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ABSTRACT
Chimeric Disease Modeling of Apolipoprotein E4 (ApoE4) Toxicity in Human Neurons
Ramsey Najm
Human induced pluripotent stem cells (hiPSCs) provide a unique opportunity to study the human
specific aspects of human disorders such as Alzheimer’s disease (AD). However, in vitro systems
are inherently artificial and lack the complexity of the in vivo environment. Here we demonstrate
how chimeric disease modeling, where we transplanted mixed hiPSC-derived neurons (MNs),
comprised primarily of excitatory neurons, and enriched inhibitory neurons (INs) into the mouse
hippocampus, allow us to model apoE4 toxicity in different subtypes of human neurons within the
in vivo environment. Seven to eight months after transplantation, hiPSC-derived neurons survive
and functionally integrate into the mouse brain. However, unlike apoE3 knock-in (apoE3-KI) and
apoE4-KI mouse neurons, hiPSC-derived neurons generate Ab aggregates, with INs generating
significantly less than MNs. ApoE4/4 mouse microglia display significant deficits in their ability
to phagocytose Ab aggregates generated by hiPSC-derived neurons, resulting in an increase in the
number of aggregates in the apoE4/4 mouse brain. Interestingly, apoE4/4 hiPSC-derived INs are
selectively vulnerable to the toxicity of the apoE4/4 brain and display elevated tau-phosphorylation
relative to MN transplants. This novel in vivo chimeric model for apoE4/4 toxicity displays humanspecific pathological features and allows us to identify how the cellular source of apoE4 relates to
pathological response in different neuronal subtypes in the course of Alzheimer’s disease.
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CHAPTER 1: INTRODUCTION
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1.1 Alzheimer’s Disease and Apolipoprotein E4
Alzheimer’s disease (AD) is the most common form of dementia and is characterized by a
progressive loss of memory and other cognitive functions [1,2]. Currently, there are 46.8 million
people worldwide living with dementia and this number is estimated to double every 20 years,
reaching 74.7 million by 2030. Worldwide, AD cost $818 billion in 2015. By 2030, these costs
could rise as high as $2 trillion [3]. This extreme expense combined with the growing aging
population highlights the need for a better understanding of the disease mechanism and
development of therapeutics.
AD is a multifactorial neurodegenerative disorder caused by interactions among multiple
genetic and environmental factors. Mutations in three genes—those encoding amyloid precursor
protein, presenilin-1, and presenilin-2—are linked to early-onset autosomal dominant AD, which
accounts for less than 1% of all AD cases [1,2,4]. Apolipoprotein (apo) E4, an isoform of the
APOE gene in humans, is the major genetic risk factor for late-onset familial and sporadic AD,
which account for most AD cases. ApoE4 increases the risk and decreases the age of onset of AD
in a gene dose dependent manner. ApoE4 is present in roughly 20–25% of the human population,
and apoE4 carriers account for 60–75% of AD cases in most clinical studies, highlighting the
importance of apoE4 in AD pathogenesis [5]. AD is characterized by two molecular pathological
hallmarks: extracellular amyloid-β (Aβ) plaques and intracellular neurofibrillary tangles (NFTs)
[1,5]. The accumulation of Aβ plaques and NFTs is associated with significant neuronal and
synaptic loss as well as neuroinflammation and both of these pathologies are exacerbated by the
presence of apoE4 [6–8].
ApoE is a 34-KDa protein comprised of 299 amino acids and is polymorphic with three
common isoforms in humans, apoE2, apoE3, and apoE4. Each isoform differs only by one or two
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amino acids [1,7,9,10]. The apoE3 and apoE4 amino acid sequences differ only at position 112
where apoE4 has an Arg instead of a Cys. This seemingly small difference induces significant
changes to its structures and biological functions. The two domains of apoE contain the receptorbinding region and the lipid-binding region and are joined by a flexible hinge region. Multiple
groups have investigated potential interaction between the two domains, which is important to
apoE’s function. In apoE4, Arg-112 interacts with Glu-109, exposing Arg-61 to interact with Glu255. This domain interaction mediated by a salt bridge formation between Arg-61 and Glu-255 is
unique to apoE4 [11,12]. Importantly, this domain interaction renders apoE4 to be more
susceptible to proteolytic cleavage, resulting in the generation of neurotoxic apoE4 fragments [13–
15].
Initially, apoE was described as a lipid transport protein and was shown to play a key role
in cholesterol metabolism and cardiovascular disease. However, by the mid-1980s, it had become
apparent that apoE also plays significant roles in neuronal repair and remodeling as well as in
neurological disease [9,15,16]. Astrocytes are the primary source of apoE in the brain, however
under aging and stress conditions neurons also produce apoE, albeit at lower levels than astrocytes
[6,17,18]. Microglia also express apoE, especially under conditions of neurodegeneration and/or
inflammation [19]. Interestingly, there is growing evidence that cellular origin plays a crucial role
in apoE’s biophysical properties and pathological effects. For instance, astrocytic apoE is indicated
more heavily involved in Aβ pathology, while neuronal apoE has been shown to be more impactful
on neuronal function and survival as well as on NFT formation [1,5,6] .
Clearly, more research needs to be done to completely understand how cellular origin
affects apoE’s biological and pathological characteristics. The following sections will discuss the
systems used to model apoE4 toxicity, the conclusions drawn from these models, their drawbacks,
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and how chimeric disease modeling holds promise for modeling not only apoE4 toxicity but
neurodegenerative disease in general.
1.2 Modeling ApoE4 Toxicity In Vivo
Traditionally, AD has been studied using mouse models. These studies have indicated both Aβdependent and Aβ-independent roles of apoE4 in the context of AD. The roles of apoE in Aβ
aggregation and clearance in existing amyloid mouse models have been extensively investigated.
It has been shown that genetically decreasing apoE expression results in less Aβ deposition in
amyloid mouse models, independently of apoE isoform [20,21]. Reducing apoE through
immunotherapy has also been shown to significantly reduce insoluble Aβ levels [22]. More recent
studies have demonstrated that increasing or decreasing apoE levels at specific time points during
Aβ plaque formation differentially affects Aβ plaque associated pathology [23]. Taken together,
the literature would suggest that there is a component of Aβ seeding that is differentially regulated
by apoE isoforms. ApoE also assists in Aβ clearance in an isoform-dependent manner wherein
apoE2 > apoE3 > apoE4, although the exact mechanism remains to be fully understood [24–26].
Astrocytes have been shown to internalize and degrade Aβ in an apoE dependent manner [27] and
astrocytic apoE4 significantly increases brain Aβ half-life relative to apoE3, suggesting an
impairment of Aβ clearance by astrocytic apoE4 relative to apoE3 [23]. ApoE also promotes Aβ
clearance by activating phagocytosis and migration of microglia wherein apoE3 is more effective
than apoE4 [28–30]. In addition to astrocytes, neurons are also capable of up taking and degrading
Aβ, however more work needs to be done in order to dissect the mechanism of Aβ clearance in
neurons [31]. In vivo models have demonstrated that apoE has a strong interaction with both the
aggregation and clearance of amyloid. However, it should be noted that plaque load does not
correlate well with cognitive impairments, highlighted most obviously by people with substantial

4

plaque burdens and normal cognition [5]. Therefore, it is important when modeling apoE4 toxicity
in vivo, to consider Aβ-independent roles of apoE as well.
ApoE4 transgenic and apoE4-KI mice show age- and sex-dependent learning and memory
deficits in the absence of Aβ accumulation as compared to apoE3 transgenic and apoE3-KI mice
[32–34]. ApoE4 impairs synaptogenesis and decreases dendritic spine density as well as impairs
adult hippocampal neurogenesis in mouse models [35,36]. In mutant Tau-P301S transgenic mice,
expression of apoE4 leads to more advanced tau pathology, brain atrophy, and neuroinflammation.
Interestingly, knocking-out apoE protects mice from Tau-P301S-induced neurodegeneration and
neuroinflammation. These data strongly support apoE4’s gain of toxic effects on tau pathology
and its related neurodegeneration and neuroinflammation, all of which are independent of Aβ [37].
There is also significant evidence that apoE expressed in neurons contributes more
significantly to tau pathology than astrocytic apoE. In response to injury or stress such as normal
aging, neurons express apoE, likely to facilitate transport of cholesterol and other lipids for
membrane repair and/or remodeling [15]. As mentioned above, apoE4 is highly susceptible to
neuron-specific proteolysis, which generates neurotoxic fragments [13,38–40]. These fragments
escape the secretory pathway and enter the cytosol, where they stimulate tau-phosphorylation and
interact with mitochondria, leading to mitochondrial dysfunction and neurodegeneration [6]. In
particular, GABAergic interneurons are particularly vulnerable to apoE4 fragment-mediated
neurotoxicity, and in apoE4 fragment transgenic mice, knocking out tau rescues GABAergic
interneuron loss as well as learning and memory deficits, demonstrating the tau-dependent nature
of apoE4-induced cognitive impairment [34].
Many discoveries have been made with regards to apoE4’s role in AD pathogenesis from
in vivo models. However, there are human specific characteristics of the disease that apoE4 mouse
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models fail to replicate. Therefore, in order to model the human specific aspects of apoE4 toxicity,
one must use human cells. Recently, in vitro models, and more specifically human stem cell
derived neuronal models, have offered new opportunities to understand apoE biology and
pathophysiology in a human specific manner.
1.3 Modeling ApoE4 Toxicity In Vitro
In vitro models provide an environment that can be controlled to a much larger degree and with
higher resolution than in vivo. Furthermore, using human induced pluripotent stem cell (hiPSC)derived neurons, one can model the human specific aspects of apoE4 toxicity. Multiple groups
have demonstrated that one can model apoE4 toxicity in vitro and recapitulate some in vivo
pathologies as well as identify human specific aspects of the disease. For example, in hiPSCderived isogenic apoE4/4 neurons, genes known to control synaptic function were significantly
downregulated, there was an increase in Aβ42 secretion, and an increase in hyperphosphorylated
tau levels in isogenic apoE4/4 neurons versus apoE3/3 controls [41]. Our lab also recently
modeled the gain-of-toxic function of apoE4 on hiPSC-derived neurons in vitro [42]. We found
that apoE4/4 neurons produced significantly more Aβ and phosphorylated tau than apoE3/3
neurons. ApoE4/4 GABAergic interneurons in particular showed degeneration and displayed
significantly elevated phosphorylated tau levels compared to apoE3/3 GABAergic interneurons.
Converting APOE4 to APOE3 by gene editing rescued these pathologies, including tau
hyperphosphorylation, Aβ40 and Aβ42 overproduction, and GABAergic interneuron loss,
suggesting that neuronal apoE4 expression alone was sufficient to induce these interneuron
pathologies. Perhaps most interestingly, we demonstrated that the Aβ40 and Aβ42 overproduction
in neurons was a human specific phenomenon. More specifically, there was no difference in Aβ40
and Aβ42 production in mouse iPSC-derived neurons regardless of apoE genotype, whereas in
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apoE4/4 hiPSC-derived neurons there was overproduction of Aβ40 and Aβ42. However, while
hiPSC-derived neurons have been shown to be a valuable tool with which to model apoE4 toxicity
in a human specific manner, there are remaining questions that cannot be answered in vitro.
Namely, how the source of apoE or the general toxic ‘milieu’ of the apoE4 brain may interact with
hiPSC-derived neurons with different APOE genotype and what aspects of the in vitro model
induces artifacts in the data. Therefore, it is essential that we use new models in order to combine
the benefits of the in vivo environment while studying the disease in a human specific context. A
method that holds great promise in this regard is in vivo chimeric disease modeling.
1.4 In Vivo Chimeric Disease Modeling
In vivo and in vitro models have their strengths as well as weaknesses. In vivo models allow one
to better understand the interaction between multiple cell types in a disease context, incorporating
all the nuance of the in vivo environment. However, as highlighted by recent in vitro studies, there
are human specific aspects to the disease that can only be replicated by using human cells. In vitro
models allow one to study the human specific nature of the disease through the use of relevant
human stem cell derived cell types. However, while the in vitro system allows one to study the
disease in a human specific context, it lacks the complexity of the in vivo environment and may
introduce variables that confound experimental results. Chimeric disease modeling attempts to
combine the advantages of both the in vivo and in vitro systems in order to more faithfully
recapitulate human disease in order to develop more effective therapeutics.
Chimeric disease modeling involves transplanting human cells into the mouse brain in
order to study human specific pathology in the in vivo environment. The in vivo environment has
been demonstrated to promote maturity of transplanted cells more so than the in vitro environment,
allowing researchers to study hiPSC-derived neurons in a more mature state, which is more akin
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to the disease conditions in humans [43–46]. Recently, multiple groups have demonstrated that
human cells transplanted into the mouse brain can reflect AD pathology [44,47]. Therefore, we
aimed to build on this technique and use chimeric disease modeling in order to provide new
insights into neuronal susceptibility to apoE4 toxicity.
1.5 Research Purpose
Our lab has previously demonstrated both in vivo and in vitro that there is a tau-dependent gainof-toxic function of neuronally expressed apoE4 and this is particularly harmful to GABAergic
inhibitory interneurons. However, both of these model systems have their flaws. We therefore used
chimeric disease modeling in order to incorporate the advantages of each model system.
We transplanted hiPSC-derived neurons into the mouse brain in order to better understand
apoE4 pathology in hiPSC-derived excitatory or inhibitory neurons. Using established
differentiation methods, we generated either mixed (~85% excitatory and ~15% inhibitory
neurons) (MN) or enriched inhibitory neuron (IN) (>90% inhibitory) populations derived from
both an apoE4/4-hiPSC line or an isogenic apoE3/3 (iE3/3)-hiPSC line and transplanted these
hiPSC-derived neurons into the hippocampi of either apoE3/3-KI or apoE4/4-KI mice in order to
better understand how neuronal lineage (inhibitory or excitatory), or apoE source (graft of host)
contribute to apoE4-mediated neuronal pathology. In doing so, we were able to identify molecular
pathology that sheds light on the selective vulnerability of human neurons to intra-cellularly
expressed apoE4 as well as the toxic ‘milieu’ of the apoE4 brain.
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CHAPTER 2: MATERIALS AND METHODS
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2.1 Generation of mCherry-Expressing hiPSC Lines
The apoE4/4 hiPSC line was generated as described from skin fibroblasts of a subject with an
APOE4/4 genotype [48,49]. The iE3/3 hiPSC line was generated from this parental apoE4/4
hiPSC line by gene editing as previously described [42]. hiPSCs were maintained under feederfree conditions in mTeSR1 medium (STEMCELL Technologies) and routinely passaged 1:101:15 by brief treatment with Accutase (Millipore). The hiPSC protocol was approved by the
Committee on Human Research at the University of California San Francisco. In order to achieve
constitutive mCherry expression, we knocked in an mCherry expression cassette into the AAVS1
locus of both the apoE4/4 hiPSC line and the isogenic apoE3/3 hiPSC line. pCas9-GFP (Addgene
#44719) [50] and gRNA_AAVS1_T2 (Addgene #41818) [51] were used to target the AAVS1
locus and insert the CAG-mCherry expression cassette (Addgene #80946) [52]. Integration of the
construct at the proper locus was analyzed by polymerase chain reaction (PCR) similarly to
previous methods [53]. A junction PCR spanning the 3’ end of the wild type sequence and the 5’
site of the construct was used to assess proper targeting. Primers for the 3’ end of the wild type
sequence and 5’ end of the construct were 5’-CGGTTAATGTGGCTCTGGTT-3’ and 5’GTGGGCTTGTACTCGGTCAT-3’ respectively (expected product size = 1068bp). Additionally,
homozygosity of mCherry integration was tested by PCR spanning the wild type sequence.
Successfully homozygous integration would result in no band in the PCR gel as the expected
sequence was over 8kb and therefore too large for a successful standard PCR reaction. Primers
used were (WT-AAV-F) 5’-CGGTTAATGTGGCTCTGGTT-3’ and (WT-AAV-R) 5’AGGATCCTCTCTGGCTCCAT-F’.

10

2.2 Generation of Mixed hiPSC-derived Neurons
Mixed hiPSC-derived neuronal populations were derived based on methods developed previously
from our lab and elsewhere. Three 10cm-dishes (Corning) of 85% confluent hiPSCs-were
dissociated with a brief treatment of Accutase (Millipore). After hiPSCs were dissociated,
Accutase was neutralized by addition of equal volume of N2B27 medium (50% DMEM/F12
(Gibco), 50% Neuralbasal Medium (Gibco), 1%NEAA (Gibco), 1% Glutamax (Gibco), 0.5%
Pen/Strep (Gibco), 1X N2 Supplement (Gibco), 1X B27 Supplement (Gibco)). hiPSCs were
centrifuged and re-suspended in N2B27 media with the addition of 10µM SB (Stemgent) and
0.25µM LDN (Stemgent) as well as 10µM Rock Inhibitor (Tocris) in a T-175 flask (Thermo
Scientific). After 24 hours, hiPSCs formed small spheres (neurospheres) and were centrifuged and
resuspended in SB and LDN only. This was repeated every 48-hours until 7 days post
differentiation. On day 7, the neurospheres were plated down onto two 10cm dishes coated with
growth factor reduced Matrigel (Corning) and allowed to form neuronal rosettes. During this time
rosettes were sustained by N2B27 media alone and half of the media was replaced every 48-72
hours depending on the rate of media consumption. On day 20, rosettes had formed immature
neuronal populations and were dissociated for maturation. Rosettes were treated with Accutase for
5-10 minutes until they dissociated under gentle pipetting. Once dissociated, neuronal progenitors
were filtered through a 40µm strainer (Fischer) in order to ensure a single cell suspension. They
were then plated into tissue culture plates that were first coated with Poly-L-Lysine (Sigma)
overnight at 37°C, washed 3X with PBS (Gibco) and then coated with Laminin (Gibco, 6µg/mL)
overnight at 37°C. Neurons were plated in N2B27 medium supplemented with 10µM DAPT
(Tocris), 10µg/mL BDNF (Peprotech), and 10µg/mL GDNF (Peprotech) for one week after which
DAPT was removed.
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2.3 Generation of hiPSC-derived Inhibitory Neurons
Three 10cm-dishes (Corning) of 85% confluent hiPSCs-were dissociated with a brief treatment of
Accutase (Millipore). After hiPSCs were dissociated, Accutase was neutralized by addition of
equal volume of KSR medium (DMEM (Gibco), 20% Knockout Serum (Gibco), 1%NEAA
(Gibco), 1% Glutamax (Gibco), 0.5% Pen/Strep (Gibco), and 10µM Beta-mercaptoethanol
(Sigma)). hiPSCs were centrifuged and re-suspended in KSR media with the addition of 10µM SB
(Stemgent), 5µM IWP-II (Millipore), 0.1µM SAG (Millipore) and 0.25µM LDN (Stemgent) as
well as 10µM Rock Inhibitor (Tocris) in a T175 flask (Thermo Scientific). After 24 hours, hiPSCs
formed small spheres (neurospheres) and were centrifuged and resuspended in SB, IWP-II, SAG,
and LDN only. This was repeated every 48-hours until 8 days post differentiation. On day 8, SB
was removed from KSR media and replaced with FGF8 (Peprotech, 100ng/mL). IWP-II, SAG,
and LDN concentrations remained the same. Media and supplements were replaced every 48 hours
until day 14. On day 14, the neurospheres were plated down onto two 10cm dishes coated with
Poly-L-Lysine (Sigma) overnight at 37°C, washed 3X with PBS (Gibco) and then coated with
Laminin (Gibco, 6µg/mL) overnight at 37°C and allowed to form neuronal rosettes in N2 media
(DMEM/F12 (Gibco), 1x N2 Supplement (Gibco), 1% NEAA (Gibco), 1% Glutamax (Gibco),
0.5% Pen/strep (Gibco)) supplemented with 50% of rosette media was replaced every 48 hours
until day 21 at which point the media was replaced with N2B27 with supplemented with 10µM
DAPT (Tocris), 10µg/mL BDNF (Peprotech), and 10µg/mL GDNF (Peprotech) for one week after
which DAPT was removed.
2.4 Flow Cytometry
Inhibitory interneurons were isolated between D28-35, for flow cytometry analysis in order to
confirm inhibitory lineage with NKX2.1 (SCBT) and GABA (Millipore). IN’s were first washed
12

briefly with 1X PBS (Gibco). The PBS was then aspirated away and replaced with Accutase
(Millipore) for 10-15 minutes until cells dissociated with gentle tapping. The Accutase was then
neutralized with an equal volume of N2 medium and centrifuged for 3 minutes at 200g. After
centrifugation, the supernatant was aspirated away and cells were resuspended gently in FACS
buffer (2% FBS (Gibco) in PBS). Cells were centrifuged again for 3 minutes at 200g, the
supernatant was aspirated, and cells were resuspended in 4% paraformaldehyde for 30 minutes
gently shaking at 4°C. Cells were centrifuged, resuspended in FACS buffer, centrifuged, and
resuspended in permeabilizing solution (0.1% Triton X-100 in PBS) at room temperature for 10
minutes. After permeabilization, cells were centrifuged, supernatant was aspirated and cells were
resuspended in blocking solution (10% NDS + 0.5% Triton-x in PBS) for 30 minutes. After
blocking, cells were centrifuged, supernatant was aspirated and resuspended in antibody dilution
buffer (1% NDS (Jackson labs) in PBS) containing primary antibody. Cells were incubated in
primary antibody for 30 minutes at 4°C. After primary antibody incubation, cells were centrifuged,
resuspended in FACS buffer, centrifuged, supernatant was aspirated and cells were resuspended
in antibody dilution buffer containing fluorescent secondary antibody for 30 minutes at 4°C
protected from light. After secondary antibody incubation, cells were centrifuged, and resuspended
in FACS buffer. Cells were then filtered through a 40µm strainer (Fisher) to a final concentration
of 1x106 cells/mL and were analyzed in a BD LSRII flow cytometer (BD Biosciences). Analysis
was performed on FlowJo and supervised by the Gladstone flow cytometry core.
2.5 Electrophysiology
Cultured cells or brain slices were placed into a submerged recording chamber with ACSF solution
containing (in mM): NaCl 124, NaHCO3 26, Glucose 10, NaH2PO4 1.25, KCl 2.5, MgCl2 1.25,
CaCl2 1.5. Patch pipettes were filled with potassium-gluconate based solution containing (in mM):
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K-gluconate 122.5, KCl 8, HEPES 10, MgCl2 2, EGTA 0.2, ATPNa 2, and GTPNa 0.3. For
synaptic current recordings in cultured cells, cesium-based intracellular solution was used
containing (in mM): 130 CsCl, 1 CaCl2, 2 MgCl2,10 Hepes-NaOH, 0.2 EGTA-KOH, 2.5 Na2ATP
and 0.5 Na2GTP. Neurons were imaged using a modified Olympus BXW-51 microscope with a
60x objective (Scientifica Inc, Great Britain). Patch-clamp recordings were performed using a
Multiclamp 700B amplifier (Molecular Devices, CA, USA). The signals were sampled at 10 kHz,
low-pass filtered at 0.2 kHz and digitized using a Digidata 1550B with Clampex 9.6 software
(Molecular Devices, CA, USA). Data analysis was performed using IgorPRO software and custom
macros (Wavemetrics Inc, USA). For synaptic current recordings of cultured cells, 6-cyano-7nitroquinoxaline-2,3-dione (CNQX, 20µM), D-(–)-2-amino-5-phosphonopentanoic acid (APV,
50µM) were applied in the ACSF to selectively block excitatory synaptic currents, and SR95531
(Gabazine, 25µM) to block GABAA receptor-mediated currents. Spontaneous post-synaptic
currents (PSCs) were recorded in voltage-clamp configuration at a holding potential of -70mV.
For recordings in ex-vivo brain slices, target neurons were identified by mCherry fluorescence;
spontaneous excitatory post-synaptic currents (sEPSCs) were recorded in voltage-clamp mode at
a holding potential of -70mV, while spontaneous inhibitory post-synaptic currents (sIPSCs) were
recorded in voltage-clamp mode at a holding potential of -50mV.
2.6 Immunocytochemistry
Cells on coverslips were fixed in 4% paraformaldehyde for 15 minutes and washed three times
with 1X-PBS. Cells were treated with 0.5% Triton-X (Sigma) for 5 minutes followed by 1-hour
blocking with 10% Normal Donkey Serum, 0.5% Triton-X in PBS before incubation with primary
antibodies overnight at 4°C. Cells were then washed three-times with 1X PBS and incubated for
1-hour at room temperature with fluorescently conjugated secondary antibodies. Cells were
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mounted with Vectashield gold containing DAPI for nuclear staining. Images were collected with
a LSM 880 confocal microscope (Zeiss).
2.7 Transplantation
IN’s (D28-35) or Mixed hiPSC-derived neurons (D28–35) were washed in 1X PBS which was
then aspirated and replaced with warm Accutase (Millipore) for 15 minutes or until neurons
dissociated with gentle tapping. Accutase was neutralized with N2B27 medium to bring total
volume >30 mL and then cells were filtered through a 40µm strainer (Fischer) in order to ensure
a single cell suspension. Single cells were then centrifuged and resuspended to concentration of
1000 cells/nL in 1X HBSS (Gibco) supplemented with 10µg/mL BDNF (Peprotech), and 10µg/mL
GDNF (Peprotech) and 100µg/mL DNAseI (Roche) and kept at 4°C for transplantation. apoE4KI and apoE3-KI mice at 6 months of age were anesthetized with 80µL of ketamine (10mg/mL)
and xylazine (5mg/ml) in saline solution and maintained on 0.8-1.0% isofluorane (Henry Schein).
Cell suspensions (~1000 cells/nL) were loaded into ~60µm tip diameter, 30° beveled glass
micropipette needles (Nanoject, Drummon Scientific Company). Bilateral rostral and caudal
stereotaxic sites were drilled with a 0.5 mm microburr (Foredom, Fine Science Tools), and the
coordinates used for hilar transplantation were X= ±1.65, Y= 2.00, Z = 1.7 and X = ± 2.90,Y =
3.20, Z = 2.2, with Z measured from the surface of the brain (David Kopf Instruments). At each
transplant site, ~20nL (~20,000 cells) were injected and allowed to diffuse for 3 min. For recovery,
mice were sutured with 6–0 monofilament nonabsorbent nylon sutures (Ethicon), administered
analgesics ketophen (100 µL at 1 mg/mL) and buprenorphine (100 µL at 7.5 µg/mL) in saline
solution, and monitored on a heating pad.
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2.8 Immunohistochemistry
Animals were sacrificed 7–8 months post transplantation (MPT) with an overdose of avertin and
perfused with 0.9% saline solution followed by 48 hours incubation in 4% PFA at 4°C, 24 hours
incubation in 1X PBS, and 48 hours in 30% Sucrose (Sigma) or until sunk. Coronal sections were
cut on a microtome at a thickness of 30µm and stored in cryoprotectant solution (30% Ethylene
Glycol, 30% Glycerol, 40% 1X PBS). For immunohistochemical staining, slices were first
transferred to a 24-well plate in PBS for washing. Slices were washed 3x10min in PBS to remove
cryoprotectant solution and another 2x15min in PBS-T (PBS + 0.1% Tween-20 (Sigma)). Slices
were then transferred to blocking solution (10% NDS (Jackson Labs), 0.2% Gelatin (Sigma), 0.5%
Triton-X (Sigma) in PBS) for 1 hour at room temperature. After blocking, slices were washed
1x10min in PBS. PBS was then aspirated and slices were incubated in Mouse on Mouse Blocking
Buffer (M.O.M Vectashield kit (1 drop M.O.M IgG/5mL PBS)) for 1 hour at room temperature.
After M.O.M block, slices were incubated in primary antibody diluted in M.O.M antibody dilution
buffer ([1:12.5] M.O.M Protein Concentrate)) at 4°C overnight. After primary antibody
incubation, slices were washed 3x10 min in PBS-T (PBS + 0.1% Tween-20 (Sigma)) and then
incubated in fluorescent secondary antibodies diluted in M.O.M antibody dilution buffer for 1 hour
at room temperature protected from light. After secondary antibody incubation, slices were washed
3x10 min in PBS and mounted onto microscope slides (Fischer) and mounted with Vectashield
with DAPI.
2.9 Quantification and Statistical Analyses
Where applicable, all statistical details of the experiments including tests used, value of n,
definition of center, and dispersion measures can be found in the corresponding figure legend.
Additional description of statistical methods used is detailed on a per-experiment basis below.
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CHAPTER 3: Chimeric Disease Modeling of ApoE4’s Effects in Human Neurons
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3.1 Rationale
Our lab has previously demonstrated that the source of apoE influences the corresponding
pathological response from human neurons. More specifically, we have demonstrated through a
combination of in vivo and in vitro models that neuronally expressed apoE4 undergoes proteolysis
and generates neurotoxic fragments more readily than apoE3. These neurotoxic fragments promote
tau pathology and neuronal death, and GABAergic inhibitory interneurons appear to be
particularly susceptible to apoE4 effect. However, current model systems are limited. In vivo
systems lack human specificity and in vitro systems using hiPSC-derived neurons lack the
complexity and support of the in vivo environment. Therefore, we set out to model apoE4 toxicity
in a chimeric disease model in which we transplanted hiPSC-derived neurons (donor) into the
mouse brain (host). This model allows us to address three fundamental questions: 1) How does
donor apoE genotype affect pathology? 2) What is the difference in pathology of excitatory versus
inhibitory donor neurons? 3) How does the interaction between donor and host apoE impact
pathology? By answering these questions in in a chimeric disease model, we stand to gain a more
accurate insight into the nature of apoE4 pathology in a context that most closely resembles AD
in humans.
3.2 Generation of Functional Mixed and Inhibitory Neurons
An apoE4/4-hiPSC line was previously generated from an AD patient using established methods
[48,49]. From this apoE4/4-hiPSC line, we generated an isogenic apoE3/3-hiPSC line as
previously reported [42]. In order to identify live human neurons within the mouse brain, we
engineered constitutively expressing mCherry hiPSCs by knocking in an mCherry expression
cassette driven by the CAG promoter into the human AAVS1 locus using CRISPR [52] (Figure
3.2.1A). Integration of the reporter construct was confirmed by PCR and homozygous clones were
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selected from both hiPSC lines (Figures 3.2.1B and 3.2.1C). E4/4 and iE3/3-hiPSC lines
maintained pluripotent morphology, mCherry expression, expression of classical hiPSC markers
and a normal karyotype (Figure 3.2.1D–3.2.1Q). We differentiated both the E4/4 and iE3/3mCherry hiPSC lines into either MNs or INs through established methods [42,54,55] (Figures
3.2.2A and 3.2.2B). Progenitors of MNs, at day 20 of differentiation, expressed high levels of the
general forebrain marker FOXG1, the dorsal telencephalic marker PAX6, and to a lesser extent
the Medial Ganglionic Eminence (MGE) marker NKX2.1, which marks the majority of developing
inhibitory neurons in the brain [56], indicating that the MN cultures contained a mix of
predominantly excitatory neuronal progenitors and a minority of inhibitory neuron progenitors
(Figure 3.2.2C–3.2.2H). The IN progenitors, at day 21 of differentiation, also expressed high levels
of FOXG1. However, unlike MNs, IN progenitors displayed extensive NKX2.1 expression and
very little PAX6 expression indicating that the IN differentiation enriched for inhibitory neuron
precursors (Figures 3.2.2I–3.2.2N). To further validate the lineage of the INs, we measured the
percentage of NKX2.1+ cells using flow cytometry. Between day 28–35, IN cultures consisted of
>95% NKX2.1+ cells and >90% GABA+ cells indicating that the vast majority of the IN cultures
expressed classical markers of inhibitory neurons (Figure 3.2.2O–3.2.2Q). Next, we wanted to
assess the lineage commitment of both mixed and IN cultures at the time of transplantation by
immunocytochemistry (Figure 3.2.3A and 3.2.3B). At day 28–35 of differentiation, both the MN
and IN cultures expressed appropriate lineage specific markers as well as general neuronal
markers. Both the E4/4 and iE3/3 hiPSC-derived MNs and INs expressed neuronal markers MAP2
and TUJ1 (Figure 3.2.3C–3.2.3J). MNs highly expressed the excitatory markers TBR1 and vGlut1,
with a minority of MNs expressing the inhibitory neurotransmitter GABA (Figure 3.2.3K–3.2.3L,
3.2.3O, and 3.2.3P). E4/4 and iE3/3 INs were negative for vGlut1 or TBR1 but displayed extensive
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GABA staining, indicating the IN cultures were enriched for INs (Figure 3.2.3Q, 3.2.3R, 3.2.3U,
and 3.2.3V).
We also wanted to determine whether or not the MN or IN cultures were functional in vitro
before transplantation in order to assess maturation as well as in order to validate the purity of IN
cultures electrophysiologically. Between day 56 and 63 of differentiation, hiPSC-derived neurons
that had been co-cultured with primary rat astrocytes starting at day 35 in order to facilitate
electrophysiological maturation underwent patch-clamp recording. iE3/3-mixed and E4/4-mixed
neurons fired action potentials (Figure 3.2.3W and 3.2.3X) and received spontaneous post synaptic
currents (PSCs). In order to better understand the composition of MN cultures, the cells were
treated with CNQX and APV, which are AMPA and NMDA receptor antagonists, respectively. In
the iE3/3 and E4/4 MN cultures, ~60% of PSCs were blocked upon treatment with CNQX and
APV, and the remainder were eliminated upon treatment with Gabazine, a GABA receptor blocker
(Figure 3.2.3W and 3.2.3X), indicating that the input on a given cell in the MN cultures was from
a mixture of excitatory and inhibitory neurons. iE3/3-INs and E4/4-INs were capable of firing
action potentials and receiving PSCs as well (Figure 3.2.3Y and 3.2.3Z). When treated with CNQX
and APV, PSC frequency remained unchanged in the IN cultures. However, upon treatment with
Gabazine, all PSC activity was blocked, indicating that the overwhelming majority of synaptic
inputs on a given IN cell were GABAergic (Figure 3.2.3Yand 3.2.3Z). Taken together, these
results demonstrate that iE3/3-mCherry and E4/4-mCherry hiPSC are capable of generating MNs
as well as enriched IN populations and that the resulting neurons are capable of maturing into their
respective lineages and are electrophysiologically functioning in vitro.
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3.3 iE3/3 and E4/4 hiPSC-derived Neurons Survive and Functionally Integrate into the
Mouse Hippocampus
After validating the lineage commitment and functionality of MN and IN populations in vitro, we
transplanted them into the mouse hippocampus in order to model apoE4 toxicity in an in vivo
environment. iE3/3-MNs, iE3/3-INs, E4/4-MNs, and E4/4-INs were transplanted bilaterally into
the hippocampi of 6-month-old apoE3/3-KI and apoE4/4-KI mice. An immunosuppressant
cocktail was administered on day 0, 2, 4, and 6 post transplantation in order to block the host
immune response and ensure that the human cells to survive in the mouse brain [57] . After 7–8
months

post

transplantation

immunohistochemical

and

electrophysiological

analyses

demonstrated that transplanted neurons had survived, maintained their appropriate lineage, and
integrated functionally into the surrounding network. All hiPSC-derived neurons expressed
mCherry, human nuclear antigen (HNa) (Figure 3.3.1A–3.3.1D) as well as the neuronal nuclear
marker NeuN (Figure 3.3.1E–3.3.1H). There were very few NKX2.1+ human nuclei in the iE3/3MN and E4/4-MN transplants whereas the iE3/3-IN and E4/4-IN transplants displayed extensive
NKX2.1+ nuclei, indicating that the IN transplants were comprised predominantly of neurons from
an inhibitory lineage, while the MN transplants were comprised predominantly of non-inhibitory
neurons (Figure 3.3.1I–3.3.1L). Conversely, there was extensive vGlut1 staining in both iE3/3MN and E4/4-MN transplants whereas iE3/3-IN and E4/4-IN transplants displayed very little
vGlut1 expression, confirming that MN transplants were comprised predominantly of excitatory
neurons (Figure 3.3.1M–3.3.1P). Strikingly, while transplanted neurons did not migrate away from
the transplant core, they generated extensive projections that propagated throughout the
hippocampus, perhaps indicating the necessity of a migratory signal for migration of the
transplanted neurons (Figure 3.3.1Q and 3.3.1R). In order to understand if the transplanted neurons

21

were functional after transplantation, we recorded action potential as well as spontaneous PSCs
from transplanted neurons. As shown in Figure 3.3.1S and 3.3.1T, both the MN and IN transplants
were capable of firing action potentials as well as receive both excitatory and inhibitory synaptic
inputs 7–8 months after the transplantation.
3.4 Mouse Microglia Do Not Initiate a Neuroinflammatory Response Regardless of Donor or
Host ApoE Genotype
Given the importance of microglia in AD, and in particular in the context of apoE [58,59], it was
necessary to better understand how endogenous microglia from either the apoE3/3-KI or apoE4/4KI mouse brain responded to hiPSC-derived neuronal transplants of different lineage and apoE
genotype. It has been shown that apoE4 expression is sufficient to initiate an activated microglial
state, leading to a pro-inflammatory phenotype when compared to apoE3 [59]. Therefore, we
hypothesized that endogenous microglia from apoE4-KI mice would respond with a stronger
neuroinflammatory response than apoE3-KI mouse microglia and this would perhaps provide
some insight into how the disease brain environment influences individual neuronal health. We
analyzed the number of Iba1+ microglia either infiltrated the center of the transplanted neurons or
accumulated around the perimeter of the transplant in order to better understand what the
microglial response was, and if there was any significant difference dependent on host apoE
genotype or donor cell lineage and/or apoE genotype. This analysis revealed that endogenous
mouse microglia surround and infiltrate the human transplants (Figure 3.4.1A–3.4.1H). However,
there was no significant difference in the number of Iba1+ microglia either infiltrating the
transplant (Figure 3.4.1I), or surrounding the perimeter of the transplant area (Figure 3.4.1J).
Indicating that hiPSC-derived neurons do not initiate a strong activated microglial response
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regardless of lineage and APOE genotype, at least at the time of 7–8 months after the
transplantation.
3.5 Human Neurons Produce Ab in the Mouse Brain, which Is Phagocytosed Less Efficiently
by ApoE4 Microglia
In vitro models of amyloid pathology using neurons do not generate Ab aggregates, and therefore
one cannot analyze amyloid production and aggregation in detail. There have been some advances
in order to address this challenge such as using 3D matrigels in order to allow amyloid to
accumulate; however, these systems lack the full complexity of the in vivo environment, such as
vasculature and non-neuronal cells which may play significant roles in amyloid accumulation and
clearance [60]. Furthermore, studying this phenomenon purely in vitro does not allow one to study
any potential differences with regards to clearance or neuroinflammatory response by the
endogenous brain cells in an apoE-KI model. Previous in vitro studies have demonstrated that
hiPSC-derived neurons produce Ab [42,60]. However, apoE4-KI mouse models do not generate
amyloid plaques, making an in vivo study on apoE4’s role alone in amyloid production,
accumulation, and clearance without the addition of amyloid processing mutations in mice
challenging. Therefore, we set out to investigate whether transplanted hiPSC-derived neurons
generate Ab aggregates in vivo, and if so, is there a pathological pattern that correlates to apoE
genotype and/or neuronal lineage. Using immunohistochemistry, we show that human neuron
transplants produce Ab (Figure 3.5.1A–3.5.1H). Interestingly, hiPSC-derived MNs, which are
primarily excitatory, generated significantly more Ab than IN transplants (Figure 3.5.1I).
Additionally, MN transplants in the apoE4/4-KI mouse brain produced dramatically more Ab
aggregates than MN transplants in the apoE3/3-KI mouse brain (Figure 3.5.1I). Taken together,
we can conclude that hiPSC-derived MNs produce more Ab aggregates than hiPSC-derived INs,
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pointing to excitatory neurons as a primary contributing factor to Ab pathology. Furthermore, we
can conclude that the apoE4-KI brain promotes Ab aggregation. Notably, the ability to model how
the in vivo environment affects human neuronal pathology highlights the advantage of the chimeric
disease modeling system. Most importantly, this is the first study showing that human neurons
without FAD mutation can generate visible Ab aggregates in mouse brains.
In addition to understanding the production of Ab in hiPSC-derived neuronal transplants,
we were also interested in understanding how apoE genotype influences microglial response to Ab
(Figure 3.5.1J–3.5.1Q). When we quantified colocalization of Iba1+ microglia with 3D6+ Aβ
puncta we saw that in the apoE3-KI mouse hippocampus, there was no significant difference
between transplanted cells regardless of apoE status or lineage. However, in the apoE4-KI mouse
hippocampus, regardless of transplant lineage or apoE status, there was a drastic and significant
decrease in the percentage of Aβ puncta co-localized with microglia, indicating that there is a
dramatic deficit in the ability of apoE4 microglia to identify and phagocytose Aβ (Figure 3.5.1R).
One potential explanation to the increase in number of Aβ puncta within the apoE4-KI mouse
hippocampus therefore is that the MN transplants produce more Aβ puncta than the IN transplants,
and this combined with the deficit in phagocytosis by apoE4 microglia leads to an increase in the
overall number of Aβ puncta (Figure 3.5.1I). To our knowledge, this is the first observation that
apoE4 microglia have decreased capability of phagocytosis of Aβ aggregates.
3.6 ApoE4/4 IN’s Display Tau Pathology Primarily in the ApoE4/4 Mouse Brain
In order to better understand the pathological consequence of the unique differential gene
expression related to AD in apoE4/4-INs we analyzed tau pathology in the transplanted human
cells. This was done by quantifying through immunocytochemistry the amount of tauhyperphosphorylation in each of the transplant settings. In the core of the transplants, we first
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analyzed the amount of tau phosphorylation by measuring the intensity of PHF-1 and AT8 staining.
Interestingly, there was no significant difference in the intensity of p-tau staining in MN transplants
regardless of host or donor apoE genotype (Figure 3.6.1). Additionally, iE3/3-IN’s displayed no
significant difference in the intensity of p-tau regardless of being transplanted into the apoE3-KI
or apoE4-KI mouse brain. However, the intensity of PHF-1 staining was significantly higher in
apoE4-IN’s transplanted into the apoE4-KI mouse brain (Figure 3.6.1I). AT8 intensity also trended
in a similar pattern (Figure 3.6.1R). In addition to measuring p-tau fluorescent intensity, we also
set out to analyze the amount of p-tau present in the axonal projections of the transplanted neurons.
We measured this by analyzing PHF-1 and AT8 co-localization within mCherry+ projections.
Similar to the transplant core, the iE3/3-MN, E4/4-MN, and iE3/3-IN transplants showed no
significant difference in PHF-1 staining regardless of transplant host (Figure 3.6.2A–3.6.2C and
3.6.2E–3.6.2G). This was also true for AT8 staining (Figure 3.6.2J–3.6.2L and 3.6.2N–3.6.2P).
Strikingly, the co-localization of PHF-1 was dramatically increased exclusively in the E4/4-IN’s
transplanted into the apoE4-KI mouse brain (Figure 3.6.2I) and this was also true for AT8 (Figure
3.6.2R). When quantified, p-tau co-staining was approximately 4-fold higher in E4/4-IN’s
transplanted into the apoE4-KI brain (Figure 3.6.2I and 3.6.2R). Taken together, these data indicate
for the first time that human IN’s are particularly predisposed toward tau hyperphosphorylation
and that in order for apoE4 mediated tau-pathology to present in hiPSC-derived IN’s in vivo, the
INs require the presence of both intraneuronal as well as extra-cellular apoE4.
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Figure 3.2.1

Figure 3.2.1. Genotyping Validation and Characterization of AAVS-1 mCherry hiPSCs.
(A) Genotyping strategy for AAVS1 targeting of the transgene expressing cassette. Red arrows
and blue arrows indicate PCR primers for AAVS1 locus junction or homozygosity, respectively.
(B–C) PCR genotyping of mCherry expressing hiPSC clones. The expected PCR products for
correctly targeted AAVS1 locus are ~1068bp. These clones underwent further homozygosity
assay, and those clones without PCR products are homozygous (C, blue asterisk). (D–I)
Immunostaining apoE4/4-AAVS1-mCherry hiPSCs for mCherry (E), and the pluripotency
markers OCT4 (F), Nanog (G), TRA-1-81 (H), and TRA-1-60 (I). (J) Karyotyping of
homozygous apoE4/4 AAVS1-mCherry hiPSC clone. (K–P) Immunostaining of isogenic
apoE3/3-AAVS1-mCherry hiPSCs for mCherry (L), and the pluripotency markers OCT4 (M),
Nanog (N), TRA-1-81 (O), and TRA-1-60 (P). (Q) Karyotyping of homozygous isogenic
apoE3/3 AAVS1-mCherry hiPSC clone. Scale bar, 100µm
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Figure 3.2.2

Figure 3.2.2. Validation of hiPSC-derived Neuronal Progenitor Lineages
(A) Mixed neuron differentiation protocol. B) IN neuronal differentiation protocol. (C–H)
Immunostaining of Day 21 Mixed hiPSC-derived mCherry positive neuronal progenitors coexpressing the dorsal telencephalic marker PAX6 (C and F), the general telencephalic marker
FOXG1 (D and G), and the inhibitory neuron progenitor NKX2.1 (E and H). Scale bar 100µm.
(I–N) Immunostaining of Day 21 IN hiPSC-derived mCherry positive neuronal progenitors coexpressing the dorsal telencephalic marker PAX6 (I and L), the general telencephalic marker
FOXG1 (J and M), and the inhibitory neuron progenitor NKX2.1 (K and N). Scale bar 100µm.
(O) Flow cytometry analysis of iE3/3-IN’s and E4/4-IN’s expression of NKX2.1 and GABA.
(P) Quantification of percentage of cells expressing NKX2.1. (Q) Quantification of percentage
of cells expressing GABA. Data are represented as mean ± SEM, two-tailed t-test:
****p<0.0001.
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Figure 3.2.3

Figure 3.2.3. Validation of Functional Mixed and Inhibitory Neurons
(A–B) Schematic diagram showing the starting hiPSC populations and the differentiated
neuronal lineages. (C–V) Immunocytochemical staining in each of the four hiPSC-derived
neuron groups (iE3/3-MN, E4/4-MN, iE3/3-IN, E4/4-IN) and validating their lineage using
general neuronal markers (MAP2 and TUJ1), excitatory neuron markers (vGlut1 and TBR1),
and an inhibitory neuron marker (GABA). Scale bar, 100µm. (W–Z) Whole-cell patch clamping
of +5 week old hiPSC-derived neurons. Proportion of inhibitory versus excitatory sPSCs in a
given lineage identified by blocking NMDA and AMPA receptors with CNQX and APV as
well as blocking GABA receptors with GABAzine. iE3/3-MN n=5, E4/4-MN n=6, iE3/3-IN
n=6, iE4/4-IN n=6.

28

Figure 3.3.1

Figure 3.3.1. iE3/3 and E4/4 hiPSC-derived Neurons Survive and Functionally Integrate into
the Mouse Hippocampus
Immunostaining shows grafted mCherry positive cells co-expressing human nuclear antigen
(HNa) (A–D), and the neuronal nuclear marker (NeuN). Immunostaining images show that the
majority of transplanted MNs (I and J) do not express the inhibitory neuron marker NKX2.1 and
the majority of IN transplants express NKX2.1 (K and L). Immunostaining images show that the
majority of transplanted MNs (M and N), and a very small amount of transplanted IN’s, (O and P)
express the excitatory neuron marker vGlut1. Scale bar, 25µm. (Q) Immunostaining images distal
to the transplant center demonstrate extensive mCherry+ projections. Boxed area is amplified to
the right (R). Scale bar, 500µm for large image, 50µm for magnified image. (S and T) Whole-cell
patch clamp recordings of MN (S) and IN (T) transplants.
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Figure 3.4.1

Figure 3.4.1. Mouse Microglia Do not Display a Differential Response to hiPSC-derived
Neuronal Transplants Regardless of ApoE Genotype or Neuronal Lineage
(A–H) Immunohistochemical staining of mCherry+ transplants and Iba1+ mouse microglia (green).
Scale bar, 50µm. (I) Quantification of number of mouse microglia per transplant area, normalized
to iE3/3 MN transplants into the apoE3-KI host. (J) Quantification of number of mouse microglia
bordering the transplant per transplant perimeter. Microglia were quantified blinded, by hand. Data
are represented as mean ± SEM, two-way ANOVA with Bonferroni correction for multiple
comparisons
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Figure 3.5.1

Figure 3.5.1. Human Neurons Produce Ab in the Mouse Brain, Which Is Phagocytosed Less
Efficiently by ApoE4 Microglia
(A–H) Immunohistochemical staining of mCherry+ transplants co-expressing amyloid (3D6)
(arrowheads; A–H). Arrowheads show 3D6+ staining in and immediately around the transplant
core Scale bar, 50µm. (I) Quantification of the number of 3D6+ puncta per transplant area,
normalized to iE3/3 MN transplants into the apoE3-KI host. Data are represented as mean ± SEM,
two-way ANOVA with Bonferroni correction for multiple comparisons: *p<0.05;**p<0.01. (J–Q)
Immunohistochemical staining of mCherry+ transplants and mouse microglia (white) co-localizing
with 3D6+ amyloid (green) Scale bar, 25µm. (R) Quantification of the percentage of Iba1+ mouse
microglia co-localizing with 3D6+ amyloid, normalized to Mixed-iE3/3 transplants into the E3-KI
host. Data are represented as mean ± SEM, two-way ANOVA with Bonferroni correction for
multiple comparisons: *p<0.05;**p<0.01;***p<0.001
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Figure 3.6.1

Figure 3.6.1. ApoE4/4 IN Transplant Cores Display Tau Pathology Primarily in the ApoE4/4
Mouse Hippocampus
(A–H) Immunohistochemical staining of mCherry+ transplant cores co-expressing PHF-1. Scale
bar, 25µm I) Quantification of the intensity of PHF-1 in the transplant area as a measure of tau
hyperphosphorylation. Normalized to iE3/3-MN transplants in the apoE3-KI host. (J–Q)
Immunohistochemical staining of mCherry+ transplant cores co-expressing AT8. Scale bar, 25µm.
(I) Quantification of the intensity of AT8 in the transplant area as a measure of tau
hyperphosphorylation. Normalized to iE3/3-MN transplants in the apoE3-KI host. Data are
represented as mean ± SEM, two-way ANOVA with Bonferroni correction for multiple
comparisons: **p<0.01.
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Figure 3.6.2

Figure 3.6.2. ApoE4/4 IN Transplant Projections Display Tau Pathology Primarily in the
ApoE4/4 Mouse Hippocampus
(A–H) Immunohistochemical staining of mCherry+ neuronal projections emanating from
transplants co-expressing PHF-1. Scale bar, 25µm. I) Quantification of the percentage of PHF-1
and mCherry co-localization. Data are represented as mean ± SEM, two-way ANOVA with
Bonferroni correction for multiple comparisons: ****p<0.0001. (J–Q) Immunohistochemical
staining of mCherry+ neuronal projections emanating from transplants co-expressing AT8. Scale
bar, 25µm. R) Quantification of the percentage of AT8 and mCherry co-localization as a measure
of tau hyperphosphorylation. Data are represented as mean ± SEM, two-way ANOVA with
Bonferroni correction for multiple comparisons: ****p<0.0001.
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Chapter 4: Discussion and Conclusion
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This study is the first to successfully model apoE4 toxicity in human neurons in the in vivo
environment. In doing so, we have revealed multiple insights into the human specific nature of
apoE4 toxicity and dissected the effect that environmental versus neuronally expressed apoE4 has
on human neurons of different lineages. We first demonstrated that normal hiPSC-derived neurons
produce more Ab aggregates in vivo, regardless of APOE genotype, while wild-type mouse
neurons do not, which highlights the necessity of modeling apoE effects in a human specific
manner. We also found that the apoE4 brain environment promotes Ab accumulation. This could
indicate that apoE4 promotes a toxic brain environment that increases amyloid production, perhaps
in part contributed by a deficit in microglial phagocytosis. Furthermore, we showed that hiPSCderived neuronal populations that are primarily excitatory in nature produce significantly more Ab
aggregates than hiPSC-derived inhibitory neurons.
We also found interesting patterns with regards to tau pathology that indicates a selective
vulnerability of inhibitory interneurons. As mentioned above, our lab has previously demonstrated
that inhibitory neurons are particularly vulnerable to apoE4’s gain-of-toxic effect, and that this
toxicity works through a tau dependent mechanism [34,42]. Using our chimeric disease modeling
system, we were able to demonstrate tau hyperphosphorylation and dissect part of the mechanism
that may be behind it. We demonstrated that apoE4 inhibitory neurons display increased levels of
hyperphosphorylated tau only when they are in the context of the apoE4 brain which reveals an
interesting combinatorial effect of the apoE4 environment plus neuronally expressed apoE4. From
this finding, we can conclude two things. One is that that hiPSC-derived inhibitory neurons have
a unique pathological tau response as a result of apoE4 toxicity in the in vivo environment. The
other is that neither the apoE4 environment or neuronally expressed apoE4 alone is sufficient to
promote tau hyperphosphorylation, but that the combination of neuronal apoE4 and the toxic
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‘milieu’ of the apoE4 brain is necessary for pathological tau production in apE4/4 hiPSC-derived
inhibitory neurons. Together, these conclusions promote the notion of selective vulnerability of
inhibitory neurons to apoE4-mediated tau hyperphosphorylation and are an example of why
modeling disease in the in vivo environment is essential for an accurate depiction of the disease
state.
Chimeric disease modeling allows one to identify the aspects of apoE4 pathology that are
unique to human neurons while at the same time incorporating the effects that the normal (apoE3)
or disease (apoE4) brain may have. This study identified that the apoE4 brain environment
exacerbates human neuron-derived Ab accumulation/aggregation without any modifications to
APP production or processing genes, a phenomenon that does not occur in any AD mouse model.
Moreover, the in vivo environment allowed us to study the amount of aggregates present and the
ability of microglia to respond to them, which is technically challenging in the in vitro. In addition,
we were able to identify inhibitory interneuron specific tau pathology that revealed the
combinatorial effect of environmental and neuronally expressed apoE4. Chimeric disease
modeling can be applied to a wide-ranging number of disease and is not exclusive to
neurodegenerative disease alone. In order to best recapitulate the disease state using human cells,
one must incorporate the in vivo environment into any study in order to understand the nuance of
a given pathological mechanism.
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Chapter 5: Future Directions
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While we gained significant insight into the nuance of apoE4 toxicity using the chimeric disease
modeling system, there are many more mechanistic insights that remain unanswered. The
immediate and most pressing question is: what are the transcriptional changes that lead to the
pathologies detailed above? More specifically, what is the mechanism that promotes amyloid
production in the mixed hiPSC-derived neurons and what about the apoE4 environment
exacerbates this process? Additionally, are there gene expression patterns that can define the
mechanism leading to the tau pathology we see in hiPSC-derived inhibitory neurons and can we
use this information to inform the development of future therapies? In order to answer these
questions, we have turned to single nucleus RNA-sequencing.
We labelled and sorted the human nuclei from the mouse brain using fluorescence activated
cell sorting and have recently begun to analyze the transcriptomic patterns that resulted from the
different transplant combinations. Using this data, we aim to identify gene expression patterns, at
single cell level, that may explain the disease pathology seen in this model system. Using these
data, we aim to better understand the mechanism underlying disease pathology and potentially
develop compounds that reduce it. This will be the first single nucleus RNA-seq acquired from
transplanted hiPSC-derived neurons that has been performed. This data can provide insight into
how the toxic ‘milieu’ of the apoE4 brain affects human neurons and may lead to insights into the
nature of the disease brain that can be broadened to apply to other neurodegenerative diseases.
Overall, the chimeric disease modeling system has demonstrated the human neuron specific nature
of apoE4 pathology and allowed us to parse out the role that neuronal versus environmental apoE4
has on disease mechanisms. In the future, understanding these mechanisms in more detail and
using this system to generate therapeutics will prove to be invaluable.
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