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ABSTRACT 

Stem cell transplantation holds great promise as a repair strategy following spinal cord injury. 

Embryonic stem cell (ESC) transplantation therapies have elicited encouraging though limited 

improvement in motor and sensory function with the use of heterogeneous mixtures of spinal 

cord neural progenitors and ESCs. Recently, transgenic lines of ESCs have been developed to 

allow for purification of specific candidate populations prior to transplantation, but the functional 

network connectivity of these populations and its relationship to recovery is difficult to examine 

with current technological limitations. In this study, we combine an ESC differentiation protocol, 

multi-electrode arrays (MEAs), and previously developed neuronal connectivity detection 

algorithms to develop an in vitro high-throughput assay of network connectivity in ESC-derived 

populations of neurons. Neuronal aggregation results in more consistent detection of individual 

neuronal activity than dissociated cultures. Both aggregated and dissociated culture types 

exhibited synchronized bursting behaviors at days 17 and 18 on MEAs, and thousands of 

statistically significance functional connections were detected in both culture types. Aggregate 

cultures, however, demonstrate a tight linear relationship between the inter-neuron distance of 

neuronal pairs and the time delay of the neuronal pair functional connections, whereas 

dissociated cultures do not. These results suggest that ESC-derived aggregated cultures may 

reflect some of the spatiotemporal connectivity characteristics of in vivo tissue and prove to be 

useful models of investigating potentially therapeutic populations of ESC-derived neurons in 

vitro. 

 

Keywords: embryonic stem cell, functional connectivity, neuronal culture, high-throughput 
assay, spinal cord injury, cell therapy, stem cell differentiation  
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NOVELTY AND SIGNIFICANCE 

Previous investigations of stem cell-derived network connectivity on multi-electrode arrays 

(MEAs) have been limited to characterizations of bursting activity or broad averages of overall 

temporal network correlations, both of which overlook neuronal level interactions. The use of 

spike-sorting and short-time cross-correlation histograms along with statistical techniques 

developed specifically for MEAs allows for the characterization of functional connections 

between individual stem cell-derived neurons. This high-throughput connectivity assay will open 

doors for future examinations of the differences in functional network formation between various 

candidate stem cell-derived populations for spinal cord injury transplantation therapies—a 

critical inquiry into their therapeutic viability.  
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INTRODUCTION 

In recent decades stem cell therapy has become promising as a potential treatment 

strategy for spinal cord injury (SCI). Typically, heterogeneous mixtures of embryonic stem cells 

(ESCs), neural-restricted progenitors, or glial-restricted progenitors are loaded into gels or 

scaffolds that are then either injected or surgically inserted into the spinal cavity (Duncan, 

Aguayo, et al. 1981; Brustle, Jones, et al. 1999; Nori, Okada, et al. 2011; Tetzlaff, Okon, et al. 

2011; Mothe, Tam, et al. 2013; McCreedy, Wilems, et al. 2014). One rationale for this 

intervention is that the grafted cells have the capacity to differentiate into neurons or glia and 

incorporate themselves into the endogenous circuitry spared by the injury, forming new spinal 

circuits within the grafted population and between the grafted cells and host cells. These circuits 

can then serve as neuronal relays for communication along the injured cord (Abematsu, 

Tsujimura, et al. 2010; Bonner, Connors, et al. 2011; Fujimoto, Abematsu, et al. 2012; Lu, 

Wang, et al. 2012; Hou, Tom, et al. 2013; Sharp, Yee, et al. 2014).  

Although a spectrum of in vitro protocols has been developed to consistently differentiate 

ESCs into well-characterized populations enriched for predetermined neural subtypes and to 

purify the spinal cord neuronal subpopulation of choice through genetic-engineering (Li, Pevny, 

et al. 1998; Anderson, Self, et al. 2007; McCreedy, Rieger, et al. 2012; Brown, Butts, et al. 2014; 

McCreedy, Brown, et al. 2014; Xu, Iyer, et al. 2015; Xu and Sakiyama-Elbert 2015; Iyer, 

Huettner, et al. 2016), the intrinsic complexity of the post-SCI environment, as well as severe 

limitations of traditional in vivo technologies, currently present challenges to studying intra-graft 

connectivity properties post-transplantation (Bonner, Connors, et al. 2011; Lee, Lane, et al. 

2014). In vitro electrophysiology methodologies from other fields, in conjunction with cell 

induction and cell culture methods developed within the SCI field, present a compelling alternate 
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platform to investigate how different stem cell-derived subpopulations interconnect within the 

overall neuronal population.  

In particular, functional connectivity, referring to a correlation between two time series 

with no assumption about the underlying circuit giving rise to the measured relatedness, has 

proven to be a useful framework for assessing neuronal interconnectivity when anatomical 

connectivity is inaccessible experimentally (Moore, Perkel, et al. 1966; Perkel, Gerstein, et al. 

1967; Gerstein and Perkel 1972; Aertsen, Gerstein, et al. 1989; Aertsen, Vaadia, et al. 1991; 

Friston, Frith, et al. 1993; Friston 1994; Friston 2011). Due to their parallel channels of 

extracellular recording, planar multi-electrode arrays (MEAs) have been shown to be particularly 

well-suited to analyze functional connectivity for the purpose of characterizing network 

development, plasticity, and structure in vitro (Chao, Bakkum, et al. 2007; Garofalo, Nieus, et al. 

2009; Maccione, Garofalo, et al. 2012; Freeman, Krock, et al. 2013; Cutts and Eglen 2014; Poli, 

Pastore, et al. 2015; Pastore, Poli, et al. 2016). These investigations typically measure functional 

connectivity by assessing individual connections and their associated properties (Maccione, 

Garofalo, et al. 2012; Freeman, Krock, et al. 2013) or by constructing topological maps to 

facilitate comparisons of network structure across conditions or groups (Maccione, Gandolfo, et 

al. 2010; Boehler, Leondopulos, et al. 2012; Downes, Hammond, et al. 2012; Marconi, Nieus, et 

al. 2012; Poli, Pastore, et al. 2015; Schroeter, Charlesworth, et al. 2015), although the 

mathematical validity of comparing networks with differing quantities of neuronal nodes has 

recently been called into question (van Wijk, Stam, et al. 2010). 

Only in recent years have MEAs been established as a modality for functionally 

analyzing the connectivity properties within populations of cultured ESC-derived neurons (Ban, 

Bonifazi, et al. 2007; Illes, Fleischer, et al. 2007; Heikkila, Yla-Outinen, et al. 2009; Illes, Jakab, 
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et al. 2014). Ban and colleagues opened the door for more in-depth inquiries into the spatial and 

temporal properties of ES-derived neuronal interactions by demonstrating, with the use of 

MEAs, the capacity for ES-derived neurons to form functional networks (Ban, Bonifazi, et al. 

2007). Multiple groups have shown that this spatial activity can be modulated both in human and 

mouse stem cell-derived populations by the application of neurotransmitters and channel 

antagonists, suggesting the expression of synaptic ionic channels native to endogenous neuronal 

populations (Illes, Fleischer, et al. 2007; Heikkila, Yla-Outinen, et al. 2009; Lappalainen, 

Salomaki, et al. 2010).  

However, these fundamental characterizations of ESC-derived in vitro neural networks 

have yet to assess how individual neurons functionally interconnect, an assessment likely to 

capture nuanced functional differences between ESC-derived populations that may actually be 

correlated with their efficacy, or lack thereof, as therapeutic ESC-derived spinal cord networks 

(Bonner and Steward 2015). Applications of such methodologies would enable investigations of 

fundamental questions about ESC-derived networks pertaining to their use as grafts, such as the 

relationship between neuron-neuron functional connectivity and cell culture methodology (i.e. 

dissociated vs aggregated cultures), which has previously been shown to influence how closely 

neuronal cultures mimic in vivo environments (Pampaloni, Reynaud, et al. 2007; Lu, Searle, et 

al. 2012; Edmondson, Broglie, et al. 2014). For example, the effects of neural aggregation on 

long-term function of ESC-derived culture have been explored previously at the level of neural 

activity, demonstrating that aggregation leads to increasingly synchronous bursting across 

electrodes (Illes, Theiss, et al. 2009).  

In the current study we extend the previously discussed MEA investigations of ESC-

derived interconnectivity by investigating the impact of cell culture methodologies on neuron-
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neuron functional connectivity. We do so by combining planar MEAs and a computational 

methodology recently shown to be capable of mapping thousands of pairwise functional 

connections between spike-sorted neurons in neuronal cultures (Freeman, Krock, et al. 2013). 

Cross correlation, the measure of connectivity utilized here, has historically been used to detect a 

spectrum of neuronal interconnectivity, from neuron-neuron monosynaptic connections to 

polysynaptic synchrony (Binder and Powers 2001; Constantinidis, Franowicz, et al. 2001; 

Herrmann and Gerstner 2002; Turker and Powers 2002; Bartho, Hirase, et al. 2004; Veredas, 

Vico, et al. 2005; Fujisawa, Amarasingham, et al. 2008; Ostojic, Brunel, et al. 2009). The assay 

presented here not only detected differences in neuronal activity between dissociated and 

aggregated cultures, but also captured in a high-throughput manner differences between culture 

methodologies pertaining to the spatiotemporal characteristics of neuron-neuron functional 

connectivity, which has implications for advancing assessments of ESC-derived neuronal for SCI 

repair. 

METHODS 

ESC Culture 

Cultures enriched for Chx10-expressing V2a interneurons (V2a INs) were induced as 

previously described (Brown, Butts, et al. 2014). A mouse ESC line expressing TdTomato under 

the Bactin promotor was maintained in T-25 flasks in complete media, consisting of Dulbelcco’s 

Modified Eagle Medium (DMEM; Life Technologies #11965-092) containing 10% newborn calf 

serum (Life Technologies #26140-079), and 1× Embryomax Nucleosides (Millipore #ES-008-

D). Every two days, ESCs were passaged at a 1:5 ratio with fresh complete media supplemented 

with 100 µM β-mercaptoethanol (βME; Life Technologies #21985-023) and 1000 U/mL 

leukemia inhibitory factor (LIF; Millipore #ESG1106).  
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Chx10 induction (2–/4+) 

At the beginning of the induction, 106 ESCs were suspended in 10 mL of DFK5 media, 

which consists of a DMEM/F12 base supplemented with βME, 1:200 100× Embryomax 

Nucleosides, 50 µM nonessential amino acids (Life Technologies #11140-050), 100× insulin 

transferrin-selenium (Life Technologies #41400-045) and 5% knockout replacement serum (Life 

Technologies #10828-028) on an agar-coated 100 mm petri dish for two days in order to form 

embryoid bodies (EBs) (2–). Media was then aspirated from the EBs and changed to DFK5 

media containing 10 nM retinoic acid (RA; Sigma #R2625) and 1 µM purmorphamine (EMD 

Millipore #540223) for 2 days (2+) prior to the media being aspirated and changed to DFK5 with 

10 nM RA, 1 µM purmorphamine, and 5 µM of a gamma secretase inhibitor N-[N-(3,5-

difluorophenacetyl-L-alanyl)]-(S)-phenylglycine t-butyl ester (DAPT; Sigma-Aldrich #D5942) 

for the last two days (4+). 

Dissociation and Aggregation  

After the 6-day induction protocol, EBs were either dissociated or underwent a neural 

aggregation protocol prior to plating for MEA cultures. For dissociation-alone cultures, EBs 

were collected, suspended in 0.25% Tryspin-EDTA (Life Technologies #25200-056) for 10 

minutes, and mechanically separated by repeated pipetting. For neural aggregation cultures, EBs 

were initially dissociated as described, but were then plated on poly-L-ornithine (Sigma-Aldrich 

#P4957) and laminin-coated T75 flasks at a density of 5×105 cells/cm2 in DFK5 supplemented 

with B-27 (Life Technologies #17504-044), glutaMAX (Life Technologies #35050-061), 5 

ng/mL glial-derived neurotrophic factor (GDNF; Peprotech #450-10), 5 ng/mL brain-derived 

neurotrophic factor (BDNF; Peprotech #450-02) and 5 ng/mL neurotrophin-3 (NT-3; Peprotech 

#450-03). After 24 hours, the flask cultures were washed twice with DMEM/F12 and then lifted 
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from flasks using Accutase (Sigma, #A6964) for 30 min at room temperature. A total of 5×105 

cells were seeded into each well of a 400 µm Aggrewell plate (StemCell Technologies, #27845) 

in a modified DFKNB media consisting of DFK5 and Neurobasal media (NB; Life Technologies 

#21103-049) supplemented with B-27, glutaMAX, 5 ng/mL GDNF, 5 ng/mL BDNF, and 5 

ng/mL NT-3 for 2 days of aggregate formation. Half the media was replaced daily. Aggregates 

were lifted by trituration and allowed to settle in micro-centrifuge tubes prior to plating as 

appropriate. 

MEA cell culture 

Either dissociated cells or aggregated cells were plated on individual 8×8 electrode grid 

S1-type MEAs with 200 µm electrode spacing and 10 µm electrode contact diameter (Warner 

Instruments #890102) that had been coated with poly-L-ornithine/laminin. Dissociated cells were 

plated uniformly at a cell density of 5×105 cells per MEA, while neural aggregates were plated at 

the center of each MEA at a cell density of 1.5×105. All cultures were incubated at 37° C in a 

humidity-controlled, 5% CO2 environment for the entire culture period. Both types were cultured 

in DFKNB with B-27, glutaMAX, 5 ng/mL GDNF, 5 ng/mL BDNF, and 5 ng/mL NT-3. Full 

media changes of the supplemented DFKNB media were performed every two days up to day 6 

in culture. After 6 days, the media was replaced with NB containing the same supplements for 

the duration of culture, with a full change of media performed every two days. Images of MEA 

cell cultures were captured viewing from beneath the MEA dish using an Olympus IX70 inverted 

microscope with an attached MICROfire camera. 

MEA recording 

 The recorded signals were amplified with a Multichannel Systems MEA2100 60-channel 

signal amplifier (ALA Scientific Instruments, Inc). The Multichannel Systems software gain was 
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set to 1200× with an analog-to-digital sampling rate of 20 ksamples/s. Channels with high-

amplitude noise were turned off in order to avoid the spread of noise to other channels. All 

experiments were conducted at 37° C with the use of a MultiChannelSytems temperature-

controller (ALA Scientific Instruments, Inc) in an open-air table-top environment with no 

replacement of media during recording. Recordings were performed using the MultiChannel 

Systems data acquisition software, MC Rack, during which all 60 channels were filtered in 

parallel with a 4th order digital Butterworth band-pass filter from 300 Hz to 5000 Hz. Neural 

activity of all non-noisy channels was recorded for one hour, which ensured enough spiking 

activity to construct meaningful cross-correlograms. For each one-hour recording, only neuronal 

spikes passing a 5 standard deviation negative voltage deflection threshold, along with the time 

stamp of the threshold crossing, were extracted and saved to disk. Each spike waveform 

consisted of 1 ms of samples pre-threshold crossing and 2 ms of samples post-threshold crossing. 

Offline Spike-sorting 

 Extracted spike waveforms were spike sorted offline by the MC Rack software, then 

imported into MATLAB (Mathworks, Inc). The spike time associated with each waveform 

initially corresponded to the time at which the negative deflections of action potentials crossed 

the negative thresholds. Once imported into MATLAB, the sample rate was used to shift the 

spike times to correspond to the minimum point in the negative deflection of the spike 

waveforms in order for the waveforms to be evenly aligned during feature extraction. 

Waveforms were also trimmed to include only 0.5 ms before the minimum value of the negative 

deflection and 1.5 ms after the minimum value of the negative deflection. Only identifiable 

single neuron spikes were included in the analysis. For feature extraction, principal components 

analysis (PCA) was performed on a feature matrix created by stacking the vectors corresponding 
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to each waveform on a single channel. The output matrix corresponding to the 1–5 principal 

components containing the most variance were the inputs for K-means clustering, which was 

then used to assign centroids to a predetermined number of clusters (number of identified 

neurons) and index each PCA vector corresponding to a single waveform to a cluster. This 

analysis identified anywhere from one to five individual neurons for each channel. 

Bursting Quantification 

 The level of bursting in the cultures, also called “burstiness,” was quantified as described 

by Wagenaar and colleagues (Wagenaar, Madhavan, et al. 2005). Recordings were divided into 

1-second bins. The number of spikes across all individual neurons was counted for each 1-

second bin (summed across the network). Examining the 15% of bins with the largest number of 

spike counts, the fraction of spikes across the entire recording period accounted for by these top 

15% bins was then computed and labeled f!". A f!" close to 0.15 implies evenly distributed firing 

temporally, or tonic firing, across the network. Highly synchronized bursting across the network 

followed by periods of silence will result in a f!" close to 1. The burstiness index BI is then 

computed as 

BI  =  !!"!!.!"
!.!"

, 

where BI equal to 0 implies tonic firing and BI equal to 1 implies dominating bursting. 

Spike-timing cross-correlation histogram (CCH) 

 An exact replication of the spike-timing cross-correlation histogram (CCH) procedure 

utilized in Freeman, et al., was used as the measure of functional connectivity in this study 

(Fujisawa, Amarasingham, et al. 2008; Freeman, Krock, et al. 2013). Only neurons containing at 

least 100 identified action potentials over the hour-long recording window were included in the 

CCH analysis. For the first spike-time in neuron A’s spike train, a 2005 ms window was centered 
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around the spike-time such that the location in time at which the spiked occurred became 0 on 

the spike delay axis. The window was then divided into 5 ms bins by centering a bin at time 0 on 

the delay axis and shifting the 5 ms bin in 1 ms increments in both the positive and negative 

directions. With this current spike from train A as a frame of reference at delay 0, the number of 

spikes in train B that fell into each spike delay bin were counted, leaving a histogram of the spike 

delay counts for a single spike in train A. These operations were then repeated for each spike in 

train A. The spike-timing CCH for neuron A compared to neuron B was then generated by 

summing all of the single spike histograms for neuron A and normalizing by the square root of 

the product of the total spike counts for neurons A and B across the entire window. We then low-

pass filtered the final result with a 5-point boxcar filter. 

Comparison of connections relied on the calculation of z-scores (Freeman, Krock, et al. 

2013). Z-scores are indicators of whether a neuron modulated the spiking of a target neuron and 

was calculated as follows: 

𝑍 =  !!!
!!"

, 

where Y is the value at the peak/trough of the maximum deflection closest to zero, µ is the mean 

of the particular cross-correlogram, and µsd is the standard deviation of µ for all cross-

correlograms.  

Significance Calculation of Functional Connections 

In order to determine which neuronal connections were statistically significant, we used 

the Between-Sample Analysis of Connectivity (BSAC) methodology described in Freeman, et 

al., to differentiate between spurious and meaningful connections (Freeman, Krock, et al. 2013). 

For all MEA cultures used within a single experimental condition, cross-correlograms and 

corresponding z-scores were calculated for every possible neuron pair consisting of isolated 
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neurons existing in separate, physically distinct MEAs. Because the comparison in this control 

condition is between two neurons existing in two different dishes, any correlation between their 

activities is not physiologically relevant. Using this paradigm, we built distributions of inter-

culture z-scores (functional connections between two neurons located in different MEA dishes) 

for positive connections that could be used to empirically determine a z-score threshold for 

statistical significance in the intra-culture distribution (functional connections between neurons 

located within the same MEA dish), circumventing having to make any assumptions about spike 

train characteristics that are typically necessary to compute functional connection significance. 

We chose to use the z-score threshold corresponding to a false-discovery rate (FDR) of 0.05, 

meaning 5% of the inter-culture connection z-score data lay above the derived threshold value. 

This positive connection threshold was then used on a z-score distribution constructed 

from intra-culture comparisons. For the same MEAs used for the inter-culture analysis, cross-

correlations and corresponding z-scores were calculated for every possible neuron pair consisting 

of spike-sorted neurons existing within the same MEA. These putative connections had the 

potential to be physiologically relevant. A positive connection distribution was again 

constructed, this time from within-culture comparisons. The threshold determined from the 

across-culture distribution was then applied to the positive intra-culture distribution. Any 

connection with a z-score lying at the 5% FDR threshold or better was deemed significant and 

used in further analyses.  

RESULTS 

Growth of ES-Derived Chx10-enriched MEA Cultures 
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Figured 1 Cultures of ES-derived Chx10-enriched populations of neurons on MEAs. (a) 10× phase image 
of ES-derived dissociated neuronal cultures densely growing over the electrode contacts (black circles) at 14 
days in MEA culture (b) 20× phase image of ES-derived dissociated neuronal cultures growing in small 
clusters on a MEA. (c) 4× fluorescent image of ES-derived aggregated neuronal cultures densely growing 
over the electrode contacts (black circles) at 14 days in MEA culture. All ESC-derived cells are 
fluorescently labeled. (d) 10× fluorescent image of ES-derived neural aggregates clustered over the MEA 
electrode contacts. (Scale bars = 200 µm, 100 µm, 400 µm, and 200 µm respectively) 

 

 

 

 

 

 

ES-derived neural populations were induced towards V2a interneurons that are marked 

with increased expression of Chx10 using the six day 2–/4+ protocol. Chx10-enriched 

populations were grown on MEAs in two different manners: dissociated or aggregated cultures 

(Figure 1). Dissociated Chx10-enriched populations formed a fairly uniform layer of both 

neurons and glia across the MEAs. For all of the dissociated cultures (n = 6), the majority of the 

60 electrodes in each culture had cell bodies in close proximity to or on top of the electrode 

contacts shortly after seeding (Fig1a-b), but a subset of cultures exhibited some recession of 
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growth that resulted in a reduction of electrode coverage. Dissociated cultures remained healthy 

up to the recording time points, either DIV 17 or 18 as measured by the persistent spontaneous 

activity in the cultures. Neural aggregates of the ES-derived Chx10-enriched cells were plated on 

the MEAs such that the majority of the aggregates sat in the middle of the MEA dish in order to 

ensure coverage of the electrode contacts with neurons. Maturing aggregate cultures formed an 

extremely dense layer over the electrode contacts with some migration of glia radially from the 

main body of aggregates (Fig1c-d). Aggregate cultures (n = 4) also remained healthy up to the 

electrophysiological recordings at DIV 17 or 18 as measured by the persistent spontaneous 

activity in the cultures.	

MEAs Recorded Spontaneous Synchronized Activity 

MEAs recorded spontaneous network activity in both dissociated and aggregated cultures 

at either DIV 17 or 18. Both culture types exhibited bursting activity synchronized across the 

MEA, with the synchronized bursts occurring in two groupings of firing closely positioned in 

time followed by long periods of silence (Figure 2a). Closer inspection of individual spike 

clusters showed variable levels of spike density within the bursts. Figure 2b is an exemplar of a 

dense burst from an electrode in a dissociated culture, while Figure 2c is an increasingly sparse 

burst from the same culture. Of the 6 dissociated MEA cultures and the 4 aggregated MEA 

cultures, all cultures displayed double bursting behavior, which is consistent with previous 

investigations of MEA activity in embryonic-derived cultures between 2 and 3 weeks old (Illes, 

Fleischer, et al. 2007). A small subset of electrodes in both culture types also exhibited 

spontaneous random firing of single action potentials interspersed amongst the bursting activity. 
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Figure 2. Both dissociated and aggregate cultures display synchronized bursting across MEAs. (a) 60 channel 
electrode arrangement from a single dissociated culture. Each square window represents the extracellular activity 
recorded from a single electrode over a 2 second period. The channel windows are arranged in the same 
configuration as the physical electrode contacts on the planar surface of the MEA. Empty windows signify noisy 
recordings that were set to ground in order to avoid noise interference with neighboring electrodes. (b) An enlarged 
display of the first neuronal burst in the activity recorded on electrode 83 (column 8, row 3). Each individual large 
spike represents a single action potential. (c) An enlarged display of the first neuronal burst in the activity recorded 
on electrode 38 (column 3, row 8). Each individual large spike represents a single action potential. 
 

Identification of Individual Neurons from Spontaneous Multi-Unit Activity 

Spontaneous MEA spiking activity was thresholded during recordings with a 5RMS 

threshold to extract the spike waveforms and spike-sorted (Figure 3a). The majority of the 

spike-sorted data exhibited Poisson-like spiking when the inter-spike intervals (ISI) were plotted, 

which is in concordance with ISI behavior in a variety of previous reports (Perkel, Gerstein, et al. 

1967; Longtin, Bulsara, et al. 1991; Jones 2004). Figure 3b shows ISI histograms of the same 

two neurons spikes-sorted from the same electrode. Both histograms are approximately 

exponentially distributed, implying Poisson-like behavior. Figure 3c is a raster plot of 2500 

milliseconds of spike-sorted activity from the same two neurons, demonstrating that the differing 
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action potential shapes between the two sorted units was likely not a result of waveform shape 

changes during extended bursting of a single neuron, which has been previously observed.  

In total, 177 neurons were isolated across 6 

dissociated MEA cultures and 162 neurons were 

isolated across 4 aggregated cultures. Table 1 

provides details about various neuron statistics from 

these spike-sorted units. One result that arises from 

the data is the difference in both the absolute number 

of active units per MEA between the two cultures 

groups as well as the difference in variability 

between the groups. Dissociated cultures averaged 

19.7 active electrodes (electrodes with at least one 

neuron having over 100 action potentials during the 

recording period) out of a total of 64 possible, with a 

standard deviation of 12.5. On the other hand, 

aggregated cultures averaged 32 active electrodes 

with a much smaller standard deviation of 4.7. The 

numbers of active neurons showed a similar but 

weaker trend with respective neuron counts of 29.5 ± 

19.8 for dissociated and 40.5 ± 9.03 for aggregated. 

Variability was also low in the spike rate of neurons recorded in aggregated cultures relative to 

dissociated cultures. All of these neuron data suggest that the aggregate culture protocol may 

yield more reliable spontaneous spiking in ES-derived networks. 

Figure 3. Individual neurons were isolated from 
single electrodes using offline PCA spike-sorting. 
(a) Two spike-sorted neurons recorded over a 1 
hour period from the same electrode in an 
aggregated culture (b) Inter-spike intervals of the 
two neurons. The black and grey histograms 
correspond to the black and grey action potential 
clusters, respectively (c) Raster plots of the two 
neurons over a 2500 millisecond period. 
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Culture Type MEA 
Culture 
Number 

Num. Active 
Electrodes 

Num. Active 
Neurons 

Mean Spike 
Rate (sp/s) 

Burstiness 

 
 

Dissociated 
Cultures 

1 25 37 1.3 0.11 
2 5 9 0.56 0.49 
3 29 48 0.32 0.60 
4 12 12 0.11 0.99 
5 10 16 0.28 0.72 
6 37 55 0.31 0.67 

Mean ± STD 19.7 ± 12.5 29.5 ± 19.8 0.47 ± 0.41 0.60 ± 0.29 
 

Aggregated 
Cultures 

1 33 49 0.23 0.73 
2 38 47 0.32 0.52 
3 30 36 0.30 0.57 
4 27 30 0.29 0.49 

Mean ± STD 32 ± 4.7 40.5 ± 9.03 0.28 ± 0.042 0.58 ± 0.11 

Although the distributions of isolated neurons may have varied across culture conditions, 

the isolated units appeared to maintain similarity in the structure of their firing patterns (Figure 

4). In Figure 4a, a dissociated culture exhibits a very rigid on/off bursting structure for 45 out of 

the 55 neurons while 10 neurons appear to have a more spontaneous random firing structure. An 

aggregated culture in Figure 4b also has a synchronized bursting response, but it appears to be 

more widespread across all neurons in the culture, with intermittent random firing between bursts 

on many of the channels. Burstiness, a global measure of the level of bursting in a neuronal 

culture (Wagenaar, Madhavan, et al. 2005), is nearly identical between the two groups as shown 

in Table 1. Both culture techniques yield enough neurons after spike-sorting to proceed to an 

assessment of connectivity in both spatial and temporal dimensions. 

Table 1. Culture techniques drive different reliabilities in expected activity. Neurons were determined 
to be active if they had >100 action potentials over the hour recording period. Electrodes were 
signified as active if at least one active neuron was recorded from the electrode. Mean spike rate for a 
single MEA culture was calculated by averaging the spike rate of all active neurons within the culture. 
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Figure 4. Individual neurons from MEA recordings retain 
synchronization observed in raw data for both types of 
cultures. (a) Raster plot of action potentials from all of 
the individual neurons (n = 55) in a single dissociated 
culture. Each row represents the activity of an individual 
neuron, where each dot represents a single action 
potential. Rows were sorted by the number of action 
potentials in the time period. (b) Raster plot of action 
potentials from all of the individual neurons (n = 49) in a 
single aggregated culture. 
 

Cross-Correlation Histograms (CCHs) 

Represent Neuron-Neuron Functional 

Connectivity  

Using the spike trains of these 

individual neurons, we then approximated the 

functional connectivity between individual 

neurons by calculating each neuron pair’s 

CCH. This analysis estimates the probability of 

neuron B firing an action potential at times 

relative to neuron A’s action potential. 

Essentially, these values reflect the 

probabilities over an entire recording period of 

two neurons firing at each particular time delay 

relative to one another. The width of the bins 

used in CCH can be adjusted, and in our 

particular application, we chose a 5 ms 

window to maximize the amount of neuron-

level correlations captured in the analysis 

while minimizing network state or noise 

correlations that occur on broader time scales 

(Doiron, Litwin-Kumar, et al. 2016). We deemed the resulting histogram the “functional 

connection” between a neuron pair (Figure 5). Typically, peaks within the CCH signify a time 
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relationship between neurons while a flat histogram conveys no relatedness (i.e. a uniform 

distribution of coincident firing probability).  

	

Figure 5. Cross-correlation histograms demonstrate probability of relative spiking across time. (a) CCH computed 
from two different pairs of neurons in dissociated cultures. Inset for each figure are the raster plots of the two 
neurons being compared, where each row represents the activity from a single neuron for a 40 s period and the 
dashed lines represent action potentials (b) The peak of the same CCH is located at a time delay of 2 ms. 

Relationship Between Connection Delay and Inter-Neuron Distance in Aggregated Cultures  

In order to determine the statistical significance of putative connections between neurons, 

we chose a methodology that leverages the physical aspects of MEAs and has been previously 

validated with dissociated mouse suprachiasmatic nucleus (Freeman, Krock, et al. 2013). 

Determining the significance of connections requires the construction of a null distribution that 

represents the distribution from which non-connections (CCHs between neurons located in 

different dishes) are drawn and deriving the significance level at which we can claim with 

statistical confidence that a connection was not drawn from the null distribution. 
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Figure 6. BSAC methodology detects statistically significant neuron-neuron functional connections in dissociated 
cultures. Black and grey circles represent the z-score of a single cross-correlogram. (a) Bottom-panel represents the 
z-score distribution of cross-correlations computed between neurons located in separate dissociated MEA cultures. 
These “virtual” non-connections were computed to serve as the chance distribution for calculating significance. A 
false-discovery rate of 0.05 was selected to determine the z-score significance level, 13.1, shown as the dark grey 
dashed line (b) Bottom-panel represents the distribution of cross-correlation z-scores calculated from neurons grown 
within the same dissociated MEA cultures, compiled across all dissociated cultures (n=6). Altogether, 837 
statistically significant connections were detected using the previously calculated significance level (13.1). 
  

Figures 6 and 7 demonstrate the application of the BSAC methodology for both 

dissociated (Figure 6) and aggregated (Figure 7) cultures. A z-score for every CCH was 

constructed as described in the Materials & Methods to allow for comparisons across CCHs. By 

comparing neurons that were grown in separate MEAs, we were able to build a null distribution 

of 879 non-connections for dissociated cultures (Figure 6a) and 1079 CCH comparisons in 

aggregated cultures (Figure 7a). As expected, these null distributions were uniform across the 

1000 ms delay window, producing the diagonal cumulative curves shown in the upper left panels 

of Figure 6a and Figure 7a. The significance values at a 5% false-discovery rate, 13.1 for 

dissociated and 17.1 for aggregated cultures, were applied to the within-culture z-score 

distributions for dissociated (Figure 6b) and aggregated (Figure 7b) cultures, respectively, 

identifying statistically significant connections lying above the thresholds. For the dissociated 
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and aggregated ES-derived cultures, 837 and 1458 significant connections were detected, and all 

of the peaks of the significant connections occurred below relative delays of 66 and 61 ms, 

respectively. These delays are consistent with the timing that might be expected for network 

interactions. 

	

Figure 7. BSAC methodology detects statistically significant neuron-neuron functional connections in aggregated 
cultures. Black and grey circles represent the z-score of a single cross-correlogram. (a) Bottom-panel represents the 
z-score distribution of cross-correlations computed between neurons located in separate dissociated MEA cultures. 
A false-discovery rate of 0.05 was selected to determine the z-score significance level, 17.1, shown as the dark grey 
dashed line (b) Bottom-panel represents the distribution of cross-correlation z-scores calculated from neurons grown 
within the same dissociated MEA cultures, compiled across all dissociated cultures (n=4). Altogether, 1458 
statistically significant connections were detected using the previously calculated significance level (17.1). 
  

With significant functional connections identified, the properties of these connections 

could then be evaluated, in particular, the spatiotemporal nature of the individual neuron-neuron 

connections. In the context of spinal cord injury repair, ESC-derived graft networks would 

ideally serve as relays across the site of injury, suggesting the neuronal interconnectivity of a 

therapeutic candidate population should behave temporally like in vivo neurons separated by one 

or more direct synapse: increasing distance should increase the average relative delay in the 

spiking of the neuron pair in question. Figure 8 shows a comparison of this spatiotemporal 

pattern between dissociated and aggregated ESC-derived cultures. When the functional 
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connection delay between 837 statistically significant neuron pairs in dissociated cultures was 

grouped by each neuron pair’s corresponding inter-electrode distance, averaged, and plotted 

against inter-electrode distance, dissociated cultures did not demonstrate a strong relationship 

between distance and delay (Figure 8a). Repeating this analysis for the 1458 statistically 

significant neuron pairs in aggregated cultures, however, revealed a very tight linear relationship 

between distance and connection delay for distances below 1200 µm (Figure 8b), suggesting 

that synaptically connected neurons within aggregated cultures tended to have increasing relative 

delays in the timing of action potentials as the distance between connected neurons increased. 

	

Figure 8. Neuron-Neuron Distance Related to Connection Delay. (a) Functional connections within dissociated 
cultures were grouped according to the distance between the two electrodes from which the two neurons in each 
connection were recorded. Inter-electrode distances exist in discrete bins due to the nature of MEAs, where adjacent 
electrodes in the MEA dishes were located 200 µm apart in an 8x8 grid. Neurons were assumed to be located at the 
electrode at which their respective action potentials were identified. The mean connection delay for each inter-
electrode distance bin was taken and plotted against inter-electrode distance (b) The previous analysis was repeated 
for aggregated cultures. 

  

DISCUSSION 

To our knowledge, this study represents the first comparison of the individual neuron-

neuron functional connections in aggregate, or neurosphere, MEA culture relative to traditional 
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dissociated culture for investigating ESC-derived neuronal interconnectivity. The 3D-like 

structure of aggregate culture provides a favorable growth-promoting environment for neuronal 

and glial cells, thus leading to more live-tissue like properties (Pampaloni, Reynaud, et al. 2007; 

Lu, Searle, et al. 2012; Edmondson, Broglie, et al. 2014). Recently, aggregate cultures have been 

extensively used to characterize global network activity in ESC-derived MEA cultures 

(Matthieu, Honegger, et al. 1978; Heikkila, Yla-Outinen, et al. 2009; Koito and Li 2009; 

Lappalainen, Salomaki, et al. 2010; Illes, Jakab, et al. 2014). Of these studies, only one 

demonstrated the effects of neural aggregation on network activity, showing that aggregation led 

to an increase in synchronous bursting activity across electrodes relative to dissociated cultures 

(Illes, Theiss, et al. 2009). 

Our data suggest that both culture types can support spontaneously active Chx10-

enriched cultures with bursting behavior reminiscent of previous ESC-derived MEA 

investigations (Ban, Bonifazi, et al. 2007; Illes, Fleischer, et al. 2007; Heikkila, Yla-Outinen, et 

al. 2009; Lappalainen, Salomaki, et al. 2010; Illes, Jakab, et al. 2014). Interestingly, both 

dissociated and aggregated Chx10-enriched cultures had nearly identical levels of bursting across 

the recording period as measured by the “burstiness” metric presented and utilized by Wagenaar 

and colleagues in multiple investigations (Wagenaar, Madhavan, et al. 2005; Wagenaar, Pine, et 

al. 2006; Wagenaar, Pine, et al. 2006), but only aggregate Chx10-enriched cultures support 

repeatable electrode coverage and neuron detection compared to the high variability in 

dissociated MEA cultures. The synchronized bursting activity observed in both cultures 

conditions is also consistent with the ESC-derived activity characterized in previous studies 

(Ban, Bonifazi, et al. ; Illes, Fleischer, et al. ; Heikkila, Yla-Outinen, et al. ; Lappalainen, 

Salomaki, et al. ; Illes, Jakab, et al.). Global bursts are ubiquitous across both primary and ESC-
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derived cultures, but the bursting in our spinal cord ESC-derived cultures occurred at a slower 

burst rate compared to that of primary cultures (Maeda, Robinson, et al. 1995; Wagenaar, 

Madhavan, et al. 2005; Wagenaar, Pine, et al. 2006).  

Cross-correlation histograms have been ubiquitously applied in the neuronal assembly 

literature to characterize the temporal relatedness between simultaneously recorded neurons by 

quantitatively and qualitatively describing neuronal connections with direct synaptic interactions 

(Herrmann and Gerstner 2002; Bartho, Hirase, et al. 2004; Veredas, Vico, et al. 2005; Fujisawa, 

Amarasingham, et al. 2008; Freeman, Krock, et al. 2013), common input (Kirkwood and Sears 

1978; Binder and Powers 2001; Turker and Powers 2002), and background network activity 

effects (Aertsen, Gerstein, et al. 1989; Constantinidis, Franowicz, et al. 2001; Ostojic, Brunel, et 

al. 2009). The width of the time bins used in the calculations can also influence the type of 

connectivity encompassed by the histograms. State-dependent correlations in neural activity 

occur at longer time-scales (Doiron, Litwin-Kumar, et al. 2016). ESC-derived MEA studies that 

utilize wider binning in their connectivity measures can lead to overestimates in neuron-neuron 

correlations (Ban, Bonifazi, et al. 2007). 

Typically, these measurements are interpreted as to identify the physical neural circuitry 

underlying the measured connectivity. For example, thin peaks can signify the existence of 

monosynaptic connections or shared excitatory input (Perkel, Gerstein, et al. 1967; Fujisawa, 

Amarasingham, et al. 2008; Freeman, Krock, et al. 2013), while broad peaks may represent 

shared inhibitory synaptic input (Perkel, Gerstein, et al. 1967; Perkel, Gerstein, et al. 1967; 

Aertsen, Gerstein, et al. 1989). Any interpretation of circuitry requires 1) the assumption of 

stationarity, meaning the spike rates of the simultaneously recorded neurons remain stable over 

various time scales (Moore, Perkel, et al. 1966; Perkel, Gerstein, et al. 1967; Perkel, Gerstein, et 
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al. 1967; Aertsen, Gerstein, et al. 1989), and 2) an inspection of the auto-correlations of the 

individual neurons themselves (Moore, Perkel, et al. 1966; Perkel, Gerstein, et al. 1967). Due to 

the prominent synchronized bursting and long periods of silence in our recorded data, we cannot 

make a stationarity assumption, which limits what can be ascertained about the circuitry 

underlying each individual connection.  

This outcome does not, however, diminish the utility of these statistically significant 

functional connections for connectivity comparisons in the context of diagnostics. Resting state 

functional connectivity has become an extremely useful diagnostic tool for cortical disorders 

even though the circuit diagrams underlying the observed correlations between cortical areas are 

not well defined (Fox and Greicius 2010; Woodward and Cascio 2015; Ann, Jun, et al. 2016). 

Similarly, neuron-neuron functional connectivity can be used as a means to assess differences in 

the functional properties of ESC-derived neuron cultures across culture-type. As shown in the 

present study, MEAs provide a means to rapidly identify thousands of individual connections 

and characterize how distributions of these connections change across groups. Although Chx10-

enriched cultures in both dissociated and aggregated groups consistently contained hundreds of 

identifiable functional connections with the use of CCHs and BSAC, aggregated cultures not 

only contained a larger quantity of significant connections across fewer cultures, but also 

demonstrated a positive tight linear relationship between neuron distance and connection delay 

for short-range (<1200 µm) connections. 

As stated previously, consistent and predictable signal propagation is desirable for any 

ESC-derived population that is to be used as a grafted relay across the site of spinal cord injury 

(Bonner, Connors, et al. 2011; Lu, Wang, et al. 2012; Bonner and Steward 2015). Our results 

suggest that neural aggregation of ESC-derived cultures supports this type of consistent 
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spatiotemporal relationship in neuron-neuron functional connectivity as compared to dissociated 

cultures. This finding may limit future investigations to aggregated cultures so as to focus on 

characteristic differences between ESC-derived cultures of different genetically-defined neuronal 

populations. This MEA-based assay could also be extended to construct adjacency matrices for 

network topological comparisons across populations, but shortcomings of current mathematical 

frameworks likely need to be overcome to perform such an analysis (van Wijk, Stam, et al. 

2010). 

CONCLUSION 

We have shown that MEAs, stem cell differentiation protocols, and computational 

techniques can be combined to assess network connectivity of ESC-derived neuronal 

populations. Our ability to leverage the nature of MEA cultures to calculate connection 

significance not only further validates a methodology pioneered in other systems neuroscience 

applications (Freeman, Krock, et al. 2013), but also demonstrates its promise in characterizing 

the connectivity of ESC-derived transplantation candidates. Such methodologies can be 

expanded to explore the neurotransmitters underlying neuronal connections and the differential 

effects of stimulation on ESC-derived neuronal networks. Moving forward, these types of 

approaches, in parallel with in vivo transplantation studies in animal models of SCI, will provide 

an avenue towards generating network fingerprints of therapeutically successful ESC-relay 

grafting. 
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