using a drill and a 3/16” drill bit, drill
diagonally through one of the holes such that the angled hole points away from the
center of the square (distal end on the bottom). Repeat this process for every square.
Note: The purpose of this step is to make the existing pegboard hole wider for the
antenna head lie flat on the pegboard, once the antenna wire is thread through.

Thread the wire of an antenna through the angled hole of a pegboard square such that
the wire comes out the bottom (brown side). Have the base of the antenna cover both
holes as much as possible.

Place a double-sided Command™ strip on the surface of the pegboard, covering the
hole opposite to the hole that the antenna wire is threaded through. Affix the base of the
antenna to the top (white side) of the pegboard square to the double-sided Command™

strip (Figure 15B).
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Figure 15. RFID antenna setup.
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Figure 15. RFID antenna setup. A) Proper dimensions of the pegboard square in relation to the
antenna and Command™ strip. B,C) Proper assembly of the antenna + pegboard square in top-

down (B) and side profile (C) views.
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B. Cage Setup (Figure 16)

1.

Pre-determine and assign two mice of the same sex for each running cage. Plan to

construct RFID-compatible running cages based on number of mouse pairs for your

study.

Position the wheel housing on the underside of wire lid adjacent to the food hopper of

the Techniplast cage so that:

a. The wheel is in front of and to the left of the food and water area.

b. The left edge of the wheel housing is three slots away from the left edge of the
cage.

c. The screw of the housing is flush with the crossbar closest to the hopper.

d. The slot for the reed switch faces toward nearest wall of the cage.

e. Then screw the washer and wingnut onto the screw to affix the housing to the wire
lid (Figure 16A).

Using scissors, cut a strip of netting material the width of the running wheel such that

the mesh fits around the outer rim of the wheel. This is used so the limbs of the small

juvenile mice do not fall through rungs of wheels. CAUTION: Ensure that this fit is

precise. Improperly fit netting (when cut too narrow) can slide on wheel and potentially

injure the mouse tail.

Unscrew the axle of the wheel housing, place the wheel inside the housing with the

wheel magnet facing outward, and thread the axle through the housing and the wheel,

screwing the axle cap back on.

Place the assembled RFID antenna + pegboard square directly underneath the wheel in

its cage (aim the wire end of the antenna toward the back wall of the cage) and secure
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the antenna + pegboard square into place with a double-sided Command™ strip. Mark a
circle with the diamond-tipped pen next to where the hole with the wire is (Figure 16B).
Take away the antenna-pegboard square by pulling out the Command™ strip laterally.
Flip over the cage such that the base is on top. Using the drill and a 5/32” drill bit, drill
the spot that was marked. When a complete hole has been made, use the 3/16” drill bit
to widen the hole. Drill diagonally through the hole such that the hole exit on the bottom
of the cage points toward the back wall. Note: steps 1-6 only need to be performed once
for each cage.

Flip over the cage to an upright position. Place the antenna + pegboard square back into
the cage. Thread the antenna wire through the hole such that the wire points out of the
bottom of the back wall. Readjust the antenna + pegboard square until it is squarely
under the wheel. Affix the bottom of the pegboard to the cage bottom using a double-
sided Command™ strip (Figure 16C). Note: In subsequent assemblies using pre-drilled
cages, the orientation of the antenna can be modified to a non-orthogonal position with
respect to the cage base. It is crucial to ensure the center of the antenna is directly
under the center of the wheel.

Add a thin layer of bedding to the cage bottom until the bedding submerges the
pegboard but not the antenna. Add two nesting squares into the bottom of the cage,
away from the wheel. Place the wire lid with wheel over the cage such that the wheel
lies above the antenna with adequate clearance (Figure 16D). Cover the cage with the

filtered cage top.
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Figure 16. Individual RFID tracking cage setup.
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Figure 16. Individual RFID tracking cage setup. A) Proper assembly of the wheel housing in
relation to the wire lid and cage layout. B) Bottom-up view of the Techniplast cage showing the
area under the wheel. Proper placement of the antenna + pegboard square under the wheel. The
drill site is adjacent to the wire exit hole of the pegboard, and is indicated by the black circle
drawn on the cage bottom. C) Threading of the antenna wire through the cage hole. D) Clearance

between the antenna and the wheel.
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C. RFID + VV System Setup (Figure 17)

1.

Set up the VitalView® system and RFID reader system per the manufacturer’s
instructions. Initialize as many VitalView® channels and RFID antennas as you
anticipate possibly needing at one time. Keep the data recording configurations for each
system default such that recording intervals for VitalView® are less than or equal to 1
minute, and the channel names remain numeric and sequential (1-24). Using one
VitalView® system (24-port), one RFID Reader (4-port), and three RFID Multiplexers
(8-port), a maximum of 24 cages can be equipped for individual tracking.
Connect one antenna wire to one port on the RFID reader or multiplexer using the 60”
LMR 100 cables (Figure 17).
Thread one reed switch into the reed switch slot in each running cage. Plug the other
end of the reed switch cable into the port on the VitalView® box (Figure 17). Test your
wheel setup by spinning the running wheel and adjust the depth of insertion of the reed
switch until wheel revolutions are recorded by the VitalView® system.
Note: The configuration with one RFID reader and one multiplexer can track 11 cages at
a time with two mice in each cage. Additional multiplexers can be added to increase the

capacity of simultaneously recording cages.
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Figure 17. RFID + VitalView® system setup.
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Figure 17. RFID + VitalView® system setup. Schematic of data feeds from parallel RFID and
Vital View® systems. RFID reader connections can be expanded to multiple cages using an
RFID multiplexer. Each RFID antenna is connected to the reader or multiplexer via a 60” LMR
100 cable. We typically use separate computers for VitalView® and RFID reader software

(AdvanNet™ Software) programs.

95



D. Mouse Tagging (Figure 18)

1. Etch each RFID tag based on cage number (e.g. 1,2, ...) and animal ID within a cage
(e.g. A, B) using the diamond-tipped pen.

2. On the laptop using the RFID software (instructions in AdvanNet™ User Guide),
change an RFID tag’s EPC code to e¢0000000000000000000001A,
€0000000000000000000001B, e...2A, e...2B, etc. based on the tag number that was
etched into it (Figure 18 A). Assign these numbers, as well as the mice, so that they
match the channel names 1-24 from the VitalView® channels; e.g., mice tagged 1A and
1B must be in the cage connected to VitalView® channel 1, and so forth.

3. Scruff the P21 mouse. Using the Stoelting ear tags and ear tag applicator, tag each
mouse on one ear (Figure 18B). Alternate ears (left vs right), if possible, for easy visual
identification of pair-housed mice.

4. Place a small drop of super glue on the green base of an RFID tag (Figure 18C). Using
the tweezers, carefully affix the glued side of the RFID tag onto the Stoelting tag on the
mouse ear. Holding the RFID tag and ear tag in place between the tweezer tips, let the
glue dry for approximately 30 seconds (Figure 18D).

5. Place the mice in the cage. Ensure that mice 1A and 1B, indicated by the EPC code of
the RFID tag affixed to them, are in the cage connected to VitalView® port 1. Repeat
with other cages.

Note: It is recommended that daily in-person monitoring is performed to identify and
prevent the possibility of jammed wheels or insecure or fallen tags. These are infrequent

occurrences in our experience, however they can introduce error in the data collected if
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not addressed quickly. These issues can be easily remedied with proper supervision of the

apparatus to maintain high data accuracy.
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Figure 18. RFID mouse tagging.
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Figure 18. RFID mouse tagging. A) Example of RFID tags etched with their new EPC
designation. B) The mouse is scruffed and an ear tag is attached to mouse’s left ear. C) Super
glue has been added to the base of the RFID tag and the RFID tag can be picked up with the
tweezers. Only a minimal amount of super glue is needed to affix the RFID tag to the ear tag. D)
The RFID tag is applied to the ear tag and held in place for about 30 seconds to allow for the

glue to dry.
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E. RFID Cage and Antenna Reuse
1. Once experiment is completed, unplug the antenna from the LMR100 cable. Remove
the antenna + pegboard square by pulling the Command™ strips laterally. Dispose of
the pegboard. Save the antenna and wash carefully with a water and sponge.
2. Pre-drilled cages and washed antennae may be reused for future experiments. A new

pegboard square must be used for each cage.

Data Analysis
A. Aligning VitalView® and RFID raw data to generate individual running distances (Figure

19,21)

Note: Wheel revolutions are determined minute-by-minute per cage by the VitalView®

Activity Software and exported as a .csv file. For each RFID-tagged mouse, individual tag

reads are logged by the RFID reader and exported as a .csv file via the AdvanNet™

Software.

1. Per manufacturers’ instructions, export data from the VitalView® system and
AdvanNet™ Software. The AdvanNet™ Software automatically names the file
“data.csv”. The VitalView software is named according to user designation.

2. Make six new directories (folders) for holding your files during processing. These
directories will accept and store files for (suggested names): 1) VV Input 2) RFID Input,
3) VV Output, 4) RFID Output, 5) Distances, and 6) Stats.

3. Place the Vital View export .csv file(s) into the “VV Input” directory.

4. Preprocess” the RFID data file before proceeding: The RFID export .csv data file needs

to be reformatted (preprocessed) in order for the program to align it with VV data. Open
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the RFID export .csv file in Microsoft Excel (Figure 20A). Locate the time stamp
column (in our case, column L). Convert the number format of the column to
“MM/DD/YY HH:MM?” (use a 24-hour clock). Select and cut the whole timestamp
column and paste it into column B to the left of the EPC column (in our case, column
C). Delete all columns except the timestamp and EPC columns such that the timestamp
column is column A and the EPC column is column B. Select the whole timestamp
column, sort by oldest to newest, and expand the selection. Insert a new row 1. In cell
1A, write “TIME_STAMP” and in cell 1B, write “HEX EPC” (Figure 20B). If these
words appear anywhere else in the document, delete those rows and keep only the words
written into row 1. Save the excel sheet as a new “preprocessed” export .csv file and

place it in the “RFID input” directory.
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Figure 19: Individual tracking data processing pipeline in 3 steps.
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Figure 19. Individual tracking data processing pipeline in 3 steps. Illustration of the pipeline
processing RFID export and VV export files using the process _file ui.exe program. A) Step 1:
Processing of Vital View files from input directory. B) Step 2: Processing of RFID export data.
C) Step 3: Cross-referencing of RFID and Vital View files into individual daily distances and

daily error rates.
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5.

Open the project “Individual RFIDELEMus” on GitHub (downloadable link can be

found in the above “Software” section). Use the RFID code program,

process_file ui.exe, to process the data in three steps:

a.

The “Vital View Processing” section of the process_file ui.exe program collects
one or multiple Vital View export files in the VV input directory and combines them
into one processed file. The Program then resamples the data over 1 minute time
intervals so that the data can be directly compared to the RFID data. Ensure the VV
input directory only contains Vital View export files. Select the “VV input” directory
as your input and select the “VV output” directory as your output. Type in a name for
your output VV file and run this section of the program (Figure 19A). The output file
will be written to the “VV output” directory (Figure 20C).

The “RFID Processing” section of the process_file ui.exe program accepts a
preprocessed RFID file .csv and bins its tag reads into rows of minutes for each
mouse (each mouse has its own column) based on their unique EPC code. Select the
preprocessed RFID data file in the “RFID Input” directory as your input and select
the “RFID Output” directory as your output (Figure 19B). Type in a name for your
output RFID file and run this section of the program. The output file will appear in
the “RFID Output” directory (Figure 20D).

The “Cross Reference Vital View Data with RFID Data” section of the
process_file ui.exe program assigns the sum of the number of wheel revolutions
within each 1-minute interval to the mouse in the cage with the most tag reads during
that minute. It then converts wheel revolutions to distances ran (using our running

wheel diameter of 4.5 inches), and outputs individual running distances as one .csv
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file per day (for example, if you recorded for seven days, there will be seven separate
files in the output directory) (Figure 20E). Select the “VV Output” directory
(containing the file from step 1) as your VV input to the program and select the
“RFID Output” directory (containing the file from step 2) as your RFID input to the
program. Select the “Distances” directory as your Distances output and select the
“Stats” directory as your Stats output. Provide dates and times in “YYYY-MM-DD
HH:MM:SS” (24-hour) format for the start and end of the desired data processing

and run this section of the program (Figure 19C, 22A, 22B).
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9 |12/20/2020 14:32 0 0 0 0 0 0 0 0 0 0 0 0
10 | 12/20/2020 14:33 0 0 0 0 ] 0 0 0 0 0 0 0
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Figure 20. VV data preprocessing input, output and RFID + VV processing outputs.
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Figure 20. VV data preprocessing input, output and RFID + VV processing outputs. A)
Excerpt of raw RFID export file format before reformatting (preprocessing). B) Excerpt of final
reformatted (preprocessed) RFID export file, ready for use in RFID processing. C) Excerpt of
VV output file of “Vital View Processing” step. D) Excerpt of RFID output file of “RFID
Processing” step. E) Excerpt of Distances output file for one day of “Cross Reference Vital View
Data with RFID Data” step. When cross-referencing multiple days, each day will produce one
output file in the “Distances” directory. F) Excerpt of Stats output file for one day of “Cross
Reference Vital View Data with RFID Data” step. When cross-referencing multiple days, each

day will produce one output file in the “Stats” directory.
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B. Data Validation (Figure 21)
Note: Running distances are assigned and compiled on a minute-by-minute basis. The
process_file ui.exe program provides separate .csv files logging a) the number of minutes with
at least one wheel revolution, or “total vv counts”, and b) the number of minutes with a wheel
revolution but without a tag read, or “vv counts without RFID”. These files are in the “Stats”
folder. One Stats file is produced per day (Figure 20F).

1. Divide b) by a) to yield the proportion (error rate) of running minutes that were not

captured by the RFID system (Figure 21C).
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A C Description Cage 3

Daily distances over P25-37 9/4/20 12:00|total w counts 260 198

P25 |vv counts without RFID 26 10|

—_ 4- error rate 10.000%|  5.051%

E 1A 9/5/20 12:00 total vv counts 187 339

= L 1B P26/|w counts without RFID 8 20

3- [ error rate 4.278% 5.900%

% / J 3A 9/6/20 12:00|total v counts 379 360

o 2- y \ 38 P27 |vwv counts without RFID 29 15

) — error rate 7.652% 4.167%

Q 9/7/20 12:00 total vv counts 407 435

5 14 / 7) P28 |wv counts without RFID 25 29

e ' error rate 6.143% 6.667%

2 9/8/20 12:00|total vv counts 417 471

o 0 I I I ) P29 |wv counts without RFID 1': 392
error rate 4.556 8.280°

20 25 30 35 40 9/9/20 12:00 |total vv counts 453 300

Postnatal Day P30|vv counts without RFID 26 13

error rate 5.740% 4.333%

B 9/10/20 12:00 | total vv counts 464 504

= = P31|w counts without RFID 25 32

Average daily distance over P25-37 . sasmnl  6.300%

* . 9/11/20 12:00|total w counts 510 486

3 | | . * P32|w counts without RFID 21 26

: 1 error rate 4.118% 5.350%

: 9/12/20 12:00|total vv counts 500 376,

o— . P33 |wv counts without RFID 22 12

E : error rate 4.400% 3.191%

5 24 . -I- 9/13/20 12:00 total vv counts 511 549

Py . P34|vv counts without RFID 20 21

o . error rate 3.914% 3.825%

g : 9/14/20 12:00 |total vv counts 542 424

f‘-; 1 i . P35 |vv counts without RFID 28 1

- . error rate 5.166% 2.594%

o . 9/15/20 12:00|total vv counts 452 399

M P36/|w counts without RFID 2 18

4 error rate 4.867% 4.511%

o . M 9/16/20 12:00|total w counts 506 495

- 1 P37|vwv counts without RFID 20 14

1A 1B i 3A 3B error rate 3.953% 2.828%

Mouse (by RFID tﬂQ) P25-37 Overall|Average error rate 5.398% 4.850%

Figure 21. Representative individual running tracking data.
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Figure 21. Representative individual running tracking data. A) Individual running distances
of male mice per day recorded for 13 consecutive days (between postnatal days 25 — 37) in two
cages, Cage 1 and Cage 3. Mice 1A and 1B were pair-housed together and mice 3A and 3b were
pair-housed together. Mice acclimated to the running wheel during P21-24 (data not shown). B)
Average distance ran per day, demonstrating a significant intra-cage difference in average
running volume (unpaired t-test, *p < 0.05). C) Total number of minutes with wheel revolutions
(as recorded by VitalView®) and total minutes of running without an accompanying RFID tag

read (as recorded by the RFID reader) per day, per cage. Error Rate (%) =

VV counts without RFID
Total VV counts

X 100%.
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Notes
A. System Monitoring

1. RFID-equipped cages must be routinely monitored for wheel obstructions from nesting
material or excessive bedding under the wheel. This can be determined by daily visual
inspection or by viewing Vital View software recordings.

2. Check the RFID export files regularly to make sure tags are still being detected as
expected. Check the Vital View data exports regularly to ensure mouse running is being
recorded as expected. We monitor these exports every other day.

3.  Monitor the mice daily for any disruptions in the RFID tag and/or ear tag attached to
their ear. A separated ear tag and RFID tag from a mouse has only occurred twice in our
experiments. If a mouse is missing an RFID tag or ear tag, give the mouse a new set,
making sure the EPC of the new RFID tag is the same as that of the tag that has fallen
off.

B. Mouse Running

1. Tracking is conducted continuously over 24 hours a day, through the light and dark
cycle, and may start as soon as pups are weaned from their mother (postnatal day 21).

2. Mice were not given a stationary wheel acclimation period and were instead allowed to
run on the running wheel from the time they are weaned. The plastic netting fitted
around the rim of the wheel ensures the wheel is safe for juvenile mice to run on, so an
acclimation period is not necessary to guarantee safety. Our data showed juvenile mice
gradually increase their running over time post-weaning. The first few days of

acclimation may be removed during data analysis if need be.
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Discussion

Studies utilizing in-cage voluntary running wheels have traditionally housed rodents
individually to generate accurate running distances and capture individual variations in exercise
amounts'*’. Individual running data can then be correlated with other intra-individual data sets.
For example, total distance run over a 2-6 hour period positively correlates with brain-derived
neurotrophic factor (BDNF) gene expression in the hippocampus'>®. However, a disadvantage to
individual housing is the potential for stress induced by social isolation. As mice are social
animals, their innate social behaviors (whether in wild or captive environments) develop most
naturally in social arrangements similar to those found in wild colonies'*®. The controlled
laboratory environments required for accurate data collection frequently result in housing
conditions that challenge the formation of natural social structures. The lack of social
environment when mice are individually housed must be considered not only for rodent welfare
but also for its impact on the quality of data produced and interpretation of findings '°1!>2,

Prior research has demonstrated that individual housing of mice can impact brain
function in a number of ways. It can alter hypothalamic-pituitary-adrenocortical (HPA) axis
function, specifically glucocorticoid regulation and feedback'®’. Individual housing can also
confound performance on various behavioral tests, including those assessing anxiety'>® and
learning and memory'>°. Finally, single housing can lower expression of neuroplasticity-related
genes in hippocampus and prefrontal cortex!%’. Social isolation stress in singly-housed rodents is

therefore an important variable to consider when interpreting studies assessing the

neurobiological effects of voluntary exercise.
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On the other hand, group housing of mice can invoke male-on-male aggression. This
usually emerges in rodents after the onset of puberty and tends not to be present during juvenile
and adolescent developmental stages'¢!. Female mice have a lower tendency to exhibit this
aggression, even post-puberty'®?. Social isolation in juvenile rodents adversely impacts
myelination in the medial prefrontal cortex'®}, whereas social play in juveniles can enhance

164

neural plasticity in this region **. Moreover, juvenile mice use the body temperature of cage

mates for thermoregulation'®

. This underscores the importance of paired or grouped housing for
maintaining basal body temperature, particularly in the setting of shifting metabolic demands
with exercise. Therefore, in studies linking juvenile voluntary wheel running with neural
function and behavior, a group-housing based approach will eliminate isolation stress and reduce
likelihood of thermal dysregulation.

Individual home cage rodent tracking has been accomplished through the use of video!®-

169,170

168 subcutaneously implanted RFID microchips , a combination of the two, or passive

infrared sensors!”!

. Current protocols utilizing subcutaneously implanted RFID microchips
require prolonged restraint and anesthesia, which may produce undesired stress and pain. Unified
Information Devices (UID) details a protocol that describes safely implanting a mouse RFID
microchip (UID UC-1485) without anesthesia on postnatal day 12. This approach is used
primarily for mouse identification at single point in time, such as for taking rapid mouse
inventory within a group housed cage, but its use has not been demonstrated for live, continuous
tracking. Another factor is the size of the RFID chip, which must be large enough to be detected
by the antenna. For juvenile mice typically weighing 6-9 grams, this size requirement prohibits

administration without the use of anesthesia. In video tracking, wire cage tops obstruct

continuous top-down video recording but are required for many home cage running wheel
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systems. Finally, existing home cage RFID activity-tracking systems currently on the market use
a matrix of RFID antennae arranged throughout the base of the cage or in strategic locations to

172 However, if the objective of the experiment is to track

monitor baseline ambulatory activity
voluntary wheel-running, only one antenna with a read range precisely limited to the area inside
the wheel is required.

This chapter discussed our apparatus which uses strong, low-profile RFID ear tags and
one RFID antenna at the base of each cage to present a minimally invasive alternative to existing
video-based and implantation-based tracking systems. The major advantage of our protocol is the
ability to individually track running wheel activity of pair-housed juvenile mice starting at the
age of weaning (postnatal day 21). We eliminate isolation stress and reduce issues with
thermoregulation by pair housing the mice. Indeed, this model can be scaled up to >2 mice per
cage if preferred. A limitation of this apparatus is that in our hands, about 5-10% of running
activity is unable to be reconciled. However, we believe that our 90-95% accuracy of allocating
individual running data in group housed environments is a very acceptable yield. Although this
method does not encounter the same issues with accuracy-diminishing antenna cross-talk as
observed in RFID antenna matrices'’? the metal wheel in very close proximity to the antenna
may have the same interfering effect (thus necessitating a large ear tag). Our design effectively
limits the read range of the antenna to the wheel area only.

This procedure has been tested in pair housed cages containing mice of the same sex, but
we did not investigate mixed-sex population effects on individual running activity. Our
experimental design allows for the comparison of individual running distances between female

and male pairs of mice within the same cage. Although there may be territorial issues once social

hierarchy is established in cages housing two or more male mice, a precise quantity of exercise

114



from each individual mouse in a group housed cage can be correlated with any desired
experimental readout.

Investigating the effects of voluntary physical activity has numerous implications for
increasing our understanding of its benefits towards brain function and behavior. Determining
individualized amounts of exercise for specific outcomes or targets requires accurate monitoring
of running distances, which can now be performed as described in this protocol. Our approach
can track individual mice by recognizing the unique RFID tags of pair-housed mice coupled with
time-stamped data obtained from a magnetic sensor on a home-cage running wheel. Importantly,
the procedure can be scaled up to tracking running distances of multiple mice in a cage sharing
access to one running wheel. Our method brings RFID applications to juvenile mouse exercise
studies while minimizing stress from isolation and restraint, eliminating the need for anesthesia,

and producing highly precise and individualized running data.
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Chapter 6: Summary, Conclusions, and Discussion

Overview

Early-life experiences such as exercise can profoundly impact learning and
memory ! >!819.26.173.174 ‘The [vy laboratory at the University of California Irvine demonstrated in
2020 that EX beginning during the 4™ postnatal week of life in mice enables hippocampal
memory for at least two weeks after the exercise has ended!?. Although the effect on memory
and cognition of negative early life experiences such as stress have been studied on the
molecular level, a large gap in research exists in positive experience in early life such as
exercise. The goal of my dissertation project was to lay the foundations for the study of the
neuro-epigenetic mechanisms of EX. We developed tools for the study of neuro-epigenetic
mechanisms and applied them to discover epigenetic and translational signatures of EX on the
hippocampus and used that to understand the transcriptional signature underlying EX-enabled
memory performance. We also developed a tool that can be used to determine an exercise dose

required for the observed enabling effect of EX on memory.

Chapter 2
Chapter 2 describes the approaches we developed for the study of the neuro-epigenetic
mechanisms of EX. First, we generated a transgenic mouse line by crossing Emx1-Cre mice
(EmxI1 is a gene primarily expressed in excitatory cortical neurons) with NuTRAP mice (which
allow for labeling with biotin and mCherry on the nucleus and eGFP on the ribosomes). We
name the offspring of this cross Emx1-NuTRAP mice. The use of this transgenic mouse line led
to the development of the protocol we name SIT. We used this protocol to isolate chromatin and
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translating mRNA specifically from excitatory Emx/-expressing neurons in the mouse
hippocampus from the same cell homogenate. Chapter 2 goes on to detail the validation of both
the mouse line and the protocol. We demonstrated that the mouse’s hippocampal neuronal
labeling was successful and that the SIT protocol produces results comparable to previous
methods but with the distinct advantage of being able to derive both data sets from the same
homogenate. We demonstrate the power of this advantage by comparing the left and right
hippocampal hemisphere response to EX using previously established techniques. We ultimately
conclude that although there are differences in gene expression resulting from EX between the
hippocampal hemispheres, many of these differences fall into the same functional categories.
Likely, this indicates that there is shared function but with lateralization of specific gene
assignments. Lateralization adds utility to the SIT method which can derive both translating
mRNA and chromatin from the same mouse hippocampal hemisphere. Our Emx1-NuTRAP
model has the limitation that the Cre-recombinase in Emx1 expressing cells is constitutively
expressed, and this may present off-target effects when present during development. Despite this,
our mouse and technique offer a previously undescribed approach in the field of neuro-
epigenetics to pair transcriptomic and epigenomic sequencing results from a population of
hippocampal neurons. The SIT method in union with the Emx1-NuTRAP mouse are powerful

tools for the study of the neuro-epigenetic mechanisms of the enabling of memory by EX.

Chapter 3
Chapter 3 describes the use of the Emx1-NuTRAP mouse and the SIT method to reveal
EX-induced transcriptomic and epigenomic signatures in hippocampal neurons. We revealed

new molecular epigenetic candidates for further mechanistic studies to examine the effects of
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early-life exercise on hippocampal function. Several upstream regulators identified by the
translatomic study, like LEF1 and KMT2a, are particularly important in development. These
developmentally significant pathways could indicate a potential mechanism for the
developmental-timepoint specific effects of exercise on memory. Many of the genes that we
identified as differentially regulated had new H4K8ac or new H3K27me3 strongly implicating
these histone PTMs, and likely other epigenetic mechanisms, as playing a critical role in the
differential regulation of gene expression as a result of EX. Curiously, many of the genes that we
found had new H4K8ac or H3K27me3 as a result of EX did not have changed expression levels
after EX. This led us to consider a possible epigenetic “priming” mechanism for the effect of EX
on memory in adolescence. We investigated such a potential and discuss our findings in the
following chapter. Future studies will determine the necessity or sufficiency of the upstream

regulators we identified for the effect of EX on memory in adolescence.

Chapter 4
Chapter 4 presents evidence for an epigenetic “priming” mechanism for the effect of EX

on memory in adolescence. We compared the gene expression during consolidation (defined here
as one hour after an OLM training event) of mice exposed to EX versus sedentary mice. When
considering genes that had new epigenetic marks present as a result of EX (see Chapter 3), we
found that EX mice with only 3 min of training (sufficient for a EX mouse to encode a long-term
memory but insufficient for sedentary mice) have differential gene expression driven in the same
direction as 10 min trained sedentary animals (sufficient training for a sedentary mouse to
encode a long-term memory) when compared to 3 min trained sedentary animals . These genes

were not differentially expressed by exercise alone. Only during consolidation were these
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differences observed between EX and sedentary animals. It appears these genes were readied, or
primed, for gene expression by the epigenetic signature of EX we identified. This is powerful
evidence for the epigenetic “priming” effect of experience. Future studies will be aimed at
determining which of the regulatory networks implicated by these primed genes are necessary
for EX enabled memory. Additionally, it will be critical to determine the necessity and
sufficiency of the epigenetic priming of these genes for the effect of EX-enabled memory. Such

data could confirm or refute the epigenetic priming hypothesis for EX-enabled memory.

Chapter 5

Although we identified an epigenetic and translational signature of EX and a signature of
EX-enabled consolidation associated transcription, we have yet to determine a dose of EX
required for this enabling of memory observed previously by the Ivy laboratory'?. Chapter 5 lays
the foundation for addressing that gap. We present a method for individual tracking of running
by pair housed mice. Such a procedure is necessary because cognition is significantly impacted
by stress in early life and isolation, the traditional method for tracking individual running of
mice, is stressful. Individually tracking pair housed animals eliminates this confound. Our
method, described in chapter 5, uses RFID tags, a VitalView® running tracking system, and a
software to compare the data to individually track juvenile mouse running in a minimally
stressful way. Future studies could use this tool to determine the dose of exercise required for

enabling memory in adolescence by EX.
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Closing Remarks

This dissertation presents foundational work for the study of the neuro-epigenetic
mechanisms of EX-enabled memory. It describes the development of the tools necessary for the
study of these mechanisms and the use of those tools to identify a novel epigenetic and
translatomic signature of EX. It then connects this information with memory consolidation to
implicate an epigenetic priming mechanism. Together, these data suggest key candidate
regulatory networks and epigenetic marks for future study to determine exactly what is necessary
or sufficient for the memory enabling effect of EX. We then present a way to determine what
dose is required for this enabling effect in future studies.

Our new techniques are significant advances not only for our own field but have broad
applications. SIT is a technical advance for NuTRAP applications that could be used in any cell
type for which a Cre line exists. It allows for more coordinated data and the use of less biological
material per experiment potentially even reducing the amount of animals required for studies
making use of the NuTRAP cassette. Our individual tracking of juvenile group housed mouse
running is a significant advance for exercise studies. It’s lower cost and stress impact makes
group housed monitoring more accessible in general and eliminates isolation stress as a confound
in juvenile exercise studies.

Our findings are foundational for research the positive impact early life environmental
experiences can have on the epigenome and memory function. No prior study to our knowledge
has examined the effects of early exercise on the epigenome especially with this level of detail
and on this scale. It adds to the growing body of work supporting the long term regulatory role of

epigenetic changes in post mitotic cells especially neurons.
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Understanding how exercise uniquely impacts neuronal function during juvenile-
adolescent developmental periods could provide insights into an early-life epigenetic memory of
the EX experience and how much EX is required for this induction. Ultimately, future studies
could use these potential targets we identified for improving memory function or mitigating
memory deficits in the setting of early-life cognitive and neurodevelopmental disorders'?. With
our research, we lay the groundwork for mechanistic study of EX enabled memory. This

knowledge will have enormous potential for medical future medical treatments.
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