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ABSTRACT OF THE THESIS 

Patient-derived induced pluripotent stem cells for Alzheimer’s Disease Model and 

3D culture of neurons on a Multi-Electrode Array 

By  

Zhongwen Xiao 

Master of Science in Biomedical Engineering 

University of California, Irvine, 2017 

Assistant Professor Michelle Digman, Chair 

Induced pluripotent stem cells (iPSC) have opened a new direction on study of 

Alzheimer’s Disease due to their pluripotency. Differentiation of iPSC to neurons has been 

cultured in 2D successfully with solid proof including morphological, electrophysiological and 

immunological, but the yield is low and unpredictable.  However, 3D culture of neurons might 

be better approach human physiology. As a result, differentiation of iPSCs to neurons in a 3D 

environment has become a new research topic. We obtained 3 different iPSC cell lines from 

fibroblasts of, non-demented, mild cognitive impaired and demented human subjects. We 

differentiated these iPSCs first to neural stem cells (NSC) by neural induction, then into neurons 

on multi-electrode arrays to measure network electrical activity. We also cultured rat 

hippocampal neurons in both 2D and 3D environment of Matrigel on the MEAs to compare their 

average spike rate and average inter spike interval. The 3D cultures of rat neurons indicate a 

need for further optimization of the 3D matrix.  The low yields of neuroprogenitors and neurons 
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from human iPSC suggest a need for better control of the initial generation of the pluripotency of 

the iPSC
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1. INTRODUCTION 

1.1 Origin of the stem cell 

Stem cells are fascinating and alluring because of their potential as a renewable source of 

specific organ and cell types for tissue repair.  In 1978, Gregor Pindull discovered hematopoietic 

stem cells (HSCs) from cord blood, which generate blood cells in the human body. In the 1960s 

and 1970s, Friedenstein and his colleagues worked on a minor subpopulation of bone marrow 

cells, which were distinguishable from HSCs [1]. This minor subpopulation was first defined as 

mesenchymal stem cells (MSCs) in 1991 [2]. The distinguishable characterizations between stem 

cells and somatic cells are long-term self-renewal and the ability to differentiate to one or more 

cell types, termed pluripotency. Embryonic stem cells (ESC) are one source of pluripotent stem 

cells. They are derived from the blastocyst of the early embryo, which is approximately 5 days 

after in vitro fertilization, and capable of unlimited proliferation and differentiation in vitro [3]. 

However, derivation of ESCs is controversial because the extraction of blastocysts from the inner 

cell mass (ICM) of the embryo stops embryogenesis and kills the embryo. Extraction of HSCs 

and MSCs from bone marrow is invasive and low yield for large-scale studies. To perform stem 

cell research in a more humane way, a new solution has been developed by Kazutoshi Takahashi 

whereby somatic cells, such as fibroblasts, are reprogrammed into stem cells.  Reprogramming 

was achieved by specific induction of certain lineage-related proteins, to create induced 

pluripotent stem cells (iPSCs) [4].    
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1.2 Methods to create iPSCs 

Initially, three methods of reprogramming somatic cells have been determined. The first 

method was made famous by the birth of the sheep Dolly from insertion of nuclear content from 

an unfertilized egg into mammalian cells, udder cells. The resulting fused cell was totipotent 

with the same developmental potential as a fertilized egg [5].  This method is inefficient and 

unethical for humans.  The second method required use of protein extracts from an ESC or 

embryonic carcinoma cell to reactivate some essential factors [6].  This method used fusion of 

ESC and somatic cells to produce heterokaryons. By this method, the somatic nucleus gains a 

pluripotency-related gene expression profile [7]. Since 2006, Yamanaka and his colleagues have 

developed a more efficient way to reprogram a somatic cell into an iPSC with four transcription 

factors, Oct3/4, Sox2, c-Myc and Klf4 [8].  Each of these transcription factors plays a crucial 

role in controlling apoptosis, proliferation, induction and maintenance of pluripotency.  For 

example, c-Myc is balanced with Klf4 to promote cell growth over cell death. It also probably 

loosens up the chromatin structure of the somatic cells by binding at numerous sites of the 

genome and by recruiting multiple histone acetylase complexes [9]. The Oct3/4 and Sox2 are 

very important factors to maintain the pluripotency of the iPSCs [8]. The increasing amount of 

Oct3/4 will also designate the iPSCs to differentiation and the Sox2 is also related to the 

expression of Oct3/4[xx].  The reason we chose the third method was because it was fast, 

efficient and commercially standardized. 
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1.3 Applications for iPSCs – Alzheimer’s disease 

iPSCs have been widely applied to the study of neurological diseases, such as fragile X 

syndrome (FXS) [13], Rett syndrome [14], Down syndrome [15], Parkinson’s disease (PD) [16], 

Alzheimer’s disease (AD) [17, 20], and schizophrenia [18]. By acquiring fibroblasts from 

diseased patients, iPSCs were used to construct the disease model.  Some of the general 

neurological disease phenotypes initially studied are synaptic deficiency, inadequate neuronal 

maturation, abnormal response to oxidative stress and mitochondrial deficits [19].  The 

application of iPSC will not be restricted to patient specialized disease models. In the future, cell 

lines will be produced from iPSCs for tissue banking, drug screening, minor cell replacement and 

animal model constructs. Most of the differentiated iPSCs have identifiable biomarkers, but they 

may not have full biological function. For organ transplant purposes, further assembly of 3D 

models from iPSCs differentiated cells will be challenging.  Part of the challenge will be 

identifying appropriate scaffolds and extracellular matrices [21]. By then, organ transplantation 

could be much easier with homologous patient samples and ex-vivo repair without the difficulty 

of finding a donor. 

Alzheimer’s disease (AD) is a good example that could use iPSC technology to study the 

pathophysiology, pharmacology and possibly therapeutics. The age-related decline in neuronal 

self-renewal [22] is another target that may provide an opportunity for iPSC differentiated 

neurons to repair damaged circuits. Fibroblasts can be easily obtained from AD patients and 

reprogrammed by four major transcription factors, Oct3/4, Sox2, c-Myc and Klf4, into 

pluripotent, replicative iPSC [8]. Subsequently, iPSC could be turned into patient-derived 

neurons to study AD. Most of the patient-derived iPSC differentiated into neurons have been 

recorded in a 2D environment. We hypothesize that iPSC induced neurons will grow faster and 
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healthier in terms of reduced time range of electrophysiology maturation, longer processes, 

higher average spike rates and shorter average inter spike intervals. Among three differentiated 

cell lines, we propose that neurons differentiated from AD subjects, compared to non-demented 

subjects and Mild Cognitive Impairment subjects will produce on a multi-electrode array (MEA) 

lower average spike rates and longer average inter-spike intervals and less long-range 

communication needed for learning and memory.  

 

1.4 Review of Alzheimer’s disease  

Alzheimer’s disease is the leading cause of dementia. It is a neurodegenerative disorder 

with a time course of 10-20 years. Today, 5.4 million people are living with Alzheimer’s disease 

in the U.S. By 2050, 20 states will see at least 35% or greater growth in number of people with 

Alzheimer’s disease. People diagnosed with Alzheimer’s disease present with symptoms of 

memory degradation. The memory loss starts with failure to remember events that occur most 

recently. However, events that occurred long time ago often seem accessible. Furthermore, 

besides memory degradation, patients’ personality often become more emotional, impatient and 

short temper. As the disease progresses, they lose the ability of recognizing people. These 

changes negatively affect their life style because they won’t be able to get along well with 

caregivers and their families. Progressively, Alzheimer’s disease will finally take out patients’ 

abilities of self-care. Care for an AD patient becomes an emotional and financial burden to the 

patients’ families.         

In 1906, Dr. Alois Alzheimer first described a case of Auguste D with profound memory 

lost and dramatic shrinkage and abnormal deposits in the brain [23]. This was the first reported 
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case of Alzheimer’s disease. The deposits were identified in 1960s as rich in an aggregation-

prone protein fragment amyloid [24,25]. There are ten major signs and symptoms measured in 

the Mini-Mental Status Exam (MMSE) to evaluate the severity of memory loss, challenges in 

planning and problem solving, difficulties in completing activities of daily living either at home 

or at work, confusion with time and place, troubles in understanding visual images and spatial 

relationships, problems with words, losing abilities of keep track of things, poor judgment, 

withdrawal from work and social activities, and change in mood and personality (Alz.org). These 

symptoms will worsen as patients go from mild-cognitive-impairment (MCI) to possible and 

then probable AD. 

Since the discovery of amyloid plaque accumulation in the AD patients, most of AD 

research has turned to finer cellular and molecular dimensions. AD is a neurodegenerative 

disease with dendritic pruning, synapse and memory loss at the early stage and neurons dying at 

the final stage.  The postmortem study of patients’ brain pathology or MRI and PET [34] 

imaging only provides limited morphological and molecular information. In 2006, a specific β-

amyloid assembly was identified as a cause of memory impairment by Lesné el al [26]. Amyloid 

studies and its related particles and pathways have been in the center of AD drug research for 

decades, but all have failed in reversing the course of the disease in late-stage of clinical trials. In 

recent years, stem cell therapy has promised improvement in brain injury and recovery. Neural 

stem cells have been used on an inducible mouse model of neuronal loss and enhanced memory 

[27]. Human neural stem cells have also improved cognition and promoted synaptic growth in 

mice [28].  So far, stem cell studies are giving us more promising future on AD. With the patient 

derived disease models, drug tests could be more accurately performed and their results would be 

more predictive. Electrophysiology studies on the MEA devices would easily produce electrical 
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signals over an entire network.  This approach is more patient related and more definitive than 

EEG studies [33].     

 

1.5 3D culture of rat hippocampal neurons 

          Growing neurons in 3D extracellular matrix (ECM) is a more realistic model approaching 

3D neurogenesis in human brain physiology. It has not only boosted cell growth, but also 

improved electrophysiology, in terms of higher burst duration and higher random spike 

percentage [30]. We chose to start with Matrigel as the ECM because it was a popular ECM that 

was used in both 2D and 3D culture of neurons and iPSCs [29].  This protein mixture produced 

by from Engelbreth-Holm-Swarm (EHS) mouse sarcoma, contains laminin, collagen IV, heparin 

sulfate proteoglycan. We used Matrigel as the ECM to culture iPSC-derived neurons in 3D. In 

our hypothesis, rat hippocampal neurons will grow healthier in terms of longer processes, higher 

average spike rates and shorter average inter spike intervals. 
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2. METHODS 

2.1 iPSC culture 

Our work begins with iPSC lines made from fibroblast biopsies using CytoTuneTM-iPS 

2.0 Sendai Viral reprogramming kit from Thermo Fisher Scientific [10]. This virus is a single 

strand negative sense RNA virus that enters the cytoplasm, replicate itself and produce 

transcription factors of Oct 4, Sox 2, C-Myc and Klf4. The advantage of using Sendai virus is the 

robust production of transcription factors without the integration of host chromosome. The 

reprogramming process was performed by Blurton-Jones’ lab at UCI.  They expanded their 

iPSC’s through passages 9 to 11 and then stored them in liquid nitrogen.   

To culture the iPSCs with feeders, the plates prepared for H9 cell line from Thermo 

Fisher Scientific were cultured with Mouse Embryo Fibroblast (MEF), which was gamma 

irradiated before plating iPSCs or ESCs. To prepare feeder-independent culture of iPSCs, 6-well 

plates were treated with a thin layer of Matrigel (CORNING, NY) (2 mL per 10 cm2 well) at a 

final concentration of 0.5 mg/mL overnight at room temperature. Before plating cells, tipped the 

plate slightly and aspirated off the diluted Matrigel solution. Frozen vials of iPSCs were obtained 

from Blurton-Jones’ lab (ADRC-iPSC-28, ADRC-iPSC-19, ADRC-iPSC-24, ADRC-iPSC-35, 

ADRC-iPSC-7, ADRC-iPSC-5, ADRC-iPSC-18, ADRC-iPSC-20, ADRC-iPSC-25, ADRC-

iPSC-34, ADRC-iPSC-36) and stored at -80°C freezer in Natural Science II Room 3452 

(University of California, Irvine). One vial was thawed at a time. Each vial was immersed in a 

37°C water bath and swirled gently without submerging the cap. When only a few ice crystals 

remained, the vial was removed from the water bath. We sprayed the outside of the vial 70% 

ethanol and placed it in the cell culture hood. Subsequently, we slowly added 5 mL of Complete 
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StemPro hESC Medium (Thermo Fisher Scientific, Carlsbad) drop-wise into the 15-mL conical 

tube. Then we centrifuged the cell suspension at 200 x g for 5 minutes, aspirated the supernatant 

and resuspended the cells with pre-warmed 12 mL of Complete StemPro hESC Medium with 10 

µM ROCK inhibitor (Thermo Fisher Scientific) [11]. 

We expanded each 2 mL vial of cells on one 6-well plate at an approximate density of 4.5 

x 105 cells/cm2 following the protocol of Thermo Fisher Scientific [11]. 100% of the medium 

was changed every day until the iPSCs grew into certain size of colonies, approximately 100 µm 

in diameter, without contacting each other and appearance of differentiation and with leaving 

enough space in case of mechanical passage method. Subsequently, iPSCs were either passaged 

mechanically with needle or enzymatically with collagenase onto another 6-well plate or used to 

start the neural induction process in Neural Induction Medium (Thermo Fisher Scientific).  

Harvesting cells yielded 90% viable cells from a 6 well (60 cm2) plate. 
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2.2 iPSCs neural induction, expansion and differentiation 

For each well of the expanded iPSCs cells in a 6-well plate, we initiated neural induction 

by aspirating the spent medium, and removing non-attached cells and added 2.5 mL pre-warmed 

complete PSC Neural Induction Medium On the 2nd day of neural induction, if the morphology 

of cell colonies was uniform, changed the medium by aspirating spent medium from the each 

well, and added 2.5 mL of pre-warmed Complete Neural Induction Medium (Thermo Fisher 

Scientific), which was premixed by adding 10 mL of Neural Induction Supplement to 490 mL of 

Neuralbasal Medium (Thermo Fisher Scientific),  per well. If the morphology was not uniform 

and the amount of flat non-neural cells was small, we could use a needle to cut off the unwanted 

area and Pasteur pipette to suck them off. If there were a lot of non-neural cells, the culture could 

be discarded. On the 4th and 6th day, we removed the spent medium and added 5 mL for medium. 

and removed unwanted colonies, flat non-neural cells, with a Pasteur glass pipette.  

On the 7th day of neural induction, with observation of uniform morphologies and without 

flat non-neural cells, neural stem cells (NSC) were ready to be harvested and expanded (passage 

one). We used a Pasteur glass pipette to aspirate the spent Neural Induction Medium from the 6-

well plate to be passaged. Then we gently added 2 mL of Hibernate A 305 without Calcium 

(BrainBits, Springfield) to the well(s) and aspirated the Hibernate A 305 to rinse the cells. 

Subsequently, we added 1 mL of pre-warmed StemPro Accutase Cell Dissociation Reagent 

(Thermo Fisher Scientific) to the well(s) of the 6-well plates and incubated for 5-8 minutes at 

37°C until most cells detach from the surface of the culture vessel. The attached cells were 

scraped off from the surface. All cell clumps were transferred to a 15 mL conical tube and 

broken up by gently pipetting the cell suspension up and down. We passed the cell suspension 

through a 100-µm strainer and centrifuged the cells at 300 x g for 4 minutes. Then we aspirated 



	10			

the supernatant and resuspended the cells with pre-warmed complete Neural Expansion Medium, 

which is premixed with Neurobasal Medium, Advanced DMEM/F-12 and Neural Induction 

Supplement (Thermo Fisher Scientific) in a ratio of 49:49:2. We diluted the cell suspension with 

pre-warmed complete Neural Induction Medium to 2 x 105—4 x 105 cells/mL and added ROCK 

inhibitor Y27632 to the cell suspension to a final concentration of 5 µM. Cells were plated at 

approximately 5 x 105—1 x 106 cells/well. After overnight incubation at 37°C, we changed 

medium completely with Neural Expansion Medium without ROCK inhibitor Y2632. 100% of 

the medium was changed every other day until NSC reached 80% confluency. These 

neuroprogenitors, sometimes called neural stem cells (NSC) could be either further passaged and 

cryopreserved or directly differentiated on a Multi-electrode array (MEA60, Multichannel 

Systems, Reutlingen, Germany) to produce electrically active neurons.   Substrates were 

prepared for cell adhesion by treatment with 0.05 mg/mL PDL overnight first and 0.5 mg/mL 

Matrigel overnight subsequently. Differentiation was initiated after 7 days of neural induction. 

Spent medium was aspirated. 2.5 mL of NbActive 4 (BrainBits LLC, Springfield, IL) was added 

to each well of the 6-well plate or 1 mL to each MEA device. Medium was changed every other 

two days.  

 

 

2.3 2D and 3D culture of Rat hippocampal neurons on MEA 

Postnatal day 3 Sprague-Dawley rats (Charles Rivers Labs, San Diego) were anesthetized 

and their brains were dissected and placed into 2 mL Hibernate A/ Glutamax minus Calcium 

(Thermo Fisher Scientific) in a 35 mm dish. The hippocampal tissue was micro-dissected and 
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transferred to a 15 mL conical tube with 3 mL of pre-warmed 2 mg/mL papain (BrainBits) in 

Hibernate A/Glutamax minus Calcium. We incubated the tube with the tissue at 30°C in water 

bath for 10 minutes and transferred the tissue with a fire polished 9” Pasteur pipet into 1 mL of 

Hibernate A/B27/Glutamax (BrainBits). The hippocampal tissue was triturated gently about 10 

times with the sterile fire polished 9” glass pipet until 90% of the tissue was homogenized, then 

diluted with 2 mL Hibernate A/B27/Glutamax. Non-dispersed pieces were allowed to settle for 3 

minutes. The supernatant was then transferred to a new 15 mL conical tube and centrifuged at 

200 x g for 1 minute. The supernatant was discarded without disturbing the pellet. We flicked the 

tube and resuspended the pellet in NbAcitve 4 (BrainBits) to approximately 3 x 104 kcells/mL 

and gentamycin (0.125 mL/ brain). 10 µl of cell suspension was mixed with 190 µl 0.4% trypan 

blue (Sigma) for counting with a hemacytometer. Cells were plated onto 15 mm D 0.05 mg/mL 

PDL coated slips or MEA 60 at a density of 1.5 x 105 cells/cm2. For 2D culture, after plating the 

cells, the device(s) was incubated for 30 minutes at 37°C, then replenished with 1 mL of pre-

warmed and CO2 equilibrated NbActive 4.  For 3D culture, extra cellular matrix (ECM) was 

prepared by mixing the cell suspension with 9 mg/mL Matrigel (Corning, NY) to a final 

concentration of 7.5 mg/mL. After plating the cells, the MEA 60 were incubated for 

approximately 15 minutes at 37°C until most of the cells sedimented to the bottom. We checked 

under the microscope after 10 minutes of sedimentation. We used a P100 micropipette to aspirate 

the medium gently with minimally disturbance to the cells and added 100 µL of ECM-cell 

suspension onto each device with approximately 4 x 106 cells/mL. The device(s) was incubated 

for another 5-10 minutes until the ECM was stabilized, then supplemented with 1 mL of pre-

warmed and CO2 equilibrated NbActive 4.  50% Medium change was performed every other day 

for 3 weeks.     
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2.4 MEA recording and Spike detection 

Human iPSC induced neurons were cultured in the 60-electrode Multi-Electrode arrays 

(MEA60, Reutlingen, Germany) at least 60 days before recording [31]. Rat hippocampal neurons 

were culture in the MEA for 21 days before recording. There are 60 TiN3 electrodes, 30 µm in 

diameter, separated 200 µm apart with one being grounded. The spontaneous activities were 

recorded with MC RACK for 5 minutes under sterile flow of 5% CO2, 9% O2 and balance N2 

(Airgas, Palmdale, CA) at 37°C. Neuron signals were amplified 1200x with sampling rate of 25 

KHz. The signals were high-pass filtered offline at 300 Hz and identified as peak amplitude that 

exceeded 10 time the standard deviation of the noise.    

 

2.5 Immunostaining of Rat hippocampal neurons 

Rats hippocampal neurons were cultured for 3 weeks on 15 mm D circlular glass cover 

slips (Carolina Biologicals, Charlotte, NC) and 35 mm culture dishes before immunostaining. 

Cells were washed with 200 µL pre-warmed PBS per cover slip and 1 mL per 35 mm culture 

dish. Subsequently, 200 µL and 1 mL of 4% paraformaldehyde in PBS were added onto each 

cover slip or 35 mm culture dish respectively for 10 minutes. Then we rinsed the cover slips and 

culture dishes with PBS twice. Blocking reagent was prepared with 2% BSA and 0.5% Triton X-

100 in PBS.  200 µL or 1 mL of Blocking reagent were added onto each cover slip and 35 mm 

culture dish at room temperature for 5 minutes respectively. Mouse monoclonal anti-MAP2 

antibody (SigmaAldrich) were diluted 1:250 with PBS-0.05% TX-100 and added onto the cover 
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slips and 35 mm culture dishes. Rabbit monoclonal anti-neurofilament antibody (SigmaAldrich) 

was diluted 1:600 with 1% BSA and 0.05% TritonX-100 and added onto cover slips and 35 mm 

culture dishes. After addition of the primary antibody, cover slips and culture dishes were 

incubated at 4°C overnight. After incubation, they were rinsed 4 times with PBS. Alexafluor 488 

goat anti-mouse antibody and Alexafluor 568 goat anti-rabbit antibody (Thermo Fisher 

Scientific) were diluted 1:2000 and added onto the cover slips and culture dishes with 60 min. 

incubation at room temperature. Then they were rinsed again 4 times with PBS. A solution of 10 

mg/mL bisbenzamide (SigmaAldrich) was diluted 1:1000 and added onto the cover slips and 

culture dishes with 30 minutes incubation at room temperature. Finally, they were washed again 

twice before mounting. Then they were ready for imaging using Olympus IX83 microscope.      

 

 

 

2.6 iPSC Embryoid Body (EB) Formation 

Collagenase IV solution (1 mg/mL) was prepared by mixing collagenase IV (50 mg), 

DMEM-F12 (50 mL), sterile filtered by 0.22 µm filter and stored at 4°C for up to 14 days. 

Dispase solution (2 mg/mL) was prepared by mixing dispase (100 mg) and DMEM-F12 (50 mL), 

sterile filtered by 0.22 µm filter and stored at 4°C for up to 14 days. EB medium (100 mL) was 

prepared by mixing DMEM-F12 (79 mL), KnockOutTM Serum Replacement (20 mL), Non-

essential Amino Acids (1 mL) and 2-Mercaptoethanol (100 µL). H9 human Embryonic stem cell 

line (Thermo Fisher Scientific, Carlsbad) were cultured until 90-100% confluence. We aspirated 
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the culture medium from the 6-well plates and added 1 mL pre-warmed EB medium to each well 

of the 6-well plates. We used a StemPro EZPassageTM disposable stem cell passaging tool to roll 

across each well of the 6-well plates in one direction, rotated the plates 90 degrees and then 

rolled across the wells again. The cells were scraped off gently with the cell scrapers and 

transferred into a 15-mL conical tube by a 5-mL pipette. We added 1 mL of pre-warmed EB 

medium to each well of the 6-well plated and collected the residual cells into the 15-mL conical 

tube. Then we added 4 mL of EB medium in the 15-mL conical tube and transferred the cell 

clumps to a 60 mm non-tissue culture Petri dish in a total of 4 mL of EB medium. The dishes 

were placed in a 37°C incubator for 24 hours. After 24 hours, we removed EBs and medium 

from the Petri dish, transferred the cells to a 15-mL conical tube and let the EBs sediment via 

gravity for 10-15 minutes. The spent medium was aspirated. We replenished the EBs with 

another 4 mL of fresh EB medium and transferred the content to a new 60 mm non-tissue culture 

Petri dish, which was subsequently incubated at 37°C for 48 hours. Medium was changed every 

other day for at least 4 days with the same sedimentation procedure. After 4 days, the EBs were 

transferred onto the Geltrex-coated tissue culture dishes with 100% medium change every other 

day for 14 days. Then the EBs were ready for harvest.    

 

2.7 Immunostaining of Embryoid Body 

Blocking buffer (10 mL) were prepared by mixing PBS (8.8 mL) without CaCl2 and 

MgCl2, Goat serum (0.5 mL), 1% Triton X-100 (0.3 mL) and 25% BSA (0.4 mL). Then it was 

stored at 4°C for up to 2 weeks. DAPI solution (10 mL) were prepared by mixing DAPI (10 mg) 
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and DMSO (10 mL) and stored at -20°C. It was diluted 1:1000 with DPBS to make working 

solution of 1 ug/mL.  

iPSCs were cultured in 6-well plates. We aspirated the culture medium from the plates 

and rinsed the cells with DPBS once. iPSCs were fixed with 4% paraformaldehyde-PBS for 15-

20 minutes at room temperature (RT). After fixation, cells were rinsed with PBS 3 times for 5 

minutes at room temperature and subsequently blocked for 30 minutes. We aspirated the 

blocking buffer and incubated the plates with mouse anti-alpha Smooth Muscle Actin (SMA) 

diluted in blocking buffer (1:50) or mouse anti-Human beta-3-Tubulin (b-3-Tub) diluted in 

blocking buffer (1:1000) at 4°C overnight. SMA was used as a marker for mesodermal lineage 

differentiation. b-3-Tub was used as a marker for ectodermal lineage differentiation. After 

primary antibody incubation, cells were rinsed with DPBS 3 times for 10 minutes at RT. We then 

incubated cells one hour at RT with AlexaFluorâ 488 goat anti-mouse IgG in DPBS (1:500) for 

ectodermal lineage or AlexaFluorâ 594 goat anti-mouse IgG in DPBS (1:1000) for mesodermal 

lineage. After secondary antibody incubation, cells were rinsed again with DPBS twice for 10 

minutes at RT. At last, cells were stained with DAPI solution diluted 1:1000 for 5 minutes and 

rinsed with DPBS for 10 minutes before imaging.  

 

 

 

 

 



	16			

2.8 3D microscopy and image processing 

3D Z-stack images were taken on an Olympus IX83 with MetaMorph Basic. Z-stacks 

were taken with 10 MHz digitizer and 5 µm step size, 11 steps for 2D culture and 21 steps for 3D 

culture. GFP channel was set with gain 2 and 1000 ms exposure time. DAPI channel was set 

with gain 2 and 100 ms exposure time. BF channel was set with gain 2 and 20 ms exposure time.  

Deconvoluted images were made by Image J without a low pass filter, which provided a way to 

smooth the results and accelerate convergence, and 20 iterations.  
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3. RESULTS 

3.1 Maintenance of human iPSCs culture 

As a positive control for culture of iPSC, we compared the morphology of H9 human 

Embryonic stem cell line and human iPSCs from fibroblasts (Blurton-Jones’ lab, UC Irvine). 

Figure 1A-C shows H9 embryonic stem cells cultured on a mouse embryo fibroblast substrate. 

Each colony should have a compact and even cell density without any visual differentiation as 

seen in Figure 1A. Figure 1B shows a 3D structure, the darkened area, caused by overlaying 

colonies on top of each other. The 3D structure will easily cause a spontaneous differentiation, 

which we don’t want to happen in either ESC or iPSC culture. Figure 1C shows a colony with 

suspicious or potential differentiation on the edge. To avoid differentiation in ESC and iPSC 

culture as much as possible, we need to remove those unwanted colonies mechanically before 

passaging. Even though we were using the same culture method in Figure A, B and C, we could 

not avoid the situation of differentiation. However, with the proper techniques following the 

protocol, the good size of colonies in Figure A will be dominant. Since we were using StemPro 

hESC medium to culture our iPSCs and H9 was cultured in E8 medium, we expected some 

morphological differences. The edge of the colonies from the iPSC (ADRC-iPSC-35) became 

slightly pointed and stretched as shown in Figure 1D. The compact level is one of the 

characterization of a iPSC colony. It will affect the proliferation and maintenance of iPSCs. A 

good iPSC colony should have cells tightly packed together without any appearance of 

differentiation. Figure 1E shows a colony cultured with StemPro hESC medium with higher 

compact level. Compared to Figure 1A, it was less compact. Figure 1F shows a very good 

example of iPSC colony, high compact level without differentiation on the edge. We lost 
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samples of ADRC-iPSC-19 and 28 due to fungus contamination during the culture period. We 

expanded ADRC-iPSC-35 to 3 2-mL vials and ADRC-iPSC-24 to 2 2-mL vials with 

approximately 2.5 x 106 cells per vial. We stored the remaining undifferentiated cell in a -80°C 

freezer (Detailed inventory in APPENDIX).    
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Figure 1. Comparison of cell culture between H9 human Embryonic stem cell line and iPSC cell 
line derived from fibroblasts from one AD patient during expansion (ADRC-iPSC-35, from 
demented fibroblasts). (A) H9 human embryonic stem cell line with passage number 47 under 10X 
EVO FL cell imaging system. They were passaged using EZ roller and collagenase with split ratio 1:4. 
(B) Same method of passaging and cell line as in (A) under 10X EVO FL Cell imaging system. The 
darkened center of the colony suggested a buildup of cells in three dimensions. (C) Example using the 
same method of passaging and cell line as in (A) with an undesirable edge of differentiated fibroblasts 
that resulted in a colony that was not compact enough. (D, E, F) Manually passaged ADRC-iPSC-35 
colonies at passage number 12 under 10X Olympus CKX41 microscope. (E) ADRC-iPSC-35 colony 
at the size about 100 µm in diameter. (F) after using collagenase to remove the differentiated cells. 
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3.2 Differentiation of human iPSCs into neurons on the MEAs 

To transdifferentiate human iPSC from elderly subjects into neuroprogenitor and further 

differentiate the neuroprogenitors into neurons on the MEAs, we cultured in NbActiv4 [35] for at 

least 30 days before recording.   A parent of this medium was shown to support the culture of 

human neurons harvested from adult and aged surgical samples [36].  Morphological evidence 

for neurons was found around 30 days of differentiation (Figure 2A&B). The highlighted area in 

Figure 2A and B emphasize the processes that extended at least 50 µm from the cell bodies, 

typical of neurons. Figure 2A shows a region of the MEA with the cells more spread-out and 

individual processes in the highlighted area, enlarged in 2C. Figure 2B shows another region of 

the same MEA where the cells were clustered and the axons formed bundles (enlarged in 2D). 

The uneven cell distribution on the MEA suggests an uneven application of substrate adhesion 

molecules.  More uniformity will be needed to collect reliable data.  Electrophysiological activity 

was documented after 42 days of differentiation (Figure 3) with clear evidence for action 

potentials.  However, action potentials were observed on only one of 120 electrodes.  We 

speculate this was due to uneven plating of progenitor cells on the surface of the MEA rather 

than the AD origin of the neurons. 

 

 

Figure 2 Differentiated neurons from hiPSC from fibroblasts from one AD patient (ADRC-
iPSC-35) cultured in 2D on an MEA on the 42nd day of culture (A) differentiated neurons with 
well-spread processes. (B) Another region of the same culture with bundled axons. Red rectangle 
areas are enlarged in (C) and (D).  

 



	21			

 

 

A) 200	um

B) 200	um



	22			

 

 

 

 

C) 50	um

D) 50	um



	23			

3.3 Recording and detection of activity from human iPSCs induced neurons 2D culture on 

the MEAs 

We started recording the activities of iPSC-induced neurons on the MEAs every week after 3 

weeks of culture without evidence of spiking activity until 8 weeks.  Figure 3A shows an active 

signal at channel D9, while the rest of the channels remained quiescent at background noise or 

vary rare isolated spikes. Figure 3B shows two action potentials with maximum extent of 20  µV 

on 0.5 ms (Top) and 1 ms (Bottom) scales. These signals were consistent at channel D9 for 5 

minutes and found in every other 10 ms window.    
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Figure 3 Recorded activity of iPSC-induced neurons on a MEA (ADRC-iPSC-35). (A) MEA120 
lay-out in MC Rack for recording iPSC-induced neurons with active channel on D9.  X axis at each 
electrode is 100 ms; y-axis is +/- 50 µV.   In (B) the x-axis is expanded to 5.6 ms to demonstrate the 
~1 ms widths of two action potentials at channel D9 at 24 seconds (Top) and 27.3 seconds (Bottom).   

A) B)
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3.4 Recording and detection of activity from rat hippocampal neurons in 2D culture on the 
MEAs 

Rat’s hippocampal neurons were cultured by established protocols for 3 weeks [37] Activity 

was first recorded on the fifth day of culture from plating at 1.5 x 105 cells/cm2.  As typical [38], 

activity continued to increase until around 3 weeks in culture as more synapses developed and 

more axons fired action potentials.  After 3 weeks, Figure 4A shows an isolated spike and two 

bursts of spike activity in a 30 sec window.   The display below shows evidence of activity on 3 

of the 59 channels.  In 4B, the second cluster of activities is shown in shorter time frames to see 

the detail of each action potential displayed in a 50 ms window (Top) and a 20 ms window 

(Bottom). Each action potential had a maximum peak to peak extent over 100 µV with 1 ms 

relative refractory period and approximately 5-15 ms inter-spike period.  Figure 5 compares the 

average spike rate in one 2D neuron culture of 2 Hz to 1 Hz in one 3D neuron culture.  The 

average interspike interval was similarly proportional at7.4 s for 2D and 12.5 s for 3D.  
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Figure 4 Recorded activity of rat hippocampal neurons on an MEA at 3 weeks in culture. (A) 
Long term recorded activity at channel 61 in a 30-second window(Top) and over the entire MEA60 
lay-out. (Bottom) Active electrodes at positions 37, 58, 61 are circled.  (B) Recorded action potentials 
at channel 61 in a 50-milisecond window(Top) and in a 20-milisecond window(Bottom).  

  

A) B)
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Figure 5 Comparison of interspike intervals and spike rates between 2D and 3D culture of rat 
hippocampal neurons on a MEA. (A) Display of inter-spike interval every 10 sec, averaging 7400 
ms (Top) and highly clustered spike rates peaking at 3-6 Hz (Bottom) of 2D culture in a 5-minute 
recording. (B) Similar metrics for a 5-minute recording of a 3D culture of 12,500 ms inter-spike 
interval (Top) and 1 Hz spike rates (Bottom). 
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3.5 Imaging of iPSC from EB and rat hippocampal 2D vs. 3D cell cultures 

Evidence for the pluripotency of iPSC from EB was obtained by immunostaining for 

markers of spontaneous differentiation into three different cell types: ectoderm, mesoderm and 

endoderm.  After 14 days of induction, Figure 6A shows immunostaining for beta-3-Tubulin a 

marker for ectodermal cells a and. Ectodermal cells would be a source for further differentiation 

into neurons.  Some evidence of astroglial progenitors is seen in the extended fibers. In Figure 

6B, EBs were stained with smooth muscle actin (SMA), which indicated differentiation to 

mesodermal cells. After neural induction of iPSCs (ADRC-iPCS-35) with Neural Induction 

Meidum, cells were stained with nestin antibody to detect neural stem cells or neuroprogenitors 

(Figure 5C). In Figure 5D, rat hippocampal cells cultured in 3D were stained with anti-MAP2 in 

green, anti-neurofilament in red, and bizbenzamide in blue for dendrites, axons and nuclei, 

respectively.       
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Figure 6 Immunostaining of iPSC-Embryo Bodies (EB), neural stem cells from ADRC-iPSC-35 
and rat hippocampal neurons. (A) Beta-3-tubulin immunoreactivity for characterization of 
ectodermal lineage in iPSC H9 EB. (B) Smooth muscle actin immunoreactivity for characterization of 
mesodermal lineage in iPSC H9 EB . (C) Nestin characterization of NSC from ADRC-iPSC-35 after 
7 days of neural induction and before neural differentiation. (D) Dendritic anti-MAP2 (green) 
characterization of dendrites in 3D culture of rat hippocampal neurons and anti-neurofilament (red) 
precursors to axons.  DAPI (blue) stain for nuclei.   
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Rat hippocampal cells in 3D culture were fixed after three weeks and  immunostained with 

the dendritic marker MAP2 in green and imaged in a z-series stack. Figure 7A shows neurons 

three different depths (Top panel) with corresponding intensity surface plots (Bottom panel). 

With the surface plots, we further confirmed the location of the neurons and processes were not 

on the same plane. In Figure 7C, the X-Y plane and Y-Z plane also showed processes at different 

depths over a 100 µm range, four to five times the diameter of the soma. We could see the center 

of two somata over 25 µm in z direction. In contrast, Figure 7B and 7D shows neurons in 2D 

culture with processes that were on the same plane and a somata spanning only 10-15 µm in 

height.  Thus, somata in 3D could be at least twice the height and volume of neuron somata in 

2D culture.  
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Figure 7 Z-stack images of 3D vs. 2D culture of hippocampal cells. (A) Z-stack images of 3D 
culture at 50 µm, 65 µm and 100 µm depth (Top row) with corresponding 3D intensity surface plots 
(Bottom row). (B) Z-stack images of 2D culture at 5 µm, 30 µm and 50 µm depth (Top row) with 
corresponding 3D intensity surface plots (Bottom row). (C) X-Y plane of 3D hippocampal cell culture 
image at 65 µm with corresponding X-Z plane (Bottom) and Y-Z plane (right). (D) X-Z plane of 2D 
hippocampal cell culture image.  
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4. DISCUSSION 

The behavior of the H9 cell line was comparatively easy as a control, compared to culture of 

iPSC from elderly patient fibroblasts. In about one week, H9 cells formed colonies of the 

required size and compactness, indicating good proliferative capacity and purity of the iPSC 

phenotype. From cultures of four different human iPSC cell lines from elderly patient fibroblasts, 

each cell line had a different rate of proliferation. Pointy edges and non-compactness on 

peripheral were observed during the culture period, indicative of impure transdifferentiation from 

the initial fibroblasts into iPSC.  Several factors may explain this significant problem.  First, the 

StemPro medium we used was different from the E8 medium (Stemcell Technology) that cells 

were originally cultured in from Blurton-Jone’s lab. It may have taken a while for these cells to 

get used to the new microenvironment before reaching maximum proliferative potential.  A clear 

second possibility is that the frozen cells provided were not pure as supplied in frozen aliquots.   

A third possible source of consistent proliferative potential would be possible senescence of the 

stock cells or progression toward senescence in fibroblasts from this aged population.  A fourth 

possibility is our lack of experience in isolating neuro-ectodermal colonies.   One aspect of our 

methods could be that our initial plating of frozen patient iPSC was onto an adhesive substrate of 

Matrigel.  Many labs proliferate iPSC and neuroprogenitors in suspension as spherical colonies 

in non-adhesive culture dishes.  This environment would be more conducive to stem cell 

proliferation without adhesive cues for differentiation.  Without adhesion, contaminating 

fibroblasts would die.  Lastly, the AD iPSC culture that was successful could have substantial 

age- or AD-related epigenetic blocks for a) proliferation as iPSC, b) transdifferentiation into 

proliferative neuroprogenitors (NPC) and c) further differentiation into neurons. 



	33			

We had some success in differentiating ADRC-iPSC-35 into neural stem cells 

(neuroprogenitors) and neurons. We recorded neuron spiking activity from iPSC-35-derived 

neurons after 3 weeks of culture.  Other labs saw electrophysiological activity from mature 

neurons at different times, up to 10 weeks [31]. The recording period should be extended to 10 

weeks for future experiments to evaluate whether all these elderly patient fibroblast iPSC can 

become neurons of a mature state.  

Our methods for 3D culture of rat hippocampal neurons on the MEAs produced less robust 

growth than previously reported for 3D culture of neurons in Matrigel [39]and certainly less 

growth than hippocampal neurons in 2D on glass substrates coated with poly-D-lysine [40].  

Two differences were our use of NbActiv4 in place of DMEM/F12 and 2% horse serum.  One 

initial attempt to include xx % horse serum with NbActiv4 resulted in glial overgrowth and no 

recorded activity.  In the future, we could try 1% horse serum in NbActiv4.  The Matrigel 

suspension of cells resulted in less somal contact with the electrodes. A problem with this 

method was fast gelling of the Matrigel before sedimentation of the cells. Then the cells could 

not contact the electrodes for recording. We attempted to improve our method by putting a 2D 

layer of a high density of neurons onto the MEAs first and adding the 3D neuron-grafted ECM 

on top of it.  A similar method was applied with microbeads in the ECM before [32], but the 3D 

neuron-grafted ECM we used was a hydrogel which we believed would help boost the neuron 

growth.   

In an attempt to mitigate poor growth, the 2D and 3D cultures of hippocampal neurons was 

performed on a substrate of PDL as customary [40] before application of the Matrigel.  Matrigel 

with proteoglycans and laminin from a tumor cell line is clearly unlike the native extracellular 

matrix of the brain that promotes neuron growth.  The PDL is thought to work because of 
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cationic mimicry of brain polyamines like putrescine.  Other substitutes for Matrigel need to be 

explored. 

In conclusion, iPSC-derived neurons from one ADRC-iPSC-35 demented patient cell line 

was transdifferentiated and cultured on an MEA with recorded action potentials after 42 days. 

Recording of 3D cultures of hippocampal cells with our grafting method also provided measures 

of neuron electrical activity, but further improvements of the culture matrix are needed. Future 

cultures of iPSC-derived patient neurons in a 3D ECM will provide a more realistic disease 

model for further studies of neuronal network formation in neurodegenerative diseases.     
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APPENDIX 

Table I. Stocks of differentiated and undifferentiated iPSCs in -80 C freezer of Dr. 

Haun, Room 3452, bottom shelf.  

Cell line Transfected/Differentiated from Number 

of vials  

Passage 

number 

ADRC-iPSC-35 Demented Fibroblasts 3 13 

NSC-35 (Neural 

stem cells) 

ADRC-iPSC-35 (Demented)  15 1 

ADRC-iPSC-24 MCI Fibroblasts 1 19 

ADRC-iPSC-5 Normal Fibroblasts 1 13 

ADRC-iPSC-7 Normal Fibroblasts 1 11 

ADRC-iPSC-18 Normal Fibroblasts 1 12 

ADRC-iPSC-20 Normal Fibroblasts 1 11 

ADRC-iPSC-25 Normal Fibroblasts 1 14 

ADRC-iPSC-34 Normal Fibroblasts 1 10 

ADRC-iPSC-36 Normal Fibroblasts 1 8 

 

 




