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Abstract

The discovery of induced pluripotent stem cells (iPSC) and their application to patient-specific 

disease models offers new opportunities for studying the pathophysiology of neurological 

disorders. However, current methods for culturing iPSC-derived neuronal cells result in clustering 

of neurons, which precludes the analysis of individual neurons and defined neuronal networks. To 

address this challenge, we developed cultures of human neurons on micropatterned surfaces that 

promote neuronal survival over extended periods of time. This approach facilitates studies of 

neuronal development, cellular trafficking, and related mechanisms that require assessment of 

individual neurons and specific network connections. Importantly, micropatterns support the long-

term stability of cultured neurons, which enables time-dependent analysis of cellular processes in 

living neurons. The approach described in this paper will allow mechanistic studies of human 

neurons, both in terms of normal neuronal development and function, as well as time-dependent 

pathological processes, and will provide a platform for testing of new therapeutics in 

neuropsychiatric disorders.
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Introduction

Human induced pluripotent stem cells (iPSCs) share many properties with embryonic stem 

cells (ESCs), including self-renewal, pluripotency and a theoretically unlimited supply. 

Several reasons have made iPSCs derived from patients the system of choice, including the 

fact that the use of human ESCs presents significant ethical concerns due to the use of 

human embryos. One of the most promising advantages of iPSCs is their use in creating 

patient-specific disease models derived from an individual's own fibroblasts [1-2]. Such 

models offer the possibility of gaining a deeper understanding of disease mechanisms, but 

can also be useful for drug screening and personalized medicine [3-4]. Over the last ten years, 

numerous studies have utilized iPSC-derived neurons to explore mechanisms of 

neurodegenerative disorders such as Parkinson's disease (PD), Alzheimer's disease (AD) and 

Amyotrophic lateral sclerosis (ALS) [5]. However, these approaches are still limited, 

particularly for cultures that model neurological or psychiatric disorders and require 

resolution of individual neurons or defined networks, both of which are challenging because 

cells tend to form dense clusters during the differentiation process. Several approaches are in 

development to address these limitations, including the use of physical barriers that guide or 

compartmentalize neurons [6-8], chemically patterned substrates [9-10], and microfluidic 

devices that offer control over the positions and local environment surrounding the 

cells [11-12]. These methods, however, are not always straightforward to implement and have 

largely been limited to the patterning of primary neurons for only a few weeks [13-15]. For 

example, Zhang and coworkers reported three week cultures of cortical cells on polymeric 

substrates modified with a aminopropyl siloxane [16] and West and coworkers reported 

month-long cultures of primary neurons on glass slides patterned with poly(ethylene 

glycol) [17]. Microcontact printing of self-assembled monolayers of alkanethiolates on gold 

has also been used to pattern adherent cells [18]. The patterned monolayers have the benefits 

that they are straightforward to prepare and they maintain the patterned cells from one to 

four weeks [19-21]. In this paper we demonstrate that microcontact printing can be used to 

prepare patterned monolayers that maintain the positions of human iPSC-derived neuronal 

cells for periods in excess of 100 days, and we demonstrate how these cultures enable 

mechanistic studies of neuronal models.

Results

Design of micropatterned substrates for long-term neuronal culture

We patterned gold-coated glass slides with microcontact printing to generate surfaces 

presenting large arrays of identically-shaped cell-adhesive islands. We used a 

polydimethylsiloxane (PDMS) elastomer stamp that was inked with an ethanolic solution of 

octadecanethiol, dried, and then brought into contact with the gold surface (Figure 1A). We 

then backfilled the unstamped area of the substrate by immersing it in an ethanolic solution 

of a tri(ethylene glycol)-terminated alkanethiol, rendering the surrounding areas resistant to 

protein adsorption, and in turn preventing non-specific cell adhesion. After incubation of the 

substrate in ethanol for sterilization, we coated the protein-adhesive regions with buffered 

laminin solution for 1 hour at 37°C in order to render those regions permissive to cell 

attachment and spreading. We fabricated surfaces presenting one of three different shapes – 
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flower, line and star – for use in immunocytochemistry and live cell imaging studies (Figure 

1B).

Precise control of neuronal culture on micropatterned substrates

We generated midbrain dopaminergic neurons obtained from healthy human skin fibroblasts 

via reprogramming of iPSCs [22-23]. iPSCs were characterized previously for the expression 

of pluripotency markers, differentiation capacity through embryoid body formation, and 

normal genomic structure by karyotype analysis [23]. Differentiation of iPSCs into midbrain 

dopaminergic neurons was achieved by a previously published protocol [24]. Under 

conventional neuronal culture conditions 200,000 to 300,000 iPSC-derived neurons are 

plated onto regular unpatterned PDL/laminin-coated coverslips on day 25 to day 30 of 

differentiation. These conventional culture conditions result in uneven growth and neurite 

density, while plating cells onto micropatterned surfaces drives neuronal cultures towards a 

defined growth pattern allowing studies of individual neurons and neuronal networks (Figure 

2A). Long-term culturing of human iPSC-derived neurons has not been possible so far due 

to neuronal clustering of cells during conventional culture conditions (Figure 2B). For 

micropatterned studies, substrates were either placed into one well of a 24-well plate or pre-

designed live cell imaging substrates were used, coated with laminin and 150,000 to 300,000 

neurons were seeded on day 25 to day 30 of differentiation. Once neurons attached to the 

surface, they separated into individual neuronal processes. We determined the specific size 

of single cell-adhesive areas and the distance from those areas to each other (for each 

flower-, star- and line-shaped patterning environment) to ensure that neurons evenly 

distributed onto the substrate. Under these optimized conditions, neurites were able to cross 

the cell-repellent regions to form connections with nearby neurites and cell bodies resulting 

in neuronal networks 20h after plating neurons onto a substrate with a flower-shaped pattern 

(Figure 2C, left image). At day 40 of the differentiation protocol, micropatterned neurons 

stained positive for the neuronal marker β-III-tubulin (Figure 2C, right image) as well as 

pre- and postsynaptic markers (data not shown). During early development iPSC-derived 

dopaminergic neurons initiate the expression of midbrain and dopaminergic markers, such as 

LMX1A, FOXA2 and tyrosine hydroxylase (TH). These markers are commonly used to 

assess the efficiency of neuronal differentiation. We compared neurons plated on 

micropatterned substrates with those grown on conventional unpatterned PDL/laminin-

coated glass coverslips on day 70 of differentiation and were able to confirm that similar 

numbers of neurons plated on either systems stained positive for TH expression (Figure 2D). 

These results indicate that micropatterned culture conditions did not alter the maturation 

process in comparison with conventionally used unpatterned PDL/laminin-coated glass 

coverslip surfaces for iPSC-derived neuronal cultures.

Neurodegenerative diseases selectively target subpopulations of neurons, leading to the 

progressive failure of specific neuronal systems. The basis of such selective neuronal 

vulnerability has largely remained elusive. The factors that determine selective vulnerability 

in neurodegeneration are poorly understood conditions in vitro and in vivo. As a 

consequence, investigating these factors requires experimental approaches for monitoring 

the disease process in defined subtypes of neurons. The micropatterned substrates are well-

suited for analyzing individual neurons within a culture as they separate cells based on their 
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patterned spatial arrangement. We cultured iPSC-derived neurons on substrates with a line-

shaped micropattern and immunolabeled them with an antibody against TH at day 70 of 

differentiation (Figure 2E). We were able to easily distinguish between TH-positive (arrows 

with open arrowhead) as well as TH-negative (arrows with closed arrowhead) neurons 

appearing in each of the parallel lines. Such experimental conditions allow examination of 

disease-associated processes in the more vulnerable dopaminergic neurons in comparison to 

the less vulnerable non-dopaminergic neurons. We next demonstrate that functional studies 

such as axonal transport of mitochondria and neurite outgrowth can be performed in these 

cultures. These methods will advance the use of iPSCs as patient-specific disease models, in 

particular in age-related disorders, by studying the timeline of pathological mechanisms in 

specific neuronal subtypes.

Long-term studies of mitochondrial dynamics under defined conditions

Mitochondrial dynamics are essential for maintaining organelle stability and function, and it 

is known that mitochondrial dysfunction is implicated in complex age-related 

neurodegenerative disorders including AD, PD and ALS [25-26]. The morphology of the 

mitochondrial network is in a constant state of flux, thereby retaining optimal populations of 

mitochondria. The transition between elongated reticular networks and punctate structures is 

dependent on two antagonistic processes, i.e. fission and fusion, both of which are vital for 

neuronal survival as they directly affect organelle number, shape and location [27]. In iPSC-

derived neurons, grown on conventional unpatterned PDL/laminin-coated coverslips, the 

precise tracing of these events within individual neurons has been difficult to achieve, 

because neurite density varies dramatically due to uneven neuron growth (compare Figure 

2B). Neurons grown on micropatterned surfaces extend their processes in a defined and 

uniform manner, which is dictated by the pattern design. This allows the precise evaluation 

of mitochondrial dynamics in individual neuronal processes in live neurons so that 

mitochondrial fission (Figure 3A, upper panel) or fusion (Figure 3A, lower panel) can be 

easily followed over time. To assess mitochondrial morphology in individual neuronal 

processes, we plated cells onto substrates patterned with lines 10μm wide and examined 

mitochondrial parameters after immunostaining with the mitochondrial marker TOM20 and 

the neuronal marker β-III-tubulin (Figure 3B). Conversion of the TOM20 signal into a 

binary image facilitated the visualization of mitochondrial structures for subsequent analysis 

with ImageJ software. The analysis of mitochondrial parameters in individual neuronal 

processes of patterned neurons at different time points revealed a change in mitochondrial 

morphology over time (Figure 3C). While mitochondria appeared punctated at day 40 of 

differentiation, they were more elongated and interconnected at day 100. We quantitated the 

length of individual mitochondria (also known as aspect ratio) as well as their 

interconnectivity (also known as form factor) using ImageJ analysis on the basis of the 

binarized TOM20 signal as described previously [28]. The results showed a time-dependent 

increase of mitochondrial length as well as interconnectivity when comparing 40 and 100 

days old neurons (Figure 3C).
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Axonal transport of mitochondria using micropatterned long-term culture of human 
neurons

Mitochondria not only show dynamic movement within the mitochondrial network, but also 

show motility throughout neurons [29]. The trafficking of mitochondria to areas of higher 

energy requirements, such as synapses, where mitochondrial densities fluctuate, further 

highlights the importance of efficient mitochondrial dynamics in neurons. Specific 

trafficking machineries enable mitochondrial transport to synaptic areas of increased energy 

demand or to the cell body for degradation [30]. Mitochondria move along microtubules 

using motor and adaptor proteins. Anterograde movement (towards the axon terminal) is 

dependent on kinesin motors, while retrograde movement utilizes dynein motors [31]. 

Impaired mitochondrial transport has been shown previously to be implicated in numerous 

age-related neurodegenerative disorders [32]. A number of model systems have been 

established to study mitochondrial movement in neurons [33-35]. We used an insect cell virus 

(baculovirus) coupled with a mammalian promotor to label cellular organelles. We 

transduced iPSC-derived neurons 16 hours prior to imaging with the BacMam CellLight® 

Mitochondria-GFP construct, which utilizes the leader sequence of E1 alpha-pyruvate 

dehydrogenase (3.1 kDa) to label mitochondria. By adjusting the relative number of viral 

particles, it was possible to efficiently label the mitochondria in mature iPSC-derived 

neurons and carry out continuous observation of mitochondrial movement with no 

cytotoxicity. We followed mitochondrial trafficking in individual neurons at day 40, day 70 

and day 100 of differentiation and analyzed retrograde (towards the cell body) and 

anterograde (away from the cell body) mitochondrial movements (where a movement 

required at least a 10μm displacement in one direction) as well as stationary mitochondria as 

percentage of mitochondrial motility (Figure 3D). The corresponding kymograph (Figure 

3D, bottom) illustrates mitochondrial movement (x axis) over time (y axis), in which the 

stationary mitochondria are displayed as straight lines and the moving mitochondria as 

diagonal lines in either direction. Overall, individual mitochondria exhibited a variety of 

dynamic behaviors as shown in Supplemental Movie 1. For example, some mitochondria 

were largley static while others moved at high speed, some stopped abruptly before 

continuing to move, or reversed direction entirely. Overall, the micropatterned neurons 

cultured for 100 days showed a decrease in mitochondrial motility towards the anterograde 

direction in comparison with neurons at day 40, while the percentage of stationary 

mitochondria was greater in neurons at day 100 compared to day 40. Approximately one-

half of the mitochondria were stationary in neurites at day 40 and day 70, whereas 70% were 

stationary at day 100. These results demonstrate the feasibility of quantitating mitochondrial 

dynamics in human neurons cultured on micropatterned surfaces over long periods. The 

transport of organelles, e.g. mitochondria, is particularly important in neurons, because their 

functions are needed throughout the axon. Defects in axonal transport are thus of special 

interest to degenerative diseases of the nervous system.

Organization and dynamic network formation of neurons on micropatterned substrates

Neurons are highly polarized cells with two molecularly and functionally distinct domains 

that emerge from the cell body: a single thin, long axon that transmits signals, and multiple 

shorter dendrites that are specialized to receive signals. The ability of neurons to polarize is 

crucial for synaptic transmission, and knowledge of the mechanisms that govern neuronal 
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polarization is fundamental to our understanding of normal neural development, plasticity as 

well as neuropsychiatric diseases. Mouse primary and human iPSC-derived neurons from 

genetic models of neurodegenerative diseases have been used to study disease-associated 

changes of neuronal organization or network formation, primarily focusing on neurite 

outgrowth phenotypes [36-37]. Further, high throughput screening studies for human neurons 

have been developed to assess phenotypic outcomes including neurite outgrowth and 

branching [38]. However, it remains very challenging to reliably examine these processes in 

iPSC-derived neurons under conventional culture conditions due to aforementioned 

clustering of cells. To study outgrowth as an early process in the formation of neuronal 

networks, we imaged iPSC-derived neurons 50 hours after plating onto a substrate patterned 

with an array of flower-shaped features (Supplemental Movie 2). As shown in Figure 4A, 

neurons cultured on patterned substrates allowed for easy tracking of neurite outgrowth 

processes from one cell to another over time.

The process of network formation depends on the development of neuronal polarity with a 

specified axon as well as several dendrites and requires precise regulation of microtubule 

and actin dynamics. Microtubule-associated proteins (MAP) control the dynamic properties 

of microtubules, which differ in their complement of MAPs. For example, MAP2 is found 

mostly in dendrites and tau is found mainly in axons. Micropatterned substrates provide a 

suitable environment to study neuronal polarity because they allow for the distinction of 

axons and dendrites on the surface due to the separation of cells on cell-adhesive areas. 

Neurons were plated on day 30 of differentiation onto star-shaped micropatterned substrates 

and either immunostained 10 days later (day 40 of differentiation) or 70 days later (day 100 

of differentiation). Using antibodies against tau (to label axons; Figure 4B, arrow with open 

arrowhead), and MAP2 (to label dendrites; Figure 4B, arrow with closed arrowhead), we 

could visualize the formation of individual connections to neighboring cell bodies. Culturing 

neurons until day 100 of differentiation on star-shaped micropatterned substrates resulted in 

a progressively more organized and denser neuronal network, further demonstrating the 

utility of micropatterns in studies of neuronal maturation and network development.

Discussion

The use of iPSCs for modeling neurological disorders addresses a critical need in medicine, 

yet technical limitations in neuronal cultures have made the analysis of individual neurons 

and neuronal networks very challenging. The clustering of human neurons during the 

differentiation process makes it difficult to image single cell bodies and to track the fates of 

individual neurons over time. The challenge, in particular, of culturing human neurons in a 

micropatterned environment is in providing conditions that ensure survival of single cells on 

a cell-adhesive site as well as to maintain the defined pattern during long-term neuronal 

culture. In this work, we demonstrate that the use of patterned monolayers overcomes 

limitations such as neuronal clustering and enables the long-term culture of human neurons 

under well-defined conditions. We give examples of the use of these patterned cultures in the 

quantitative tracking of mitochondrial movement, evaluation of mitochondrial morphology, 

analysis of neurite outgrowth and neuronal polarity in specific subtypes of neurons. These 

applications have not been possible with the use of conventional iPSC culture formats, and 

serve to illustrate the significance of the work presented in this paper.
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Earlier reports that cultured human stem cell-derived neuronal cells on patterned surfaces 

were directed towards short-term applications - one study reported culture of neural 

progenitor cells on patterned surfaces for only 2 days [39] and a second study investigated the 

adherence and differentiation capacity of human cord blood-derived neural stem cells for 7 

days [40]. Other examples cultured primary neurons on micropatterned substrates for several 

days to a few weeks [13, 15, 17]. It is not clear why the patterned monolayers are effective at 

maintaining the patterned neurons for periods of months in culture. Previous examples of 

patterned cell cultures on monolayers of alkanethiolates on gold have found that the cells 

typically remain in their initial positions for one to four weeks [19-21]. In those cases, it is 

likely that the protein resistant oligo(ethylene glycol) groups were oxidatively damaged, 

compromising the protein-resistant property. We did not alter those patterned substrates to 

achieve the long-term culture of neurons reported in this work; rather, the stability must 

reflect either a less oxidative (or otherwise reactive) environment near the cells or a lack of 

migratory phenotype in these cells. In any event, enabling the culture of human iPSC-

derived neurons for more than 100 days, our method enables studies of disease-relevant 

mechanisms and phenotypes in individual neurons and networks over periods of several 

months. In particular, we monitored changes in neuronal development, mitochondrial 

morphology as well as trafficking in living neurons.

Neurons are postmitotic and highly energy-dependent and therefore particularly vulnerable 

to alterations in cellular bioenergetics and increased stress that may occur as a direct or 

indirect result of mitochondrial dysfunction. These cellular processes are also implicated in 

age-related neurodegenerative disorders, such as AD, PD and ALS, indicating a common 

pathological thread [25-26]. Integral changes in mitochondria have long been thought to 

contribute to the pathological events during aging, notably in relation to complex I 

deficiency of the electron chain and the accumulation of mitochondrial DNA (reviewed 

in [25, 41]). But so far, mitochondrial morphology as well as trafficking within individual 

neurons has been challenging to study because neuronal processes must be adherent, stable 

and accessible for high-resolution imaging.

Using our optimized micropatterned substrates we found that alterations of mitochondrial 

parameters change over time in normal healthy dopaminergic neurons; e.g. an increase in 

mitochondrial length and interconnectivity as well as a reduction in anterograde transport 

towards more stationary mitochondria from day 40 to day 100 of differentiation. It is well 

established that adaptations in mitochondrial dynamics are required during development and 

aging to maintain mitochondrial function, but the precise nature of these changes has not 

been studied in human neurons [42]. Fusion and fission events are mediated through different 

specialized proteins (reviewed in [43]). While fission events have been shown to be preceded 

by a sustained fall in mitochondrial membrane potential [44], fusion mixes mitochondrial 

contents and is known to benefit mtDNA stability and allows the spreading of metabolites, 

enzymes, and mitochondrial gene products throughout the mitochondrial compartment and 

also serves to repair abnormal mitochondrial phenotypes [45]. The extensive fusion of 

mitochondria observed at later time points in our studies might indicate a compensatory 

response to mitochondrial damage. Hyperfused mitochondria may be resistant to 

apoptosis [46] and escape autophagosomal degradation [47].[48]. Fission, conversely, 

generates fragmented mitochondria that are necessary for transportation purposes as well as 
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selecting damaged or aged mitochondria for autophagy. Changes in both of these processes 

have been shown to contribute to neurodegenerative and other disorders [26]. Further, 

mitochondrial trafficking is important in neurons since active transport of mitochondria 

supplies local energy needs [49]. Several studies have shown that defects in the microtubule-

based machinery can cause or contribute to a number of human neurodegenerative 

diseases [32, 42, 50-51].

Over the past decades, many studies have explored the cellular and molecular mechanisms 

that underlie neuronal polarization primarily using mouse primary neurons. Also, iPSC-

derived neurons from genetic models of neurodegenerative diseases have been used to study 

disease-associated changes of neuronal organization or network formation, primarily 

focusing on neurite outgrowth phenotypes [36-37]. Further, high throughput screening studies 

for human neurons have been developed to assess phenotypic readouts such as neurite 

outgrowth and branching and suggested its use for compound screening as well as drug 

development [38]. However, it has been very challenging to reliably examine these processes 

in iPSC-derived human neurons under conventional culture conditions due to 

aforementioned clustering of cells. There have been attempts to culture non-iPSC-derived 

cells in microfluidic platforms to establish a more organized environment for studies of 

neurite outgrowth, but those platforms are designed to guide the neurites towards a 

predetermined direction. In addition, this approach has not been utilized in iPSC-derived 

neurons [52]. We found that neurons plated on star-shaped micropatterned substrates initially 

formed individual connection to neighboring cell bodies either by the axon or the dendrites 

and were able to form a more dense and organized network over time. Micropatterned 

substrates provide an excellent environment to study the development of neuronal polarity in 

human neurons, because they allow for the distinction of axons and dendrites on the surface 

due to their separation on cell-adhesive areas.

Using micropatterned surfaces for the study of progressive phenotypes in individual neurons 

and neuronal networks fills a gap in the currently available techniques and will be important 

in defining mechanisms in neurodegenerative disorders. Our approach can be combined with 

various other imaging and molecular biology techniques, including the 

immunocytochemistry or live cell imaging applications, but will also be useful to screen for 

accumulation of synaptic or perinuclear components in individual neurons and examine 

cellular kinetics will live-cell imaging, electrophysiology or high-resolution single-molecule 

tracking (Figure 4C).

The discovery of iPSCs has transformed our ability to study complex tissue phenotypes in 

the laboratory and has exciting implications for personalized medicine. Yet, culturing iPSC-

derived cell lines can be very challenging. This has been the case with neuronal cells and our 

report of a method that can pattern adult human neurons for periods of several months 

represents a critical advance in harnessing the potential of iPSC-derived neurons. We believe 

studying biological processes such as mitochondrial transport and dynamic network 

formation in these neuronal cultures will be important for understanding disease-relevant 

mechanisms of clinically significant human brain pathologies such as PD, AD and ALS.
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Experimental section

Micropatterned substrate fabrication

Arrayed surfaces were fabricated using microcontact printing, as described previously [18]. 

In brief, we started with gold substrates (220 A on top of a 40 A Ti adhesion layer), 

deposited with an electron beam vapor deposition system (Thermionics, CA). Substrates 

were rinsed with 100% ethanol, and dried with a stream of nitrogen. Polydimethylsiloxane 

stamps were inked with octadecanethiol (10mM, Sigma, #74731) in ethanol, dried with a 

stream of nitrogen, and brought into contact with the clean gold for 1 minute. The printed 

gold was then cleaned with 100% ethanol, dried with nitrogen and backfilled in triethylene 

glycol mono-11-mercaptoundecyl ether (10 mM, Sigma, #673110) in ethanol overnight at 

4°C. Surfaces were then rinsed well in 100% ethanol and dried with a stream of nitrogen for 

storage until use.

Preparation of micropatterned substrates for neuronal cell culture

The preparation of micropatterned substrates for neuronal cell culture took place in an 

aseptic environment and all reagents used were sterile. To sterilize micropatterned 

substrates, they were rinsed with 100% ethanol and placed in a petri dish containing enough 

100% ethanol to fully submerge them for 15 minutes. Substrates were removed from the 

petri dish using a sterilized fine forceps and completely air dried before placing them into a 

24-well plate (about 15 minutes). For live cell imaging micropatterned substrates, which 

were glued to drilled dishes (see below), ethanol rinsing and drying was done in the same 

manner. When completely dried, substrates were coated with laminin (5ug/ml, Roche, # 

11243217001) in PBS and incubated at 37°C in a humidified incubator for 1 hour. Before 

seeding cells onto substrates, laminin was aspirated off and substrates were washed once 

with PBS. For live cell imaging studies, an 18mm whole was drilled into 35mm plastic 

dishes. Micropatterned substrates were glued onto a drilled dish using Sylgard (Electron 

Microscopy Sciences, #21236) adhesive, which was cured briefly at 80°C on a temperature-

controlled hotplate.

iPSC culture and neural differentiation

The iPSC line was generated from skin fibroblasts of a healthy individual and was 

reprogrammed through retroviral expression of OCT4, SOX2, cMYC, KLF4 as described 

previously [22]. The line was characterized for expression of pluripotency markers (OCT4, 

Tra-1-60, SSEA4, Nanog), genomic integrity through G-banding karyotype analysis and 

teratoma analysis [22-23, 53]. iPSCs were cultured and maintained as described 

previously [22-23]. Differentiation of iPSCs into midbrain dopaminergic neurons was done 

according to published protocols [24]. To better control consistency of neuralization, cells 

were first passaged en bloc at day 10 to 15 by mechanical dissociation of thickened cell 

layer into 2mm2 blocks followed by plating onto PDL/laminin coated 10cm dishes. At day 

25 to 30 of differentiation, neural blocks were passed by accutase treatment onto laminin 

coated micropatterned substrates (for details see above) and incubated until analysis. 

Neuralization growth factors were withdrawn at day 40 and neurons were maintained in 

Neurobasal media (Life Technologies, #21103-049) containing Neurocult SM1 supplement 

(Stemcell technologies, #05711). The medium was replaced every 3 days.
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Immunocytochemistry

Neurons were fixed for 20 minutes in 4% paraformaldehyde in PBS, washed twice with PBS 

and permeabilized with 0.3% Triton X-100 in PBS for 10 minutes. Cells were blocked in 

1-2% BSA, 5% normal goat serum in 0.3% Triton X-100/PBS for 1 hour at room 

temperature. Neurons were incubated with the following primary antibodies: anti β -III-

tubulin (Covance # MMS-435P, 1:1000 or Covance # MRB-435P, 1:1000), TOM20 (BD 

Bioscience # 612278, 1:300), Tyrosine Hydroxylase (Merck-millipore # 657012, 1:1000), 

tau (DAKO # A002401-2, 1:300), MAP2 (Sigma # M4403, 1:300). Primary antibodies were 

incubated overnight, washed in 0.3% Triton X-100/PBS and then incubated with Alexa-

conjugated anti-rabbit or anti-mouse antibodies at 1:500 for 1 hour at room temperature. 

Micropatterned substrates were mounted in DAPI Fluoromount (Southern Biotech).

Microscopy

Immunostainings were visualized on an inverted Leica confocal microscope (Leica TCS 

SPE-II with DMI4000 RYBC Leica TCS SPE confocal unit RYBV) equipped with 10×/0.30 

CS, 40×/1.15 Oil CS and 63×/1.30 Oil CS objectives and appropriate filter sets (excitation: 

405nm/25 mW, 488nm/10 mW, 561nm/20 mW). Phase-contrast images were taken using an 

inverted EVOS XL Imagin6g System (# AME3300) equipped with long working distance 

phase contrast objectives and LED illumination. Images were acquired with a digital 3 MP 

CMOS color camera.

Live cell imaging

Time lapse studies were performed using a live cell imaging Zeiss Axiovert Fluorescence 

microscope equipped with a Hamamatsu Orca-ER camera and a self-contained incubation 

chamber providing 37°C and 5% CO2. Frames were taken every 2 seconds for a total period 

of 3 minutes for mitochondrial trafficking studies as well as for imaging mitochondrial 

fusion and fission events using a 63× oil objective (Plan-Apochromat, 1.4 NA). For 

visualization of mitochondria, cells were transduced with CellLight® Mito-GFP, BacMam 

2.0 (Invitrogen) 16 hours prior to imaging. The staining media was replaced with fresh 

neuronal media before imaging. Time-lapse imaging of neurons for neuronal outgrowth 

studies was carried out using a 20× phase-contrast objective. Frames were taken every 2 

minutes for a period of 25 minutes.

Image analysis

ImageJ version 1.43 software (NIH, Bethesda, MD, USA, http://rsb.info.nih.gov/ij/) was 

used to analyze parameters of mitochondrial morphology and motility as described 

previously [28, 54]. In detail, the length of single mitochondria (aspect ratio), mitochondrial 

network formation (form factor) and mitochondrial trafficking parameters (including the 

number of moving mitochondria and their direction) were evaluated. Fluorescence 

microscopy images were optimized by adjusting the contrast and subsequently binarized by 

conversion to 8 bit images. After reduction of unspecific noise of the fluorescence signal, a 

threshold was applied to the images to define mitochondrial structures. The threshold was 

kept equal within one experiment. Analysis of the aspect ratio as well as the form factor 

included the use of the ‘analyze particle’ function in ImageJ program to preclude from 
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inclusion of unspecific background. At least 3 fields of view were used per coverslip, and 

several thousand mitochondrial structures were analyzed per condition (= neurons at day 40 

or day 100). For quantification, all samples within one experiment were stained 

simultaneously and imaged with identical settings. For analysis of mitochondrial trafficking 

studies, kymographs were created using the ‘Multiple Kymograph’ plugin in ImageJ 

software from time-lapse images. From these kymographs the movement of mitochondria 

was classified as retrograde (moved ≥10μm in the retrograde direction), anterograde (moved 

≥10μm in the anterograde direction), or stationary (moved < 10μm during the duration of the 

3 minutes video). The percent motility of mitochondria along the neural process (retrograde, 

anterograde, stationary) was calculated as a percentage of the total number of mitochondria 

imaged per neuronal process.

Statistical analysis

Student's t-test (two-sided) was used for analysis of TH-positive cells as percent of total 

(Figure 2D), mitochondria length (aspect ratio) as well as mitochondrial interconnectivity 

(form factor) (Figure 3C). One-way ANOVA with Dunnet's post-hoc test was used for 

quantifications of percent of mitochondrial motility (Figure 3D). p values less than 0.05 

were considered significant. Statistical calculations were performed with GraphPad Prism 

Software, Version 5.0 (http://www.graphpad.com/scientific-software/prism/). All data shown 

is representative of experiments from at least 3 separate differentiated culture sets.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Micropatterned substrate fabrication
(a) Scheme showing the microcontact printing of gold-coated substrates. A 

polydimethylsiloxane (PDMS) stamp is used to pattern octadecanethiol onto a gold-coated 

glass substrate, rendering the desired areas protein-adhesive. Backfilling the substrate with 

an ethylene glycol-terminated molecule renders the surrounding areas resistant to protein 

deposition (and therefore resistant to cell adhesion). Coating the backfilled substrate with 

laminin makes the stamped “islands” cell-adhesive. (b) Immunofluorescent images of 

different micropatterned substrates showing surfaces presenting flower (1250μm2), line 

(10μm diameter) and star (2500μm2) patterns. Scale bar, 50μm.
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Figure 2. Advantage of micropatterning technology over conventional protocol for iPSC-derived 
neuronal culturing
(a) Schematic of the differentiation of midbrain dopaminergic neurons from iPSCs, which 

have been reprogrammed from adult somatic cells. Culturing iPSC-derived neurons on 

conventional glass coverslips usually results in a less defined growth of neurons and 

neuronal processes, while culturing neurons on micropatterns enables the analysis of 

individual neurons and neuronal networks under controlled conditions. (b) 
Immunofluorescence image of iPSC-derived neurons grown on unpatterned PDL/laminin-

coated coverslips following the conventional protocol. Cells were labeled with the neuronal 

marker β-III-tubulin (red) and DAPI (blue). Scale bar, 100μm. (c) Left: Bright field image 

taken 20h after plating iPSC-derived neurons onto a substrate with a flower-shaped pattern. 

Scale bar, 100μm. Right: Immunofluorescence image of iPSC-derived neurons on a 

substrate representing a flower-shaped pattern. Neurons were labeled with the neuronal 

marker β-III-tubulin (green) and DAPI (blue). Scale bar, 100μm. (d) Quantification of TH-
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positive neurons as percent of total number of cells cultured on micropatterned substrates or 

on conventional unpatterned PDL/laminin-coated coverslips at day 70 of differentiation; n.s.: 

not significant. (e) Immunofluorescence images of iPSC-derived neurons grown on a 

substrate with a line-shaped micropattern at day 70 of differentiation. Cells were labeled 

with the dopaminergic marker TH (green), the neuronal marker β -III-tubulin (red) and 

DAPI (blue). Examples of TH-positive (arrows with open arrowhead) and TH-negative 

(arrows with closed arrowhead) neurons are indicated. Scale bar, 100μm. Enlarged view of 

the boxed region shows a TH-positive neuron. Scale bar, 10μm.
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Figure 3. Analysis of mitochondrial dynamics in long-term neuronal cultures
(a) Image series showing mitochondrial trafficking as fusion (solid arrow; upper panel) and 

fission (dashed arrow, lower panel) events in one neuronal process over 160 seconds. iPSC-

derived neurons were plated onto a live cell imaging substrate representing a flower-shaped 

micropattern. Mitochondria were visualized by transduction of mito-GFP BacMam 2.0. (b) 
Immunofluorescence images of iPSC-derived neurons grown on a substrate with line-shaped 

pattern shown in low magnification (10×; Scale bar, 100μm) or higher magnification (40×; 

Scale bar, 20μm). Cells were labeled with neuronal marker β-III-tubulin (green), 

mitochondrial marker TOM20 (red) and DAPI (blue). TOM20 signal was converted into a 

binary image for analysis of mitochondrial structures. (c) Mitochondrial length and 

interconnectivity in individual neuronal processes of iPSC-derived neurons grown on 

substrates with line-shaped pattern was analyzed after 40 (d40) and 100 days (d100) of 

differentiation using ImageJ software. *p<0.05; ***p<0.001. Scale bar, 5μm. (d) Image 
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series showing retrograde moving (arrowhead), anterograde moving (arrow with open 

arrowhead) or stationary (arrow with closed arrowhead) mitochondria over 180 seconds. 

Corresponding kymograph is shown at the bottom of the image series. Scale bar, 10μm. 

Mitochondrial trafficking was followed after 40, 70 and 100 days of differentiation and 

retrograde moving, anterograde moving (≥ 10μm/3 minutes in either direction) and 

stationary mitochondria were analyzed using ImageJ software. The percentage motility of 

mitochondria along the neuronal process was calculated as a percentage of the total number 

of mitochondria imaged per process. *p<0.05.
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Figure 4. Dynamic network formation of iPSC-derived neurons
(a) Bright field images showing neurite outgrowth towards a nearby cell body over 25 

minutes. iPSC-derived neurons were seeded onto a live cell imaging substrate with a flower-

shaped micropattern on day 30 of differentiation and bright field images were taken 50 hours 

after seeding. Scale bar, 10μm. (b) Immunofluorescence images of iPSC-derived neurons 

grown on a substrate with a star-shaped micropattern. Cells were fixed and labeled with the 

axonal marker tau (red), the dendritic marker MAP2 (red) and DAPI (blue) at day 40 (top 

panel) or day 100 (bottom panel) of differentiation. Enlarged views of the boxed regions 

show tau-positive axons (arrows with open arrowheads) and MAP2-positive dendrites 

(arrows with closed arrowheads). Scale bar, 100μm. (c) Schematic of the potential use of 

micropatterned substrates for studies of cell dynamics, such as mitochondrial dynamics (a), 
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neuronal outgrowth (b), synaptic transmission (c) and cellular degradation pathways, e.g. 

lysosomal degradation of aggregated proteins or cellular contents (d).
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