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Abstract

TAR DNA binding protein 43 (TDP-43) is a heterogeneous nuclear ribonucleoprotein that
regulates gene expression, RNA stability, and is involved in shuttling back and forth from the
nucleus to the cytoplasm. TDP-43 is predominantly localized to the nucleus. Glial Fibrillary
Acidic Protein (GFAP) is a major astrocyte marker whose expression increases when astrocytes
are activated. We have developed a mouse model that selectively and conditionally expresses a
defective nuclear localization signal of TDP-43 (ΔNLS) under control of the astrocytic GFAP
promoter to investigate pathological outcomes and non-cell autonomous effects of TDP-43 misexpression. We hypothesize that GFAP/TDP-43ΔNLS mice will show non-cell autonomous
changes in neurons caused by expression of TDP-43ΔNLS in astrocytes. In order to characterize
this model of astrocyte expression, an exon array was used to examine global changes in RNA
expression/splicing in the spinal cord of two-month old mice. In addition, immunohistochemistry
in both two-month old and six-month-old mice reveal age-dependent changes in myelin basic
protein. At two months of age GFAP/TDP-43ΔNLS mice display functional changes in memory,
which may be associated with the changes in myelination observed.

Primary cortical

neuron/astrocyte co-cultures expressing TDP-43ΔNLS exclusively in astrocytes show a significant
iv

decrease in neurons (as shown by βIII-tubulin immunoreactivity) compared with littermate
controls. These data suggest that astrocytic expression of TDP-43ΔNLS alters neuronal function
both in vitro and in vivo. This study may provide insight and a better understanding of how
astrocytic accumulation/aggregation of TDP-43 contributes to neurodegeneration.
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CHAPTER 1: INTRODUCTION
TAR DNA binding protein 43 (TDP-43) is a heterogeneous nuclear ribonucleoprotein. It
is a multifunctional protein that is known to aid in RNA stability and regulation of gene
expression via splicing. TDP-43 has shuttling properties known as nuclear localization signals
(NLS) and nuclear export signals (NES) which is enabled by bipartite sequence in the TARDBP
gene (Y. M. Ayala et al., 2008; Winton et al., 2008). In this study, we focused on the inability of
TDP-43 to localize to the nucleus by introducing a missense mutation among the known NLS
bipartite sequence (NLS1 K82RK84 and NLS2 K95KR98) (Y. M. Ayala et al., 2008). The
missense mutation introduces alanine into the sequence and creates a defective nuclear
localization signal (ΔNLS) inhibiting TDP-43 from entering the nucleus therefore it localizes to
the cytoplasm. TDP-43ΔNLS. Pathological TDP-43 is known to be hyperphosphorylated,
mislocalized and forms cytoplasmic stress granules that lead to pathological aggregates (Cohen,
Lee, & Trojanowski, 2012). Toxic aggregates contribute to TDP-43-mediated gain of function
pathology. TDP-43 is the major pathological protein in frontotemporal lobar degeneration with
ubiquitin inclusions (FTLD-U) and amyotrophic lateral sclerosis (ALS) (Gendron, T.F.; Josephs,
K.A; Petrucelli, 2011).
Neurodegeneration as well as neurodevelopment is caused by more than just death of
neurons. It is understood that glia such as astrocytes play a role in neuro-diseases and
mechanisms(Ben Haim, Carrillo-de Sauvage, Ceyzeriat, & Escartin, 2015). Astrocytes and their
multi-faceted involvement in the nervous system are a popular focus for neuroglia, especially
exploring heterogeneity and the roles of astrocyte subtypes. Astrocytes are found in both white
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matter and grey matter and their roles within tissue varies from myelin development and repair
to supporting neurons in metabolism and neurotransmitter release and synapse formation
(Sofroniew & Vinters, 2010). Astrocytes are key players in the nervous system whose role has
been under-studied in neurodegenerative diseases.
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CHAPTER 2: LITERATURE REVIEW
As the quality of living progressively improves over time, people are living longer lives.
Therefore, neurodegeneration is becoming a focus in neuroscience because the human body is
affected by age dependent changes. One protein that has been identified as a key player in
neurodegenerative pathology is TDP-43 (Cykowski et al., 2016; Gendron, T.F.; Josephs, K.A;
Petrucelli, 2011; Huang, 2015; Yang et al., 2014). Trans-active response DNA-binding protein
(TDP-43) is a heterogeneous nuclear ribonucleoprotein that is highly conserved and expressed in
many tissues. TDP-43 is both a DNA and RNA binding protein which allows regulation of gene
expression through transcription, mRNA stability and alternative splicing (Cohen et al., 2012;
Tollervey, Curk, Rogelj, Briese, & Cereda, 2011; Winton et al., 2008). It consists of two RNA
recognition motifs and a glycine rich C-terminus domain(Youhna M Ayala et al., 2011; Buratti,
Baralle, Buratti, & Baralle, 2017; Tollervey et al., 2011).
TDP-43 also contains a nuclear localization signal (NLS) which allows shuttling of the
protein between the nucleus and the cytoplasm. Two important components of the structure of
TDP-43 is the nuclear localization signal (NLS) and nuclear export signal (NES) which aids in
TDP-43 function and pathogenesis (Wobst, Delsing, Brandon, & Moss, 2017). A defective NLS
(denoted as ΔNLS) results in aggregation of TDP-43 in the cytoplasm (Winton et al., 2008; Yang
et al., 2014). This cytoplasmic aggregation is toxic for the cells such as neurons, motor neurons
and even astrocytes (Heaven et al., 2016; Yu-chih Liu, Chiang, & Tsai, 2013; Perng et al., 2006;
Yang et al., 2014).
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Schematic for TARDBP Gene
TDP-43 gene (black) is 414 amino acids and 43kDa. It contains a nuclear localization signal, NLS (yellow) nuclear
export signal, NES (white), two RNA recognition motifs (red) and a glycine rich region(blue) near the C-terminus.
Schematic modified from (Y. M. Ayala et al., 2008; Cohen et al., 2012; Winton et al., 2008)

TDP-43 is known to bind mRNA through (GU)6 rich repeats in RNA (Y. M. Ayala et al.,
2008). This helps TDP-43 as it self regulates through a negative feedback loop at the level of
transcription (Youhna M Ayala et al., 2011). Ayala et al used qPCR to determine that TDP-43
will bind to itself in the 3’ UTR to activate this feedback mechanism. TDP-43 pathologies such
as ΔNLS, accumulation and aggregation as well as TDP-43 mutations in the gene are causative
factors of many ALS and FTD cases (reviewed in Cohen et al., 2012). Although TDP-43 and
neurons play a major role in neurodegeneration, researchers are shifting the focus to observe
effects that neurodegeneration has on glia and vice versa (De Keyser, Mostert, & Koch, 2008).
Understanding the role of astrocytes is a popular and essential trend in neuroscience. In
1893, the term astrocyte was coined by Michael von Lenhossek, to describe the morphology of a
specific neuroglia whose morphology resembled stars (reviewed in Oberheim, Goldman, &
Nedergaard, 2012). Astrocytes have since been understood as a heterogeneous population of
glial cells. Astrocytes function as aids in development, regulation of blood flow, formation of
synapse via initiation, maturation and termination of synapses, homeostasis by regulation fluid,
ions, pH and neurotransmitters through transporters, exchangers and aquaporins and serve as
markers for insult to the central nervous system (reviewed in Domingues, Portugal, Socodato, &
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Relvas, 2016; Sofroniew & Vinters, 2010). When damaged or diseased tissue is present in the
central nervous system, astrocytes are presented in a pathological form known as reactive
astrogliosis (Bushong, Martone, & Ellisman, 2004; Wilhelmsson, 2004). There are three forms
of reactive astrogliosis: mild to moderate, severe diffuse and severe with compact glial scar
formation. In mild to moderate reactive astrogliosis, there is a presence of hypertrophic
astrocytes, very slight astrocyte proliferation, functional variability and an up-regulation of an
astrocyte marker, glial fibrillary acidic protein (GFAP).

Schematic for Reactive Astrogliosis in Central Nervous System tissue
Illustrations show astrocytes in four situations that are known to occur in the central nervous system.
Astrocytes in healthy CNS tissue are uniformly distributed with domains that do not overlap. Color and pattern
of astrocytes are symbolic of GFAP levels. GFAP levels fluctuate and may not be heavily expressed in all
astrocytes. Astrocyte domains progressively become disturbed in mild to moderate reactive astrogliosis
As reactive astrogliosis progresses in severe diffuse reactive gliosis, astrocytes begin to proliferate (symbolized
with red nuclei). In the most severe form of astrogliosis, a compact glial scar is formed by non-CNS cells such
as inflammatory cells, and infectious agents rushing to the site of injury to contribute with glia cells in scar
formation. Images adapted from (Sofroniew & Vinters, 2010)

Severe diffuse reactive astrogliosis displays hypertrophic astrocytes, astrocyte proliferation, upregulation of GFAP, disruption of established astrocyte domains, and may result in a new pattern
of neural tissue formation due to responses to neurodegeneration. Severe reactive gliosis with
glial scar formation will present itself similar to severe reactive astrogliosis and will attract
5
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inflammatory cells and astrocytes will border damaged tissue. Astrocytes will continue to
proliferate and overlap to form a glial scar at the site of the damaged tissue or neuronal insult
(reviewed in Sofroniew & Vinters, 2010). A glial scar will prevent any further damage from
occurring at this insult site.
Previously mentioned, GFAP is an intermediate filament protein that is commonly
considered to be a primary astrocyte marker (Wilhelmsson, 2004). Recent research suggests that
not all astrocytes in the central nervous system express GFAP because there is a diverse
population of astrocyte subtypes and GFAP is turned on later in development (Emsley &
Macklis, 2007; Molofsky et al., 2012; A. Serio et al., 2013; Vasile, Dossi, & Rouach, 2017).
Other astrocyte markers such as S100β, Vimentin, GLAST, and CD44 marker astrocytes as well
as progenitors but there are many caveats to these markers. Some of these caveats include coexpression in neurons, oligodendrocyte progenitors and oligodendrocytes, expression in radial
glia and researcher’s inability to accurately determine the cell fate and lack of complete
characterization (reviewed in Molofsk et al., 2012). Astrocytes are no longer considered one cell
type because they are a complex family of glia.
2.1 Heterogeneity of Astrocytes in the CNS
Scientists such as Virchow, Deiters, Golgi, Ramon y Cajal, Lenhossek, have contributed
tremendously to the knowledge of astrocytes (reviewed in Chvátal et al., 2008; Oberheim et al.,
2012). Virchow initially published and popularized the work of another researcher and
concluded that all living things come from other living things. This translated to the
consideration of connective tissue of the brain being composed of neuroglia and other cellular
elements. In 1865, Otto Deiters used chromic acid carmine red to stain and study neurons and
glia. By using advances in microscopy, Deiters was able to publish the first picture of an
6
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astrocyte (reviewed in Chandrasekaran, Avci, Leist, Kobolák, & Dinnyés, 2016). Later, Golgi
visualized astrocytes through a silver impregnation technique commonly known as the Golgi
stain and contributed to the knowledge of astrocytes with the concept that astrocytes are like glue
in the central nervous system (Bushong et al., 2004). In the late nineteenth century, Michael von
Lenhossek coined the term astrocyte (Stahnisch & Bulloch, 2011). Ramon y Cajal later drew
different subtypes of astrocytes and allowed the appreciation and realization for the importance
astrocytes in the central nervous system(Oberheim et al., 2012). Protoplasmic and fibrous
astrocytes were identified and appreciated by using the Golgi stain. Protoplasmic astrocytes are
found in grey matter, whereas fibrous astrocytes are found in white matter. Protoplasmic
astrocytes contain a complex distribution of branching processes attached to the cell body of the
astrocyte. Fibrous astrocytes are longitudinal and contain less processes and branching (Emsley
& Macklis, 2007). Researchers can further classify astrocyte type by morphology and location.
Although astrocyte types have different morphology and distinct functions, they are
known to ubiquitously express GFAP in varied levels. Ayala et al grew protoplasmic astrocytes
in vitro as co-cultures with neural stem cells. They accurately labeled protoplasmic astrocytes
with GFAP. Magavi et al took a different approach to explore protoplasmic astrocytes by
CRE/LOX system in mice to express green fluorescent protein, (GFP) in the neocortex.
Protoplasmic astrocytes in vivo were GFP+ which helped identify these astrocytes (Magavi,
Friedmann, Banks, Stolfi, & Lois, 2012).
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Drawings by Ramon y Cajal of astrocyte morphologies observed under microscope by gold chloride staining
method
These drawings are representative of astrocytes observed in the pyramidal layer of the human hippocampus. (a)
The pyramidal layer of the hippocampus (labeled “D”), and astrocytes (labeled “A” and “B”). (b)Heterogeneity
of astrocytes are denoted by “A”, “B”, “C”, “D”. Astrocytes are surrounding neuronal cell bodies in the pyramidal
layer. “B” shows an astrocyte with longitudinal properties and minimal branched processes. “D” shows an
astrocyte with many complex branched processes. (c) Astrocytes were observed surrounding a blood vessel.
Images adapted from (Oberheim et al., 2012)

2.2 Astrocytes involvement in memory changes and neurodegeneration
With astrocytes and subtypes of astrocytes becoming an essential focus in neuroscience,
it is becoming more evident that astrocytes play a role in development disorders such as autism
and Alexander’s Disease. Astrocytes also play a role in degeneration seen in Alzheimer’s
disease, schizophrenia, ALS and leukodystrophies like Alexander’s Disease (Ben Haim et al.,
2015; De Keyser et al., 2008; Perng et al., 2006). Mechanisms such as metabolic support,
neurogenesis (or the lack thereof), and gliotransmitters contribute to memory. Memory is
modulated through neuron-astrocyte interaction and cross-talk. Specifically, protoplasmic
astrocytes promote and support differentiation from neural stem cells to neurons (Yuan Liu,
Wang, Long, Zeng, & Wu, 2012). Liu et al used neural stem cells in vitro co-cultured with
protoplasmic astrocytes to promote and enhance neuron differentiation and growth. Although
heterogeneity of astrocytes and their roles in the central nervous system are under-studied,
8
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protoplasmic astrocytes may be essential for promotion of neurogenesis and the formation and
retention of memory. Adult neurogenesis contributes to memory via new neurons in the dentate
gyrus (Choi et al., 2016). Altered expression of astrocytes and abnormalities in astrocytes impair
neurogenesis, therefore affecting memory (Adamsky & Goshen, 2017; Orellana, Retamal,
Moraga-Amaro, & Stehberg, 2016). Long term potentiation is essential in memory formation
(Henneberger, Papouin, Oliet, & Rusakov, 2010; Zhang, Zhang, & Chen, 2009). Newman et al
studied the role of astrocytes in memory by injecting glucose into the hippocampus of rats
because glucose is a modulator of memory and enhances memory. Astrocytes uptake the
glucose that was injected and stored it as glycogen (verified through immunolabeling). They
tested the rats in a spatial working memory test and their results showed that glucose levels
decreased while lactate levels increased which was a result of glycogenolysis in astrocytes
(Newman, Korol, & Gold, 2011). Models to study the role that astrocytes play in memory use
optogenetics, chemogenetics, and electrophysiology to understand the mechanisms of memory,
but rodent models and even C.elegans are sufficient to study the behavior and memory
(Adamsky & Goshen, 2017; Foley et al., 2008; Tsao et al., 2012).
Neurodevelopment and neurodegeneration can be studied by using many models, but a
common and popular model are rodent models. Alexander’s disease is an ideal model to study
neurodevelopment and neurodegeneration from a neuroglia viewpoint because it is a primary
astrogliopathy. Primary astrogliopathies are disorders or diseases that occur from primary
pathogenesis occurring in astrocytes. In Alexander’s disease, pathology is caused by mutations
in the GFAP gene and overexpression of GFAP. GFAP becomes insoluble and forms aggregates
with alpha-beta crystalline, TDP-43 and HSP-27 (Heaven et al., 2016; Olabarria, Putilina,
Riemer, & Goldman, 2015).

Demyelination is a pathological hallmark of Alexander’s disease.
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Astrocytic abnormalities are a suspect in leukodystrophies as well as neurodevelopment and
neurodegeneration (Heaven et al., 2016; Olabarria et al., 2015; Walker et al., 2014).
GFAP and TDP-43 together are pathogenically present in neurodegeneration as a form of
reactive astrogliosis, accumulation or aggregation (A. Serio et al., 2013; Tsao et al., 2012). Estes
et al used Drosophila as a model to study amyotrophic lateral sclerosis (ALS). This model
expressed mutations known to cause ALS and downstream effects were analyzed by
immunofluorescence, live imaging and western blotting. By expressing ALS causative
mutations, this research team found that mutant TDP-43 and TDP-43 overexpression in the
cytoplasm of glia resulted in TDP-43 punctate staining. Overexpression of mutant TDP-43 did
not affect the shape of neurons but in vitro TDP-43 was observed in motor neurons. TDP-43 was
only found in motor neurons in vitro and not in vivo and was present as punctate staining (Estes
et al., 2013).
There has been gaps in many studies regarding the involvement of TDP-43ΔNLS and the
role that TDP-43 plays in astrocytes. Our study will investigate how cytoplasmic expression of
TDP-43ΔNLS in astrocytes affects memory and degeneration and in vitro and in vivo dynamics
for cells.
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CHAPTER 3: MATERIALS AND METHODS
3.1

Animals
All animal protocols were conducted in accordance with the United States Public Health

Service Guide for the Care and Use of Laboratory Animals; all procedures were approved by the
Delaware State University Animal Care and Use Committee. All efforts were made to minimize
animal numbers and distress. We used GFAP-tTA (Jackson Lab 005964) mice mated to TetOhTDPΔNLS(Jackson Lab 014650) mice to conditionally overexpress nuclear localization-signal
deficient mice(Virginia Lee, Perelman School of Medicine, University of Pennsylvania). Pups
were weaned from parents approximately 20 days after birth. Transgene was not suppressed
through this tetOff system during development (no doxycycline was added to the diet). Animals
were housed with littermates, and had free access to water and food. Animals were identified by
piercing a hole in the ears relative to the cages and a small piece of the tail was cut for
genotyping via PCR. Primers used to identify animals containing the TetO-hTDPΔNLS
construct are Forward -5’ –TTGCGTGACTCTTTAGTATTGGTTTGA 3’ and Reverse 5’CTCATCCATTGCTGCTGC 3’. Primers used to identify animals containing the GFAP-tTA
construct are Forward -5’CGCTGTGGGGCATTTTACTTTAG 3’ and Reverse- 5’
CATGTCCAGATCGAAATCGTC 3’. Animals that were positive for both TetO-hTDPΔNLS
and GFAP-tTA in addition to littermate controls were the focus of this study.
3.2

Primary Cortical Neuron Cultures
Dissections were performed on late embryonic stage fetuses (approximately E17-E19).

Expecting female mice were anesthetized with carbon dioxide and a sagittal cut was made
through the abdominal cavity to expose the placenta and fetuses were removed. Fetuses were
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placed in HBSS while dissections were being performed. Cortices were dissected and placed in
plating media at 4ºC while genotyping/PCR was performed. After genotyping, cortices of the
same genotype were pooled together. Meninges were removed and cortices were placed in ice
cold HBSS. Next, cortices were spun down at 300 x g for 5 minutes. HBSS was aspirated and
HBSS with trypsin/EDTA was added to the tube and placed in 37°C for ten minutes. Cortices
were spun down at 300 x g for 5 minutes. HBSS and trypsin mix was aspirated and DMEM with
10% horse serum, 10% fetal bovine serum and 1% penicillin/streptomycin was used to dissociate
the cortices. Next the cortices were strained in a 70 micron cell strainer and were ready to be
plated. 20,000 cells per well were plated on PDL coated coverslips in 24 well-plates in plating
media for 45 minutes. Plating media was removed and replaced with neurobasal media
supplemented with B27 (Invitrogen) and 0.5mM L-glutamine. For maintaining the cortical
neuron cultures, half media changes were performed every two days.
a. Immunocytochemistry
After ten days, the media was removed and cells were washed with PBS. After 5 minutes,
PBS was aspirated and cells were fixed with 4%PFA in 1X PBS for 15 minutes. Next PFA was
aspirated and 5% BSA with 0.3% Triton-X 100 in 1X PBS was added for an hour for blocking.
Primary antibodies: GFAP 1:1000(CST), TDP-43 1:500(Genscript), TDP-43 1:1000(Genscript),
hTDP-43 1:5000(Abnova), β-III tubulin 1:1000 (CST) were incubated in 5% BSA with 0.3%
Triton X-100 overnight at 4°C. The following day, slides were washed three times for 10
minutes each with PBS and incubated at room temperature for one hour with secondary Alexafluor antibodies (488 or 555) in 5%BSA with 0.3 Triton X-100 in 1X PBS. Coverslips were
washed three times for 10 minutes each with PBS and were mounted using DAPI Fluoromount-
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G (SouthernBiotech, Birmingham, AL). Images were taken using Nikon Eclipse Ni (Melville,
NY), Nikon Intensilight C-HGFI (Melville, NY), NIS-Elements Software (Melville, NY).
3.3

Radial Arm Maze Test
An eight arm radial maze was used in a room with visual clues to test spatial short term

and long term memory (schematic of radial arm maze found in Appendix A). The night prior to
testing, the animal was food deprived. On test day, animals were placed in the testing room at
least an hour before a 15-minute habituation trial. During the habituation trial, one of the eight
arms was baited with the animal’s regular diet. The animal was initially placed in the center of
the radial arm maze facing away from the baited arm and was allowed to explore. In between
each test subject, the maze was cleaned thoroughly with ethanol. After all test subjects were
recorded in the habituation trial, short term memory was explored by returning each animal to
the radial arm maze with the same baited arm for 5-minutes. That night, animals were food
deprived again. 24-hours later, animals were placed in the testing room at least one hour before
long term memory testing for 5-minutes per animal. All trials were recorded through a camera
mounted above maze and animal body position and head position was recorded by automatic
video tracking (ANY-maze, Stoelting Co). Modified protocol from Brown & Giumetti, 2006.
3.4

Y Maze Test
A Y-Maze with three identical arms made of sheet metal placed at 120 angles to each

other was used in a room with visual clues to test working memory (schematic of Y-Maze found
in Appendix A). One arm was blocked to prevent the mouse from entering novel arm. The mouse
was initially placed in the arm adjacent to the known and novel arm and was alotted a 10-minute
acquisition period to explore the known arm. In between each test subject, the maze was cleaned
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thoroughly with ethanol. After all test subjects were recorded in an acquisition trial, sheet metal
was removed and the novel arm was open for exploration for the retention trial for five minutes.
All retention trials were recorded through a camera mounted above maze and animal position
was recorded by automatic video tracking (ANY-maze, Stoelting Co). Modified protocol from
Alfieri, Silva, & Igaz, 2016.
3.5

Immunohistochemistry
Animals used in behavior studies were anesthetized using carbon dioxide then were fixed

with 4% paraformaldehyde via trans-cardial perfusions. Whole brain and spinal cord was
extracted and post-fixed in 4% paraformaldehyde. One coronal cut was made through the brain
and it was embedded in paraffin. 6 micron sections were cut using a microtome and sections
were ready for staining. Slides were deparaffinized in xylene for four minutes and rehydrated in
100% EtOH, 95% EtOH, 70% EtOH, 50% EtOH and were subject to antigen retrieval by using
0.01M sodium citrate. Slides were placed in constant flow of deionized water for fifteen minutes
prior to an hour of blocking with 5% BSA with 0.3% Triton X-100 in 1X PBS.
a. Immunofluorescence
Primary antibodies: Myelin Basic Protein 1:500(CST), GFAP 1:1000(CST), TDP-43
1:500(Genscript), TDP-43 1:1000(Genscript) were incubated in 5% BSA with 0.3% Triton X100 overnight at 4°C. The following day, slides were washed three times for 10 minutes each
with PBS and incubated at room temperature for one hour with secondary Alexa-fluor antibodies
(488 or 555) in 5%BSA with 0.3 Triton X-100. Slides were washed three times for 10 minutes
each with PBS and were mounted using DAPI Fluoromount-G (SouthernBiotech, Birmingham,
AL).
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Cresyl Echt Violet
After deparaffinization and rehydration, slides were washed for 5 minutes in distilled
water. Then they were placed in CEV solution for 3 mins. The slides were then rinsed in
distilled water for 5 minutes. Slides were then counterstained in hematoxylin for 30 seconds and
rinsed again in distilled water for 4 minutes. The slides were then dipped in 1% acid alcohol,
rinsed for 2 minutes in distilled water, dipped in ammonia water 8 times and rinsed for the last
time in distilled water for 3 minutes. Finally, slides were dehydrated to xylene and coverslipped
with permount mounting media.
3.6 RNA Extraction
Animals were anesthetized with CO2. The spinal cord of each animal was removed and
using a syringe filled with PBS inserted at the caudal end of the spinal column, the spinal cord
was removed and immediately homogenized in 0.5mL of ice cold TRIzol (Invitrogen). Spinal
cord samples were frozen at -80º overnight. Thaw the samples on ice when ready to isolate RNA.
Prior to isolating RNA, work benches, centrifuges and pipettes should be cleaned with
RNaseZAP RNase Decontamination Solution to prevent contamination. To further lyse the
spinal cord, add 0.2mL of chloroform. Vigorously shake for 30 seconds then immediately
incubate for 3 minutes at room temperature. Centrifuge the samples at 4ºC for 15 minutes at
12,000 x g. Carefully transfer the aqueous phase to a new Eppendorf tube. To precipitate the
RNA, add 1mL of isopropanol to the new Eppendorf tube and incubate at room temperature for
10 minutes. Centrifuge the samples at 4º for 10 minutes at 12,000 x g. Discard the supernatant,
RNA precipitate is formed in the pellet. Re-suspend pellet in 1mL of 75% ethanol, vortex for 5
seconds and centrifuge at 7500 x g for 5 minutes at 4ºC. Discard the supernatant and allow pellet
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to air dry. Solubilize the pellet in 50uL of RNase-free water. Measure RNA yield by
usingNanoDrop Lite (Thermofisher, Waltham, MA). RNA was sent to Nemours/Alfred I.
DuPont Hospital for Children (Wilmington, DE) for processing. Data was analyzed using
Affymetrix Expression Console Software (ThermoFisher, Waltham, MA).

3.7

Data Analysis
Immunofluorescence was quantified, analyzed and graphed using Prism 7 (GraphPad

Software, Inc.). Behavior data was quantified, analyzed and graphed using Prism 7 (GraphPad
Software, Inc.). Data are expressed as mean values ± SEM. Two-sample T-tests were used to
analyze βIII-tubulin fluorescence intensity, GFAP fluorescence intensity, radial arm maze
behavior studies and y-maze behavior studies. P values from statistical tests that were identified
as p < 0.05 were considered statistically significant.

CHAPTER 4: RESULTS
4.1

Non-cell autonomous changes are observed in vitro
hGFAP-tTA mice were bred with TetO-hTDP-43ΔNLS mice, E17-E19 pups were

dissected and cortices were used for cortical neuron cultures to visualize the effects of a
defective nuclear localization signal of TDP-43 in astrocytes. We observed the presence of both
human specific TDP-43(hTDP-43) and GFAP in astrocytes (Figure 1). WT cultures showed the
presence of GFAP in astrocytes and the absence of hTDP-43 since the transgene was not
expressed. GFAP/TDP-43ΔNLS cultures showed hTDP-43 expression in the cytoplasm of
astrocytes. We expected to see co-localization of the two proteins since that they co-habited the
cytoplasm but they stained individual astrocytes. hTDP-43 staining revealed a different
morphology of the astrocytes. They are not long and fibrous compared to GFAP-positive
astrocytes in WT cultures.
Presence of hTDP-43 expression selectively in some astrocytes but not all astrocytes by
using the hGFAP promoter raised some concerns regarding expression of both GFAP and TDP43. Since that astrocytic TDP-43ΔNLS is being driven by the hGFAP promoter during
development, competition for astrocytic expression of GFAP and TDP-43 may be present which
is why co-localization was not observed in vitro. We also observed punctate staining of hTDP43 in astrocytes rather than diffuse staining that is seen in GFAP-positive astrocytes in the WT
culture. Punctate staining of TDP-43 could be representative of TDP-43 accumulation and
aggregation due to a defective nuclear localization signal. Therefore astrocyte morphology and
composition is different in GFAP/TDP-43ΔNLS cultures. Since that we were seeing these
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changes with hTDP-43 expression, we next wanted to observe total TDP-43 staining in
cortical neuron cultures.

Figure 1. hTDP-43 localizes to the cytoplasm of GFAP/TDP-43ΔNLS astrocytes
hGFAP promoter selectively expresses hTDP-43 in astrocytes found in primary cortical neuron/astrocyte cocultures from mice brain cortices which were dissected at E17-E19. Cells were grown ten days in vitro prior to
fixation and staining. GFAP staining (green) shows presence of GFAP-positive astrocytes in both WT and
GFAP/TDP-43ΔNLS cultures. Punctate staining of hTDP-43(red) is observed in GFAP/TDP-43ΔNLS astrocytes
opposed to diffuse and fiber-like staining of astrocytes in WT. Magnification 400X

In primary cultures, we observed total TDP-43 and GFAP expression (Figure 2). In the
WT cultures, TDP-43 stained the nucleus and GFAP staining appears to be normal. In
GFAP/TDP-43ΔNLS cultures, TDP-43 stained the nucleus and cytoplasm. This was not
abnormal because these cultures are not pure astrocyte cultures. The presence of nuclear TDP43 suggests that TDP-43 is present in neurons and that the function of TDP-43 in neurons may
have limited effects. The presence of cytoplasmic TDP-43 suggests that TDP-43 is present in
astrocytes due to hGFAP promoter expressing hTDP-43ΔNLS. The absence of GFAP expression
in astrocytes that are TDP-43-positive suggests that TDP-43 may be modulating GFAP by
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inhibiting expression or decreasing expression in astrocytes via possible changes in splicing or a
toxic gain of protein accumulation of TDP-43 in the cytoplasm. Once again, these proteins may
also be competing for astrocytic cytoplasmic expression due to TDP-43ΔNLS being expressed
during development. In Figures 1 and 2, astrocyte morphology and normal expression of GFAP
was disturbed due to expression of TDP-43ΔNLS via hGFAP promoter.

Figure 2. TDP-43 is present in nucleus and cytoplasm in vitro
Primary cortical neuron/astrocyte co-cultures from mice brain cortices which were dissected at E17-E19. Cells were
grown ten days in vitro prior to fixation and staining. GFAP staining (green) shows presence of GFAP-positive
astrocytes in both WT and GFAP/TDP-43ΔNLS cultures. TDP-43 (red) usually present in the nucleus is present in
both the nucleus and cytoplasm in primary cultures. Magnification 400X

Since that GFAP expression was disturbed, we wanted to see if the neurons in primary
culture were affected by astrocytic expression of TDP-43∆NLS. We hypothesized that TDP-43
ΔNLS would reflect non-cell autonomous changes in neurons. Prior to staining, we observed
neuronal changes under microscope and observed the proliferation of non-neuronal cells. To
explore this concept we visualized astrocytes and neurons by staining with GFAP and βIIItubulin (Figure 3A). We noticed that βIII-tubulin expression was abundant in WT cultures.
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Neuron structure consisted of complex branching and well-developed complex networks in WT
staining but we did not observe the same networking in GFAP/TDP-43ΔNLS cultures. We
quantified the fluorescence intensity of βIII-tubulin (Figure 3B) and found that there was a
significant decrease in GFAP/TDP-43ΔNLS cultures (Two sample T-test, p < 0.05). This noncell autonomous change is representative of neuronal degeneration when TDP-43ΔNLS is
expressed in astrocytes. Ironically, when GFAP was quantified, there was no significant
difference (Figure 3C).

Figure 3. Neuron structure changes are observed in GFAP/TDP-43ΔNLS primary cultures
(A) Neurons from primary cortical neuron cultures (mice ages E17-E19 and cells grown for 10 days prior
to fixation and staining) show a change in neuron structure seen as neurite outgrowth and fluorescence
intensity. Magnification 400X (B) Fluorescence of βIII-tubulin was significantly decreased in
GFAP/TDP-43∆NLS cultures (Two-sample t-test, * = p < 0.05,. WT n=13 and GFAP/TDP-43ΔNLS
n=13) (C) Fluorescence of GFAP in GFAP/TDP-43∆NLS cultures was not significant compared to WT
cultures (Two-sample t-test, * = p < 0.05,. WT n=13 and GFAP/TDP-43ΔNLS n=13)

4.2

Astrocyte specific expression of TDP-43ΔNLS induces memory deficits
With selective expression of TDP-43 in astrocytes inducing neurodegeneration in vitro

and the importance of astrocytes in neurogenesis in the hippocampus and long-term potentiation,
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we hypothesized that our model of astrocytic TDP-43 would induce memory deficits in vivo. To
explore this hypothesis, we used an 8 arm radial maze to test spatial memory. Two-month old
mice were food deprived (16 hours) and allowed to explore the maze for 15 minutes. Each
animal entered the baited arm and found the reward within the 15-minute trial. An hour after the
initial trial, animals were tested for short term memory. We allowed the animals 5 minutes to
explore the maze and their activity such as time spent in each arm was tracked. We show that
GFAP/TDP-43ΔNLS animals spent significantly less time immobile in the baited arm in this
short term memory experiment (32.06±11.69. Two sample t-test, *=p<0.05, WT n=5,
GFAP/TDP-43ΔNLS n= 6) (Figure 4A).

Figure 4. Spatial memory deficits are observed in 2-month old GFAP/TDP-43ΔNLS mice. (A)1
hour after the acquisition trial, GFAP/TDP-43ΔNLS animals spent less time immobile in the baited arm.
(B) 24 hours after the short term trial, there was no significant difference between time immobile for
both animal sets. (Two-sample t-test, * = p<0.05, WT n = 5, GFAP/TDP-43∆NLS n= 6)

Twenty-four hours later, we tested long term memory with the food-deprived animals.
Again, we allowed the animals 5 minutes to explore and their activity was tracked. We found no
change in immobile time spent in the baited arm (32.85±40.72. Two sample t-test, *=p<0.05,
WT n=5, GFAP/TDP-43ΔNLS n= 6) (Figure 4B). GFAP/TDP-43ΔNLS error bars are larger
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(Figure 4B) but we did not remove that test subject because we had a small sample population.
We also tested exploratory behavior and working memory in 2-month old GFAP/TDP-43ΔNLS
mice. For this experiment, we used a Y-maze where mice were initially exposed to only one arm
(known) and were later exposed to both the known arm and a novel arm. Animal activity was
tracked in the trial where the animal was exposed to the known and novel arm. Behavior
changes were observed in GFAP/TDP-43ΔNLS test subjects.

Figure 5. Exploratory behavior and working memory changes are observed in 2-month old
GFAP/TDP-43ΔNLS mice. GFAP/TDP-43ΔNLS model shows deficits in exploratory behavior and
working memory. Naturally, mice explore new environments. In the GFAP/TDP-43ΔNLS model, (A)
animals spent a significantly larger amount of time exploring the known environment; (B) animals
spent a significantly larger amount of time their first time visiting the novel arm before exiting; (C)
animals spent significantly larger amount of time moving away from the novel arm; and (D) animals
spent significantly larger maximum distance away from the known arm. (Two-sample t-test, * =
p<0.05, WT n = 5, GFAP/TDP-43ΔNLS n= 6)
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Ideally, animals tend to explore new areas and alternate between locations quite frequently in a
scenario where they can exercise exploratory behavior and working memory. In GFAP/TDP43ΔNLS model, upon starting the trial, these animals took about 30 seconds to enter the novel
arm (Figure 5A). This was a significantly longer period of time compared to WT animals.
Ironically, these animals also took a significantly longer period of time to first exit the novel arm
(Figure 5B), (31.58±13.79. Two sample t-test, *=p<0.05, WT n=5, GFAP/TDP-43ΔNLS n= 6).
This can mean that animals spent more time exploring in the novel arm or took more time
to orient itself in the new location. Animals spent a significantly longer period of time moving
further away from the novel arm and returning to the known arm or start arm, (Figure 5C),
(6.37±2,716. Two sample t-test, *=p<0.05, WT n=5, GFAP/TDP-43ΔNLS n= 6).
It was also tracked that GFAP/TDP-43ΔNLS animals moved further away from the known arm
(Figure 5D), (0.0134.±0.00422. Two sample t-test, *=p<0.05, WT n=5, GFAP/TDP-43ΔNLS n=
6). Animal behavior was affected by manipulation of astrocytic TDP-43 but it is essential to
note that motor coordination or motor function was not affected. Animals were mobile and did
not show inability or difficulty moving. Working memory, spatial short term memory and
exploratory behavior was affected.

4.3 TDP-43ΔNLS induces abnormal expression in brain and spinal cord
We wanted to evaluate the quality of the brains and spinal cords of animals from the
behavior study so we sacrificed the animals preserved the brains and spinal cords using 4%PFA.
Spinal cords of 2-month old and 6-month old animals were stained with Cresyl Echt Violet
(CEV). At 2 month’s old, the spinal cord structure as a whole looks normal. Motor neurons
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under 400X magnification display a crescent, sickle morphology, rather than a healthy pyramidal
morphology which represents loss of nissl-substance (Figure 6A). These motor neurons still
retain the large cell bodies indicative of motor neuron cell morphology but appear to be
degenerating. In 6-month old mice, neurons appear to be dead, represented by dark purple and
indicated with black arrows (Figure 6B).

Figure 6. Nissl Stain reveals changes in motor neuron structure in GFAP/TDP-43ΔNLS mice
Transverse sections of the spinal cord show changes in motor neuron morphology and a change in
structure indicative or early motor neuron degeneration. GFAP/TDP-43ΔNLS mice in both age groups
show change in motor neuron morphology with preserved large cell bodies. (A) 2-month old
littermates (n=3 per genotype). (B)6-month old littermates (n=2 per genotype).
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To further evaluate the effects of TDP-43ΔNLS on the brain and spinal cord, we stained
for TDP-43 and GFAP. We expected to see TDP-43 expression in majority of the astrocytes in
vivo by using the hGFAP promoter but surprisingly in the dentate gyrus more astrocytes were
GFAP positive and TDP-43 negative (Figure 7A and Figure 7B). Taking a closer look,
astrocytes that were TDP-43-positive appeared with larger cell bodies and complex branching.
Astrocytes GFAP-positive appeared slim and longitudinal with minimal branching. This distinct
staining was seen in both 2-month old mice and 6-month old mice.

Figure 7. Expression of TDP-43ΔNLS exposes heterogeneity of astrocytes in dentate gyrus
In 2-month old and 6-month old mice, astrocytes positive for TDP-43 are negative for GFAP. Observed in the
dentate gyrus are astrocytes with complex branching and large cell bodies negative for DAPI and minimal
expression of GFAP. (A) 2-month old littermates (n=3 per genotype). (B) 6-month old littermates (n=2 per
genotype). In panel 1, magnification is 100X. In panels 2-4, magnification is 1000X.

Once again, the question of promoter activity and the downstream effects that it plays on GFAP
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expression surfaces. GFAP and TDP-43 may be competing to be expressed in the astrocytes
since that TDP-43ΔNLS was expressed during development. GFAP is present and uniformly
expressed throughout the dentate gyrus in both 2-month old and 6-month old mice.
Abnormalities of astrocytic expression via immunofluorescence were also seen in the spinal
cord.

Figure 8. TDP-43ΔNLS induces increase of TDP-43 correlated with age in spinal cord
In vivo GFAP and TDP-43 staining in the spinal cord of 2-month old and 6-month old show age dependent
increase of TDP-43 in the grey matter of the spinal cord. GFAP(green) is present and localized to white
matter in the spinal cord. TDP-43(red) shows punctate staining in GFAP/TDP-43ΔNLS spinal cords in 2month old and 6-month old age groups but is increased drastically in 6-month old NLS mice compared to
WT littermates. (A) 2-month old littermates (n=3 per genotype). (B) 6-month old littermates (n=2 per
genotype). In panel 1, magnification is 100X. In panels 2-4, magnification is 400X.

Expression of GFAP in the spinal cord is generally localized to white matter and nuclei
are centralized in the grey matter, but in GFAP/TDP-43ΔNLS spinal cords exclusively
expressing TDP-43ΔNLS in astrocytes a new pattern of organization is formed. GFAP-positive
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astrocytes are relatively expressed in white matter appearing as diffuse longitudinal staining. At
2-months of age, TDP-43 is seen in the spinal cord localized to nuclei as well as astrocytes.
(Figure 8A) At 6-months of age, TDP-43 is highly expressed in the grey matter of the spinal cord
(Figure 8B). Spinal cord from 6-month old GFAP/TDP-43ΔNLS mice show a dramatic increase
in the expression of TDP-43 as a result of expression of astrocytic TDP-43ΔNLS. This age
dependent change of expression for TDP-43 may be indicative of severe memory deficits that
were not observed in 2-month old mice in the y-maze and radial arm maze.

Figure 9. Myelin basic protein expression pattern is altered in dentate gyrus due to astrocytic expression
of TDP-43ΔNLS
Myelin basic protein(green) expression is affected by astrocytic expression of TDP-43ΔNLS in an age-dependent
manner in the dentate gyrus. Overtime, the pattern changes Sections are counterstained with TDP-43(red) and
DAPI(blue). (A)2-month old littermates (n=3 per genotype). (B)6-month old littermates (n=2 per genotype). In
panel 1, magnification is 100X. In panels 2-4, magnification is 400X.
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Figure 10. Grey matter of spinal cord shows changes in myelin basic protein expression
Myelin basic protein(green) expression shows progressive changes in the grey matter of the spinal cord.
Sections are counterstained with TDP-43(red) and DAPI(blue). (A)2-month old littermates (n=3 per
genotype). (B)6-month old littermates (n=2 per genotype). Magnification is 100X.

4.4 GFAP/TDP-43ΔNLS mice show age dependent change in Myelin Basic Protein
Expression
Since that we saw these changes in the grey matter and white matter, we hypothesized
that myelin basic protein would be affected in an age-dependent manner due to the astrocytic
expression of TDP-43ΔNLS. We stained 2-month and 6-month old brains and spinal cord
sections with MBP and focused on the dentate gyrus. We see that at 2-months old, there is a
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decrease in myelin basic protein expression in the hippocampus. We also see a change in
myelin basic protein expression pattern (Figure 9A). This trend is also seen in 6-month old
GFAP/TDP-43ΔNLS mice (Figure 9B). In the spinal cord, expression of MBP looks evenly
distributed in white matter. In the grey matter, there is low expression of MBP (Figure 10A).
There is also a different expression pattern in the grey matter of the spinal cord. MBP is
prominent in the ventral horn of the spinal cord in WT mice, while there is a decrease and low
expression of MBP in the ventral horn of the spinal cord in GFAP/TDP-43ΔNLS (Figure 10B).

4.5 Exploration of gene expression and splicing via exon array

Category

Total
Number of
Genes

Coding

10628

Genes
expressed in
both
conditions
9919

Genes
Genes expressed
expressed
in only
in only
GFAP/TDPWT
43ΔNLS
204
121

Genes not
expressed
in both

Complex

15644

15324

103

67

150

Non-Coding

36581

35100

449

269

763

Other

27

0

0

0

27

Pseudogene

2711

2656

23

10

22

Ribosomal

155

155

0

0

0

Unassigned

24

22

1

1

0

384

Table 1. Overview of TDP-43 splicing in GFAP/TDP-43ΔNLS model
RNA from 2-month old mice spinal cords was extracted and sent for processing. This table breaks down how many
genes were affected by alternative splicing activity. (WT n=3, GFAP/TDP-43ΔNLS n=3)

30
RNA from 2-month old mice was used for an exon array to analyze TDP-43 splicing
index, gene fold changes, and group (i.e coding, complex, noncoding, pseudogene and
ribosomal) (Table 1). We chose This table breaks down the alternative splicing activity that
occurred by astrocytic expression of TDP-43ΔNLS. Astrocytic TDP-43 spliced a total of 65,770
genes. Of the 10,628 coding genes that were spliced, MAPKKK, synaptotagmin II, doublecortin
domain, hairless, astrotactin 1 were included. Reln, GFAP, Myef2 (MBP repressor), Grin1 and
Grin3a and Nsmf (genes that code for NMDA) and others are complex gene that was affected by
TDP-43 splicing. The splicing index of GFAP was was -1.12, -1.11, -1.08 and 1.06 and the gene
fold change was 1.11. The splicing index is representative of exons included or excluded by
alternative splicing (Thermofisher.).

CHAPTER 5: DISCUSSION
As we begin to look at the effects of astrocytic TDP-43ΔNLS in vitro, we immediately
notice that astrocytes appearing in our model are different from the fibrous, star-like morphology
that is commonly seen. By staining with two TDP-43 antibodies (both human specific and total
TDP-43), it appears that with hTDP-43, shuttling properties of TDP-43 in astrocytes are minimal
and majority of TDP-43 is found in the cytoplasm (Figure 1)(Y. M. Ayala et al., 2008). These
results verify that the mutation (ΔNLS) is expressed and TDP-43 normal localization is
defective. The antibody that recognizes both mouse and human TDP-43 stains the nucleus of
neurons and the cytoplasm of astrocytes (Figure 2). The morphology of the astrocytes in vitro
was a result of nuclear clearance of TDP-43 (Winton et al., 2008). Nuclear clearance in glia is
also present in ALS and FTLD cases(Winton et al., 2008). Models that recapitulate TDP-43
proteinopathies generally start at the upstream effect, opposed to our model which creates the
pathology by inducing TDP-43ΔNLS in astrocytes (review in Tsao et al., 2012). We did not
confirm that TDP-43 cytoplasmic aggregates are present or absent, but the presence of
cytoplasmic TDP-43 contributes to the understanding of proteinopathies.
It is evident that astrocytic expression of TDP- 43ΔNLS during development results in
accumulation of hTDP-43 and total TDP-43 in the cytoplasm. Since that GFAP is expressed
relatively late during development in mice(E17.5-E18.5), it is very likely that TDP-43 and GFAP
are competing to be expressed in astrocytes (reviewed in Molofsky et al., 2012). This may be
why the in vitro and in vivo studies show astrocytes that are TDP-43-positive while
simultaneously GFAP negative (Figure 1, Figure 2 and Figure 8). GFAP-positive astrocytes
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appeared to be minimal in number in vitro but when quantified there was no significant
difference between the immunoreactivity of GFAP in GFAP/TDP-43ΔNLS primary cultures
compared to WT primary cultures (Figure 3C). Astrocytes in culture may be reactive and may
be expressing high levels of GFAP to compensate for astrocytes that are TDP-43 negative. Colocalization was present in vivo in the dentate gyrus but was not present in every astrocyte that
was TDP-43 positive. The different effects that were observed in vitro and in vivo may be due to
a combination of factors such as expression during development, competition and alternative
splicing activity.
Cell-autonomy and non-cell autonomous neurodegeneration effects have been observed
in TDP-43 proteinopathies where mutations known to be a causative factor in inducing
pathogenesis of neurodegenerative diseases are used in animal models or in vitro with IPSC’s
(Huang et al., 2014; A. Serio et al., 2013). Our model results in a non-cell neurodegeneration
when TDP-43ΔNLS is expressed in astrocytes (Figure 3). Astrocytes aid and support neurons in
many ways such as transferring their mitochondria to neurons, neuroprotective functions such as
reactive astrogliosis and secretion of neurotransmitters, neuromodulators, growth factors and
other secretory molecules (Hayakawa et al., 2017; Yuan Liu et al., 2012; Verkhratsky, Matteoli,
Parpura, Mothet, & Zorec, 2016).
TDP-43 expression in astrocytes had an effect on the expression of GFAP (known to be a
major astrocyte marker), and will be further explored and validated through immunoblotting in
future studies. Both in vitro and in vivo studies have shown co-localization of TDP-43 and
GFAP in disease models (Huang et al., 2014; Lanciotti et al., 2013; Andrea Serio et al., 2013).
The absence of GFAP-positive astrocytes and the presence of TDP-43-positive astrocytes
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sparked an interest that TDP-43ΔNLS expression causes alternative splicing and changes in
RNA metabolism under the circumstances in our model (Y. M. Ayala et al., 2008; Tollervey et
al., 2011). Initially through a proteomics screen we found that TDP-43 and GFAP interact in
complex (this has not been validated through co-immunoprecipitation). There still may be a
functional interaction between TDP-43 and GFAP such that when TDP-43 is overexpressed, we
see a reduction of GFAP-positive astrocytes while maintaining immunoreactivity.
For astrocytes to be in inactivated, there would be a total absence of GFAP. TDP-43
positive astrocytes were uniquely distinct in shape, composition, and complexity. TDP-43
astrocytes highly-resembled protoplasmic astrocytes due complex branching. Protoplasmic
astrocytes are a type of GFAP-expressing astrocyte that are found in the central nervous system
(Yuan Liu et al., 2012). They are known to develop dense connections with neurons and play a
strong role in synapse activity (Stork, Sheehan, Tasdemir-yilmaz, & Freeman, 2015). We
hypothesized that splicing activity was occurring and TDP-43 alternatively splices GFAP.
GFAP and other genes affected may not be the specific binding targets of TDP-43 but they are a
direct result of the inability of the mutant TDP-43 to relocate to the nucleus in astrocytes. TDP43 is known to function through a self-regulating negative feedback loop by down-regulating its
transcription levels (Youhna M Ayala et al., 2011). Therefore overexpression of TDP-43 by
transgene hTDP-43ΔNLS does not increase total amount of TDP-43 in cells. TDP-43 negative
feedback loop will decrease expression in nucleus because expression TDP-43 in the cytoplasm
is increased. Complex genes alternatively spliced by TDP-43 (Table 1), reveal that GFAP is
spliced by TDP-43 at different splicing indices and induce different fold changes. GFAP may
still be a functioning protein although expression level is decreased in vitro and in vivo.
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GFAP expression in the spinal cord revealed low expression of GFAP but support the
idea of heterogeneity of astrocytes. First, analysis of 2-month old spinal cord using CEV stain
shows dying motor neurons similar to what is seen in ALS and FTLD-TDP (Blitterswijk et al.,
2014). Motor neurons were longitudinal rather than diamond or pyramidal shaped. At 6 months
of age, there appear to be some dead motor neurons in both WT and GFAP/TDP-43ΔNLS spinal
cord. Fluorescent staining of GFAP in the spinal cord was minimal in white matter. The grey
matter of the spinal cord showed an increase of TDP-43 which would be expected as normal
distribution in nuclei but TDP-43 staining was punctate and suggests nuclear clearance and
cytoplasmic accumulation. Astrocytic TDP-43 staining was not very clear to define astrocyte
morphology in grey matter, but we assumed these astrocytes to be protoplasmic due to patterns
of branching (Figure 8B).
Defined branching of TDP-43 positive astrocytes are seen in the dentate gyrus of
GFAP/TDP-43ΔNLS, which may account for behavior differences along with the alternative
gene splicing data. We observed significant behavior changes in both spatial memory (short
term memory), working memory and exploratory behavior (Figure 4 and Figure 5). Behavior of
GFAP/TDP-43ΔNLS mice was not representative of TDP-43WT mice(Alfieri et al., 2016).
GFAP/TDP-43ΔNLS mice were active and seemed to spend time exploring but were not
enthused to explore the novel arm. Our model explored the whole y-maze like it was novel.
Astrocytes function in the tripartite synapse and aid in synaptic transmission as well as glutamate
uptake. These processes occur through connexin hemichannel and pannexin channels (Orellana
et al., 2016). Our exon array data shows no splicing activity that directly affects connexins or
pannexins, but ATP, calcium binding molecules and other complex and coded metabolic role
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players are affected via splicing (Appendix B). NMDA and NMDARs are heavily involved in
memory retention (Foley et al., 2008; Place et al., 2012; Tarabeux et al., 2011). Our model
shows that several forms of NMDA(GRIN1, GRIN3a, and Nsmf as well as others) are spliced by
astrocytic TDP-43ΔNLS, therefore a reduction in memory makes sense. Reelin is a glycoprotein
that is essential in development as well synaptic function. A direct correlation between Reelin
and cognition and memory have been established. When reelin is reduced, LTP and memory is
also reduced (Folsom & Fatemi, 2013). In this model, TDP-43 splices Reelin, therefore the
normal function and efficiency of this protein is altered. Overall, seeing a change in memory
with a small sample size and noticeable changes in the hippocampus such as astrocyte expression
and myelin changes was significant.
Myelination occurs by oligodendrocytes establishing a myelin sheath around axons.
Demyelination is a hallmark of neurodegeneration but may be repaired by remyelination if the
cause of demyelination is not severe. Astrocytes are responsible for myelin maintenance via
connexins. Astrocytes promote factors such as gamma-secretase and insulin-like growth factor I
to support remyelination. While myelin basic protein itself isn’t spliced by TDP-43 in this
model, myelin basic protein repressor factor is spliced. This should allow remyelination of
myelin basic protein but instead myelin basic protein is decreased in an age dependent manner
(Figure 9). Myelination is promoted by many pathways such as the Akt-1 pathway, calcineurinNFAT signaling pathway and Notch(Domingues et al., 2016; Gaesser & Fyffe-maricich, 2016;
Lanciotti et al., 2013). Notch signaling contributes to development of myelin. Notch1 is only
found in oligodendrocytes and in our model, hairless (which plays a role in notch signaling) is
alternatively spliced. Semaphorins are also alternatively spliced. Semaphorins function in
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axonal guidance during myelin formation but they also function in repression of myelination by
promoting collapse of myelin (Taveggia, Feltri, & Wrabetz, 2011).
Alternative splicing activity of TDP-43ΔNLS has contributed to non-cell autonomous
effects in neurons and oligodendrocytes. Our model can be viewed from a neurodevelopment
standpoint because TDP-43ΔNLS was turned on during development. It can also be viewed
from a neurodegenerative standpoint because our model displays age-dependent changes in vivo.
Future studies include exploring myelination and memory pathways in depth to accurately
identify mechanisms these age dependent changes. We also plan to verify alternative splice
variants of GFAP as well as other genes of interest which include calcium binding genes. We
would also like to characterize the GFAP/TDP-43ΔNLS model while TDP-43ΔNLS is turned off
during development.
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Appendix A

Schematic of apparatus used for behavior studies
(A)Radial Arm Maze. “*” denotes baited arm for mice. Mice were food deprived for 16 hours prior to
habituation. Timeline includes acquisition trial of 15 minutes which allowed mice to explore maze and all mice
were able to find bait in this trial. Short term trial was performed an hour later and mice were allotted 5 minutes
to explore the maze. Mice were again food deprived for 16 hours prior to a second habituation. Then memory
was tested again in the long term trial where mice were allotted 5 minutes in the maze.
(B) Y-maze. “K” denotes known arm and “N” denotes novel arm. Mice were habituated in the testing room.
For the acquisition phase, the novel arm was blocked by a piece of sheet metal and mice were allowed to
explore the known arm for 10 minutes. For the retention trial, mice were exposed to the known and novel arm
and activity was tracked for 5 minutes.
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Appendix B

Appendix B. TDP-43 Alternative Gene splicing in GFAP/TDP-43ΔNLS model
Only gene fold change ≤1.25 is shown but all data from exon array was used in this study
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