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a b s t r a c t 

Microelectrode arrays (MEAs) allow the investigation of the pharmacological and toxicological effects of 

chemicals on cultured neuronal networks. Understanding the functional connections between neurons 

and the resulting neuronal networks is important for evaluating drugs that affect synaptic transmission. 

Therefore, we acutely treated a mature cultured neuronal network on MEAs with accumulating amounts 

of glutamate and recorded their altered electrophysiology. Subsequently, a cross-covariance analysis was 

applied to process the spiking activity in the network and to evaluate the connections between neurons. 

Finally, graph theory was used to assess the functional network properties under acute glutamate treat- 

ment. Our data demonstrated that glutamate increased the similarity, connectivity weight, density, and 

largest-component size of the functional network. In addition, the small-world network topology was 

altered after glutamate treatment. Our results indicate that the graph theory can advance our under- 

standing of the pharmacological significance of neurotransmitters on neuronal networks. 

© 2019 IPEM. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

The brain is a complex organ, and the available methods for

xperimentation are limited. Culturing neuronal networks on mi-

roelectrode arrays (MEAs) has been used as a simplified model

o simulate synaptic formation and electrical connectivity and to

tudy neuronal networks in vitro . These cultured networks resem-

le the neuronal networks that are present in the brain in vivo

nd in brain slice preparations. Furthermore, such networks spon-

aneously produce bursts of synchronized firing events that are

ermed "network bursts," typically observed after 14 d in vitro

DIV) [10,14,15] . During network bursts, a large proportion of neu-

ons fire trains of action potentials within a short period, in the or-

er of hundreds of ms [11,17,18] , and most of the neurons within a

etwork interact with other within-network neurons. Studies have

roadly analyzed and characterized the statistics of the neuronal-

pike trains of a network burst to interpret the significance of the

etwork-burst activity [3,6,27,31] . Network bursts are composed of

ubgroups with distinct spatiotemporal correlation patterns [22] ,
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nd the inhibitory antagonism [2] or architecture [19] of cultures

voke different network bursts. However, more data are needed to

nderstand how neurons are organized into a neuronal network,

ow information is transmitted with in a neuronal network, and

ow external stimulation affects the organization of the functional

etwork. 

Graph theory provides tools for the study of functional neuronal

etworks as a complex system, and presents new hypotheses about

he interactions between neurons. In 2007, Bettencourt et al. [4] re-

orted that the mature functional neuronal network had a small-

orld property (most of the nodes were not connected directly but

ould communicate with few intermediate relay steps). In 2012,

ownes et al. [9] discovered that neuronal networks display a ran-

om network topology at the initial stage of culture; however, as

he neuronal cultures matured, the small-world network topology

ominated and several "hub" nodes (highly connected nodes) ap-

eared. In 2015, Schroeter et al. [21] found that rich-club topology

nodes rich in connections tend to form strongly interconnected

lubs) emerges during the development of neuronal cultures. By

xamining the network as a whole system, these studies provide

 new understanding of the function of neuronal networks that

ncludes the functional structures of neurons and their dynamic

roperties. 

https://doi.org/10.1016/j.medengphy.2019.07.007
http://www.ScienceDirect.com
http://www.elsevier.com/locate/medengphy
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To evaluate the effects of neuroactive substances on neuronal

networks, the importance of investigating the whole network prop-

erties is increasingly being recognized. Glutamate [23] and 4-

aminopyridine/bicuculline [29] have been used to construct neu-

ronal cultures as models of epilepsy or ischemia for exploring

the topologies of functional networks. These drugs can change the

small-world network topology and connection patterns. 

In the present study, we used the excitatory neurotransmit-

ter glutamate to acutely treat cultured cortical networks. Network

functional connectivity was reconstructed by calculating the cross-

covariation during synchronous network bursts. In addition, we ex-

amined the graph theory properties of the resulting functional net-

work. Our results reveal the effect of acute glutamate exposure on

the functional connectivity of neuronal cultures. 

2. Materials and methods 

2.1. Animals 

We purchased gestational female Sprague-Dawley rats from the

Experimental Animal Center, Academy of Military Medical Science

(Beijing, PRC). Each rat was individually housed in a cage with wa-

ter and food supplied ad libitum in a room at a constant temper-

ature of 24 ± 2 °C with a 12:12 h light-dark cycle. Five rats were

used for the isolation of neurons. One rat was not pregnant. 

2.2. The recording system and MEAs 

The recording system was produced as reported previously

[33] and included a 32-channel amplifier, a NI USB-6259 data-

acquisition card, and custom-developed recording software by Lab-

VIEW (National Instruments, USA). Our custom-made MEAs had 59

indium tin oxide (ITO)–platinum microelectrodes and a large-area

grounding electrode. Our MEAs utilize electroplated fuzzy gold as

an intermediate layer and have better platinum black adhesion to

ITO microelectrodes. The microelectrode diameter was 30 μm, and

the inter-electrode distance was 200 μm. More details are available

in previously published work [25] . 

2.3. Neuronal cell culture on MEAs 

On gestational day 16–18, the cerebral cortices were isolated

from embryonic Sprague-Dawley rats weighing 250–300 g, and cut

into pieces using curved scissors. The cortical tissue pieces were

incubated in 5 mL of 0.25% trypsin (Sigma-Aldrich, St Louis, MO,

USA) for 30 min at 37 °C for cell dissociation. The dissociated cells

were collected in Dulbecco’s Modified Eagle’s Medium (DMEM)

(Sigma-Aldrich) with 10% equine serum (Hyclone, GE Healthcare,

Chicago, IL, USA) and 10% fetal calf serum (Hyclone). Before plating

the cells, MEAs were precoated with poly-L-lysine (Sigma-Aldrich,

0.1 mg/mL), and then with Matrigel (Sigma-Aldrich) on the day of

culturing (0.2 mg/mL; Sigma). MEAs were seeded with 1,0 0 0,0 0 0

cells in 1 mL of culture media at a density of 30 0 0 cells /mm 

2 .

After cells adhered onto the MEAs, the culture medium was re-

placed with DMEM and 10% equine serum (Hyclone) and half of

the medium was renewed every 2 d 

2.4. Glutamate treatment protocol and electrophysiology recordings 

The MEAs with cultured neurons were exposed to the excita-

tory neurotransmitter glutamate (Sigma-Aldrich). The treatment of

cultured neurons with glutamate was performed as reported previ-

ously [8] . Briefly, half of the culture medium was replenished 48 h

before experimentation to stabilize the cultures. At 21 DIV, the glu-

tamate stock solutions were prepared and diluted with deionized
ater to produce a concentration series for experimentation (glu-

amate concentrations: 5 μM, 10 μM, 15 μM, 20 μM, and 25 μM; vol-

me, 1 mL).In total, 200 μL of culture medium incubating the MEAs

as mixed with 1 μL of each glutamate dilution, and then was

arefully returned to the original MEA culture medium to minimize

ny osmotic or hydrodynamic stress. 

The activities of the cultured neuronal network were stabilized

or 10 min before each recording. Subsequently, their spontaneous

ctivity was recorded for 10 min. All of the recording experiments

ere performed at 37 °C with 5% CO 2 in a humidified incubator. 

.5. Spike detection 

An Offline Sorter (Plexon Inc., Dallas, TX, USA) was used to per-

orm spike detection. A band-pass filter (20 0–50 0 0 Hz) was used to

emove the baseline shifts and high-frequency noise. The threshold

or spike detection was set at 5 standard deviations (SD) from the

ackground signal. 

.6. Burst detection 

Burst definition was previously defined [5] , and burst detection

as performed using Neuroexplorer (NexTechnologies Inc., Wood-

ay, TX, USA). Briefly, spike trains that have minimum burst in-

erval of 0.1 s, minimum burst duration of 0.1 s, and minimum 5

pikes per burst were considered as bursts in a single channel. 

.7. Network burst detection 

Network bursts are the synchronous activity of the neuronal

ulture, and provide information about the interaction between

eurons. To detect network bursts, we used a previously reported

lgorithm that was based on the SIMMUX algorithm included in

EABench [30] . A network burst was required to contain at least

 channels in 250 ms, and each contained an electrode recording of

t least 3 spikes in 100 ms. The network-burst onset and end were

efined as the timestamp of the first and last spike in the net-

ork burst, respectively. To assess interactions between the neu-

onal units among all electrodes, “tiny” network bursts were ex-

luded, and only the network bursts in which at least 8 electrodes

25%) were activated (at least 3 spikes in 100 ms) were selected to

etermine connectivity. 

.8. Cross-covariance method for connection determination 

A functional connectivity approach is generally used to de-

cribe the interactions within the neuronal activity that has been

ecorded from multiple sites [1] . Various methods have been used

o evaluate the interaction within a cultured neuronal network

1,4,9,16,23,24,30] , and the functional connectivity approach was

esigned to characterize the function of a cultured neuronal net-

ork. However, there is no gold-standard method for the optimal

stimation of neuronal functional connectivity. 

We used a functional-connectivity approach, as previously re-

orted, with a small modification [9] . Briefly, cross-covariance se-

uence �xy (m) was calculated between spike timestamps of two

hannels during the network burst, and disdescribed as follows: 

xy ( m ) = E { ( x n + m 

− μx ) ( y n − μy ) } 
here �xy (m) represents the similarity between vector x and vec-

or y after vector x shifts m time bins, E{} is the expected value

perator and μx , μy are the mean values of the bin value. In our

tudy, vector x or y represents a vector that collects the number of

pikes as a slipping time bin (10 ms) during a network burst of one

hannel. 



Y. Han, H. Zhu and Y. Zhao et al. / Medical Engineering and Physics 71 (2019) 91–97 93 

 

i  

c  

m  

r  

t  

t  

n  

q  

c  

z  

v  

v

Z

w  

Z

 

B  

c  

c  

f  

t  

o  

r  

a  

d  

n

2

 

g  

l

 

u  

t  

n  

s  

a  

b  

t  

l  

n  

a  

o  

h  

r  

o  

s  

i

2

 

m  

U  

f  

i  

e  

B  

s

3

 

i  

n  

1  

m  

t  

t  

c

F

c

c

However, the cross-covariance value may increase with the fir-

ng rate [7] . Therefore, a functional connection driven from a cross-

ovariance value may appear by chance. We applied a shuffling

ethod [26,28] to compare the difference between the real neu-

onal activity and randomized surrogate neuronal activity to dis-

inguish the real neuronal functional connection from the func-

ional connection detected by chance. Briefly, we used randomized

euronal activity as surrogate to calculate the cross-covariance se-

uence, and repeated this step 100 times. In addition, the cross-

ovariance of the real neuronal activity was normalized using a

-score to compare the difference between the cross-covariance

alue of the real neuronal activity and 100 surrogates. The z-score

alue Z was computed as follows: 

 ( m ) = 

�xy ( m ) −
〈
�S 

xy ( m ) 
〉

δS 
xy 

here δS 
xy is the SD of the surrogate values �S 

xy (m) .

 max = max(Z(m))(m � = 0) was used as the connectivity weight. 

During a network burst, we could have 32 vectors at most.

ased on the method described above, we could obtain a 32 × 32

onnectivity weight matrix at each network burst. In our study, a

onnection was determined using 2 threshold schemes. For basic

unctional connectivity metrics (i.e., degree and network density),

he networks were determined across a range of absolute thresh-

lds (0.05–1.0, in steps of 0.05). For complex topological met-

ics (i.e., small-worldness), the networks were determined across

 range of proportional thresholds (2–40% of maximum network

ensity, in steps of 2%), and then the largest connected compo-

ents were used to compute the small-worldness. 

.9. Graph metrics 

The functional network in our paper was evaluated using the

raph theory and the Brain Connectivity Toolbox [20] . The calcu-

ated metrics are described in detail bellow. 

The upper triangle of the 32 × 32 cross-covariance matrix was

sed to construct a vector from a burst, and was similarly es-
ig. 1. The experimental setup and procedure: (A) A custom-made microelectrode arra

ultured on a MEA at 14 days in vitro ; (D) Glutamate was added to the culture mediu

ultures were stabilized for 10 min before recording. 
imated using pairwise Spearman correlations between any two

etwork-bursts in the same recording episode. The connection

trength of a functional network was defined as the mean of

ll connection weights (calculated separately for each network

urst). Network density was the percentage of realized connec-

ions. The degree was defined as the number of connections

inked to each node, and 0 ° corresponded to a node that had

o connections. The small-worldness [12,32] described whether

 network had a small-world organization or not. If the ratio

f the C 

∗L random 

/C random 

∗L was lower than 1, then the network

ad a small-world organization, where C random 

and L random 

rep-

esent the average clustering coefficient and average path length

f a set of randomly rewired surrogate graphs with the same

ize and degree of distribution as the original network (100

terations). 

.10. Statistical analysis 

All data are expressed as the mean ± standard error of

ean (SEM). SAS software, version 9.0 (SAS Institute, Cary, NC,

SA) was used to perform the statistical analyses. The results

or each glutamate treatment concentration were compared us-

ng a one-way ANOVA with a Tukey’s studentized range (hon-

stly significant difference) test and a two-way ANOVA with a

onferroni post-hoc test. A value of p < 0.05 was considered

ignificant. 

. Results 

The experiments were carried out using a MEA system built

n-house ( Fig. 1 A) and MEAs ( Fig. 1 B). Mixed cortical primary

euronal and astroglial cultures were isolated from embryonic day

8 Sprague-Dawley rats, seeded on MEA chips, and developed into

ature neuronal networks ( Fig. 1 C). At 21 DIV, we added glu-

amate to the cortical neurons as showed in Fig. 1 D, recorded

he neuronal activities, and analyzed changes in functional

onnectivity ( Fig. 1 E). 
y (MEA) system; (B) A custom-made MEA; (C) Typical cortical neuronal network 

m at increasing concentrations; (E) Functional connectivity analysis protocol. All 
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Fig. 2. The change in activity parameters after acute treatment of cortical neuronal cultures with increasing doses of glutamate: (A) Firing rate; (B) Bursting rate; (C) Burst 

duration; (D) Spike frequency in burst. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.0 0 01. Data are expressed as means ± standard error of means. 
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Fig. 3. The network-burst dynamics under glutamate treatment: a raster plot of 

network bursts under (A) 0 μM and (B) 25 μM glutamate treatment; C, network 

burst frequency under different concentrations of glutamate treatment. ∗∗p < 0.01. 

Data are expressed as means ± standard error of means. 
3.1. The spiking activity of the cultured neuronal network under 

acute glutamate treatment 

At 21 DIV, the neuronal activities became highly synchronized

and showed the typical bursting and spiking pattern. To explore

the effect of acute glutamate treatment, 4 MEAs were used, and

glutamate was added to the neuronal networks in cumulative

concentrations (5, 10, 15, 20, and 25 μM).Neuronal activity was

recorded for each concentration of glutamate. 

Statistical analysis performed on the different neuronal-activity

parameters (i.e., firing rate and burst duration, Fig. 2 A and

Fig. 2 C) indicated that the activity significantly increased at

high concentrations of glutamate (i.e., 15–25 μM). The spike fre-

quency of bursts was dependent on the glutamate concentra-

tions ( F = 4.153, p = 0.0114, Fig. 2 D), and the spike frequency for

bursts that occurred after glutamate treatment at concentrations

up to 15 μM was significantly different. However, the change in

the bursting rate after glutamate treatment at concentrations up

to 25 μM, was overall negligible ( Fig. 2 B). 

3.2. The network-burst dynamics of neuronal cultures under acute 

glutamate treatment 

The typical network-burst activities at baseline (0 μM) and after

25 μM glutamate treatment are illustrated in raster plots ( Fig. 3 A

and 3 B, respectively). Under 25 μM glutamate treatment, neuronal

cultures displayed more spikes in a network burst. The network-

burst rate was significantly increased after treatment with 20 μM
nd 25 μM glutamate. All 600 signals were used to detect the net-

ork burst, and the results were considered for further analysis. 
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Fig. 4. Increasing concentrations of glutamate induced changes in functional connectivity and network metric of cultured cortical networks: (A) Functional connectivity varied 

across network bursts within a recording episode; (B) Functional connectivity strength of neuronal cultures under 10, 15, 20, and 25 μM of glutamate increased compared to 

the control. Network metrics, including the network density (C), size of the largest component (D), and small-worldness (E) were compared in each concentration of acute 

glutamate treatment. ∗p < 0.05, ∗∗p < 0.01. Data are expressed as means ± standard error of the means. 
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.3. Network topology following acute glutamate treatment 

To describe the changes in functional connectivity that were

nduced by glutamate exposure, we estimated the lagged inter-

hannel cross-covariance over each network burst for each con-

entration of glutamate. Next, a shuffling procedure [26,28] was

sed to compute the connectivity weight between any two nodes.

inally, we constructed a weight matrix to represent the connec-

ivity of a network. The spatiotemporal structure of functional

onnectivity, which was estimated using pairwise Spearman cor-

elations between all edge weights across 50 randomly selected

etwork bursts (for each recording), suggested a weak similarity

0.3–0.6) among all cultures. Notably, the similarity increased with

lutamate concentration ( F = 6.054, p = 0.0019, Fig. 4 A). Compared

ith the baseline condition (0 μM), the application of glutamate
nhanced functional connectivity by increasing the connectivity

eight ( F = 5.181, p = 0.0041, Fig. 4 B). 

To calculate network topology variation in response to gluta-

ate treatment at incrementing concentrations, we applied two

ethods to analyze the network topology changes. First, to mea-

ure how the network density and size of the largest component

hange with increasing concentrations of glutamate, the functional

etworks at 21 DIV were constructed across a range of absolute

hresholds (i.e., 0.5–10, in steps of 0.5; calculated for each network

urst).The data show that treatment with 5, 10, 15, 20, and 25 μM

lutamate increased the density of the functional network of the

ortical neuronal cultures as compared with the no-glutamate con-

ition across 0–5 thresholds (two-way ANOVA, F = 1.10, p < 0.0 0 01,

ig. 4 C). The difference in the size of the largest component be-

ween the no-glutamate condition and the 5 μM to 25 μM glu-



96 Y. Han, H. Zhu and Y. Zhao et al. / Medical Engineering and Physics 71 (2019) 91–97 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

d  

m  

i

 

f  

a  

m  

t  

a  

n  

t  

s  

p  

t

A

 

i  

t

A

 

F  

p  

a  

e

C

F

 

s  

N  

(  

s  

o

E

 

l  

H  

o  

a  

f

R

 

 

 

 

 

 

 

 

 

 

 

tamate treatments was significant across approximately 5–7.5

thresholds (two-way ANOVA, F = 1.05, p < 0.0 0 01, Fig. 4 D). Second,

since the network density may affect the small-worldness, a range

of proportional thresholds (i.e., 2–40% of the maximum network

density, in steps of 2%) was used to construct the functional net-

work at 21 DIV to calculate the small-worldness. Before glutamate

exposure (0 μM), the small-worldness was above 1 for a wide pro-

portion of the threshold range, demonstrating that the functional

network of the neuronal cultures had a small-world organiza-

tion topology. Glutamate treatment influenced the small-worldness

of the neuronal cultures (two-way ANOVA, F = 4.80, p < 0.0 0 01)

( Fig. 4 E). 

4. Discussion 

We investigated the effect of acute glutamate exposure on the

activity parameters, functional connectivity, and functional net-

work topology of cortical neuronal cultures using cross-covariance

and graph theory. In addition, a shuffling procedure was applied to

correct a possible error due to random spiking. Our results show

that not only the activity parameters but also the connectivity and

network topology of the cortical neuronal cultures could be influ-

enced by glutamate. 

Generally, neuronal cultures gradually demonstrate small-world

[9] and “rich-club” [21] organizations during development with-

out any external stimulation. Moreover, this small-world organiza-

tion can be abolished [23] after 2 d of a glutamate-induced in-

jury and enhanced with the administration of neuronal protection

drugs [29] . 

In our study, we found that the similarity and connectivity

weight between functional networks in a recording episode could

be increased by acute glutamate treatment, and similar results

were also reported in an in vivo study [13] .We can infer from

the increase in similarity that glutamate may be involved in the

regulation of the communication between neuronal networks. The

cross-covariance error of random spiking was corrected using a

shuffling procedure; therefore, the higher the connectivity weight,

the stronger the functional connection. An increase in connectiv-

ity weight suggests that the communication between neurons was

enriched by the application of glutamate. 

Moreover, the network density, size of the largest component,

and small-worldness of cortical cultures were affected by gluta-

mate exposure. The network density and size of the largest com-

ponent could be enhanced by glutamate. This observation suggests

that glutamate can increase the connections within a neuronal net-

work. Although the small-worldness of the cortical culture was af-

fected by glutamate, it remained above 1, indicating that the small-

world organization of the neuronal cultures was not affected by

glutamate. 

Glutamate enhances the excitability of individual neurons.

However, it is unknown how glutamate affects the global prop-

erties of a neuronal network, such as the functional connectiv-

ity. Using graph-theory measures of functional connectivity, we

could measure the entire connectivity of a neuronal network to

understand neuronal network functions, including the interaction

of the functional structures of neurons and dynamic properties.

In addition, our in vitro study advanced the understanding of the

functional network organization, which may inspire future in vivo

investigations. 

Our study had some limitations, however. The 32 electrodes in

our MEAs were not sufficient to record from all neurons in the

neuronal network, and the missing information may have biased

the small-world effect. Therefore, increasing the number and den-

sity of microelectrodes in future studies could provide information

that is more accurate. In addition, separation of the network bursts

into different types may be a more precise approach to analyze the
ata. Finally, in future studies, more network information such as

odularity and hub measurements might reveal information that

s more detailed. 

The present study demonstrated that non-random properties of

unctional network in matured neuronal cultures were altered after

cute glutamate treatment. Based on these results, we draw two

ain conclusions. First, to mitigate the influence of random spiking

o the cross-covariance calculation, a shuffling procedure should be

dded in the connectivity weight evaluation. Second, the functional

etwork of a cortical culture would increase in similarity, connec-

ivity weight, density, and largest-component size. In addition, the

mall-world topology is altered after glutamate treatment. we pro-

ose this is due to a change in the excitatory-inhibitory balance

hat is caused by glutamate. 
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