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ABSTRACT

According to the American Stroke Association, hemorrhagic stroke accounts for about fifteen
percent of all strokes and causes more than thirty percent of mortality of all stroke incidents. In an
ongoing experiment in our lab, expressing a specific transcription factor, NeuroD1, in the region of the
brain affected by stroke has been shown to create new neurons and decrease astrocytic reactivity in an
intracerebral ischemic injury mouse mode. Therefore, a similar approach was attempted in an
intracerebral hemorrhage (ICH) mouse model to convert reactive astrocytes to functional neurons and to
repair the damaged neuronal circuit. In this investigation, a focal ICH mouse model was established by
injecting bacterial collagenase IV into the hippocampus and striatum area of the mouse’s brain. Following
the injury, a viral vector encoding a single transcription factor, NeuroD1 (ND1) was injected at the injury
core, using an adeno-associated virus carrier. We found that collagenase injection can cause a focal
hemorrhage in mouse brain and the initial hemorrhage leads to severe secondary injuries including
massive tissue and neuronal loss. Additionally, we also found that following ND1 injection new neurons
were present around the injury core 17 days post-viral injection (dpi) in hippocampus and striatum.
Additionally, signals for the immunoreactivity markers GFAP and Iba1 representative of activated
astrocytes and microglia, respectively, and the brain infarct volume/glial scar were reduced in the
treatment group compared to the control group. Our experiments show that NeuroD1 is able to rescue
neuronal loss in the hippocampus and the striatum and improve the brain environment after induced ICH
using Collagenase IV.
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Chapter 1
Introduction

Intracerebral Hemorrhage (ICH)
Both ischemic and hemorrhagic stroke are leading causes of death in the United States
and the world. Ischemic stroke accounts for 80% of stroke incidents while hemorrhagic stroke
accounts for the rest (Qureshi, Mendelow, & Hanley, 2009). Comparatively, hemorrhagic stroke
is much more severe than ischemic stroke in terms of brain damage. According to Harvard
Medical School health topics A-Z, hemorrhagic stroke is caused by intracranial bleedings (2017).
The bleeding can occur either at the subarachnoid space or within the cerebrum. Both
intracerebral and subarachnoid hemorrhage can cause irreversible brain tissue damage by edema,
apoptosis, and necrosis (Qureshi et al., 2009). During an intracerebral hemorrhage, intracerebral
blood evokes neuroinflammation causing an activation of microglia, the infiltration of immune
cells, the activation of extracellular proteases, and production of reactive oxygen species
(Mracsko & Veltkamp, 2014).
After stroke, endogenous neurogenesis takes place and a small amount of neurons are regenerated (Kalladka & Muir, 2014). However, the loss of a large amount of neurons cannot be
repaired by endogenous neurogenesis, and the neural circuits are permanently damaged. The
disruption of neuronal circuits and the nervous system’s homeostasis lead to functional and
cognitive deficits in stroke patients.
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ICH Model
A thorough investigation of ICH pathophysiology is needed in order to find effective
treatments, and currently there are two prevalent preclinical ICH mouse models, each with its
own limitations. Intracerebral injection of autologous blood mimics the primary injury caused by
ICH by creating a single bleed. However, this process does not produce a continuous bleed and
expanding hematoma (Mracsko & Veltkamp, 2014). In contrast, a bacterial enzyme, collagenase,
can be injected into the desired brain region to dissolve the basal lamina of small cerebral blood
vessels to produce a continuous bleed (Mracsko & Veltkamp, 2014). Collagenase-induced ICH
causes a much more severe blood-brain barrier breakdown and tissue loss comparing to the blood
infusion model (Matsushita et al., 2000). Depending on the dosage, both ICH models can be
modified to cause only focal damage.

Neuron Loss after ICH
Intracerebral hemorrhage causes irreversible damage to neurons from both primary and
secondary injury (Zille et al., 2017). During the initial response, the breakdown of the blood
brain barrier causes a rapid increase of intracerebral blood and hematoma, leading to immediate
mechanical damage and increased local pressure (Aronowski & Zhao, 2011). Additionally, cell
death through TUNEL assay can be observed as early as 6 hours after ICH and is present for
more than two weeks after the initial hemorrhage (Gong et al., 2001). On the contrary, secondary
injury is caused by the presence of intraparenchymal blood (Aronowski & Zhao, 2011). It is
suspected that many parallel pathological pathways also occur as part of the secondary injury,
including cytotoxicity of blood, hypermetabolism, excitotoxicity, oxidative stress and
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inflammation, which all result in massive cell death (Aronowski & Zhao, 2011). The death of a
large number of neurons after ICH leads to functional and cognitive deficits.

Reactive Gliosis after ICH
During an ICH, the blood-brain barrier breaks down and both blood and serum elements
are leaked into the central nervous system (CNS), which is considered as a pathological hallmark
in gliosis formation (Cregg et al., 2014). After trauma, a mechanically obstructive glial scar is
formed by astrocytes and other connective tissue elements to form a thin margin around the
injury core and to prevent toxic factors from spreading freely (Fitch & Silver, 2008).
Additionally, leukocytes, NG2 cells, and phagocytic macrophages migrate to the lesion core for
debridement and wound repair. It is believed that the glial scar has a protective effect after the
immediate insult but it is also believed that the glial scar can secrete inhibitory factors such as
CSPG and LCN2 to prevent axon regeneration in the injury core and can cause secondary injury
(Burda & Sofroniew; Cregg et al., 2014; Fitch & Silver, 2008; Guo et al., 2014). Moreover,
research has shown that there is a persisting astrocyte scar around the injury lesion 6 months
after the initial trauma (Burda & Sofroniew). Tissue repair is the fundamental goal after brain
trauma, therefore reducing the glial scar could have potential beneficial effect in regenerating
tissue in the lesion core.

Current Therapies for Stroke to Promote Neuronal Recovery
Decades of research have been dedicated to finding an effective treatment for ICH to
restore tissue loss, reduce inflammation, and stimulate endogenous repair mechanisms. Stem cell
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transplantation has been one of the most studied potential therapies for ICH, in the hope to
repopulate the damaged tissue, and that stem cells differentiate into glial cells and neurons
(Cordeiro & Horn, 2015). However, stem cell transplantation still faces many disadvantages such
as limited sources of engraftable stem cells, inherited limitations of adult stem cell potential,
immunorejection, and tumorigenesis (Bang, Kim, Cha, & Moon, 2016). Additionally, among the
many clinical trials involving stem cell transplantation, no significant functional recovery has
been observed (Bang et al., 2016; George & Steinberg), possibly due to lower transplantation
survival rate and immunorejection. Even though stem cell therapy seems promising in treating
stroke, its effectiveness still remains to be validated.

NeuroD1: In Situ Astrocytes-to-Neuron Conversion
Decades of research has been devoted to neuroregenration in the CNS. Even though, stem
cell therapy was once considered the most promising technique, its limitations are still
restricting. Additionally, adult endogenous neurogenesis is inadequate to restore the brain circuit
after brain injury (Kalladka & Muir, 2014). Therefore, a novel technique has been sought after to
regenerate the CNS, particularly neurons, through direct in vivo cell lineage conversion. In our
research, we have developed a sophisticated technique to reprogram endogenous cell types, such
as astrocytes, to functional neurons in situ using a single transcription factor, NeuroD1 (Li &
Chen, 2016). This elegant technique allows us to convert one’s own abundant resident cells into
a desired and depleted cell type without the risks of immunorejection and tumorigenesis.
Additionally, compared to stem cell therapy, direct in vivo reprogramming can generate
significantly more neurons because the reprogrammed cells have a better survival rate and can
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easily integrate into both local and global circuits (Li & Chen, 2016; Srivastava & DeWitt,
2016).
Specifically, in a previously published work we have shown that using a retrovirus as a
carrier, transcription factors such as NeuroD1 can reprogram proliferating NG2 cells and
astrocytes into functional GABAergic and glutamatergic neurons in the Alzheimer’s disease
mouse model (Guo et al., 2014; Li & Chen, 2016). Additionally, NeuroD1, neurogenic
differentiation 1, is the transcription factor of choice because of its importance in the
development of the nervous system and neuron maturation, terminal differentiation, and survival
(Cho & Tsai, 2004; Gao et al., 2009; Guo et al., 2014). In this specific project, retrovirus was
used because it only infects dividing cells and almost exclusively glial cells in the CNS are
proliferating (Fitch & Silver, 2008; Yamashita & Emerman, 2006). In the retroviral vector
construct, the hGFAP promoter was used to drive NeuroD1 expression such that only GFAPpositive dividing cells would express NeuroD1.
In order to reach a higher infection rate, adeno-associated virus serotype 9 (AAV9) was
used in later experiments instead of retrovirus because AAV can infect dividing and nondividing cell with persistent expression (Daya & Berns, 2008). To infect astrocytes specifically,
we constructed two separate AAV9 vectors using the Cre-Flex homologous recombination
system (Saunders, Johnson, & Sabatini, 2012). We used the hGFAP promotor to drive Cre
recombinase expression on one vector and we used CAG promotor to drive the antisense and
flanked Flex-NeuroD1-P2A-GFP expression on the other vector. The advantage of this method is
that we will be able be distinguish the NeuroD1 converted neurons from the non-converted
infected astrocytes as their CAG promotor will not be silenced after the astrocyte-to-neuron
conversion.
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Based on NeuroD1’s ability to convert astrocytes to functional neurons and repair the
local environment in previously published and ongoing experiments, I hypothesize that NeuroD1
will be able to regenerate neurons after induced intracerebral hemorrhage, reduce overall
inflammation caused by glial cells, and promote tissue regeneration.

Chapter 2
Materials and Methods

Adeno-associated Virus Construction
The hGFAP promotor was excised from a pDRIVE-hGFAP plasmid (InvivoGen, Inc)
and inserted into pAAV-MCS (Cell Biolab) to replace the CMV promotor using recombinant
DNA technology. Then, the Cre gene was obtained from hGFAP-Cre plasmid (Addgene,
plasmid# 40591) and also inserted to the modified hGFAP driven pAAV-MCS expression vector
to generate the pAAV-hGFAP::Cre vector. To construct pAAV-CAG::FLEX-NeuroD1-P2AGFP vector, cDNA encoding NeuroD1 and GFP were first obtained through PCR from previous
retroviral construct (Guo et al., 2014). Next, the cloned NeuroD1 gene was used with P2A-GFP
to express fluorescence and subcloned into pAAV-CAG::FLEX-GFP vector (Addgene, plasmid
number# 28304). Similarly, to construct pAAV-CAG::Flex-GFP-P2A-GFP, the cloned GFP was
fused with P2A-GFP and subcloned into the pAAV-CAG::FLEX-GFP vector as a control viral
treatment. The presence of P2A sites is for high efficiency protein cleavage (Kim et al., 2011).
Additionally, FLEx (flip-excision) switches are used here to conditionally manipulate gene
expression using site specific recombination and inversion under the presence of Cre
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recombinase (Atasoy, Aponte, Su, & Sternson, 2008; Branda & Dymecki, 2004; Saunders et al.,
2012; Schnütgen et al., 2003). The schematic illustration of the viral vector construction made by
Yuchen Chen is shown in Figure 1. Lastly, AAV9 was produced in 293 AAV cells and all the
virus were prepared by virologist Zifei Pei.

Figure 1. Working mechanism of the Cre-FLEx system.
The NeuroD1-P2A-GFP/mCherry sequence (A) was inserted into the vector in the antisense
form. When it’s expressed under the presence of Cre recombinase (B), The NeuroD1-P2AGFP/mCherry sequence would be flipped to create a sense orientation (C1 and C2) and excised
at the terminal lox sites for correct protein expression (D). The black triangles in the scheme are
loxP sites and the white triangles are lox2272 sites. The flipping mechanism between two loxP
sites and between the two lox2272 sites oriented opposite to each other are reversible. By
contrast, the recombination events between lox sites that are oriented in tandem (same
orientation) results in deletion of the intervening sequences including of one of the lox sites and
they are therefore irreversible steps.

Induction of ICH and Viral Injection
All mouse work in this experiment was conducted mostly using wild type (WT) FVB/NJ
and C57BL/6J mice due to breeding availabilities. No substantial ICH differences were observed
in the two strains of mice. Bacterial collagenase IV powder from Clostridium histolyticum
obtained from Sigma-Aldrich was dissolved in phosphate-buffered solution (PBS) to a dilution
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of 0.03 U/uL. A volume of 0.5 uL of collagenase (0.03 U/uL) was injected into the striatum and
hippocampus to induce a focal ICH. Under intra-peritoneal anesthesia, ketamine/xylazine (100
mg/kg ketamine; 12 mg/kg xylazine), mice were positioned in a stereotaxic apparatus and their
skull and bregma exposed by a midline incision. A small hole was prepared using a high-speed
dental drill and an injection needle was inserted in the coordinates of hippocampus and striatum
(relative to the bregma): -2.06 mm anterior-posterior (AP), ±1.6 mm medial-lateral (ML), -3.15
mm dorsal-ventral (DV) and +0.8 mm anterior-posterior (AP), ±1.8 mm medial-lateral (ML), 3.5 mm dorsal-ventral (DV). 0.5 µL of Collagenase IV (0.03 U/µL) was injected at the speed of
0.05 µL/min and the needle was left in the brain for two minutes before withdrawal. 7 days posthemorrhage (dph) 3 µL of virus (1.3 x 10^12 GC/ml) was injected at 0.3 µL/min with a similar
procedure and same coordinates as the collagenase injection.

Immunochemistry to Analyze Cell Marker Expression

The animals were first anesthetized with 2.5% Avertin (0.01mL/g) and transcardially
perfused with artificial cerebrospinal fluid (ACSF). The brain was then extracted and stored in
4% paraformaldehyde (PFA) solution overnight at 4 °C. After fixation, brain tissues were sliced
into 40 µm slices by a Leica vibratome. The brain slices that were chosen for immunochemistry
were washed in PBS 3 times, for 5 minutes each and permeabilized in 2% Triton X-100 in PBS
for 30 minutes followed by incubation in a blocking solution for an hour. The blocking solution
consisted of 2.5 % goat normal serum, 2.5 % donkey normal serum, and 0.3 % Triton X-100 in
PBS. After incubation, primary antibodies (see Table 1.) were prepared in fresh blocking
solution and added to the slices for overnight incubation at 4 °C. After overnight incubation, the
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brain slices were washed with 0.05 % Triton X-100 in PBS 3 times, 5 minutes each to eliminate
the excess primary antibody. Then, the brain slices were incubated for an hour with secondary
antibodies conjugated with fluorophores at room temperature. Finally, slices were washed in 0.3
% Triton X-100 in PBS and PBS solution before mounted onto a glass slide with an anti-fading
mounting solution containing DAPI (Invitrogen). See Table 1 for specific primary and secondary
antibody dilutions.

Table 1. Primary and secondary antibody dilution protocol.
Antibody

Dilution Used

Source

Identifier

Guinea pig polyclonal to NeuN

1:1000

Millipore

ABN90P

Chicken polyclonal to GFP

1:400

Abcam

Ab13970

Rabbit polyclonal to GFAP

1:600

Millipore

AB5804

Rabbit polyclonal to Iba1

1:600

Wako

019-19741

Rabbit polyclonal to AQP4

1:600

Santa Cruz

sc-20812

Rat monoclonal to Ly6c

1:600

Abcam

Ab15627

Mouse monoclonal to SMI-312

1:600

BioLegend

837904

Mouse monoclonal to Parvalbumin

1:1000

Sigma-Aldrich

P3008

Rabbit polyclonal to DARPP-32

1:600

Millipore

AB10518

Donkey polyclonal to Rabbit IgG (Alexa Fluor®
cy3)
Donkey polyclonal to Chicken IgG (Alexa Fluor®
488)
Donkey polyclonal to Mouse IgG (Alexa Fluor®
647)

1:800

Invitrogen

A11010

1:800

Invitrogen

A11039

1:800

Jackson Immuno

715-605-150

1:800
1:800

Rockland
610-143-121
Immunochemicals
Jackson Immuno 706-605-148

1:800

Jackson Immuno

Goat polyclonal to Mouse IgG (Alexa Fluor® 647)
Donkey polyclonal to Guinea Pig IgG (Alexa
Fluor® 647)
Donkey polyclonal to Rat IgG (Alexa Fluor® 647)

712-605-150
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Infarct Area/Volume Quantification
All 4X and 10X images were taken with a Keyence microscope and the 20X and 40X
images were taken with Zeiss LSM800 or Olympus FV1000. Microscope parameters, such as
laser voltage and intensity, were kept the same for the same cell marker for comparative analysis.
For comparison, images were taken of the hippocampus and striatum next to the ICH injury core.
ICH was usually induced in only one side of the brain, therefore the contralateral brain region
would also serve as a control. The infarct area was measured by overlaying NeuN and DAPI
staining and ImageJ was used to calculate the infarct area. The area that has DAPI signal but
lacks NeuN signal is traced by eye using ImageJ and ImageJ calculates the outlined area
according the scale bar provided. Additionally, serial stainings were performed to calculate the
approximate infarct area. The first brain slice that showed observable damage by human eye and
every 4 other slices (4 x 40 µm = 160 µm interval) were chosen until the damage was not visible.
The following formula was used to calculate the infarct volume between two chosen
slices:

(𝑠𝑙𝑖𝑐𝑒 𝐴′ 𝑠 𝑖𝑛𝑓𝑎𝑟𝑐𝑡 𝑎𝑟𝑒𝑎 + 𝑠𝑙𝑖𝑐𝑒 𝐵′𝑠 𝑖𝑛𝑓𝑎𝑟𝑐𝑡 𝑎𝑟𝑒𝑎)×(𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑠𝑙𝑖𝑐𝑒 𝐴 𝑎𝑛𝑑 𝐵)
2

and the summation

of the subsequent volume is the total brain infarct volume, and unpaired Student’s t test was used
to analyze the difference in infarct volume.
To quantify the specific cells types that were infected by GFP and NeuroD1 virus, images
were taken around the injury core where the GFP signals were strong. Three 40x confocal
images near the injury core were chosen from each brain slice and the number of GFP positive
cells were counted. Then specific cell type markers such as PV and DARPP-32 and GFP positive
cells were also counted on the same brain slice. The following equation is used to determine the
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percent of infected cells that are Parvalbumin (PV) positive,
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐺𝐹𝑃 𝑎𝑛𝑑 𝑃𝑉 𝑑𝑜𝑢𝑏𝑙𝑒 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑐𝑒𝑙𝑙𝑠
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝐺𝐹𝑃 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑐𝑒𝑙𝑙𝑠

𝑋 100%.
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Chapter 3
Results

Establishing the Collagenase Model
The goal of this project is to establish a reproducible and consistent ICH model and then
investigate NeuroD1’s potential therapeutic effect in the hippocampus and striatum region in the
mice’s brains. To induce a focal ICH, 0.5 µL of bacterial collagenase IV (0.015 U/µL) was
injected in either the hippocampus or striatum, unilaterally. After injection, collagenase breaks
down native collagen in the basal lamina of cerebral blood vessels causing an active bleeding 3
hours after the initial injection that may continue up to 72 hours post injection (MacLellan et al.,
2008; Zhu et al., 2014). After the initial bleeding, the developing brain edema causes massive
cell death that can be detected through TUNEL staining and diminished NeuN signaling (Cregg
et al., 2014; Matsushita et al., 2000; Mracsko & Veltkamp, 2014; Zhu et al., 2014) . Tissue loss
is also observed around the hemorrhage due to the elevated level of microglia, macrophages, and
MMPs (Aronowski & Zhao, 2011; Mracsko & Veltkamp, 2014). As shown in Figure 2, bacterial
collagenase IV causes active bleeding in the brain 3 hours after injection and blood residues can
still be observed 3 days post hemorrhage (dph). Additionally, induced ICH causes tissue and
NeuN loss in the hippocampus and striatum 3, 7, 17, and 24 dph.
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Figure 2. Collagenase induced ICH causes tissue and neuronal damage.
(A)The first two pictures were taken with an iPhone 5 camera at 3 hours and 3 days post
hemorrhage showing an acute bleeding in the brain after the injection of collagenase. The
last two pictures were taken of brain slices under bright field microscopy showing tissue
damage after ICH. (B) Neuronal marker NeuN was used to detect neuronal loss in the
hippocampus and the striatum. Staining results show loss of neurons in hippocampus and
striatum at 3, 6, 17, and 14 dph. Scale bars: (A) 1000 μm, (B) 1000 μm.

After establishing the ICH model, different cell markers were compared between PBS
sham and collagenase induced ICH group, specifically in the hippocampus. According to
literature, glial fibrillary acidic protein (GFAP) is commonly expressed in reactive astrocytes as
gliosis upregulates intermediate filaments (Buffo, Rolando, & Ceruti, 2010). As shown in Figure
3, GFAP is elevated and the cell morphology is more hypertrophic in the ICH group compared to
the control at 3, 7, and 17 dph. SMI-32, which labels non-phosphorylated neurofilament proteins,
can be used as an indicator for severe axon damage because dephosphorylation of neurofilament
proteins increases susceptibility to axon degradation (Campbell & Morrison, 1989; Pant, 1988;
Sun et al., 2006). Figure 3 shows an increase in SMI-32 signaling in the ICH group at 3, 7, and
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17 dph, indicating severe axon damages. Iba-1 is a calcium binding protein specifically
expressed in microglia/macrophages in the brain and it has been suggested that its
immunoreactivity increases after ICH (Ito, Tanaka, Suzuki, Dembo, & Fukuuchi, 2001;
Nakamura et al., 2013; Taylor & Sansing, 2013). Additionally, an activated microglia retracts its
ramifications and obtains an amoeboid shape (Taylor & Sansing, 2013). In Figure 3, Iba-1
signals are more activated after ICH at 3 dph. Moreover, there is an increase in the intensity of
the staining and number of microglia/macrophages around the injury core at 7 and 17 day dph
indicating a possible microglial-mediated injury (Taylor & Sansing, 2013). Ly6C is an antigen
expressed on monocytes and endothelial cells (Jutila et al., 1988), labeling the blood vessels in
the brain. During ICH, BBB is damaged and infiltrating monocytes are recruited to the injury
site, increasing local inflammation (Varvel et al., 2016). As shown in Figure 3, Ly6C
immunoreactivity is stronger in the ICH groups at all time points, indicating the increase of
infiltrating monocytes and inflammation. Unlike Ly6C, AQP4, aquaporin water channel (4), is
found in the astrocytic end feet wrapping around the blood vessels (Iacovetta, Rudloff, & Kirby,
2012). The literature has suggested that AQP4 plays an important role in maintaining water
homeostasis, edema, and BBB integrity in brain (Chu et al., 2014; Iacovetta et al., 2012). After
ICH, no AQP4 signals are observed in the injure core indicating a severe damage in astrocytic
end feet around the blood vessels, shown in Figure 3.
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Figure 3. Different molecular markers change after ICH in hippocampus.
(A) GFAP staining shows an upregulation of reactive astrocytes after ICH. (B) SMI-32
immunofluorescence shows severe axon damage in neuron after ICH. (C) An increase in Iba1
intensity and density indicates an increase number in microglia/macrophage after ICH. (D)
Ly6C shows damaged blood vessels and increase of infiltrating monocytes after ICH. (E)
AQP4 staining shows disrupted blood vessels and damaged astrocytic end feet after ICH.
Scale bar: 200 μm.

NeuroD1 Mediated Cell Conversion in Hippocampus

We chose the hippocampus as an initial area of interests because the original NeuroD1mediated direct conversion technique was applied in the hippocampus of AD mice (Guo et al.,
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2014). Additionally, research has shown that unilateral ventricular collagenase injections affect
the hippocampus and caused irreversible cognitive deficits in mice (Zhu et al., 2014). Therefore,
I wanted to investigate whether NeuroD1 in vivo direct reprogramming can restore lost neurons
in hippocampus after an ICH. 0.045 U of bacterial collagenase IV was injected into the center of
hippocampus. At 7 dph, NeuroD1 or GFP virus was injected at the same coordinates and the
mice were sacrificed 17 days post-viral injection (dpi) and 24 days dph. Serial stainings were
performed with GFP, NeuN, and NeuroD1 to determine the neuronal loss and efficiency of
neuron conversion in the treatment and control group. Figure 4 shows that in the NeuroD1 group,
neuronal loss is reduced in the CA1 and CA3 region. Additionally, only sparse NeuN signals are
found in the GFP group and there is no NeuroD1 signal present. In comparison, many GFP,
NeuN, and NeuroD1 triple-positive cells are found in the CA2 region in NeuroD1 group and
their morphologies are strictly neuronal like. Interestingly, infected cells (GFP+) at the dentate
gyrus region in the control group show neuronal morphology even though there is no conversion.
Additionally, in the NeuroD1 group cells in the dentate gyrus also possess strong GFP and NeuN
signal but lack NeuroD1 signal. This result could indicate that NeuroD1 virus might have
infected neurons instead of astrocytes at the dentate gyrus.
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Figure 4. NeuroD1 rescues neuronal loss in hippocampus.
(A) NeuN signaling of a serial staining of mice hippocampus showing NeuroD1 treatment group
suffers less neuronal loss after ICH compared to that of GFP control group. (B and C) Keyence
image of the whole hippocampus and at CA2 region show colocalization of GFP with NeuN and
NeuroD1 in NeuroD1 treatment group indicating GFP infected cells are successfully converted to
NeuroD1 positive neuronal cells. (D) Image of the whole hippocampus and the dentate gyrus
show GFP and NeuN signaling but not NeuroD1. Scale bars: (A) 400 μm (B - D), left panel,

400 μm, right panel, 50 μm.
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NeuroD1 Mediated Cell Conversion in Striatum

To date, most of the ICH studies have been targeting the striatum because two thirds of
the spontaneous ICH occurs within the basal ganglia and internal capsule (Aguilar & Brott,
2011; Zhu et al., 2014). About 97% of neurons in the striatum are GABAergic and they are the
key for cortical input to the basal ganglion (Sharott et al., 2009). In our previous study, NeuroD1
was able to convert astrocytes into glutamatergic neurons in the hippocampus. Therefore, we
wanted to investigate NeuroD1’s therapeutic effect after ICH in the striatum. A similar approach
was used to induce ICH in the striatum. Since the tissue composition is different in the striatum
and the hippocampus, we wanted to investigate the time and location to inject viral treatments in
order to achieve maximum infection rate. As shown in Figure 5, injection of the virus following
collagenase injection in one sitting yields the lowest infection rate. Injecting the virus and
collagenase in one sitting but varying the injection site improves infection rate. Finally, injecting
virus at 7dph results in the highest and widest infection rate. This is consistent with the
hippocampus ICH model following viral injection model.

Figure 5. Different methods to achieve maximum viral infection.
Simultaneous injection of collagenase and virus at the same location negatively impacts the viral
efficiency. Injecting collagenase and virus in one sitting but at slightly different locations results
in large infection area. Delayed viral injection at the same injecting location yields the maximum
virus efficiency. Scale bar: 200 μm
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Similar to the hippocampus study above, serial staining using a neuronal marker, NeuN,
was used to determine the infarct area in the striatum caused by the ICH. Additionally, infarct
volume was calculated using the methods mentioned previously. Figure 6A shows the difference
in infarct area in the NeuroD1 and GFP viral treatment. Quantification from a total of 8 mice (3
NeuroD1 and 3 GFP control) shows that NeuroD1 treatment can possibly aid in tissue repair.
Student’s t test results shows a significance in the two groups’ infarct volume (n=3 and P-value:
0.03)

Figure 6. Brain infarct volume analysis after viral treatments.
(A) Serial staining showing neuron loss after ICH and viral treatment 7dph and 24 dpi. (B) Average
brain infarct volume in the GFP and the NeuroD1 group showing a significant difference between
the two groups, *p = 0.03.
Scale bar: 200 μm
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NeuroD1, NeuN, and GFP were co-stained at 3 dpi to verify that the newly generated
neurons were once infected by the virus and are NeuroD1 positive. As shown in Figure 7A, the
NeuroD1 signal is very strong at the NeuroD1 virus injection side of the striatum but the signal is
very low on the contralateral side, which did not receive any viral treatment. Additionally, there
is high colocalization between GFP, NeuroD1, and NeuN. Surprisingly, NeuroD1 signal is
significantly downregulated in the striatum at 17 dpi (Figure 7B). Near the injury core, only a
minimal amount of infected cells express NeuroD1 comparing to 3 dpi.

Figure 7. NueroD1 signal at 3dpi and 7dpi.
(A) Images showing that at 3dpi NeuroD1 signal is strong on the viral injected side versus the
contralateral control. (B) Images showing that the NeuroD1 signal is weaker at 17dpi than 3dpi
around the injury core. Scale bar: 100 μm
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Even though there is no NeuroD1 signal present at 17 dpi, there is still cellular changes in
the NeuroD1 group comparing to that of control. As seen in Figure 8A, most of the infected cells
have neuronal morphology in the NeuroD1 group whereas in the GFP control group most of the
infected cells are like astrocytes. Moreover, in the GFP group there is additional neuronal loss
outside of the compact injury core. Figure 8B shows that the GFP group has elevated GFAP
signal and the astrocytes are more reactive and elongated comparing to that of NeuroD1 group
around the injury core indicating a larger damage. Finally, Figure 8C shows that Iba-1
immunoreactivity is decreased around the injury core in the NeuroD1 group comparing to the
control.
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Figure 8. The difference in cellular markers after NeuroD1 and GFP viral treatment.
(A) Images show that the infected cell morphologies are different in NeuroD1 and GFP group and
most of the cells infected in the GFP group are astrocytes-like. (B) The GFAP signal is stronger
in the GFP group and the astrocytes are more reactive and elongated. (C) The Iba-1 signal is
downregulated in the NueroD1 group around the injury core comparing to that of GFP group.
Scale bar: 100 μm
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We were also interested to see what subtype of GABAergic neurons are easily infected
by the NeuroD1 virus. Protein markers such as parvalbumin, DARPP-32, ChAT, SST, and GAD
67 were used to identify GABAergic interneurons neurochemically (Durieux, Schiffmann, & de
Kerchove d’Exaerde, 2011; Kreitzer, 2009). Quantification from 12 brain slices and 4 mice
indicated that 32% of the NeuroD1 virus infected cells are DARPP-32 positive; neurons
possessing cyclic-AMP-regulated phosphoprotein. Additionally, another quarter of the infected
neurons were parvalbumin positive (Fig 9B). None of the infected cells were ChAT, SST, and
GAD 67 positive, therefore the rest of the infected cell subtypes are still unknown. However,
immunostaining with positive controls is needed to confirm the results.

Figure 9. NeuroD1 infected GABAergic interneuron subtype.
(A) Some infected cells co-express PV and DARPP-32 in two NeuroD1 injected mice brains. (B)
The breakdown of infected cell subtype in the striatum. Scale bars: (A) Left panel, 200 μm; right

panel, 50 μm.
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Chapter 4
Discussion

Collagenase Induced Intracranial Hemorrhage Mouse Model

By injecting collagenase directly into the mouse brain, one is able to induce a focal
hemorrhage in mouse’s hippocampus and striatum. Collagenase-induced bleeding occurs from 3
hours post hemorrhage and continues up to 3 days. Importantly, when injecting a small amount
of collagenase, the ICH damage is restricted and does not bleed to other undesired region.
Additionally, the hemorrhage causes neuronal loss and tissue loss from 3 days to 24 days after
the initial surgery. The glial scar is still present 24 days post hemorrhage and no neuronal
generation was observed in the injury core. Molecular markers such as GFAP, SMI-21, Iba-1,
Ly6C, and AQP4 show brain inflammation, increased infiltration of microglia, monocytes, and
macrophages, elevated astrocyte activity, and damaged blood vessels after ICH. The secondary
damage from the brain injury can cause even more pathogenesis by secreting inhibitive
molecules and lead to more tissue and neuronal damage (Aronowski & Zhao, 2011; Cregg et al.,
2014; Sukumari-Ramesh, Alleyne, & Dhandapani, 2012). Therefore, it is important to find a
therapy to decrease the reactivity of the glial scar and brain inflammation, in addition to restoring
the neuronal circuit in the damaged area.

Using NeuroD1 and a Viral Vector to Regenerate Neurons
The use of AAV with the Cre-FLEx system allows us to infect proliferating and nonproliferating cells in the brain. Additionally, pAAV-CAG::FLEX-NeuroD1-P2A-GFP vector and
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pAAV-hGFAP::Cre vector ensures that NeuroD1 and GFP will only be expressed in reactive
astrocytes which have the hGFAP promotor. This elegant method allows us to only target
astrocytes for direct conversion to neurons. Our goal for this experiment is to restore the neuron
to glial ratio in the brain and it is superior than many current projects that are focusing on the
transplantation of induced pluripotent stem cells in the hope of repopulating neurons.
Additionally, there are many risks involved with stem cell transplantation, such as
immunorejection and tumorigenesis. Our innovative technique is able to convert one’s own
astrocytes into neurons without the risks or immunorejection and tumorigenesis. With our new
technology, we can generate more neurons than stem cell transplantation because astrocytes can
proliferate and there are large reservoir of astrocytes in the brain. Additionally, by converting
glial scars into neurons we are creating a healthier environment in the brain and the newly
generated neurons can integrate into the brain circuit better. In terms of functionality, in a
previous published paper we have proved that NeuroD1 converted cells can fire repetitive action
potentials and produce functional spontaneous synapse activities (Guo et al., 2014).

NeuroD1-mediated Neuron Regeneration in Mouse Hippocampus after ICH
After ICH, the hippocampus suffers from massive tissue and neuron loss aside from brain
inflammation. NeuroD1 was injected into the injury core in the hope of regenerating the lost
neurons. 17 days after NeuroD1/GFP treatment, we observed the size of the infarct area through
a serial staining of NeuN and DAPI staining. We found that in the NeuroD1 group there was less
neuronal loss and the CA2 band was almost restored in the NeuroD1 group. Additionally, higher
magnification images show that in the NeuroD1 group, cells at the CA2 region are GFP, NeuN,
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and NeuroD1 positive. Triple positive cells are the result of infected astrocytes being
successfully converted into neurons by NeuroD1 virus. Interestingly, the infected cells at dentate
gyrus region do not possess NeuroD1 signal even in the NeuroD1 group. A possible hypothesis
is that in the dentate gyrus, NeuroD1 is not sufficient to convert astrocytes into neurons.

NeuroD1-mediated Neuron Regeneration in mouse Striatum after ICH
Similar to the hippocampus, the striatum suffers from massive tissue and neuron loss
after ICH. A clear glial scar is formed around the injury core in the striatum and no neuron
regeneration was observed in the injury core. From our observation, the injury core does not
shrink in size as time progresses, however this result needs to be confirmed by MRI studies.
Several methods were attempted to find the most efficient way to infect astrocytes in the
striatum. Compared to simultaneous injection and different location/one setting injection, a 7 day
delayed injection of virus resulted in the widest infection.
Serial staining was performed with NeuN and DAPI marker in the striatum as well. Our data
suggested that there is a significance between the brain infarct volume in the NeuroD1 and GFP
treatment group, p value: 0.03. Interestingly, at 3dpi NeuroD1 signal is very high in the striatum
and it colocalizes with NeuN and GFP signals. However, at 17dpi, NeuroD1’s immunoreactivity
is significantly reduced; only sparse NeuroD1 fluorescence was found in the striatum. These
results could be explained by protein degradation since there is a possibility that after successful
conversion NeuroD1 is no longer needed by the neuron and therefore is downregulated at 17 dpi.
Even though there is no longer NeuroD1 signal at 17 dpi, there are still significant
molecular marker changes between the NeuroD1 and GFP groups. GFP signaling shows that in
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the GFP group, the infected cells possess astrocyte morphology whereas in the NeuroD1 group
most of the cells are neuronal like. Additionally, astrocytes labeled by GFAP marker are more
reactive and hypertrophic in the control group. Lastly, Iba-1 is much more activated in the GFP
group and the intensity of the staining is also stronger, indicating a larger number of
microglia/macrophages. Overall, NeuroD1 was able to reduce inflammation caused by reactive
astrocytes, microglia infiltration and the subsequent secondary injury.
In order to reach more conclusive results, there are still more experiments to be
conducted. Behavior tests should be established to assess the degree of functional impairment
after ICH and recovery induced by NeuroD1 induced neural protection and /or conversion . More
specifically, cognitive tests such as water maze, and novel object tests should be used for
hippocampal ICH ((Wolf, Bauer, Abner, Ashkenazy-Frolinger, & Hartz, 2016), whereas motor
tests such as pallet retrieval, ladder rung, and rotarod test should be used for striatal ICH (Chen,
Gilmore, & Zuo, 2014; Deacon, 2013; Metz & Whishaw, 2009). MRI scanning should be
conducted to select a pool of mice with similar brain infarct volume before receiving viral
treatment. MRI scanning should also be used to monitor the change in brain infarct volume after
receiving viral treatment. MRI analysis would be able to give more accurate results than serial
staining. More immunocytochemistry targeting blood vessel integrity should also be performed
to investigate NeuroD1’s therapeutic effect in restoring the BBB.
Overall, our data suggests that in vivo direct reprogramming of astrocytes into neurons
using NeuroD1 has many beneficial effects in the ICH model. NeuroD1 restores the CA2
region’s neuron population after a hippocampal ICH. Moreover, NeuroD1 is able to reduce the
infarct volume in the striatum after ICH. More specifically, new neurons are generated in the
striatum and brain inflammation is reduced after NeuroD1 treatment.
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