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1.1 Preface

1.1   Preface

Understanding electrophysiological processes at network level is one of  the major 
challenges in current neuroscience. Despite the fact that in vivo brain studies 
preserve structural relationship between different regions of  the brain and provide 
information on the functionality of  brain network, chemically manipulating a specific 
region of  the brain in vivo introduces a high degree of  complexity.

The massive connectivity and limited spatial resolution for simultaneously recording 
from multiple regions of  the brain, restricts the possibility to study the interaction 
between specific regions of  the brain or to study the influence of  a particular 
region on the other without influence from external connections in vivo. Although 
organotypic slices provide better spatial resolution for electrophysiological recordings, 
selective manipulation (electrical and chemical) of  a specific region in an organotypic 
slice is often not possible. Hence, developing a co-culture system with dissociated 
cells in compartmented devices may provide better manipulation capabilities that 
compliments in vivo and organotypic slice studies. This may provide an interesting 
intermediate level for understanding electrophysiological processes and signal 
propagation at network level between two or more different sub-populations of  
neurons.

Small ensembles of  neuronal populations can be integrated by using dissociated 
neuronal cultures coupled to microelectrode arrays (MEA). The functional 
characteristics of  the MEA permit mid to long-term recordings (weeks to months) 
of  both spontaneous and evoked neuronal network activity patterns and of  their 
spatio-temporal evolution (Potter and DeMarse 2001; Morin, Takamura et al. 2005; 
van Pelt, Vajda et al. 2005). This allows investigating network development (Van 
Pelt, Corner et al. 2004), network level effects of  different neuroactive compounds 
and pharmacological substances (Gramowski, Jugelt et al. 2006; Morin, Nishimura 
et al. 2006) and regulation of  neuronal excitability (Shu, Hasenstaub et al. 2003; van 
Pelt, Vajda et al. 2005). When combined with techniques to isolate neuronal sub-
population, cell cultures provide an excellent environment for controlling aspects of  
the experiment that one could not control in vivo. 

This thesis describes the design, implementation and validation of  a dual-compartment 
device for co-culturing dissociated neurons that can be functionally connected across 
a diffusion barrier and can be pharmacologically manipulated at the level of  each 
individual sub-population. An experimental approach to selectively manipulate 
individual cell type and/or connections using neuro-active pharmacological 
substances and their influence on signal propagation between the regions of  the co-
culture is presented. Cortical and thalamic dissociated cells were used to develop a 



IntroduCtIon

12

C
H

A
PT

E
R 

1

sample co-culture system that can be individually manipulated. 

In vivo studies have recognized thalamus as a site for two-way interaction with the 
cortex more than as a mere relay station of  information (Miller 1996). Thalamic 
neurons receive substantially strong input from cortico-thalamic feedback neurons 
thereby allowing the context to communicate continuously through the thalamus 
during sensory processing (Miller 1996). The influence of  cortical cues in the 
development of  thalamo-cortical connectivity or in the remodeling of  networks 
following environmental modifications is of  interest (Coronas, Durand et al. 2000). 
Network interaction between cortex and thalamus is important in understanding many 
fundamental brain functions such as sleep modulation, sensor-motor information 
integration and the transition of  spike-wave seizures in epilepsy model. 

Although, the in vitro system demonstrated in this work does not mimic the complex 
three-dimensional in vivo conditions, microfluidic separated dual compartments 
coupled to MEA might open new perspectives in the study of  network-level 
interaction between sub-populations. For instance, in a cortical-thalamic circuitry, 
the dynamics in increased cortical excitability leading to the transition of  spike-wave 
seizures by selective application of  neuroactive GABA antagonist to cortex region 
alone can be studied using the co-culture system reported in this work. 

1.2 comPartmented SyStem for diSSociated neuron cell culture

Compartmentalization of  cells and controlling the network connectivity may provide 
an ideal tool for developing in-vitro neuronal pathways. Maher et al demonstrated a 
well structure that holds the cell in close proximity to a metal extracellular electrode 
while permitting normal outgrowth of  axons and dendrites (Maher, Dvorak-Carbone 
et al. 1999) and further demonstrated a technique to capture neurons in the immediate 
vicinity of  the electrode by providing physical isolation (Maher, Pine et al. 1999). 
Similarly, other techniques such as dielectrophoresis, chemical surface patterning, 
PDMS stencils and micro-contact printing were used to provide successful cell 
isolation (Heida, Rutten et al. 2001; James, Spence et al. 2004; Morin, Nishimura et 
al. 2006; Sorkin, Gabay et al. 2006; Jun, Hynd et al. 2007; Nam, Brewer et al. 2007). 
In this thesis, I designed and implemented a two compartment system on a MEA 
substrate that supports small assemblies of  different interconnected neuronal cell 
types. 

The emphasis of  the research is to demonstrate co-culturing physically separated 
yet functionally connected sub-populations of  cell types in a dual compartment 
microfluidic device. The main advantage of  such a microfluidic system lies in its 
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1.2   Compartmented System For Dissociated Neuron Cell Culture

ability to pharmacologically manipulate the individual compartment of  the co-
culture selectively.

We chose cortical and thalamic cells for co-culture studies in our experimental 
approach because they form a neuronal system with a unique interaction in its sub-
circuitry. Conclusions from the present work may be used to investigate the interplay 
in network dynamics and connectivity in the cortical–thalamic system. This in vitro 
dissociated cell culture system offers a complimentary approach to both in vivo and 
brain slice studies. 

The questions I set out to address are:

1. Can we develop an in vitro dissociated cell culture model that facilitates 
studying a sub-circuitry or sub-population of  cells from different brain regions with 
capabilities to selectively manipulate individual region? 

2. What are the device requirements to develop such a system? Will the device 
be able to provide somatic and fluidic separation between different cell types while 
providing means for synaptic connectivity between them? How well can we influence 
the viability of  cells in such a system?

3. How to characterize the functional connectivity between the regions and 
what do we learn from them? (i.e.: How useful is network cross-correlation analysis 
to quantify functional connectivity?)  

4. Does the functional connectivity within a region differ from those across 
the region? How can we characterize the directionality in signal propagation between 
the regions? 

5. How can we characterize the influence of  a specific cell type in the sub-
circuitry of  the cortical-thalamic co-cultures? What is the directionality in signal 
propagation between cortical and thalamic cell types? 

6. Selective pharmacological manipulation of  the co-culture may provide 
evidence to validate the influence of  particular cell type and the directionality in 
signal propagation between sub-populations. Can the system provide capabilities to 
manipulate individual regions pharmacologically?
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1.3   microfluidicS meetS mea technology

Multielectrode arrays (MEA) provide a means for simultaneous extracellular 
recording and stimulation of  several individual neurons in culture (Pine 1980; 
Breckenridge, Wilson et al. 1995; Morin, Takamura et al. 2005). MEA enable long-
term monitoring of  the electrophysiological activity of  both dissociated cells and 
slices, and provide a unique window to observe spatio-temporal patterns of  activity 
in intact two-dimensional layers of  neurons. MEA are used to address the need for 
an intermediate level of  investigation between single cell patch-clamp studies and 
complex in vivo studies, whereby the effects of  tampering with ion channel function 
could be measured on small functional cellular structures and networks of  affordable 
complexity.

Considerable progress has been made in the development of  traditional MEA 
system over the past decade and they are making inroads into pharmaceutical drug 
discovery and neurotoxicity testing (Gopal, Miller et al. 2007; Radio and Mundy 
2008). MEA system provides means for non-invasive characterization of  neuronal 
response. When combined with state of  the art microfluidic devices, the MEA 
systems offer far more capabilities by providing a platform for segregating cells into 
separate regions, providing controlled nutrient supply to cell types and controlled 
pharmacological manipulation in combination with electrophysiological recording 
and stimulation, enabling new kinds of  experimental studies not possible with the 
current two dimensional microelectrode arrays.

Microfabrication technologies (Box 1: Microfabrication process steps), from 
the semiconductor processing industries, has largely been adopted in the field of  
microfluidics for realizing devices with miniaturized channels and compartments in 
the order of  few microns to millimeters. Microfluidic devices require low volume 
samples (i.e. several parallel experiments can be performed with very small quantities 
of  brain tissues and hence, fewer animals are sacrificed), properties of  fluid at 
microscale could provide stable and uniform micro-environment for the cells, 
medium throughput, measurement efficacy and better sample handling compared 
to the macroworld.

The volume of  sample required are in the order of  microlitres and because of  
the efficiency in sample handling, microfluidic devices are increasingly used in 
applications requiring biological samples. For our specific application, microfluidics 
offer fluidically isolated subcellular compartments that are interconnected through 
microchannels. With the advent of  soft/rapid lithography technique as reported 
by Whitesides et al., (Duffy, McDonald et al. 1998; McDonald, Duffy et al. 2000; 
McDonald and Whitesides 2002) polymers such as polydimethylsiloxane (PDMS), 
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(A)   Fabrication of  3 µm thick SU-8 photoresist layer for microchannels; 

(B)   Fabrication of  second SU-8 layer of  100 µm thick for compartments;

(C)   Prepolymer of  PDMS was poured on the Si wafer containing negative replica of  the 
compartments;

(D)   Solidified PDMS layer was peeled-off  from the Si wafer;

(E)   Reservoir holes were made in the PDMS using laser machining; 

(F)   The polymerized PDMS layer was reversibly bonded to MEA substrate after 
hydrophilization. 

Box 1: Microfabrication process steps for making dual-compartment device
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poly(methylmethaacrylate) (PMMA), polyurethanes and  polymides are favored 
as materials of  choice for creating microfluidic structures. PDMS elastomer 
(commercially available as Sylgard 186 from Dow Corning, US) is in particular most 
widely used due to its physical and chemical properties, biocompatibility, ease of  
fabrication and flexible surface chemistry (McDonald and Whitesides 2002; Ng, 
Gitlin et al. 2002; Sia and Whitesides 2003; De Silva, Desai et al. 2004; Matsubara, 
Murakami et al. 2004; Peterson, McDonald et al. 2005; Gross, Kartalov et al. 2007). 
PDMS in its cured form is mainly an oligomer terminated with a vinyl group. When 
PDMS elastomer is prepared by using the prepolymer and the curing agent, not all the 
oligomer strands are incorporated into the cross-linked network upon curing (Lee, 
Park et al. 2003). Uncross-linked, low molecular weight oligomers are present in the 
bulk PDMS. High thermal stability, chemical resistance, low electrical conductivity 
and hydrophobic surface characteristics of  PDMS are attributed to this unique 
chemical structure. Further, exposing PDMS surface to oxygen plasma destructs 
methyl group (Si-CH3) and introduces silanol (Si-OH) group on the surface which 
renders it hydrophilic (Box 2: Oxygen plasma treatment of  PDMS compartment). 
This flexible surface chemistry allows PDMS to be used in wide variety of  biological 
assays requiring laminar flow through the microchannels.

Taylor et al. (Taylor, Rhee et al. 2003) pioneered a PDMS based dual compartment 
device that allowed compartmentalization of  neuronal cells and control of  fluidic 
microenvironment. The unique design of  this device with two compartments of  
height 100 µm each separated by microchannels of  10 µm wide and 3 µm heigh 
provided the necessary fluidic and neuronal soma separation while providing necessary 
access path for neurites to cross-over. However, co-culturing sub-population of  cells 
(i.e. neurons and glia) in the dual compartment device has been demonstrated only 
recently (Majumdar, Gao et al. 2011). 

Integration of  PDMS compartmented devices with MEA and electrophysiological 
recording of  neuronal spontaneous activity from the sub-population in device has 
not been demonstrated earlier. Further, co-culturing sub-populations of  cells in the 
dual compartment device integrated with MEA, establishing functional connectivity 
between them and selectively manipulating an individual cell type has also not been 
demonstrated elsewhere. In the experimental approach presented in this thesis, we 
demonstrated a MEA integrated dual-compartment device for co-culturing and 
electrophysiological characterization of  two different cell types (i.e. Cortical and 
Thalamic). Furthermore, we also demonstrated capabilities to manipulate individual 
regions selectively.
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Figure 1.3. Oxygen plasma treatment of  PDMS surface.

Temperature cured PDMS devices were temporarily transferred to microscope glass 
slides to avoid hydrophilization of  contact surface. Hydrophilizing contact surface results 
in medium leakage through the under surface of  PDMS and hence, only the inner surface 
of  the compartments and the microchannels are hydrophilized. Access path for plasma 
to the inside of  the chamber is provided by the four open reservoirs (Figure 1.4). Once 
the surface is hydrophilized, PDMS devices were transferred on to PEI coated MEA 
substrates. The hydrophilization process enables laminar flow and easy filling of  cell 
suspension in the compartment.

With the oxidation process silanol groups (Si-OH) are formed on the non-patterned 
surface making it hydrophilic (see Figure)

Box 2: Oxygen plasma treatment of  PDMS devices

Figure 1.4. Oxygen Plasma treatment on 
PDMS. The plasma reaches the surfaces 
to hydrophilize the four reservoirs and the 
inner surface of  the compartments.
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1.4 neurofluidic comPartmented device technology

When combined with substrate integrated planar MEA, compartmented devices 
provide a suitable platform for measuring electrophysiological activity of  
compartmentalized neuron and studying the interaction between cells in compartment. 
Use of  interconnected micro-chambers that allow compartmentalization of  cells 
and control of  the fluidic environments would present several possibilities for co-
culture studies and selective pharmacological manipulation. First attempts to develop 
neuron cell cultures in isolated compartments were reported in the pioneering work 
by Robert Campenot (Campenot 1982). Campenot chambers permit the isolation 
of  cell bodies and to control the local fluid environment of  somata. Starting from 
Campenot’s pioneering research, compartmentalization has been widely used to 
study the formation and maintenance of  neuronal projections, suitable to create 
isolated fluidic environment and to selectively expose neuronal cells to biochemical 
cues and neurotransmitters (Bussiere, Vance et al. 2001). In Neurochips (Maher, 
Pine et al. 1999), small silicon micromachined cages are formed around individual 
electrodes in which a single cell body can be placed. The device was used for one-to-
one correspondence of  neurons to electrodes and to establish bidirectional electrical 
contacts with individual cultured neurons. Using dielectrophoretic fields to selectively 
force neutral, polarizable biological calls to fields of  maximum and minimum field 
intensities, Heida et al., (Heida, Rutten et al. 2001; Heida, Vulto et al. 2001; Rutten, 
Mouveroux et al. 2001) demonstrated techniques to trap neural cells in two separate 
regions. On the other hand, chemical surface patterning (Ravula, McClain et al. 2006) 
has been performed by a variety of  techniques (Ruardij, Goedbloed et al. 2000; 
Rutten, Mouveroux et al. 2001; James, Spence et al. 2004; Morin, Nishimura et al. 
2006; Jun, Hynd et al. 2007; Rajaraman, Choi et al. 2007) to successfully pattern Poly-
Lysine, Laminin, Collagen, and polyethylenimine on top of  microelectrode arrays 
to segregate cells at network level. Adhesion and patterning of  cortical neurons 
was investigated on isolated islands of  neuron-adhesive polyethylenimine (PEI) 
surrounded by a neuron-repellent fluorocarbon (FC) layer and the development of  
fasciculated neurites between the PEI-coated areas was studied (Ruardij, Goedbloed 
et al. 2000). Although these techniques make it possible to reconfigure the connectivity 
of  the networks within a culture, fluidic isolation between individual regions and 
selective pharmacological manipulation of  the individual region was not successful 
with these approaches. 

Integration of  microfluidic structures on planar MEAs for the physical isolation 
of  neuronal cells has recently been demonstrated (Claverol-Tinture and Pine 2002; 
Bani-Yaghoub, Tremblay et al. 2005; Morin, Takamura et al. 2005; Berdondini, 
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Chippalone et al. 2006; Morin, Nishimura et al. 2006; Ravula, McClain et al. 2006; 
Dworak and Wheeler 2009; Majumdar, Gao et al. 2011; Pan, Alagapan et al. 2011). 
However, co-culturing subpopulation of  dissociated cells for long term studies (up to 
few weeks), providing complete fluidic isolation between compartments, recording 
electrophysiological activities simultaneously to establish functional connectivity 
between the sub-populations and selectively manipulating an individual region has 
not been reported earlier.  In this thesis, a technique to integrate closed interconnected 
micro-chambers on planar MEAs that allow compartmentalization of  neuronal cells 
and control of  the fluidic environment is presented.

1.5   diSSociated cell culture

Dissociated neuronal cultures have been used in many network electrophysiological 
studies mainly owing to the excellent accessibility offered by these systems compared 
to the in vivo approach. Dissociated cultures are used for investigating the cell 
biology of  neurons and synapses, reducing the complex 3-Dimensional brain tissue 
to providing a relatively homogeneous population of  neurons in two dimension, 
and facilitating physical and chemical access to neurons (Ramakers, Raadsheer et 
al. 1991; Muller, Swandulla et al. 1997; Bi and Poo 1998; Misgeld, Zeilhofer et al. 
1998; Jimbo and Robinson 2000; Latham, Richmond et al. 2000). Although, much 
of  the native connectivity is lost in the process of  preparing the dissociated culture, 
studies involving electrophysiological recording and stimulation of  dissociated cells, 
pharmacological manipulation and imaging have resulted in describing fundamental 
properties of  network response (Maeda, Robinson et al. 1995; Beggs and Plenz 
2004; Van Pelt, Corner et al. 2004; Wagenaar, Pine et al. 2004; Wagenaar, Nadasdy 
et al. 2006), learning in vitro (DeMarse, Wagenaar et al. 2001; Shahaf  and Marom 
2001; Marom and Shahaf  2002; Eytan, Brenner et al. 2003; Bakkum, Shkolnik et al. 
2004; Marom and Eytan 2005; Ruaro, Bonifazi et al. 2005; Li, Zhou et al. 2007) and 
pharmacological testing (Pancrazio, Whelan et al. 1999; Morefield, Keefer et al. 2000; 
Chiappalone, Vato et al. 2003). In vitro approaches offer high degree of  accessibility 
to pharmacological manipulations compared to intact animals and they can be used 
for drug discovery and neuro-toxicological studies. Although the dynamics of  the 
nervous system under in vitro circumstances in a 2D substrate are different from 
those in live animals, studies have demonstrated that dissociated cultures retain their 
specific phenotype, receptor properties, synaptic mechanism, response to neuroactive 
compounds and inherent spontaneous electrophysiological activity (Dichter 1978; 
Brodie, Bak et al. 1986; Ichikawa, Muramoto et al. 1993; DeLima, Merten et al. 1997; 
Chuckowree and Vickers 2003; Haas, Vickers et al. 2004).
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Though the complexity and synaptic connectivity dynamics in vivo may not be fully 
replicated, in vitro synaptic connectivity is functional and may undergo various forms 
of  synaptic plasticity. A system that provides tools for monitoring and manipulating 
basic mechanism of  cells and networks in culture may provide  good understanding 
of  network level signal propagation. To this effect, dissociated cell culture systems 
provide means to precisely manipulate neurons, parts of  a network or its synaptic 
connections and thereby facilitate insights into the functioning of  the system.

When cells from the embryonic brain are dissociated and cultured, neurons that have 
completed division will extend processes and become excitable. A dissociated cell 
culture is prepared from suspensions of  individual cells from neural tissue. When 
plated onto a substrate, the neurons begin to extend processes within several hours 
and form a dense network. During the first few days in culture individual neurons 
can be seen and the preparation allows direct observation of  growing neurites 
as they continue to branch.  Under certain conditions, it is possible to maintain 
these cultures for long term studies (for up to few months) (Potter and DeMarse 
2001). Cultured neurons are spontaneously active, and show complex patterns of  
electrophysiological spike and burst activities (Martinoia, Massobrio et al. 2004; van 
Pelt, Vajda et al. 2005). Spontaneous neuronal activity generally appears from 5 to 7 
days-in vitro and the networks remain active and pharmacologically responsive for 
an extended period of  time (Potter and DeMarse 2001). 

eleCtrophysIologICal MeasureMents FroM dIssoCIated Cells

It is possible to extracellularly record the electrical fields generated by action potentials 
in the neurons in culture (Box 3: Extracellular recording of  action potential). The 
level of  activity of  dissociated cortical cells in culture is characterized by stochastic 
spontaneous spiking in the early stages of  development in vitro (first week) which 
changes to organized bursting in the later stages (second week).

Maturation of  the network is characterized by the correlation in network wide 
non-periodic, synchronized bursting activity of  various size, shape and interval 
distributions with minute-to-minute fluctuations in the probability of  firing (Habets, 
Vandongen et al. 1987; Kamioka, Maeda et al. 1996). Synchronized network bursting 
is recognized to be a peculiar feature of  systems that have neither exterior input 
nor output as in the dissociated cell cultures (Corner, van Pelt et al. 2002; Wagenaar, 
Madhavan et al. 2005). 
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Extracellular recording of  action potential with planar microelectrode1. When the 
cell body is partially covering the electrode surface and the remaining free electrode 
area is in contact with the culture medium and an external reference electrode. The 
amplifier connected to the microelectrode records the sum of  the potentials at the 
surface of  the free electrode area and the surface of  the electrode covered by the cell 
membrane. The voltage recorded by the amplifier between the microelectrode and 
the reference electrode can be calculated.

1.   Advances in network electrophysiology, Makoto Taketani, Michel Baudry, Springer 2006

Box 3: Neuron-electrode interface in extracellular recording
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In vitro bursts recorded from one electrode consist of  fast sequences of  multi-unit 
spikes with a short inter-spike interval (ISI) separated by an interval that is relatively 
long compared to the burst duration (van Pelt, Wolters et al. 2004; Chiappalone, 
Novellino et al. 2005). When the bursting behavior is organized in network wide 
regions involving entire or part of  the network at the same time, it is described as 
network burst (van Pelt, Wolters et al. 2004). Network bursts consist of  sequences of  
synchronized single-channel bursts, which spread across all or part of  the MEA (van 
Pelt, Wolters et al. 2004; Eytan and Marom 2006; Raichman and Ben-Jacob 2008). 
Extracellular action potentials and network wide burst response from cell cultures 
were similar to those recorded in vivo (Maeda, Robinson et al. 1995; Wagenaar, 
Pine et al. 2006). Spike trains recorded from electrodes in both compartments were 
used to compute correlation in network behavior. Utilizing cross-correlation based 
methods (Garofalo, Nieus et al. 2009), we analyzed correlation in spontaneous 
network activity between cells in both compartments and the extent of  functional 
connectivity between them. 

1.6   uSe of co-culture StudieS

Primary cell cultures often contain mixtures of  different cell types cultured together. 
Considering the multitude of  interconnections that form in unpatterned neuronal 
cultures, the restraint of  neuritic outgrowth to specific regions means a considerable 
decrease in network complexity. It is useful to develop techniques to deal with the 
mixtures of  cell types in a comprehensive way to understand the network behavior 
and possibly to manipulate the cell types individually. As cells from different regions 
of  the brain have different native activity states and may also differ quantitatively 
in their response to environmental cues, a possible solution is to co-culture cells 
obtained from tissues composed of  single dominant cell types or to optimize 
the culture conditions in order to preserve the cellular identity and discourage 
proliferation of  different types of  cells. However, to understand the interaction 
between neuronal sub-population, we need to develop an environment that can 
sustain cells from different regions of  the brain in isolation while providing proper 
access to electrophysiological interaction between them. Organotypic slices provide 
techniques for studying electrophysiological interaction between selected regions of  
the brain, selective fluidic manipulation of  a specific region in an organotypic slice 
is almost impossible. Hence, developing a co-culture system with dissociated cells 
in compartmented devices may provide unique manipulation capabilities. To some 
extend these possibilities complement the modern alternative approach that uses 
optogenetics to stimulate molecularly defined cell classes (Wen, Wang et al. 2010).
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Coronal section view of  18 day embryonic rat brain through cortex and thalamus1, 
with cortex region marked from C1 through C26  and thalamus marked with T1, 
T3, T27 and T17. The thalamoccortical projections here are marked as f8, B13 and 
B14. Thalamic and Cortex tissues (from the region indicated) were isolated from the 
rest of  the brain region and dissociated cell cultures were prepared from the isolated 
tissue samples. 

1.   “A Stereotaxic Atlas of  the Rat Brain” by Pellegrino, Pellegrino, and Cushman, Plenum Press 
1979

Box 4: Coronal section of  18 days embryonic rat brain

Thalamic region

Cortical region
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thalaMo-CortICal systeM and Co-Culture studIes

The influence of  cortical cues in the development of  thalamo-cortical connectivity 
or in the remodelling of  networks following environmental modifications has been 
demonstrated (Coronas, Durand et al. 2000). Thalamic cells require trophic support 
from cortex for their survival (Asavaritikrai, Lotto et al. 2003). The functioning of  
thalamus circuitry and its functional relationship with cortex (Box 4: Schematic view 
of  cortex and thalamus in coronal section view) has been extensively studied both in 
vivo (Nicolelis 2005; Crunelli, Errington et al. 2011) and in vitro (Adams, Kyi et al. 
2011). Recent advancement has set forth new hypotheses questioning the function 
of  thalamus as a mere relay station and if  the information that is being passed to 
the cortex is without significant change in content (Sherman and Guillery 2002). To 
understand the working of  thalamo-cortical sub-circuitry, we must understand the 
signals that transmit between the two regions (Sherman and Guillery 2002). The 
mechanisms that have received significant attention in the recent past include sleep 
and the production of  epileptic discharges (Steriade, Nunez et al. 1993; McCormick 
and Bal 1997). Both in vivo preparations and in vitro slice studies have emphasized 
that cortical burst firing frequently show rhythmic bursting and large regions of  
thalamus become synchronized with this rhythmic bursting (Steriade and Deschenes 
1984; Steriade and Llinas 1988; McCormick and Bal 1997). However, detection of  
synchrony in the network usually requires manipulating an individual region and 
simultaneous recording from both the regions. To this effect, dissociated co-culture 
system provides means to selectively manipulate the individual region using neuro-
active substances and thereby, a possibility to understand the interactions in cortical-
thalamus circuitry. This may open new perspectives in the study of  connectivity 
dynamics that are responsible for generating rhythmic neuronal network oscillations 
in cortical-thalamic system.
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1.7   Selective chemical maniPulation of co-cultureS

Neuronal networks are primary examples of  complex systems in which small changes 
in initial conditions can have a significant effect at network level. Pharmacologically 
induced changes in network behavior are a reflection of  overall effects on pre- and 
post-synaptic activities, and the morphology of  synaptic connectivity in the network 
(Maeda, Robinson et al. 1995; Nakanishi and Kukita 1998). The actions of  neuroactive 
agents at the network level differ from their actions on individual synapses.

In a co-culture system with two different cell types, manipulating an individual 
cell type pharmacologically may influence the propagation of  signals to the other 
cell type and can influence the intrinsic behavior of  the system depending on the 
interdependency in network connectivity. In a system involving cortex and thalamus, 
the role of  cortical input in the control of  burst and tonic response modes of  
thalamic neurons is more difficult to assess in vivo.

In this thesis, a system to study the interaction between cortical and thalamic regions in 
vitro is presented. The system offers only a limited level of  network connectivity and 
environmental conditions as in vivo, it offers sufficient tools to probe the influence 
of  cortical cues on the behavior of  thalamic cells and vice versa. The system offers 
a unique capability to selectively manipulate each of  the regions independently and 
thereby study the interaction in cortical-thalamic circuitry. Development of  such in 
vitro systems utilizing dissociated cells in compartments may offer a complimentary 
approach to in vivo studies to better understand the interplay between thalamus and 
cortex.
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1.8   outline of thiS theSiS

 This thesis describes a dual compartment system for culturing two different cell 
types interconnected through microchannels. Structural and functional synaptic 
connections between the two compartments were experimentally verified and selective 
chemical manipulation of  individual cell types was demonstrated using neuro-
active substances. In chapter 2, the design and fabrication of  the compartmented 
microfluidic device for neuronal cell culture is presented. To sustain viable cells 
for long term electrophysiological measurements, partial medium change in the 
reservoir was facilitated 3 times a week to compensate for the evaporation losses and 
to provide supplements for the culture (see protocol for medium change in Chapter 
2). This medium change frequency offered cell survival thus far resulting in active 
cultures up to DIV 35. 

Cortical-Cortical (Cx-Cx) co-cultures

Dissociated cortical cells were cultured in both the compartments of  the device 
and electrophysiological measurements of  spontaneous network activity in the 
compartments are presented in chapter 3. Biological origin of  network activity 
and the fluidic isolation between the compartments was demonstrated by applying 
Tetrodotoxin (TTX) in one of  the compartments and the corresponding change 
in electrode spiking in both compartments was measured. Structural connectivity 
between neuronal populations via the microchannels and the crossing-over of  
neurites are verified using transfection experiments and immunofluorescent staining. 
In addition to the neurite cross-over to the adjacent compartment, functional 
connectivity between cells in both the compartments is verified using cross-correlation 
based techniques and bidirectional signal propagation between the compartments is 
demonstrated using functional connectivity maps. Statistical analysis of  correlation 
reveals that the two neuronal populations are not only functionally connected within 
each compartment but also with each other. 

Cortical-Thalamic (Cx-Th) co-cultures

Chapter 4 and 5 discuss culturing heterogeneous co-cultures containing dissociated 
cortical and thalamic cells in the dual compartment device. Analysis of  spontaneous 
activities from the co-culture showed a different firing pattern for the individual 
cell types in the culture.  Propagation of  electrical activities between cortical and 
thalamic regions and their inter-dependency in connectivity is verified. We propose 
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that burst events originate in the cortical region and drive the entire cortical-thalamic 
network bursting behavior while mutually weak thalamic connections play a vital role 
in sustaining longer burst events in cortical cells. 

Selective pharmacological manipulation

The main reason to design the microfluidic system lies in its ability to selectively 
pharmacologically manipulate the individual compartment of  the co-culture. In 
chapter 6, origin of  network wide burst events in the co-culture is validated by selective 
pharmacological manipulation of  individual cell types. Using pharmacological 
agents such as SRA to selectively control the network-wide burst propagation in 
Cortical-Cortical and Cortical-Thalamic co-cultures, regions of  burst initiation were 
identified. The results demonstrate that in cortical-thalamic dissociated co-cultures, 
by controlling network bursts in cortical region, it is possible to control the spread 
of  bursting activity in the thalamic region, in agreement to our earlier findings 
(reported in chapter 5). However, in cortical-cortical co-culture system, any one of  
the two regions acts as a site of  burst initiation and facilitates propagation of  bursts 
in the entire network. The analysis presented in this chapter is in agreement with 
the recent findings that cortical region is the site of  initiation of  burst firing events 
while reciprocal thalamo-cortical connections are required to maintain a prolonged 
synchronised bursting pattern in the cortical culture (Adams, Kyi et al. 2011).
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Dual-Compartment miCrofluiDiC DeviCe

AbstrAct

This work investigates an approach to record electrophysiological measurements of  
neuronal cell cultures in a dual compartment neurofluidic system. The two compartments 
are separated by 10 μm-wide and 3 μm-high microchannels and this provides a physical 
isolation of  neurons allowing only neurites to grow between the compartments. We 
present long-term cell viability in closed compartment devices, neurite growth across 
the microchannels and a recording setup for the long-term recording of  the network 
activity over 21 Days-in-Vitro (DIV). Structural and fluidic isolation between the 
compartments are demonstrated using transfection experiments and neurotoxin exposure, 
respectively.
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2.1 Introduction

2.1   IntroductIon

Following the paradigm of  cell culture analogs (Folch and Toner, 2000), the 
development of  in-vitro models for specific neuronal pathways should provide 
insights into pathological neurodegenerative diseases and their treatment modalities 
that lack sufficient understanding. Further, using microsystem technologies to build 
and sustain such models offers easy accessibility and manipulation capabilities that 
are not available in traditional in-vivo studies (Cui Bianxiao, 2007). In this work, 
we present our progress in the development of  such a system for in-vitro neuronal 
network cultures. 

Following Campenot’s pioneering work (Campenot, 1994), microsystem technologies 
have recently been used to initiate in-vitro studies of  separated neuronal populations, 
either for chemical studies in both closed (Taylor et al., 2003) and open (Berdondini et 
al., 2006; Dworak and Wheeler, 2009) compartments, or for extracellular recordings 
of  electrical activity in open compartments (van Pelt et al., 2004).

Here, we present a closed-compartment neurofluidic device with microchannels 
connecting two compartments, the whole system being integrated on a planar 
micro-electrode array (MEA). We discuss long term neuronal cell cultures in our 
device, and demonstrate neurite growth through the microchannels connecting 
the compartments. Preliminary results of  electrophysiological recording from the 
compartmented cultures are presented. Suppression of  network activity within a 
compartment using neurotoxins and subsequent recovery of  network activity through 
successive wash cycles are presented to demonstrate spontaneous network activity, 
and highlight the physical and fluidic separation between the compartments. 

2.2   MAterIAls And Methods

neurofluiDiC DeviCe fabriCation

The 3-mm-thick polydimethylsiloxane (PDMS) devices used for this study have 2 
microfluidic compartments (‘B’ & ‘C’ in figure 2.1) of  100 μm height, 1.5 mm wide  
and 8mm length interconnected with microchannels of  10 μm height, 3 μm width and 
150 μm length that are spaced at regular intervals of  50  μm (Taylor et al., 2003). The 
microchannels prevent the movement of  cells between compartments. The devices 
were fabricated by conventional soft lithographic molding techniques pioneered by 
Whitesides and his collaborators (see for instance (Sia and Whitesides, 2003)), and 
that we described elsewhere (Thirukumaran T. Kanagasabapathi et al., 2008). Four 
6-mm-diameter reservoir holes (‘A’ in figure 2.1) were drilled in the fabricated devices 
using laser technique. These fabricated PDMS stamps were 
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Figure 2.2:  Cell culture in a compartment over the developmental stage with tri-weekly medium change 
schedule.

Figure 2.1 Schematic layout of  dual compartment device design used for neuronal cell culture. 
Reservoir of  diameter = 6mm; 2 identical cell culture compartments of  width = 1.5mm, height 0.1mm, 
length = 8mm with Microchannels of  width = 10 μm, height = 3 μm spaced at a regular interval of  50 
μm connecting both compartments.
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Figure 2.3:  Neurite growth through microchannels. A: Phase contrast image of  neurites grown 
across the microchannels connecting the cell bodies in both compartments; B: Transfection imaging of  
a neurite grown across the microchannels connecting the compartments.

Figure 2.4: Spontaneous activity of  cortical cells cultured in a dual compartment device on DIV 14 
(350s time interval).
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rinsed thoroughly in an ultrasonic bath, stored in Milli-Q water for 24h and 
decontaminated in a 70% ethanol bath. Each PDMS device was then sterilized in a 
dry oven at 120 ºC for 15 min and placed on cover-slips with the microchannels facing 
downwards for oxygen-plasma treatment. This treatment renders the microfluidic 
compartment and the microchannels hydrophilic, while preserving hydrophobicity 
of  the contact surface, thereby preventing leakage. The PDMS devices were then 
aligned and reversibly deposited onto planar Microelectrode Arrays (MEAs). Prior 
to the placement of  the PDMS devices, MEAs are sterilized in a vacuum oven, 
coated overnight with a solution of  Polyethylenimine (PEI) (Sigma-Aldrich, stock 
solution at 50% w/v in water, Ca. No.P3143) at a concentration of  40 μg/ml and 
rinsed thoroughly in sterile water (tissue culture grade, GIBCO, Invitrogen, Cat. No. 
15230).

Cell Culture

As per the approved protocols for the care and use of  lab animals in the 
Netherlands, primary cultures of  Wistar Rat embryonic cortical neurons were 
prepared by Trypsine (GIBCO, Invitrogen, Ca. No. 25050-014) digestion of  day-
18 embryonic rat whole cortices. The dissociated cells were cultured in Neurobasal 
medium (GIBCO, Invitrogen, Ca. No. 21103) supplemented with 1% fresh, stable 
L-Glutamine (GlutaMAX™ 100x, GIBCO, Invitrogen, Ca. No. 35050-038), 1% 
Penicillin-Streptomycin Solution (GIBCO, Invitrogen, Ca. No. 15140-122), 2% B27 
Supplement™ (GIBCO, Invitrogen, 17504-044) and 10nM Triiodo thyronine. The 
cultured cells were plated on PEI coated MEAs substrates at a surface concentration 
of  ~ 2 x 105 cells / cm2 and ~ 1 x 105 cells / cm2. The plating occurred by injecting 
the cell suspension from one reservoir into the inlet of  each compartment. The 
devices were then incubated in a humidified incubator at 37 ºC supplied with 5% 
CO2. 

transfeCtion imaging

Cultures were transfected with a thy1-eGFP construct in one compartment and a 
CMV-DsRed construct in the other compartment, using lipofectamine 2000, as per 
the manufacturer’s instructions (Invitrogen). Briefly, 1 mg DNA was mixed with 
100 ml neurobasal medium and mixed with 3 mg lipofectamine 2000 diluted in 100 
ml neurobasal medium (without supplement), and left at room temperature for 20 
minutes. After diluting the transfection mixture with four volumes of  neurobasal 
medium with supplement, it was gently flushed into one of  the compartments. Images 
of  transfected neurons (typically only a few neurons were stained per compartment) 
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were recorded after fixation of  the cultures with 4 % paraformaldehyde in phosphate 
buffered saline at 18 to 21 days.

reCorDing setup

Network activity in the devices was recorded twice per week using standard MEA1060 
system [MEA 1060-Inv-Standard amplifier, Multichannel Systems, Germany]. The 
total medium volume of  the reservoirs being 0.34 ml, particular care was taken to 
prevent excessive evaporation during the recording sessions. A sterile recording box 
was custom built with a 90% relative humidity and 5% CO2 supply.

DeviCe Cleaning anD reuse 

MEA devices were rinsed in DI water and placed in 1% Tergazyme [Alconox Inc., 
USA] solution at 37 ºC overnight to enhance tissue break-down and removal of  cell 
debris. The devices were then rinsed in DI water overnight and prepared as described 
earlier. Freshly prepared sets of  PDMS devices were used for each experiment.

2.3   results And dIscussIon

viability of neurons in CloseD Channel DeviCes

Cell viability and neurite formation were observed at regular intervals over the 
developmental period. The development of  a typical culture in a compartment is 
shown in figure 2.2. The distribution of  cells along the inlet, the active electrode 
region and the outlet region of  the compartment confirm the uniformity of  cell 
plating. Each reservoir, with a volume of  ~60 μl contains enough nutrient supply for 
the culture. However, we observed that the cells in the center of  the compartment 
started to degenerate after approximately 7 DIV, probably from oxygen and nutrients 
depletion and/or waste accumulation. This resulted in cell death in the center of  
the compartment propagating towards the periphery. To circumvent the issue of  
low medium availability to the cells and to provide cells with sufficient oxygen, 
we performed experiments with different medium change frequencies over the 
developmental period. Cultures with a medium change frequency of  three times 
per week offered the most favorable results thus far resulting in active cultures until 
DIV 21.
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neurite growth through miCroChannels

Visual observation of  the culture over the developmental period indicates neurite 
growth across the compartment from DIV 3. Neurites were observed to cross-over to 
the adjacent compartment through the microchannels along the whole length of  the 
compartment. Phase contrast imaging of  cell bodies isolated within a compartment 
and neurites crossing over to the adjacent compartment confirmed the physical 
containment effected by the microchannels (figure 2.3A). To further substantiate 
structural trans-compartment connectivity by axonal crossover to the adjacent 
compartment, transfection of  individual neurons with eGFP (green fluorescent 
protein) and DsRed (not displayed here) was performed in compartments B and C, 
respectively. Figure 2.3B shows extensive dendritic and axonal arborization within 
the compartment of  origin, as well as individual axons crossing over to the other 
compartment through the channels.

eleCtrophysiologiCal reCorDings

Electrophysiological recording of  spontaneous activity within the culture is as shown 
in figure 2.4.  The raster plot shows the spontaneous activity of  a culture in the 
closed compartmented device on DIV 14. In the figure, electrodes along the y-axis 
are number from 11 through 88 representing the corresponding rows and columns 
of  the electrode layout and each dot represents an action potential recorded by one 
of  the micro-electrode array channels.

experiment with tetroDotoxin (ttx)

To ensure the biological origin of  the recorded activity within the compartments, 
experiments were performed using Tetrodotoxin (TTX), to silence the spontaneous 
activity within a compartment. Stock solutions of  TTX were made in Neurobasal 
medium and warmed to 37 ºC on the day of  the experiment. As a control condition, 
the spiking activity was recorded for 2 minutes before adding TTX (figure 2.5A). 
Next, 100 μl of  medium in one of  the compartment was removed by pipetting and 
replaced with an equivalent volume of  TTX stock solution at a concentration of  100 
nM. The addition of  TTX at this concentration immediately suppressed all activity in 
the compartment. The spiking activity was recorded for 2 minutes with TTX in the 
compartment (figure 2.5B). A rinsing cycle then followed with supplement enriched 
Neurobasal medium. The recovery of  spikes in the compartment was recorded after 
successive rinses (Figures 5c and d) with very few electrodes regaining activity after 
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Figure 2.5:  Network activity in the dual-compartment device. A:  Spike rate analysis in both 
compartments before addition of  TTX (Compartment A in red and Compartment B in Blue); B: 
Suppression of  network activity in compartment B with the addition of  100nM TTX; C: Recovery of  
spikes in compartment B after first washout cycle; D: Recovery of  spikes in compartment B after three 
washout cycles.
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the first rinse cycle (figure 2.4C), while the majority of  the electrodes regain network 
activity after three rinse cycles as shown in figure 2.5D.

2.4   conclusIon

We presented neuron cultures in a closed dual compartment devices. Closed 
compartment systems similar to those presented in this work are often challenged 
by very low volume of  medium available to the cell culture. We addressed this issue 
by implementing a medium change protocol that helps in supplying cells with fresh 
oxygen and supplements over the developmental period. We found that three times 
medium change per week offered good culture stability up to DIV 21. 

With the microchannels offering the necessary physical isolation between the 
compartments, the cells were observed to be plated uniformly along the compartment 
length. In addition, the small feature size of  the microchannels (width = 10 μm and 
height = 3 μm) also provided the necessary somatic and fluidic isolation between the 
compartments. The best evidence of  the good quality of  the neural network was the 
electrophysiological recording of  spontaneous activity by means of  a planar micro-
electrodes array (MEA).

Good inter-compartment neurite growth and connectivity was observed, and 
supported by transfection imaging. Experiments with TTX injected in one 
compartment showed the suppression of  spontaneous activity in that particular 
compartment, without observable influence on the spontaneous activity of  the 
neighboring compartment. The suppressed network activity was regained after 
a few wash cycles. These results show that the system supports healthy neuronal 
cultures with good fluidic and somatic separation. We now envisage extending its 
use to culture multi-compartment, differentiated neuronal subpopulations, thereby 
providing a tool to establish in-vitro network models of  specific neuronal pathways.
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AbstrAct

We developed a dual compartment neurofluidic system with inter-connecting 
microchannels to connect neurons from their respective compartments, placed on a planar 
microelectrode arrays (MEAs).The design and development of  the compartmented 
microfluidic device for neuronal cell culture, protocol for sustaining long-term cultures 
and neurite growth through microchannels in such a closed compartment device are 
presented. Using electrophysiological measurements of  spontaneous network activity 
in the compartments and selective pharmacological manipulation of  cells in one 
compartment, the biological origin of  network activity and the fluidic isolation between 
the compartments are demonstrated. The connectivity between neuronal populations 
via the microchannels and the crossing-over of  neurites are verified using transfection 
experiments and immunofluorescence staining. In addition to the neurite cross-over to the 
adjacent compartment, functional connectivity between cells in both the compartments is 
verified using cross-correlation based techniques. Bidirectional signal propagation between 
the compartments is demonstrated using functional connectivity maps. Cross-correlation 
analysis and connectivity maps demonstrate that the two neuronal populations are not 
only functionally connected within each compartment but also with each other and a well 
connected functional network was formed between the compartments despite the physical 
barrier introduced by the microchannels.
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3.1   IntroductIon

The development of in-vitro models of patterned neuronal networks is of significant 
interest for the neuroscience research community. Considering the multitude of 
connections that form in un-patterned neuronal cultures, the restraint of neurite 
outgrowth to specific pathways ensures a considerable control over network 
complexity. Controlling the topological features of small neuronal networks on planar 
microelectrode arrays (MEAs) and pre-determining their internal connectivity has 
been the subject of extensive study in the past decade (Morin, Takamura et al. 2005; 
Morin, Nishimura et al. 2006; Chao, Bakkum et al. 2008). Large neuronal ensembles 
coupled to MEAs represent an interesting means for investigating information 
processing and dynamics in neuronal systems under controlled condition and by 
means of applications of external electrical stimuli, chemical stimuli, and/or physical 
constraints (Jimbo, Kasai et al. 2003; Martinoia, Bonzano et al. 2005; Berdondini, 
Chippalone et al. 2006). Compartmentalization of cells and control of the network 
connectivity may provide an ideal tool for further developing such in-vitro neuronal 
models. Imprisoning neurons in the immediate vicinity of the electrode inside 
micro-cages on top of electrodes obtained by micro-machining of silicon wafers 
as in ‘Neurochip’ was demonstrated by Maher et al. (1999). However, the major 
drawback of Neurochip devices was that neurons tend to migrate from the wells 
(Morin et al., 2006). The displacement of neurons cultured on planar surfaces is 
mainly due to the strong pulling forces that the neurites exercise on the soma. 
“Neurocage” as demonstrated by Tooker et al. (2005) overcame that problem using 
surface micromachined parylene cages. This approach constrains single neurons in 
a cage in which signals are recorded by only one electrode. Suzuki et al. (Suzuki, 
Sugio et al. 2005; Suzuki and Yasuda 2007) proposed photothermal etching with an 
infrared laser beam to create networks of microchambers and microchannels inside 
an agarose gel structure on top of planar MEAs.  

Chemical surface patterning, Polydimethylsiloxane (PDMS) stencil, microstamping 
and microcontact printing of selective substrates have been used to provide successful 
cell isolation (James, Spence et al. 2004; Morin, Nishimura et al. 2006; Nam, Musick 
et al. 2006; Sorkin, Gabay et al. 2006; Sang Beom, Hynd et al. 2007). Adhesion and 
patterning of cortical neurons were investigated on isolated islands of neuron-adhesive 
polyethylenimine (PEI) surrounded by a neuron-repellent fluorocarbon (FC) layer. 
Although these techniques make it possible to  reconfigure the connectivity of the 
networks within a culture, a major problem involved in neuronal patterning remains: 
strict compliance with the underlying geometry, while enabling the study of low-
dimensional neural networks under well-controlled conditions, fails to appropriately 
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Figure 3.1:  (A) Schematic layout of  the dual-compartment device; (B) Planar MEA substrate with dual-
compartment PDMS device; (C) Spontaneous activity of  a culture on DIV 14 (the electrode number 
along the y-axis run from 11 through 88 with the first digit representing column and the second digit its 
row respectively. Each dot represents an action potential recorded by one of  the MEA channels); (D) 
Typical cortical cell culture in a compartment on DIV 4.

Time (sec)
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mimic naturally occurring networks. For these reasons, the integration of microfluidic 
structures on planar MEAs for the physical isolation of neuronal cells has recently 
been of significant interest among various research groups (Claverol-Tinture and Pine 
2002; Bani-Yaghoub, Tremblay et al. 2005; Morin, Takamura et al. 2005; Berdondini, 
Chippalone et al. 2006; Morin, Nishimura et al. 2006; Ravula, McClain et al. 2006; 
Dworak and Wheeler 2009). Majumdar et al. (2011) demonstarted a microfluidic 
platform for co-culturing glia and  neurons in a dual compartment system with 
capabilities to individually manipulate the microenvironment of different cell types. 
However, co-culturing subpopulation of dissociated cells for long term studies 
and recording electrophysiological activities simultaneously to establish functional 
connectivity between the sub-populations has not been reported earlier.  In this 
work, based on earlier research from Taylor et al., (2003) we present a technique 
to integrate closed interconnected micro-chambers on planar MEAs that allow the 
compartmentalization of neuronal cells and the control of the fluidic environments. 
This technique when combined with substrate integrated planar MEAs, provides a 
suitable platform for studying the development and the electrophysiological activity 
of compartmentalized neuronal networks in culture.

Further, to allow realistic studies of compartmentalized neuronal networks, the device 
should be capable of sustaining a healthy and stable culture for up to 3 or 4 weeks 
in-vitro for electrophysiological recordings and pharmacological manipulation, while 
combined with MEAs. Electrophysiological recordings from the compartmented 
cultures and neuronal network formation through the microchannels connecting 
the compartments need to be verified. Neurite growth into adjacent compartment 
through microchannels is a necessary but not sufficient condition for network 
functional connectivity. Utilizing cross-correlation based methods, we analyzed the 
functional connectivity during the spontaneous activity of the network.  Statistical 
analysis on cross-correlation data from different devices and the dependency of inter-
compartmental correlation with the distance from the microchannels are discussed.

3.2   MAterIAls And Methods

neuroFluidiC deviCe preparation

The 3-mm-thick polydimethylsiloxane (PDMS) devices used for this study have 
2 microfluidic compartments of 100 μm height, 1.5 mm width and 8 mm length 
interconnected with microchannels of 10 μm width, 3 μm height and 150 μm 
length spaced at regular intervals of 50 μm between the channels (figure 3.1A) 
(Taylor et al., 2003). The small size of microchannels prevents migration of cells 
between compartments while allowing only neurites to pass through (Taylor et al., 
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2003). Conventional soft lithographic techniques as pioneered by Whitesides and 
his collaborators (McDonald et al., 2000; McDonald and Whitesides, 2002) were 
utilized in the fabrication of the device. PDMS stamps were replicated using Si 
master moulds and the fabrication techniques were described in an earlier work 
(Kanagasabapathi et al., 2009). Four 6-mm-diameter reservoir holes were laser cut 
into the fabricated device. The fabricated PDMS stamps were rinsed thoroughly 
in an ultrasonic bath, stored in Milli-Q water for 24h and decontaminated in 70% 
ethanol. Each PDMS device was then sterilized in a dry oven at 120˚ C for 20 min. 
To selectively hydrophilize the microcompartments and the microchannels, the 
PDMS devices were placed on cover-slips with the microchannels facing downwards 
for oxygen-plasma treatment (Owen and Smith, 1994; Katzenberg, 2005; Bodas 
and Khan-Malek, 2007). This treatment renders the microfluidic compartments 
and the microchannels hydrophilic, while preserving hydrophobicity of the contact 
surface, thereby preventing leakage. The PDMS devices were then reversibly bonded 
onto a commercially available planar microelectrode array (Multichannel Systems, 
Germany) with 60 electrodes of 30 µm diameter and 200 µm spacing placed in an 
8 x 8 array (no corner electrodes) as shown in figure 3.1B. While bonding, PDMS 
device was aligned on the MEA to include 30 electrodes each per compartment. 
Prior to the placement of the PDMS devices, MEAs were sterilized in a vacuum 
oven, coated overnight with a solution of Polyethylenimine (PEI) (Sigma-Aldrich, 
The Netherlands) at a concentration of 40 μg/ml and rinsed thoroughly in sterile 
water (GIBCO, Invitrogen, CA, USA) on the day of culture.

deviCe Cleaning and reuse 

After a complete set of experiments with a culture, planar MEA substrates were reused 
for subsequent experiments. The reversible sealing of PDMS on MEAs facilitated 
easy disposal of PDMS devices while retaining MEA substrates without damage. 
MEAs were rinsed in deionized (DI) water and placed in 1% Tergazyme (Alconox 
Inc., USA) solution at 37˚ C overnight to enhance tissue break-down and removal 
of cell debris. The MEAs were then rinsed in DI water overnight and prepared as 
described in the device preparation protocol earlier. Freshly prepared sets of PDMS 
devices were used for each experiment.
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CortiCal Cell Culture

Primary neuron dissociated cells were prepared by Trypsine digestion of day-18 
embryonic rat whole cortices (Wistar rat, Harlan Laboratories, NL), as per the approved 
protocols for the care and use of lab animals in The Netherlands. The dissociated 
cortical cells were cultured in neurobasal medium supplemented with 1% fresh, stable 
L-Glutamine (GIBCO, Invitrogen, CA, USA), 1% Penicillin-Streptomycin (GIBCO, 
Invitrogen, CA, USA), 2% B27 Supplement™ (GIBCO, Invitrogen, CA, USA) and 
10nM Triiodo thyronine  (Ramakers et al., 1990; Ramakers et al., 1991). Cultured 
cells were plated on PEI coated MEA substrate at a concentration of ~ 20 x 106 
cells/ml which resulted in a plating density of 2 x 105 cells/cm2. PEI coated substrate 
ensure proper adhesion of cell bodies and also avoids migration of cells during the 
developmental period. . While bonding PDMS to MEA substrate, care was taken 
to ensure proper device sealing by examining the contact surfaces and to avoid any 
access path underneath the PDMS other than the microchannels. The device was 
then incubated in a humidified incubator at 37˚ C supplied with 5% CO2 and 95% 
O2. The cell culture was checked at regular intervals and complete medium change 
was facilitated three times a week (on Days-in-Vitro (DIV) 4, 7, 9, 11, 14 etc.,) to 
compensate for the evaporation losses and to provide sufficient supplements for the 
culture. Medium was refreshed by completely removing the medium from all four 
reservoirs and by adding ~80 µl of freshly prepared medium to one reservoir per 
compartment. The osmotic pressure difference between the reservoirs connected 
to the compartment resulted in medium refreshing within the compartment due 
to capillary force. Once the level of medium in the two reservoirs connected to a 
compartment saturates, an additional ~40 µl of medium was added to compensate 
for the initial volume removed. The chosen medium refreshing frequency offered 
optimal cell survival thus far resulting in active cultures up to DIV 35.

transFeCtion and immunoFloresCenCe labeling

Cultures were transfected with a thy1-eGFP construct in one compartment, using 
lipofectamine 2000 (Invitrogen, CA, USA). 1 mg DNA was mixed with 100 ml 
neurobasal medium and mixed with 3 mg lipofectamine 2000 diluted in 100 ml 
neurobasal medium (without supplement), and left at room temperature for 20 
minutes. After diluting the transfection mixture with four volumes of neurobasal 
medium with supplement, it was gently flushed into one of the compartments. Images 
of transfected neurons (typically only a few neurons were stained per compartment) 
were recorded after fixation of the cultures with 4% paraformaldehyde in phosphate 
buffered saline at DIV 18 to 21. Similarly fixated cultures during the second week 
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Figure 3.2: Pharmacological manipulation of  spontaneous activity in the dual-compartment 
device. I:  Spike rate recorded at individual electrodes in compartment A (bottom - red) and compartment 
B (Top - blue); II: Spike rate recorded with 100 nM TTX in compartment B (suppression of  network 
activity in compartment B); III: Spike rate after first wash cycle; IV: Spike rates after three wash cycles.
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Figure 3.3: Structural connectivity between the two compartmentalized neuronal sub-populations.

(B) Transfection image of  a neurite grown across the microchannels 
connecting the compartments. 

(C) Immunofluorescence image of  neurite structure following the 
microchannel placement.

(A) Phase contrast image of  neurite ladder structure intact after the 
removal of  PDMS structures from the MEA surface.

(B)

(C)

(A)
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of development (DIV 14) were histologically stained with primary monoclonal 
anti-NeuN (Sigma-Aldrich, USA) and secondary Goat anti-mouse AlexaFluor488 
(Chemicon International Inc., Germany) to post-mitotic neuronal soma and policlonal 
anti-Neurofilament 200 Kda (Sigma-Aldrich, USA) and secondary goat anti-rabbit 
Alexa-Fluor 546 (Sigma-Aldrich, USA) to axonal or generally neurite processes. 

pharmaCologiCal experiment

A pharmacological neuromodulator was used to confirm the biological origin 
of network activity and to show fluidic separation between the compartments. 
Tetrodotoxin (TTX), a sodium channel blocker prevents the generation of action 
potentials in the neurons at a concentration of 100 nM (Ramakers and Boer, 
1991). Freshly prepared TTX solution in neurobasal medium was applied to one 
compartment to suppress the spiking activity of the cells in that compartment. Before 
applying TTX, spiking activity in the device was recorded for 2 minutes as a control 
condition. Neurobasal medium from one of the compartment (i.e. compartment 
B) was completely removed and 100 µl of TTX at a concentration of 100 nM was 
added to one of the reservoirs in Compartment ‘B’, the fluid level between the two 
reservoirs are allowed to equalise for 15 minutes and electrophysiological activity 
from both the compartments was recorded for 2 minutes. The slightly higher 
volume of neurobasal medium in compartment A (120 µl) acts against leakage or 
diffusion of TTX from compartment B (Taylor et al., 2003). After recording the 
electrophysiological activities, TTX in the compartment was rinsed three timeswith 
supplement enriched neurobasal medium and the activities were recorded after each 
wash cycle to observe the recovery of spiking. 

eleCtriCal reCordings

The spontaneous neuronal activity was recorded twice per week using MEA1060 
system (Multichannel Systems, Germany) equipped with 60 recording channels at 
10 kHz or 25 kHz sampling frequency with a hardware filter of 10-3000 Hz. Each 
recording session usually lasted 10 minutes and started at least 5 minutes after the 
device was moved from the incubator in order to soften the effects of mechanical 
perturbation on the activity (Wagenaar et al., 2006). Digitalized signals were filtered 
at 200 Hz (high-pass Butterworth). MCRack software was used for data recording, 
while offline data analysis was performed in MATLAB (The Mathworks, Natick, 
MA) on data imported in MCD format from MCRack. Devices were maintained 
at 37º C and recordings were performed in a custom-built enclosure provided 
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with 5% CO2 supply and 100% relative humidity to replicate incubator conditions 
within a laminar flow hood. The setup avoided contamination issues and ensures 
sterile condition during the entire recording procedure. A custom built glass-lid 
with reference electrodes for electrophysiological recordings was used to prevent 
excessive evaporation loss during the recording sessions.

data analysis

An amplitude based threshold detection was used to detect the neuronal spikes 
(Maccione et al., 2009). The peak-to-peak threshold was set to 8 times the RMS 
noise level (Eytan et al., 2003). No attempt was made to discriminate and sort 
spikes collected from a single recording site (Chiappalone et al., 2006) and hence the 
individual spike train may include spikes from 1 or more neurons . A raster plot of 
the electrophysiological recording of a typical spontaneous activity within the culture 
is shown in figure 3.1C.  The raster plot shows the spontaneous activity of a culture 
in a closed compartmented device on DIV 14.  The typical activity is characterized by 
both local random spiking and bursting behavior as shown in figure 3.1C. 

Functional connectivity can be defined as the temporal correlation between spatially 
remote neurophysiological events, expressed as a deviation from the statistical 
independence across these events in distributed neuronal groups and areas (Friston 
et al., 1993). Functional connectivity was estimated by applying cross-correlation 
based methods (Knox, 1981; Melssen and Epping, 1987). In order to have a valid 
reference for the analysis of the genuineness of the network connectivity across 
the microchannels, surrogate spike trains were generated. Given two spike trains 
(one per compartment), the spike surrogation aimed at destroying any temporal 
relationship between them. It consisted of a shuffling procedure in which the spikes 
were shifted by randomly sliding the original zero instant (t0, org) to a new temporal 
instant (t0,surr): t0,surr was set to a different value for each of the recording channels 
(no phase lockings were possible). Noisy or silent channels during the recording 
phase were disregarded from the analysis. The procedure preserved the statistical 
features of the original spike train, namely average spiking rate and inter-spike 
intervals distribution, and any overestimation of the significance of the correlation 
was thus avoided. Correlation in network activities between two compartments was 
analyzed using the tools developed by Bologna et al. (Bologna et al., 2010). The bin 
size for the computation of the cross-correlation was set to the optimal value of 0.1 
ms (Garofalo et al., 2009), while the half-window size was set to 5 ms. The strength 
of a functional connection between two recording sites was measured with the Cpeak 
value. The  Cpeak value corresponds to the area centered around the cross-correlation 
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Figure 3.4: Cross-correlation of  spontaneous activity in two compartments. (A) Cross-correlograms 
between a sample electrode in compartment A (Electrode index # 19) and all electrodes in both the 
compartments; (B) Cross-correlograms with surrogate peak trains in compartment B (between a sample 
electrode in compartment A (Electrode index # 19) and all electrodes in both the compartments); (C) 
Comparison of  cross-correlation between global mean cross-correlation averaged over all 60 electrodes 
(red), mean cross-correlation of  a sample electrode (Electrode index # 19) with compartment B (green) 
and cross-correlation of  most correlated electrodes in both the compartments (Electrode index # 19in 
compartment A with a sample electrode (Electrode index # 43)  in compartment B (blue)). Half  window 
size = 5 ms and Bin size (temporal resolution) = 0.1 ms; (D) Functional connectivity map showing the 
strongest 100 connections in the network. Red color arrows (intensity coded) represent the functional 
connections within a compartment; the blue color arrows (intensity coded) represent the functional 
connectivity between two compartments (inter-compartment connections). Inter-compartment 
connections are compared with surrogate spike trains and proven to be genuine (Connectivity map with 
surrogate spike train data not shown). The bidirectionality in network connectivity can be inferred from 
the direction of  the arrows.
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Figure 3.5: Two step statistical analysis of  an individual device. (A) MEA electrode layout and 
region separation across both the compartments (red colour line between electrode column 4 and 5 
represents the microchannel separation); (B) In the first step, ‘median’ of  Cpeak (τ = 1 bin) for all the 
electrodes under four circumstances (i.e. Intracompartment, Inter-compartment, Both compartments 
(Global) and Surrogated spike train in the other compartment) is computed and the electrodes are then 
segregated into separate regions as described earlier. In the second step, another statistical parameter 
(‘median’, in this case) within each region is computed. Positive error bars are equal to the differences 
between the 75th percentile and the median, while negative error bars are equal to the differences 
between the median and the 25th percentile. The two percentiles were computed along with the ‘median’ 
in the second step of  the statistical analysis described in the text. Error bars for Surrogated spike trains 
in the other compartment are not visible because of  their very low amplitude.
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peak subtended by the cross-correlogram in a time span of 300 µs (Berdondini et al., 
2009). Cross-correlation between an orginal and a surrogate spike train can be used to 
evaluate the contribution of randomness to the estimated functional connectivity. 

Since the placement of PDMS device on MEA ensured a symmetrical distribution 
of  the electrode array with 30 electrodes per compartment, the electrode columns 
were segregated into four regions (i.e. Region 1 with electrodes 41 through 58, 
Region 2 with electrodes 31 through 38 and 61 through 68, Region 3 with electrodes 
21 through 28 and 71 through 78 and Region 4 with electrodes from 12 through 
18 and 82 through 88). A vector of Cpeak values for each electrode under each of 
the four circumstances such as (i) with all the electrodes in the same compartment 
(“Intra”), (ii) with all the electrodes in the other compartment (“Inter”), (iii) with all 
the electrodes in both compartment (“Global”), and (iv) with all the electrodes of 
the other compartment with surrogate spike trains (“Inter_Shuffled”) was created. A 
two-step statistical analysis was performed utilizing the Cpeak vectors. In the first step, 
for each of the four circumstances the median of the Cpeak values was calculated, 
thus extracting a number from each vector. In the second step, the median of these 
numbers within each region was calculated. The 16 measures (“Intra”, “Inter”, 
“Global” and “Inter_Shuffled” per each of the four regions) are used for the 
evaluation of network connectivity for each experiment and they were used for 
comparisons across different devices. Non-parametrical tests such as the paired sign 
test (Whitley and Bai, 2002) and the Friedman’s test (Sprent and Smeeton, 2001) 
were adopted on these overall estimates to confirm the statistical consistency of our 
results related to functional connectivity across different experiments.

3.3   results

viability oF neurons and eleCtrophysiologiCal aCtivity

Cell viability and neurite formation were observed at regular intervals over the 
developmental period (up to DIV 35). The development of  a typical culture in a 
compartment on DIV 4 is shown in figure 3.1D. Cells were observed to be restriced 
to the compartments except on rare occasions when cells smaller than 10 microns 
were observed to migrate inside the microchannels during initial cell plating stage. In 
our initial experiments, we observed that the cells in the center of  the compartment 
started to deteriorate after approximately DIV 7, probably from oxygen and nutrients 
depletion and/or waste accumulation. This resulted in cell death in the center of  
the compartment propagating towards the periphery. To circumvent the issue of  
low medium availability to the cells and to provide cells with sufficient oxygen, we 
developed an optimal medium change protocol for the dual-compartment device as 
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explained earlier. With the change in protocol, viability of  cells in dual compartment 
device was increased substantially, cells were observed to deteriorate only from 
around DIV 30 and the cultures were sustained for up to DIV 35 successfully.

A raster plot of the electrophysiological recording of a typical spontaneous activity 
within the culture is shown in figure 3.1C.  The raster plot shows the spontaneous 
activity of a culture in a closed compartmented device on DIV 14. The observed 
typical activity is very similar to that of non-compartmentalized networks and it is 
indeed characterized by both local random spiking and network bursting behavior. 
The evolution of network activity over the developmental period from DIV 11 to 
DIV 35 was recorded at regular intervals (on DIV 11, 14, 17, 21, 24 etc,). An in-
crease in network activity was observed from DIV 14, with a maturation phase in the 
spontaneous activity during the third week in culture and the activity subsided after 
DIV 25 resulting in very few spiking neurons by DIV 30, similar to those reported in 
literature (Chiappalone et al., 2006). Disappearance of network bursts signalling the 
deterioration of the culture was observed after DIV 30 (Mukai et al., 2003). During 
third week in culture (~ DIV 21), cortical culture in devices showed an extensive 
network bursting activity.   Pharmacological experiments were performed during 
the most active phase of the culture starting from DIV 14. To ensure the biological 
origin of the spiking activity, experiments with TTX were performed as explained 
earlier. When TTX was added to one compartment (i.e. Compartment B), neuronal 
activity in that compartment was immediately suppressed without any significant im-
pact on the spiking behavior of neuronal population in the other compartment (fig-
ure 3.2). Neuronal spiking activities were recovered when TTX in the compartment 
was washedout with supplement enriched neurobasal medium. Recovery of activity 
from few electrodes after 1x wash cycle and from majority of the electrodes with 3x 
wash cycles from a sample experiment is as shown in figure 3.2.

neurite growth through miCroChannels

Visual observation of the culture over the developmental period indicates neurite 
growth across the compartment from DIV 3 onwards. Neurites were observed to 
cross-over to the adjacent compartment through the microchannels along the full 
length of the compartment. Phase contrast imaging of cell bodies isolated within a 
compartment and neurites crossing over to the adjacent compartment confirmed the 
physical confinement obtained by means of the microchannel structure (figure 3.3).
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struCtural ConneCtivity 
Transfection and immunoflorescence imaging

To visualize neurite growth across the compartment, transfection of individual neu-
rons with eGFP (green fluorescent protein) was performed on DIV 11. Cultures in 
one compartment were transfected as explained earlier resulting in staining about 
1:1000 neurons. Figure 3.3B shows extensive neuritic arborization of a single neuron 
within the compartment of origin, as well as neurites crossing over to the other com-
partment through the microchannels. 

To further substantiate structural inter-compartment connectivity by neuritic cross-
over to the adjacent compartment, immunolabeling of cells in compartment was 
performed. Dissociated cells at concentrations similar to those in the experimental 
conditions were cultured in control coverslips with PDMS. After DIV 14, the PDMS 
structure was removed carefully without damaging the neuritic crossover across 
the microchannels. As shown in the phase-contrast image in figure 3.3A, a ladder 
like structure was retained even after the removal of PDMS, this confirms neuritic 
growth through the individual microchannels. Neurites accumulate along the walls 
of the compartment near the microchannels and were observed to propagate only 
through the channel openings into the adjacent compartment. Further, the confo-
cal microscopic image in figure 3.3C confirms the extensive neuritic cross-over to 
the adjacent compartment and structural connectivity between the compartments 
with neurite projections across the microchannels. From figure 3.3, it may also be 
observed that the specific aspect ratio of the microchannels (i.e., width = 10 µm and 
height = 3 µm) prevents cell bodies from entering the microchannels and thereby 
confines them to the individual compartments.

FunCtional ConneCtivity

Cross-correlation analysis

As in figure 3.1C, synchronized bursting activity is present between the compart-
ments suggesting the existence of coordination in the activity between the two cul-
tured populations. However, in order to bolster the suitability of the device to study 
the interactions between different neuronal populations, not only structural con-
nectivity but also functional connectivity between the two cultures was investigated. 
To assess this, we analyzed the cross-correlation between individual electrode spike 
trains. The correlation in the spontaneous activity of all electrodes with respect to 
a particular electrode was analyzed utilizing cross-correlation (CC) based methods 
(Garofalo et al., 2009). Figure 3.4A shows a sample cross-correlogram obtained dur-
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ing an experimental session, between a sample electrode in compartment A and all 
the electrodes in both compartments. Autocorrelogram is also included in this case 
and it corresponds to the maximum peak value. For each couple X→Y (where X 
= Electrode index 17), the correlograms depict the electrode index (Y-axis) and the 
spike count (Z-axis) divided by the time bin of 5 ms, in which electrode X and Y fire 
a spike with a precise time delay (X-axis). The correlograms when compared with 
surrogate peak trains in the other compartment showed a significant loss in correla-
tion across the microchannels (figure 3.4B).

To better appreciate the differences in the cross-correlogram shape and strength, 
correlation functions obtained between a sample electrode (electrode index # 19)
in compartment A and an electrode (electrode index # 43) in compartment B, in 
comparison to the correlation with all the electrodes in compartment B and correla-
tion in the entire network averaged over all electrodes (global mean CC, introduced 
by Chiappalone et al. (2007)) is shown in figure 3.4C. The shape of the obtained 
function clearly shows the correlation between electrodes in the two compartments. 
Further, in addition to the correlation analysis, the functional connectivity in the 
network was estimated based on the techniques described by Garofalo et al. (2009). 
Figure 3.4D shows the connectivity map with strongest 200 connections in a net-

Figure 3.6: Statistical analysis of  correlation on multiple devices. Box plots of  intra and inter-
compartmental correlation levels, divided per Region, in 17 devices (statistical parameters used in the 
two-step analysis: ‘median’ for both the steps). 



64
Frontiers in Neuroengineering, 4 (13):1-11, 2011

C
H

A
PT

E
R 

3 FunCtional ConneCtivity in CortiCal-CortiCal Co-Cultures

work, red colored (intensity coded) for connections within a compartment with few 
connections between the two compartments (blue colored, intensity coded). The 
bidirectionality in network connectivity can be inferred from the direction of the ar-
rows (figure 3.4D). When the functional connectivity maps obtained using original 
data were compared with maps obtained using surrogate spike trains in the oppo-
site compartment (with surrogate spike trains as explained earlier), it was observed 
that there were no connections between the compartments even with an increased 
threshold, thereby confirming the functional connectivity between the compart-
ments (data not shown).

statistiCal analysis

 The electrode columns were segregated into four regions as in figure 3.5A. The 16 
values obtained through the two-step statistical analysis previously described can be 
plotted as in figure 3.5B. It may be noted that: (i) the intra-compartmental connectiv-
ity is higher than intercompartmental  connectivity (ii) intra compartment and inter-
compartment connectivity are higher than the non-genuine (namely due to random-
ness) connectivity contribution  obtained with surrogate spike trains and (iii) no clear 
differences can be observed among the different spatial regions (R1-R4). To assess 
the robustness of our observations, we analyzed 17 devices that contained cortical 
cells in both compartment plated with similar cell densities but from different days-
in-vitro (from DIV 17 to DIV 32). Each device had at least 52 active electrodes (an 
electrode was considered to be active if the average spiking frequency was at least  0.2 
Hz (Shahaf and Marom, 2001)).

Box plots of correlation levels obtained from original spike trains in the same com-
partment (“Intra”) and the other compartment (“Inter”) as shown in figure 3.6 in 
comparison to the surrogate spike train in the other compartment (“Inter_Shuffled”) 
reveal very clearly that a genuine inter-compartmental connectivity is present in the 
considered devices. A paired sign test on “Inter” and “Inter_Shuffled” of each re-
gion confirmed the existence of a significant difference between such values for each 
of the four identified regions of electrodes (p < 0.01). The above mentioned box-
plots  do not show a clear fall off of the intercompartmental connectivity with the 
distance from the barrier of microchannels. The Friedman’s test on the four groups 
of “Inter” values revealed that they are not statistically different from each other (p 
= 0.1843). This high degree of connectivity may be explained by the fact that cortical 
neurons usually develop long neurites.
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3.4   dIscussIon And conclusIon

A dual compartment device was designed, fabricated and validated with microfluidic 
channels capable of physically segregating neuronal population and providing fluidic 
isolation between the compartments. The microfluidic channels also provided the 
necessary access path for neurites to cross-over to the adjacent compartment in ei-
ther direction and connect the two neuronal populations across the barrier.

With the microchannels offering the necessary physical and fluidic isolation between 
the compartments due to their small aspect ratio (width = 10 µm and height = 3 µm), 
cells in the compartment were observed to be plated uniformly. We addressed the 
issue of low volume medium availability to the cell culture, by implementing a me-
dium change protocol. Medium change of three times per week offered good culture 
stability and viable neurons for up to DIV 35. Inter-compartment neurite growth 
and connectivity were observed using transfection and fluorescence imaging.

From the functional point of view, experiments with TTX injected in one compart-
ment showed the suppression of spontaneous activity in that particular compart-
ment and the neuronal activity was recovered after three wash cycles, confirming 
the biological origin of network activity and fluidic isolation between the compart-
ments. The results presented in this work show that the device supports healthy 
neuronal cultures with good fluidic and somatic separation. The microchannels pro-
vided an access path for the neurites to propagate to the adjacent compartment and 
to form a functional neuronal network. This configuration facilitates independent 
pharmacological manipulation of the two compartments as demonstrated with TTX 
compound. Simultaneous recording of spontaneous activity in both compartments 
showed strong network cross-correlation revealing functional connectivity between 
cells in the compartments. Use of surrogate data and statistical analysis of correla-
tion reveal that the two neuronal populations are not only functionally connected 
within each compartment but also with each other. Moreover, the dependency of 
the inter-compartmental correlation was not statistically significant, suggesting that 
well connected networks are formed despite the presence of the physical barrier of 
microchannels. In a dual compartment device, with functionally connected network 
between compartments, the neurons and the synaptic connections within a com-
partment can be individually manipulated with pharmacological compounds with-
out influencing the other compartment. The presented dual compartment devices 
could also be efficiently used for co-culturing different neuronal populations (e.g., 
thalamus-cortex; hippocampus-cortex) and studying interaction between the two 
segregated sub-networks in both spontaneous and pharmacologically manipulated 
conditions.
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In vItro CortICal-thalamIC Co-Cultures

AbstrAct

In this paper, we propose an experimental approach to develop an in vitro dissociated 
cortical-thalamic co-culture model using a dual compartment neurofluidic device. The 
device has two compartments separated by 10 μm wide and 3 μm high microchannels. 
The microchannels provide a physical isolation of  neurons allowing only neurites to 
grow between the compartments. Long-term viable co-culture was maintained in the 
compartmented device, neurite growth through the microchannels was verified using 
immunofluorescence staining, and electrophysiological recordings from the co-culture 
system was investigated. Preliminary analysis of  spontaneous activities from the co-
culture shows a distinctively different firing pattern associated with cultures of  individual 
cell types and further analysis is proposed for a deeper understanding of  the dynamics 
involved in the network connectivity in such a co-culture system.
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4.1   Introduction

4.1   IntroductIon

We aim to develop an in vitro neuronal network system to provide insights into the 
interactions between the cortex and the thalamus. We believe this will help understand 
the connectivity pathways involved in the pathological neurodegenerative conditions 
and their treatment modalities.  Until recently, in vivo studies have provided the 
necessary tools to understand the thalamo-cortical interactions (Nicolelis, 2005). 
However, in vivo studies are often limited by the complexities in simultaneous 
multiple site recordings and by the influence of  other regions of  the brain in the 
cortical-thalamic circuitry. Developing an in vitro dissociated co-culture model 
with cortical and thalamic cells alone may provide tools to circumvent these issues. 
Microsystem technologies offer unique possibilities in developing such in vitro 
models; this technology allows easy accessibility and manipulation capabilities that are 
not available in traditional in vivo studies. However, developing dissociated cortical-
thalamic co-culture systems poses serious challenges related to the maintenance of  
a long term thalamic cell culture in vitro. Survival of  thalamic cells in isolation is 
not easily achievable and it is attributed to the absence of  external influences like 
the absence of  cortical signals with specific developmental properties (Magowan 
and Price, 1996; Asavaritikrai et al., 2003). The influence of  cortical cues in the 
development of  thalamo-cortical connectivity or in the remodelling of  networks 
following environmental modifications was demonstrated by Coronas et al. (Coronas 
et al., 2000). Asavaritikrai et al. has shown that thalamic cells require trophic support 
from cortex for their survival (Asavaritikrai et al., 2003). Considering these challenges, 
we propose to develop an in vitro co-culture system that can support long-term 
dissociated thalamic cells in combination with cortical cells. 

In this work, we discuss culturing cortical and thalamic cells in a dual compartment 
neurofluidic device with microchannels connecting the two compartments. The 
microchannels provide the necessary access paths for neurites to cross-over to the 
adjacent compartment. The neurofluidic device is integrated on a planar micro-
electrode array (MEA) to facilitate electrophysiological measurements from the 
co-culture system. Neurite growth through the microchannels connecting the 
compartments is observed and the structural connectivity between the cell types 
was verified using immunofluorescence selective staining of  cortical and thalamic 
compartments. Preliminary results of  electrophysiological recordings (figure 4.1A) 
from the compartmented cultures are presented. Analysis of  the spontaneous 
activities of  the co-cultures shows a distinctively different firing pattern associated 
with cultures of  individual cell types.
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4.2   MAterIAls And Methods

neurofluIdIC devICe

The 3-mm-thick polydimethylsiloxane (PDMS) devices used for this study has 2 
microfluidic compartments (figure 4.1D) of  100 μm height and 8 mm length 
interconnected with microchannels of  10 μm height, 3 μm width and 150 μm 
length that are spaced at regular intervals of  50 μm (Taylor et al., 2003). The 
small cross-section of  the microchannels prevent the movement of  cells between 
compartments while allowing neurites to cross-over to the adjacent compartment 
and form functional network (Kanagasabapathi et al., 2010; Kanagasabapathi et al., 
in press). The compartmented PDMS device (figure 4.1D) is reversibly bonded to 
Multi electrode array (MEA) substrates (Multichannel Systems, Germany) with 60 
electrodes in an 8 x 8 matrix (without four corner electrodes) and the compartments 
are aligned to include 30 electrodes each. Prior to the placement of  the PDMS 
devices, MEAs are sterilized in a vacuum oven, coated overnight with a solution of  
Polyethylenimine (PEI) (Sigma-Aldrich, US) at a concentration of  40 μg/ml and 
rinsed thoroughly in sterile water (GIBCO, Invitrogen, US).

Cell Culture

As per the approved protocols for the care and use of  lab animals in the Netherlands, 
primary cultures of  Wistar rat embryonic cortical and thalamic neurons are prepared 
by Trypsine (GIBCO, Invitrogen, USA) digestion of  day-18 embryonic rat whole 
cortices and ventral basal thalamus. The dissociated cortical cells are cultured in 
Neurobasal medium (Lonza lifesciences, USA) and the dissociated thalamic cells 
are cultured in the same medium supplemented with an additional 3% Fetal bovine 
serum (FBS) and 1% Horse serum (HS). The cultured cells are platted on PEI coated 
MEAs substrates at a concentration of  ~ 2 x 105 cells / cm2. The plating occurs by 
injecting the cell suspension from one reservoir of  each compartment. The devices 
are then incubated in a humidified incubator at 37 ºC supplied with 5% CO2. Neurite 
growth in the co-culture is checked at regular intervals and the neurobasal medium 
is replaced by freshly prepared medium on days-in-vitro (DIV) 4, 7, 9, 11, etc., The 
presence of  serum in the culture medium for thalamic cells is maintained for at least 
(DIV) 5 days in  culture, then progressively reduced and finally completely eliminated 
after DIV 9 to avoid the glia overgrowth during long term culture (more than DIV 
15). 
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ImmunofluoresCenCe ImagIng

Cultured neurons in the dual compartments are fixated for 20 min. at room 
temperature with 4%wt/vol paraformaldehyde in phosphate buffer solution (PBS) 
and permeabilized for 10 min. with 0.1% TritonX-100. Blocking reaction is performed 
with a buffer containing 3%BSA, 2%FBS, 0.05% Triton-X 100 for 90 min. at room 
temperature. Cultures are then washed two times with PBS and incubated with 
primary antibodies towards NeuN (Chemicon Millipore MAB377 1:300 dilution) 
and anti Neurofilaments-200Kd (Sigma aldrich N4142 1:300) followed by secondary 
antibodies of  Goat antimouse conjugated to Alexafluor546 and Goat anti-rabbit 
conjugated to Alexafluor 488 (Invitrogen Molecular Probes). Staining of  NeuN 
antibody is primarily found within the nucleus of  post-mitotic neurons (Mullen et al. 
1992) while Neurofilament-200Kd shows strong staining of  neural processes. 

reCordIng setup

The spontaneous activity from the co-culture was recorded using a standard 
MEA1060 system [MEA 1060-Inv-Standard amplifier, Multichannel Systems, 
Germany]. A sterile recording box is custom built with a 90% relative humidity and 
5% CO2 supply. Electrophysiological recordings are analyzed using the Spycode 
toolset (Bologna et al.).

spIke deteCtIon

The spontaneous spiking within the culture is detected using a threshold based 
‘Precise Timing Spike Detection’ (PTSD) algorithm (Maccione et al., 2009). In 
brief, the threshold is computed according to the standard deviation (i.e. n-times 
SD) of  the biological and thermal noise of  the signal and it is set independently 
for each channel (Chiappalone et al., 2003).  The PTSD algorithm computes the 
Relative Maximum/Minimum (RMM) of  the raw data signal and when the RMM 
is a Minimum, the algorithm looks for the nearest Maximum within the duration 
of  a spike and vice versa. When the difference between the two peaks in RMM 
(differential value) exceeds the differential threshold (DT), the spike is identified and 
its timestamp is stored. To detect spikes, a differential threshold (DT) of  7 times the 
standard deviation of  the noise, a peak lifetime period (PLP) of  2 ms and refractory 
period (RP) of  1 ms are used.
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Figure 4.1: Electrophysiological measurements from Cortical-Thalamic co-culture in a dual 
compartment device. A: Spontaneous activity recordings from the 60 electrode MEA layout (red line 
shows the separation between the two compartments); B: Tonic firing pattern of  thalamic cells; C: 
Typical bursting behavior from cortical cells; D: Schematic layout of  dual compartment device design 
used for neuronal cell culture; I and II – compartments for cell culture (width = 1.5 mm, height 100 μm, 
length = 8 mm), III – Microchannels (width = 10 μm, height = 3 μm), IV- Reservoirs for neurobasal 
medium (diameter = 6 mm).
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4.2   Materials and Methods

Figure 4.2: A: Cells plated in a dual compartment device; B: Immunofluorescence image of  a cortical-
thalamic co-culture confirms the isolation of  cells within their respective compartments and bidirectional 
cross-over of  neurites to the adjacent compartment.

Figure 4.3: Raster plot of  spontaneous activities recorded from a cortical-thalamic co-culture on DIV 
18. The spontaneous activity in the cortical compartment predominantly exhibits synchronized network 
burst events while thalamic cells exhibit tonic spiking behavior during early stages of  their development 
period (Horizontal dark blue lines in the thalamic compartment represent densely firing tonic spiking 
electrodes).

50µm 50µm
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devICe CleanIng and reuse 

MEA devices are rinsed in DI water and placed in 1% Tergazyme [Alconox Inc., 
USA] solution at 37 ºC overnight to enhance tissue break-down and removal of  cell 
debris. The devices are then rinsed in DI water overnight and prepared as described 
earlier. Freshly prepared sets of  PDMS devices are used for each experiment.

4.3   results And dIscussIon

vIable Co-Culture In dual Compartment devICes

Cell viability and neurite growth through the microchannels are observed at regular 
intervals over the developmental period. A sample cell culture in a dual compartment 
device is shown in figure 4.2A. Each reservoir, with a volume of  ~60 μl contains 
enough nutrient supply for the culture. However, for a long term culture, the cell 
culture medium needs to be changed at regular interval to maintain a balanced supply 
of  nutrients to the cell culture and at the same time, to avoid excess removal of  
neurotrophic growth factors secreted by the cells. We performed experiments with 
different medium change frequencies over the developmental period and found that 
a medium change frequency of  three times per week offered the most favorable 
results thus far resulting in active co-cultures until DIV 35.

neurIte growth through mICroChannels

Visual observation of  the culture over the developmental period indicates neurite 
growth across the compartment from DIV 3. Neurites are observed to cross-over 
to the adjacent compartment through the microchannels along the whole length 
of  the compartment. Phase contrast imaging of  cell bodies isolated within a 
compartment and neurites crossing over to the adjacent compartment confirms the 
physical containment effected by the microchannels (data not shown). To further 
substantiate structural cross-compartment connectivity between the co-cultures by 
neuritic crossover, immunofluorescence staining of  neurons in both compartments 
is performed. Neurites from the cortical compartment are stained with green 
fluorescent protein (GFP) and those from thalamic compartments are stained with 
DsRed. Figure 4.2B shows extensive neuritic arborization within the compartment 
of  origin, as well as neurites crossing over to the other compartment through the 
microchannels.
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eleCtrophysIologICal reCordIngs

Electrophysiological recording of  spontaneous activity from a co-culture on DIV 
18 is shown in figure 4.1A. Compartments containing cortical cells (compartment I 
in figure 4.1A) are dominated by highly synchronized network burst events (figure 
4.1C) while the compartment with thalamic cells (compartment II in figure 4.1A) 
exhibit tonic spiking (figure 4.1B). Spontaneous spikes in a co-culture are detected as 
explained earlier and the results are represented figure 4.3. The raster plot shows the 
activity recorded over 300 sec in a dual compartment, electrodes along the y-axis are 
numbered from 12 through 87 representing the corresponding rows and columns of  
the electrode layout (electrodes 12 through 48 are in cortical compartment, electrodes 
51 through 87 are in thalamic compartment) and each dot represents the spikes (time 
bin = 1 sec) recorded by one of  the MEA channels. Our preliminary observations 
indicate strong cortical burst events preceding much weaker thalamic bursts.  

4.4   conclusIon

In this novel application, an experimental approach to develop an in vitro cortical-
thalamic co-culture system utilizing a dual compartment neurofluidic system is 
demonstrated. Critical issues in maintaining a long term co-culture is discussed. 
An optimal medium change protocol is implemented that helps in supplying 
cells with fresh oxygen and supplements over the developmental period; The 
small cross-section of  the microchannels prevents the migration of  cells between 
compartments while allowing neurites to cross-over to the adjacent compartment 
and form functional network. With the microchannels offering the necessary physical 
isolation between the compartments, viable cell cultures are maintained for up to 
DIV 35. Electrophysiological recordings of  the spontaneous activity confirm the 
viability of  cells in the co-culture system. Good inter-compartment neurite growth 
and connectivity is observed, and bidirectional neurite cross-over to the adjacent 
compartment is verified using immunofluorescence imaging.

These results show that the system supports healthy neuronal cultures with good 
somatic separation. Although further analyses are required to compare with cultures 
of  individual cell types and to understand the dynamics in signal propagation 
between cortical and thalamic regions, the preliminary results presented in this work 
may provide some fundamental blocks in understanding the interactions between 
the cortex and thalamus. Further, the dual compartment system demonstrated in 
this work offers the unique possibility that the neuronal circuitry being measured in 
the system is independent of  external influences from other neuronal populations. 
This may provide a useful tool in studying the sub-circuitry of  neuronal pathways 
in isolation. 
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AbstrAct

Co-cultures containing dissociated cortical and thalamic cells may provide a unique 
model for understanding the pathophysiology in the respective neuronal sub-circuitry. In 
addition, developing an in vitro dissociated co-culture model offers the possibility to study 
the system without influence from other neuronal sub-populations. Here we demonstrate 
a dual compartment system coupled to microelectrode arrays (MEAs) for co-culturing 
and recording spontaneous activities from neuronal sub-populations. Propagation of  
electrical activities between cortical and thalamic regions and their inter-dependency in 
connectivity is verified by means of  a cross-correlation algorithm. We found that burst 
events originate in the cortical region and drive the entire cortical-thalamic network 
bursting behavior while mutually weak thalamic connections play a relevant role in 
sustaining longer burst events in cortical cells. To support these experimental findings, 
a neuronal network model was developed and used to investigate  the interplay between 
network dynamics and connectivity in the cortical-thalamic system.
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5.1 Introduction

5.1   IntroductIon

The interactions between thalamus and cortex has been extensively studied 
following both in vivo (Nicolelis, 2005; Crunelli et al., 2011) and in vitro (Adams 
et al., 2011). Albeit prevailing opinion recognizes thalamus as a mere set of  nuclei 
relaying signals to the cerebral cortex, recent advancement in the last decades have 
set forth new hypotheses regarding the thalamic functions and its interactions 
with the cortex. Accordingly, thalamus is recognized more  importantly as a site 
for two-way interaction with the cortex than simply as a relay station to the same 
(Miller, 1996). The significance of  the thalamus in the brain circuitry can be well 
understood considering that almost all neuronal signals from the sensory and 
motor periphery reach the cortex via the thalamus (Jones, 1985). Briggs and Usrey 
proposed that thalamus has more than a simple “gate function” for information 
flow (Briggs and Usrey, 2008) and that the thalamic neurons receive substantially 
strong input from cortico-thalamic feedback neurons thereby allowing the context 
to communicate continuously through the thalamus during sensory processing. This 
implies that cortical neurons can dynamically modulate the thalamic processing 
function, and ultimately shape the nature of  its own input (Briggs and Usrey, 2008). 
The influence of  cortical cues in the development of  thalamo-cortical connectivity 
or in the remodelling of  networks following environmental modifications has been 
demonstrated by Coronas et al. (Coronas et al., 2000).

In vitro studies have demonstrated that cortico-thalamic synapses have a low 
probability to discharge (Granseth and Lindstrom, 2003), that transition towards 
facilitation and augmentation when a high frequency stimulation is delivered 
(Granseth, 2004; Granseth and Lindstrom, 2004). In terms of  thalamo-cortical 
connections, such synapses are relatively sparse and hence, the direct excitation 
provided by the thalamus is weak and requires a recurrent excitatory intra-cortical 
amplification to activate the cortex (Lubke et al., 2000).

These reciprocal connectivity pathways between cortex and thalamus are responsible 
for generating rhythmic neuronal network  oscillations which, from a physiological 
point of  view, play a significant role in fundamental functions such as sleep modulation, 
and sensor-motor information integration (Andolina et al., 2007; Iyengar et al., 2007; 
Crunelli et al., 2011). To better understand the interplay between thalamus and cortex, 
the development of   in vitro systems utilizing organotypic slices or dissociated cells 
can offer a complementary approach to in vivo studies. In a recent work, Adams 
and co-workers (Adams et al., 2011) have pioneered protocols for developing 
organotypic co-cultures of  cortex and thalamus slices extracted from P0-P3 rats 
to study and characterize the initiation and spreading of  such oscillations within 
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thalamus and cortex. Although the organotypic slices provide better spatial resolution 
for electrophysiological recordings, selective manipulation (electrical and chemical) 
of  a specific region in an organotypic slice is often not possible. Hence, developing 
such co-culture system with dissociated cells in compartmented devices may provide 
better manipulation capabilities that are not available from organotypic slice studies. 
Notwithstanding such potential advantages, preparation and survival of  dissociated 
thalamic cells in vitro are often challenging. Earlier works have shown that thalamic 
cells in the early stages of  development (~ E15) survive for up to 5 days in vitro 
(DIV) when isolated and grown in simple serum-free medium due to neurotrophic 
factor mediated interactions between themselves (Lotto and Price, 1995; Asavaritikrai 
et al., 2003). However, Survival of  thalamic cells from older prenatal (> E15) and 
early postnatal brains in isolation was not successful (Magowan and Price, 1996; 
Asavaritikrai et al., 2003) and it was attributed to the absence of  external influences 
such as the absence of  cortical signals with specific developmental properties. The 
influence of  cortical cues in the development of  thalamo-cortical connectivity or 
in the re-modeling of  networks following environmental modifications has been 
demonstrated (Cunningham et al., 1987; Coronas et al., 2000; Asavaritikrai et al., 
2003). 

In this paper, we take a complementary and integrated approach in which experiments 
and modelling investigate specific interaction mechanisms between thalamic and 
cortical populations. The developed experimental system with microfluidic separated 
dual compartments coupled to Micro-Electrode Arrays (MEAs) might open new 
perspectives in the studies of  the cortical-thalamic system. We first demonstrate co-
culturing dissociated cortical and thalamic cells in vitro in the dual compartment 
system compatible with MEA. The system integrates two closed interconnected 
micro-chambers on planar MEA that allow the compartmentalization of  neuronal 
cells and the control of  fluidic micro-environments (Kanagasabapathi et al., 2011). The 
micro-chambers (100 µm high, 1.5 mm long) made of  polydimethylsiloxane (PDMS) 
is able to segregate the two subpopulations, while an array of  thin microchannels (10 
µm width, 3 µm high, and 150 µm length) connecting the two micro-chambers allow 
neurite outgrowth between the two subpopulations. By exploiting such features, we 
realized co-cultures of  dissociated neurons of  cortex and thalamus. We characterized 
the dynamics of  such co-cultures by means of  first-order statistics to investigate the 
influence of  cortical cell dynamics in thalamic network activity and vice versa. Then, 
by applying cross-correlation based algorithms (Garofalo et al., 2009), we inferred 
the functional connectivity maps between the two populations, and the directionality 
in signal propagation. A relevant reciprocal connectivity between the cortical and 
thalamic region was observed. Burst events originate in the cortical region and the 
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presence of  strong cortico-thalamic connections drives the thalamic network to 
discharge bursts while reciprocal weak thalamo-cortical  connections play a salient 
role in the cortical network behaviour by modulating the duration and shape of  the 
burst event. The analysis presented in this work confirms the recent findings that 
cortical region is the site of  initiation of  burst firing events while reciprocal thalamo-
cortical connections are required to maintain a prolonged synchronised bursting 
pattern in the cortical culture (Adams et al., 2011).

Finally, to further uphold such connectivity schemes, we introduced a simple model of  
two large-scale neuronal populations mimicking the cortical and thalamic dynamics. 
Each neuron was described following the Izhikevich equations (Izhikevich, 2003, 
2004) and different connectivity schemes between the two populations were tested 
to better demonstrate the necessity of  such reciprocal connectivity for the actual 
dynamics observed in the experimental conditions.

Figure 5.1: Dual compartment device used in co-culture preparation. (A) Schematic layout of  the 
dual-compartment device; (B) Planar MEA substrate with dual-compartment PDMS device; (C) Cortical-
thalamic co-culture in a dual compartment device (Cortical cells and thalamic cells are highlighted with 
red and green fluorescence staining respectively).
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5.2   MAterIAls And Methods

neuroFluidiC deviCe and eleCtrophysiologiCal reCordings

Dual compartment devices made of  PDMS as described in our earlier work was used 
for the co-culture experiments (Kanagasabapathi et al., 2009; Kanagasabapathi et al., 
2011). The microfluidic compartments (figure 5.1A) of  1.5 mm width, 8mm length 
and 100 μm in height are interconnected with microchannels of  10 μm height, 3 
μm width and 150 μm length that are spaced at regular intervals of  50 μm (in total 
~ 120 microchannels connect the two compartments). The small cross-section of  
the microchannels prevents the movement of  cells between compartments while 
allowing neurites to cross-over to the adjacent compartment and form a functional 
network (Kanagasabapathi et al., 2011). The compartmented PDMS device (figure 
5.1B) was selectively oxygen-plasma treated to render the compartments and 
microchannels hydrophilic while preserving hydrophobic contact surface. The 
oxygen-plasma treated device was reversibly bonded to microelectrode arrays 
(MEA) substrate (Multi Channel Systems, Reutlingen, Germany) as described in our 
earlier work (Kanagasabapathi et al., 2009). MEA substrates with 60 planar TiN/
SiN micro-electrodes (30 µm diameter, 200 µm spaced) arranged in an 8 x 8 layout 
(without four corner electrodes) were used in this work and PDMS devices were 
aligned to include 30 electrodes per compartment. Prior to bonding, MEA substrates 
were coated overnight with polyethylenimine (PEI) solution at a concentration of  
40 µg/ml. The spontaneous electrophysiological activities from the plated cells was 
recorded using MEA1060 system (Multi Channel Systems) and the raw data were 
band pass filtered at 10 Hz to 3 kHz (Fee et al., 1996; Ide et al., 2010) and sampled 
at 25 kHz per channel (Rolston et al., 2007).

Co-Culture preparation

As per the approved protocols for the care and use of  lab animals in the Netherlands, 
primary cultures of  Wistar rat embryonic cortical and thalamic neurons were prepared 
by Trypsine (GIBCO, Invitrogen, USA) digestion of  day-18 embryonic rat whole 
cortices and ventral basal thalamus. The dissociated cortical cells were cultured in 
neurobasal medium (Lonza lifesciences, USA) and the dissociated thalamic cells 
were cultured in similar medium supplemented with an additional 3% Fetal bovine 
serum (FBS) and 1% Horse serum (HS). On the day of  the experiment, PEI coated 
MEA substrates were rinsed 3x times in sterile water prior to bonding with PDMS 
device. After bonding PDMS and MEA substrate, dissociated cells were platted at 
a concentration of  ~ 2 x 105 cells / cm2 in both the compartments. The plating 
occurred by injecting the cell suspension from one reservoir of  each compartment. 
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Figure 5.1C shows the neurite arborization within cortical and thalamic compartment 
and crossing-over of  neurites to the adjacent compartment: red stain highlights the 
neurites in cortical compartment, and green highlights those in compartment with 
thalamic cells. The devices were then incubated in a humidified incubator at 37º 
C supplied with 5% CO2. Neurite growth in the co-culture was checked at equal 
intervals and the neurobasal medium was replaced by freshly prepared medium on 
DIV 4, 7, 9, 11, etc., The presence of  serum in the culture medium for thalamic 
cells (3% FBS+1% HS) was maintained for at least (DIV) 5 days in  culture. The 
serum dosage was reduced during the following days to 2%FBS+0.5%HS and finally 
completely eliminated after DIV 9 to avoid the glia overgrowth during long term 
culture (more than DIV 15).

Cultures during the second week of  development (DIV 14) were histologically 
stained with a single pair of  monoclonal NeuN (Sigma-Aldrich, USA) and 
polyclonal Neurofilament 200 (NF200) Kda (Sigma-Aldrich, USA) antibodies. 
Immunofluorescence staining was carried-out with the PDMS mask attached to 
the substrates and by passing various solutions through the reservoirs connected 
to the compartments. Secondary antibody with red fluorochrome and with green 
fluorochrome was added in cortical and thalamic compartment respectively, to 
visualize neurite specificity from both cell types simultaneously.

dataset

Spontaneous electrophysiological activity was recorded in a development period 
starting from DIV 21 up to DIV 35. We choose such period since dissociated cortical 
and thalamic neurons reach a stable state of  maturation after the 3rd week in vitro. 
The results presented in this work come from a dataset made up of  n = 15 cortical-
thalamic co-cultures. In addition, we also used as controls n = 12 cortical and, n = 
15 thalamic cultures in isolation, as well as n = 8 cortical-cortical and n = 6 thalamic-
thalamic co-cultures.

To perform the cross-correlation analysis and the estimation of  the functional 
connectivity maps, we considered n = 5 Cx-Th, and n = 8 Cx-Cx co-cultures. This 
reduction is mainly due to the level of  activity of  the considered networks. With 
low firing activity, the cross-correlation algorithm may include false functional 
connections and hence, it may not represent the connectivity accurately (Garofalo 
et al., 2009).
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Figure 5.2: Raw data of  spontaneous activity of  cortical and thalamic cells in isolation and in co-
cultures. (A) Activity recorded from a cortical culture in isolation - 10s of  spontaneous activity recorded 
from a sample electrode showing burst events in the cortical cells cultured in isolation. Bottom: A closer 
look at burst shape; (B) Activity recorded from a thalamic culture in isolation - 10s of  spontaneous 
activity recorded from a sample electrode showing tonic firing in the thalamic cells cultured in isolation. 
Bottom: A closer look at the tonic firing; (C) Cx-Th co-culture - 10s of  spontaneous activity recorded 
from a sample electrode placed in the compartment of  cortical neurons in a co-culture system; (D) 
10s of  spontaneous activity recorded from a sample electrode placed in the compartment of  thalamic 
neurons in a Cx-Th co-culture system.
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spike and Burst deteCtion

Spontaneous spiking within the culture is detected using threshold based ‘Precise 
Timing Spike Detection’ (PTSD) algorithm (Maccione et al., 2009) using an 
independent threshold for each channel computed according to the standard 
deviation (i.e. 7 x SD) of  the biological and thermal noise of  the signal (Chiappalone 
et al., 2003).

Bursts and network bursts are detected by using the algorithm devised by Pasquale 
et al. (Pasquale et al., 2010). The algorithm is based on the computation of  the 
logarithmic inter-spike interval histogram in order to detect automatically the best 
threshold between inter-burst (i.e., between bursts and/or outside bursts) and intra-
burst (i.e., within burst) activity for each recording channel of  the array. Once the 
burst detection is performed, we used the extracted burst event trains (i.e. trains 
containing only the first spike of  each burst) to detect the network bursts, following 
a procedure similar to that used for the detection of  single-channel bursts (Pasquale 
et al., 2010).

instantaneous Firing rate (iFr)

The level of  activity of  a cell or a network of  cells is characterized by its firing rate 
(FR). The firing rate is defined as the number of  spikes in a rather large time window 
and it can be measured from the neural activity as follows (Adrian, 1928):

With T representing the duration of  the recording and N the number of  spikes 
occurring at time ts. The instantaneous firing rate (IFR) is computed by dividing 
the spikes in a small window of  size Δt by the bin width (Rieke et al., 1997). Such 
small window is realized by means of  a Gaussian kernel of  width equals to Δt. In 
the results presented in this paper, we set Δt = 100 ms. The IFR can be evaluated for 
each single channel and/or averaged among all the active electrodes of  the MEA, 
obtaining the IFR of  the whole network.
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Cross-Correlation and FunCtional ConneCtivity maps

Cross-Correlation (CC) function was built by considering the spike trains of  two 
recording site (Garofalo et al., 2009). The frequency at which a spike firing was 
recorded in one recording site (‘target site’) relative to the spike firing in another 
recording site (‘reference site’) as a function of  time was measured and a CC function 
was evaluated considering all the pairs of  spike trains. Mathematically, CC reduces to 
a simple probability Cxy(τ) of  observing a spike in a train Y at time (t + τ), because of  
a spike in another train X at time t; τ is called time shift or time lag, and in the analysis 
presented in this work was set to 0.1 ms. Connection strength between the recording 
sites was evaluated on the basis of  the peak value of  the CC function, named Cpeak. 
Among them, the highest value corresponds to the strongest connections while the 
directionality was accounted from the sign of  the corresponding peak latency. From 
the statistically relevant Cpeak, functional connectivity maps were estimated. 

Functional connectivity captures patterns of  deviations from statistical independence 
between distributed and often spatially remote neuronal units (Friston, 1994), 
measuring their correlation/covariance, spectral coherence or phase-locking. 
Functional connectivity is time-dependent and “model-free”, that is, it measures 
statistical interdependence without explicit reference to causal effects. Different 
methodologies for measuring brain activity could generally result in different 
statistical estimates of  functional connectivity (Horwitz, 2003).

A crucial step for estimating reliable connectivity map is the thresholding procedure. 
Once that a general connectivity map is obtained by the application of  the CC 
algorithm, high and low values in the connectivity map are expected to correspond 
to strong and weak connections. A procedure to select the strongest functional links 
is necessary because a CC value (i.e., a Cpeak) is computed for each electrode pair 
independently of  the existence of  a direct or indirect (causal) link, a simply random 
co-activation or a noisy link. Since the connection strength is proportional to the 
peak amplitudes (Garofalo et al., 2009), a threshold value for creating statistically 
significant and reliable connectivity maps preserving relevant links and discarding 
noisy and weakest ones is necessary. In this analysis, we estimate the functional 
connectivity maps by considering  only the strongest links to avoid any possible 
false positive connection and to focus on the most reliable connections (i.e., by 
considering a small number of  links with respect to the total connections identified 
by the statistical method). In particular, we considered the 20 strongest connections 
intra-cluster (i.e., cortico-cortical, or thalamo-thalamic connections), and the 10 
inter-cluster (i.e., cortico-thalamic, or thalamo-cortical connections).
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neuronal network models

A neuron model based on the Izhikevich equations was used (Izhikevich, 2003). The 
Izhikevich model depends on four parameters, which allow reproducing the spiking 
and bursting behavior of  specific types of  neurons. From a mathematical point of  
view, the model is described by a two-dimensional system of  ordinary differential 
equations (Izhikevich, 2003):

With the after-spike resetting conditions:

In equations (2-4), v is the membrane potential of  the neuron, u is a membrane 
recovery variable which takes into account the activation of  K+ and inactivation of  
Na+ channels. Itot takes into account all the inputs which each neuron receives, and 
can be split in two components according to Equation (5).

Isyn describes the synaptic input from other neurons; Inoise is a current source generator 
introduced to model the spontaneous sub-threshold electrophysiological activity of  
the neurons. It is a stochastic source of  noise, which was modeled according to an 
Ornstein-Uhlenbeck process (Cox and Miller, 1965):

In Equation (6) the quantity Δt is a white noise with zero mean and unitary variance. 
In this way, Inoise is Gauss-distributed at any time t and, after a transient of  magnitude 
ξt (correlation length), converges to a process with a mean equal to mI and standard 
deviation sI. For the simulation, we set τI = 1 ms, mI = 25 pA, and sI = 9 pA.
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Figure 5.3: Instantaneous Firing Rate (IFR) in isolated cultures.   (A) IFR profiles evaluated over 
300 s of  spontaneous activity of  a cortical culture (Binsize = 100 ms); (B) IFR distribution of  the activity 
shows a linear relationship with a slope of  -1.06; (C) IFR profiles evaluated over 300 s of  spontaneous 
activity of  a thalamic culture (Binsize = 100 ms); (D) IFR distribution of  the thalamic firings with tri-
exponential fit shows an exponential relationship.
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Figure 5.4: Instantaneous Firing Rate (IFR) in Cx-Th co-cultures. (A) IFR profiles evaluated over 
300 s of  spontaneous activity of  a cortical-thalamic co-culture (Binsize = 100 ms, red and green lines 
represent cortical and thalamic firings respectively);  (B) IFR distribution of  the activity depicted in (A); 
(C) Average values of  the slope of  the linear fitting of  cortical neurons when are cultured alone (1.03 ± 
0.04) and with thalamic neurons (1.663 ± 0.25) (p < 0. 01, Kruskal-Wallis nonparametric test); (D) Time 
of  initiation of  network bursts in Cx-Th co-culture system showing higher probability of  cortical origin 
of  synchronized bursts.

Cx-Th Co-culture
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The possibility to obtain several different patterns of  activity depends on the choice 
of  the a, b, c, d parameters (Izhikevich, 2004). Cortical cells have been modeled with 
two different families of  neurons: the family of  regular spiking neurons (RS), and 
the family of  fast spiking neurons (FS), respectively. Such dynamics were achieved 
by defining the following arrays (Equation 7), where the first row relates to the 
excitatory, while the second row relates to the inhibitory neurons.

In Equations (7), ri is a uniform random variable which spans from 0 to 1, and i the 
neuron index. This variable was added in order to introduce more variability in the 
neuron dynamics: a RS neuron is obtained if  ri = 0, whereas if  ri = 1, a bursting neuron 
is obtained. Such distribution is biased towards RS neurons. Similarly, to model the 
dynamics of  thalamic cells, we set the aforementioned parameters as follows:

Thalamic neurons present two firing regimes: when they are depolarized, starting 
from a resting condition, they exhibit a tonic firing; on the other hand, if  they receive 
an inhibitory input, the neurons fire rebound bursts of  action potentials. To preserve 
some characteristics of  the composition of  in vitro networks, we introduced 70% 
of  excitatory neurons, and 30% of  inhibitory ones (Marom and Shahaf, 2002). From 
a morphological point of  view, neurons are modeled as punctual processes and no 
axonal conduction delay was taken into account.

To model the co-culture connectivity,  two independent networks made up of  512 
nodes each, one for the cortical (CXnet), and one for the thalamic network (THnet) 
were designed. Both CXnet and THnet are fully connected, as found experimentally, and 
the average degree was set at 1500 ± 97. Autapses are avoided. The interconnections 
between the two sub-populations were modeled as follows: the presynaptic neurons in 
a compartment (e.g., CXnet) were chosen among the ones that establish the strongest 
connections within the same cluster; the targets were randomly chosen in the other 
compartments (e.g., THnet). In the simulated model, 10% strongest connections was 
set from cortical to thalamic compartment, while 5% of  strongest connection was 
set from thalamic to cortical compartment.
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5.3   results

viaBle Co-Culture and spontaneous aCtivity reCordings

Viable cortical-thalamic co-culture was maintained for up to DIV 35 and the 
spontaneous activities were recorded twice per week between DIV 21 and DIV 35. 
Figure 5.2 shows a raw data sample from 1 of  the 60 recording sites in a MEA. 
Electrophysiological activities recorded by a single electrode of  a cortical and thalamic 
culture in isolation are shown in figure 5.2A and 5.2B respectively. Figure 5.2C and 
2D shows an example of  electrophysiological recordings of  a cortical-thalamic co-
culture in the dual compartment device. It should be noted that the spontaneous 
activity of  an isolated cortical culture (figure 5.2A) is markedly different than those 
observed in a co-culture model (figure 5.2C). Thalamic cells are mainly characterized 
by a tonic firing both in isolation (figure 5.2B) and when co-cultured with cortex 
(figure 5.2D). However, the presence of  cortical neurons forces the genesis of  burst 
events also in the thalamic population with features (e.g., duration, frequency intra 
burst) that resemble the cortical ones. 

network dynamiCs in thalamiC and CortiCal Cultures

To quantify the dynamics in such a co-culture system and to better understand 
the electrophysiological signal interaction between the two cell types, firstly an 
Instantaneous Firing Rate (IFR) analysis of  the spontaneous activities was performed. 
We evaluated the IFR of  12 cortical and 15 thalamic cultures in isolation and figures 
3A-3D show a representative example. In the case of  cortical cultures, IFR computed 
over a time window of  300 seconds with a bin width of  100 ms shows dynamics 
characterized by bumps of  activity corresponding to the well-known network bursts 
appearing during the development and maintained in the mature phase of  cortical 
cultures (figure 5.3A). Distribution of  the IFR, plotted in a bi-logarithmic plot shows 
a linear trend (figure 5.3B). By interpolating the experimental data with a linear fit, we 
found a linear relationship for more than two decades with a slope equals to -1.06. 
On the average (figure 5.4C), for cortical cultures, we found a mean slope equals 
to 1.03 ± 0.04 (mean ± standard deviation, absolute value). This behavior can be 
explained by the presence of  a rich and well-structured spiking activity that originates 
the bursting behavior in a cortical culture in isolation (Wagenaar et al.,2006).

IFR analysis performed over 15 devices with thalamic cell cultures (figure 5.3C) shows 
that the IFR is characterized by a sustained activity as a result of  the high percentage 
of  cells characterized by a tonic spiking. Such activity generates an IFR distribution 
with an exponential shape, as depicted in figure 5.3D, where a long linear segment 
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Figure 5.5:  Burst analysis. Raster plots of  1-second of  spontaneous activity of  (A) cortical culture 
in isolation; (B) thalamic culture in isolation; (C) cortical-thalamic co-culture (red is cortical, green is 
thalamic); (D) Shape of  the cortical bursts, as demonstrated by the burst duration bars, is modulated by 
the presence of  thalamic cells (p < 0. 01, Kruskal-Wallis nonparametric test).
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Figure 5.6: Functional connectivity maps. (A-B) Two examples of  functional connectivity map 
evaluated by considering the strongest 20 connections intra-cluster and the 10 strongest inter-cluster; 
(C) Distribution of  the inter-cluster connections evaluated over 5 cortical-thalamic co-cultures. By 
considering the 10 strongest connections, we found ~ 77% of  cortico-thalamic connections, and 23% of  
thalamo-cortical. By relaxing the number of  the strongest inter-cluster connections, we can observe an 
increasing of  the thalamo-cortical links. For example, taking into account the 30 strongest inter-cluster 
links, we counted ~ 60% of  cortico-thalamic, and 40% of  thalamo-cortical connections (+ 17%); (D) 
Distribution of  the inter-cluster connections evaluated over 8 cortical-cortical co-cultures. By considering 
the 10 strongest connections, we found ~ 53% of  comp A to comp B connections, and 47% of  comp 
B to comp A. The percentage of  connections originating from compartment A to compartment B, and 
vice versa, was observed to be completely random also by varying the number of  links from 10 to 30.
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cannot be detected. We fit the distribution with three exponential functions (f(x) = 
a∙ebx) as shown by the three black and gray segments of  figure 5.3D. The choice to 
divide the distribution in three tracts was made in order to generate a correspondent 
number of  fitting functions that exhibit a lower possible root mean square error 
(RMSE) value. For the example of  figure 5.3D we found: a = [0.07, 0.15, 13.2]; b 
= [-0.03, -0.05, -0.11]; RMSE = [2.0 x 10-3, 2.1 x 10-4, 1.9 x 10-5].This tonic spiking 
cells are practically absent in cortical cultures (figure 5.3A) while network bursting 
behavior, typical of  cortical cells in isolation (figure 5.3A), is less frequent in the 
thalamic cultures (figure 5.3C) in isolation and very much different to the cortical 
ones in terms of  duration (Cf. figure 5.5D).

To verify whether these particular IFR distributions are influenced by the presence 
of  the same culture type (either cortex or thalamus) in a dual compartment device, 
we also analyzed the activity of  n = 8 cortical-cortical (Cx-Cx) co-cultures and n = 6 
thalamic-thalamic (Th-Th) co-cultures. No significant change in IFR distribution was 
observed both in Cx-Cx and in Th-Th co-cultures with respect to the control cultures 
on standard single-compartment devices (see supplementary figures S5.2 and S5.3 - 
where IFR profiles and distributions are shown). By computing the IFR distributions 
of  cortical cultures both in two compartments as well as in single compartment 
devices, we obtained mean slope values equals to, 1.03 ± 0.08 (compartment A), 1.05 
± 0.09 (compartment B), and 1.03 ± 0.04 (single compartment device) (supplementary 
figure S5.1), which are indeed not statistically different (p < 0.011 ). Regarding the 
thalamic IFR distributions, in both experimental conditions a clear exponential trend 
was observed.

network dynamiCs in Co-Culture

Under similar experimental conditions, 15 dual compartment devices with cortical-
thalamic cells co-cultured in adjacent compartments were used for the IFR analysis to 
study the network dynamics in such systems. IFR analysis of  these dual compartment 
devices are shown in figure 5.4A. The IFR pattern follows the dynamics typically 
expressed by isolated cortical cultures (figure 5.3A). It should be noted that the 
IFR of  thalamic neurons loses part of  its random spiking, and become time-locked 
to the bumps of  the activities generated by the cortical cells. The distribution of  
the IFR changes dramatically for both thalamic (green squares, figure 5.4B) and 
cortical neurons (red squares, figure 5.4B). Network burst patterns were observed 

1 Kruskal-Wallis nonparametric test was applied, since the normality assumption was not verified by our data-
sets (Kolmogorov- Smirnov normality test).
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in the compartment with thalamic cells and they appeared to be time-locked to the 
cortical bursting phenomenon. However, the presence of  the thalamic neurons can 
be recognized by the tail of  the distribution which drops at a frequency of  about 
100 sp/s and by the increase in the slope of  the distribution. The linearity of  the 
cortical (red line) and thalamic (green line) IFR lasts less than two decades, while we 
found a linear behavior lasting more than two decades in isolated cortical cultures. By 
averaging the IFR distribution slope values, when cortex is co-cultured with thalamus 
(n=15), we found a value of  1.66 ± 0.25, statistically different (p < 0.01) from the 
one found when cortex is cultured alone (n=12) (figure 5.4C).

To further analyze the influence between the two cultures we investigate the time 
of  initiation of  network bursts in both compartments of  Cx-Th co-cultures. 
Timestamp of  the beginning of  network burst and the distribution of  bursts in both 
compartments were computed. For each network burst in compartment A, the burst 
in compartment B immediately before and after is located. Considering the time of  
initiation, network bursts that originate within 20 ms of  each other were considered 
to be synchronous and those network bursts that originate at least 20 ms before or 
after the network bursts in the other compartment were considered to be leading 
and trailing bursts, respectively. Distribution of  network burst initiation in Cx-Th 
co-culture devices is shown in figure 5.4D. The obtained results shown that in the 
Cx-Th co-cultures (n=15 devices) network bursts were observed to originate in the 
Cx compartment in majority of  the cases closely followed by thalamic bursts. Finally 
we look at the burst duration by hypothesizing a possible feed-back influence of  the 
thalamic population on the behavior of  cortical cells. The occurrence of  burst events 
in a sample cortical culture in isolation is shown in the raster plot of  figure 5.5A while 
figure 5.5B shows the spiking pattern of  a sample thalamic culture in isolation. In a 
co-culture system with cortical and thalamic cells (figure 5.5C), burst patterns in the 
cortical compartment appear to be highly influenced by the presence of  the thalamic 
population. The duration of  cortical bursts in the co-culture is elongated (figure 
5.5D) with an average burst duration of  389 ± 24 ms (mean ± standard error), when 
compared to the cortical bursts in isolation - with an average duration of  246 ± 4 ms, 
(p < 0.01, Kruskal-Wallis nonparametric test). In addition, also the burst duration of  
the thalamic subpopulation is modulated by the presence of  cortical neurons: when 
thalamic neurons are cultured alone, they display a burst duration equal to 397 ± 2 
ms, which is reduced to 281 ± 4 when cultured with cortical neurons (figure 5.5D).
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Figure 5.7: Simulation Results. (A) Profile and (B) distribution of  the IFR evaluated over a simulated 
co-culture  with unidirectional cortico-thalamic connections. Neither the IFR profile nor the distribution 
matched the experimental data depicted in figure 5.4; (C) Profile and (D) distribution evaluated over a 
simulated co-culture with bi-directional cortico-thalamic and thalamo-cortical connections resembles the 
experimental condition.

Cx-Th Co-culture
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CortiCo-thalamiC and thalamo-CortiCal ConneCtivity

The interplay between cortico-thalamic and thalamo-cortical populations can 
be further investigated, in this specific experimental model system, by estimating 
the functional connectivity between the two regions. Two examples of  functional 
connectivity maps evaluated by considering the strongest 20 intra-cluster and 10 
inter-cluster connections in two sample co-culture experiments are shown in figure 
5.6A and 6B. Direction of  the links is derived by the peak latency of  the cross-
correlogram and allows to estimate the weight of  the reciprocal influence of  the two 
co-cultured populations. By considering 5 co-cultures used in this analysis, it was 
observed that  ~ 77% of  the connections are cortico-thalamic, while ~ 23% was 
thalamo-cortical. 

By varying the number of  connections (i.e., from 10 to 30), an increase in the fraction 
of  thalamo-cortical links was observed indicating that the strongest connections are 
from cortical to thalamic population (figure 5.6C). This finding further supports the 
experimental observation of  burst initiation in co-cultures. The results confirm that 
the majority of  burst events originate in the cortical region and spreads to the thalamic 

Figure 5.8: Simulated Burst durations of  cortical neurons, as a function of  the percentage of  the inter-
compartment connections. With no thalamic interconnections, the burst duration of  Cx resembles 
the burst duration of  a Cx alone culture (bar 1 and 2). Increasing the percentage of  thalamic-cortical 
interconnections, the mean burst duration of  Cx also increases and resembles the experimental value 
when thalamo-cortical links are 5% of  the intra-compartment connections. 
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counterpart driving the thalamic network to burst, while reciprocal thalamo-cortical 
connectivity plays a significant role in modulating the shape of  the bursts in the 
cortical region. Finally, as a control, we estimated the functional connectivity maps 
in n = 8 Cx-Cx co-cultures (figure 5.6D). In this case, percentage of  connections 
originating from compartment A to compartment B, and vice versa, was observed to 
be completely random also by varying the number of  links from 10 to 30. 

simulated models

To support the experimentally found interplay between the cortical and thalamic 
populations, an Izhikevich based neuronal network model was developed to specifically 
study network dynamics in the two sub-populations (cortical and thalamus), influenced 
by the presence or absence of  reciprocal connections. In this model, three different 
configurations were simulated: (i) populations of  cortical and thalamic cells in isolated 
conditions; (ii) interconnected cortical-thalamic populations with unidirectional 
cortical to thalamic inter-connections (10% of  the strongest connections of  the 
cortical population), and (iii) interconnected populations with bidirectional strong 
cortico-thalamic (10% of  the strongest connections of  the cortical population) and 
weak thalamo-cortical inter-connections (5% of  the strongest connections of  the 
thalamic population), resembling the actual experimental situation. We implemented 
a cortical-thalamic network made up of  512 cortical and 512 thalamic neurons. Each 
neuronal population is fully connected (average degree 1500 ± 97). The dynamic of  
each cortical and thalamic neuron was modeled according to the parameters presented 
in equations 7 and 8 (cf., Sec. 5.2 - p. 96). For each configuration, 300 seconds of  
spontaneous activity were simulated, and analyzed by using the same metrics adopted 
from the experimental data, namely the IFR profile and its distribution. The IFR of  
the simulated spontaneous activity of  the model for isolated conditions resembles 
that of  the experimental results (data not shown).

Figure 5.7 shows the simulated cortical-thalamic co-culture model with unidirectional 
cortico-thalamic (figure 5.7A and B) and bi-directional inter-connections (figure 
5.7C and D). When strong cortico-thalamic and weak thalamo-cortical connections 
are considered, the network dynamics well reproduce the experimentally observed 
phenomenon. The distribution of  the IFR of  thalamic neurons (figure 5.7D, green 
curve) is shifted towards the lower IFR value resembling the experimentally observed 
shape. Tonic spiking behavior of  thalamic neurons was partly disrupted showing 
burst patterns time-locked to the cortical population. Thus confirming that cortical 
neurons drive the entire network in a more bursting regime while the presence 
of  thalamo-cortical inter-connections play a fundamental role in the modulation 
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of  cortical burst duration and shape. These results can be further supported by 
considering the simulated configuration with only unidirectional cortico-thalamic 
inter-connections. In this case, the global behavior is far from the experimental 
results supporting the evidence that thalamo-cortical connection play a major role in 
shaping the overall dynamics. The peaks of  the thalamic neurons (figure 5.7B, green 
curves) are higher than the cortical counterpart (figure 5.7B, red curves) in contrast 
to the experimental observation.

To quantify these considerations, we computed the burst duration of  cortical neurons 
by sweeping the percentage of  the inter-connections between the two populations 
(figure 5.8). It can be noticed that if  we consider only a pool of  cortico-thalamic 
connections (unidirectional inter-compartment connectivity) equal to 10% of  the 
total connections within the cortical compartment (second bar of  figure 5.8), burst 
durations are close to those obtained in an isolated cortical population (first bar). 
Increasing the percentage of  thalamo-cortical projections, the mean burst duration of  
cortical population also increases (third bar of  figure 5.8 with 10% cortico-thalamic 
and 2% thalamo-cortical connections), and resembles the experimental values when 
thalamo-cortical links are 5% of  the intra-compartment connections (fourth bar). 
Finally, if  the percentage of  the thalamo-cortical inter-connections is greater than 
cortico-thalamic connections (last bar), the mean burst duration assumes implausible 
large values (more than 600 ms). These results are qualitatively in agreement with 
functional connectivity analysis (Cf., Sec. 5.2 - p. 91) in Cx-Th devices, in which the 
ratio of  cortico-thalamic functional connections was experimentally observed to be 
much higher in comparison to the thalamo-cortical connections (figure 5.6C).

5.4   dIscussIon And conclusIons

The interaction between thalamus and cortex has attracted much attention in the 
recent past. Understanding the mechanism behind many pathological conditions 
such as Parkinson’s, epilepsy and schizophrenia involves a deeper understanding 
of  the communication pathways involved in the cortical-thalamic brain circuitry. 
Although in vivo electrophysiological recordings provides capabilities to study such 
pathways, low spatial resolution of  the recording electrodes and the influence of  
other regions of  the brain in the cortical-thalamic communication pathways are 
often an hindrance in understanding the sole interaction between the cortex and 
thalamus. In vitro organotypic slice studies, on the other hand, offers possibilities to 
selectively culture individual regions on a MEA setup (Adams et al., 2011), however 
selective manipulation of  network wide response of  a particular region involved in 
the co-culture cannot be easily obtained. To circumvent these issues, a novel dual 
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compartment microfluidic system for co-culturing dissociated cortical-thalamic cells 
was demonstrated in our current study allowing investigation of  specific interactions 
between the two populations. Protocols for successful long-term viability (for up to 
DIV 35) of  dissociated thalamic cell types were developed. The long-term viability 
of  thalamic neurons may be attributed to the neurotrophic support and signaling 
cues from the cortical cell types (Coronas et al., 2000; Asavaritikrai et al., 2003). 
We demonstrate that functional connectivity is re-established in dissociated cortical 
and thalamic cells indicating a natural inclination of  the system to form reciprocal 
interconnections.

In a dual compartment device with cortical cells in both compartments 
(Kanagasabapathi et al., 2011; Pan et al., 2011), although functionally connected, 
the cells in individual compartments appear to exhibit network bursting behavior 
independent of  the other compartment. With sequential plating of  cortical cells 
in two compartments with a time delay of  10 days between plating, unidirectional 
propagation of  cortical bursts and locally synchronized bursts in the time-delayed 
compartment has been reported (Pan et al., 2011). In our current work with cortical-
thalamic co-cultures, reciprocal connections between the cortical and thalamic region 
were observed. Burst events for the vast majority originate in the cortical region and 
the presence of  strong cortico-thalamic connections drives the network and in-turn, 
the thalamic cells discharge bursts. On the other hand, reciprocal weak thalamo-
cortical connections were observed to play a relevant role in cortical behavior by 
modulating the duration of  burst events. Thalamic cells are mainly characterized by 
a tonic firing both in isolation and when co-cultured with cortical cells. However, 
the presence of  cortical projections produces burst events in the thalamic culture 
with features that resemble the cortical ones. This influence is reciprocal and, in 
the average found behavior in cortical-thalamic co-cultures, the burst duration 
in the cortical region is elongated by about 57%, while the burst duration in the 
thalamic region shortened by about 29%. Simulated neuronal network models, based 
on Izhikevich equations, further confirms the necessity of  bi-directional cortico-
thalamic connections to drive the network dynamics as observed experimentally.

The analysis presented in this work confirms the recent findings that cortical region 
is the site of  initiation of  burst firing events while reciprocal thalamo-cortical 
connections are required to maintain a prolonged synchronized bursting pattern 
in the cortical culture (Adams et al., 2011). In vivo, the results can be compared 
to multi-site recordings that support a cortical initiation of  burst event discharge 
and subsequent recruitment of  thalamic cells in the bursting behavior (Steriade and 
Amzica, 1994; Meeren et al., 2002). Further, the dual compartment system presented 
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in this work offers the unique possibility of  probing specific neuronal circuitries 
independently from external influence of  other neuronal populations. The system, 
in addition, offers capabilities to selectively manipulate the microenvironment of  the 
individual cell types (i.e. influence of  growth factors, chemical stimulant, etc.,) and 
this may prove instrumental in identifying the role played by individual cell types in 
a co-culture system.  
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Supplementary Figure S5.1: Slope of  IFR distribution of  Cx culture in isolation and in Cx-Cx 
co-culture. IFR distributions of  cortical cultures in dual compartment device with mean slope values 
equals to 1.03 ± 0.08 in compartment A, 1.05 ± 0.09 in compartment B and in single compartment 
device with mean slope equal to 1.03 ± 0.04 has a linear relationship.
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Supplementary Figure S5.2: Instantaneous Firing Rate (IFR) of  Cx cultured in isolation and in 
Cx-Cx co-cultures. (A) IFR profiles evaluated over 300 s of  spontaneous activity of  a cortical culture 
in isolation (Binsize = 100 ms); (B) IFR distribution of  the activity depicted in (A); (C) IFR profiles 
evaluated over 300 s of  spontaneous activity of  a cortical-cortical co-culture (Binsize = 100 ms); (D) IFR 
distribution of  the activity depicted in (C).
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Supplementary Figure S5.3: Instantaneous Firing Rate (IFR) of  Th cultured in isolation and in 
Th-Th co-cultures. (A) IFR profiles evaluated over 300 s of  spontaneous activity of  a thalamic culture 
in isolation (Binsize = 100 ms); (B) IFR distribution of  the activity depicted in (A); (C) IFR profiles 
evaluated over 300 s of  spontaneous activity of  a thalamic-thalamic co-culture (Binsize = 100 ms); (D) 
IFR distribution of  the activity depicted in (C).
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AbstrAct

In this study, we demonstrate capabilities to selectively manipulate dissociated co-cultures 
of  neurons plated in dual-compartment devices while allowing simultaneous multi-site 
electrophysiological recordings. Synaptic receptor antagonists and tetrodotoxin solutions 
were used to selectively control and study the network-wide burst propagation and cell 
firing in Cortical-Cortical and Cortical-Thalamic co-culture systems. The results show 
that in cortical-thalamic dissociated co-cultures, burst events initiate in the cortical 
region and propagate to the thalamic region and the burst events in thalamic region 
can be controlled by blocking the synaptic receptors in the cortical region. Whereas, in 
Cortical-Cortical co-culture system, one of  the region acts as a site of  burst initiation 
and facilitate propagation of  bursts in the entire network. Tetrodotoxin, a sodium 
channel blocker, when applied to either of  the regions blocks the firing of  neurons in 
that particular region with significant influence on the firing of  neurons in the other 
region. The results demonstrate selective pharmacological manipulation capabilities of  
co-cultures in a dual compartment device and helps understand the effects of  neuroactive 
compounds on networks derived from specific CNS tissues and the dynamic interaction 
between them.
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6.1   IntroductIon

A microelectrode array (MEA) based recording system is useful for detecting and 
analyzing the network-wide dynamics of  cultured neurons (Kamioka et al., 1996; 
Jimbo and Robinson, 2000; Wagenaar et al., 2006). Coupled with compartmentalization 
technique, the system can be used for studying neuronal sub-population and may 
provide an in vitro model system to study interactions between cell types (Davenport 
et al., 1996; Berdondini et al., 2006; Dworak and Wheeler, 2009; Gao et al., 2011; 
Hosmane et al., 2011; Majumdar et al., 2011). Compartmentalization and fluidic 
separation of   dissociated cultures of  neurons in a novel PDMS microfabricated device 
was demonstrated earlier (Taylor et al., 2003; Park et al., 2006). Recently, co-cultures 
of  two different types of  neuron have been reported (Takayama et al.; Majumdar et 
al., 2011). In our earlier work, we demonstrated co-culturing cortical and thalamic 
cells in a dual compartment system coupled to MEA and characterized interaction 
between the cell types (Kanagasabapathi et al., 2012). Interaction between cortex and 
thalamus are responsible for generating rhythmic neuronal network oscillations and 
plays a significant role in fundamental functions such as sleep modulation (Andolina 
et al., 2007; Iyengar et al., 2007; Crunelli et al., 2011). In vivo, interactions between 
cortical and thalamic regions have been widely studied (Miller, 1996; Nicolelis, 
2005; Briggs and Usrey, 2008) and studies have shown that seizure like network-
wide activities originate in the cortex and spreads to the thalamus (Pinault, 2003). 
In a recent work, Adams and co-workers (Adams et al., 2011) demonstrated co-
culturing organotypic cortex and thalamus slices to characterize the initiation and 
spreading of  oscillations within thalamus and cortex. However, both in organotypic 
slice studies and in vivo approaches it is often cumbersome to manipulate a specific 
region of  interest pharmacologically to study the interaction dynamics of  the cell 
types in isolated conditions. In vitro co-culture system utilizing dissociated cells in 
compartmented devices with microfluidic separation may provide sufficient flexibility 
in selectively manipulating an individual region. 

In this study, we demonstrate a dual compartment system that permits selective 
pharmacological manipulation of  co-cultures in vitro while recording the 
electrophysiological activity, simultaneously, from two cultures. The effect of  
neuroacitve compounds such as Synaptic receptor antagonist (SRA) and Tetrodotoxin 
(TTX) on networks derived from specific CNS tissues and the dynamic interaction 
between the specific cell types was examined. A hierarchical behavior in network-
wide burst response was observed both in cortical-cortical and cortical-thalamic co-
cultures. We report that in cortical-cortical co-cultures, a particular compartment acts 
as a network-wide burst leading compartment, and plays a major role in regulating the 
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network bursting of  both compartments. While in Cortical-Thalamic co-cultures, the 
compartment with cortical cells always acts as a network burst leading compartment, 
controlling the spread of  network bursts to the thalamic compartment.

6.2 MAterIAls And Methods

Dual-Compartment DeviCe anD primary Co-Culture preparation

Dual compartment polydimethylsiloxane (PDMS) devices used for this study have 
2 microfluidic compartments (Compartment A and compartment B as shown in 
figure 6.1A) of  100  μm height and 8 mm length interconnected with microchannels 
of  10 μm width, 3 μm height and 150 μm length that are spaced at regular intervals 
of  50 μm. The small cross-section of  the microchannels prevent the movement of  
cells between compartments while providing sufficient access path for neurites to 
cross-over (Kanagasabapathi et al., 2011a). As per the approved protocol for the care 
and use of  lab animals in The Netherlands, primary cultures of  embryonic (E18) 
Wistar rat cortical-cortical co-cultures (i.e. with cortical cells in both compartment 
A and compartment B of  the dual-compartment device) and cortical-thalamic co-
cultures (i.e. with cortical cells in compartment A and thalamic cells in compartment 
B of  the dual-compartment device) were prepared as reported in our earlier work 
(Kanagasabapathi et al., 2011b). Prior to plating the cells, the MEA substrates were 
coated overnight with a solution of  Polyethylenimine (PEI) (Sigma-Aldrich, US) at a 
concentration of  40 μg/ml and rinsed thoroughly in sterile water (GIBCO, Invitrogen, 
US). PEI coating is used to promote stronger attachment of  cells to the surface 
(Lelong et al., 1992; Vancha et al., 2004). PEI, a positively charged organic polymer, 
attracts negatively charged outer surface of  cells to the coated surface. Experiments 
in the absence of  coating agent showed a characteristic tendency of  cells to form 
heterogeneous clusters in the compartment. The cells are firmly attached among 
themselves into many clusters, but very weakly attached to the MEA surface. This 
resulted in significant loss of  cells during medium change and wash cycles. Further, 
during development phase, the strong force exerted by neurites growing between 
the clusters, tend to move the cell clusters towards the center of  the compartment 
with very few cells remaining close to the microchannels. Pretreatment of  MEAs 
with PEI resulted in a homogeneous distribution of  cells in the compartment, with 
cells attaching firmly to the surface while showing very low tendency to clustering. 
Primary cortical and thalamic cells were plated at a density of  ~ 2 x 105 cells/cm2 
and the cultures were stored in an incubator with 5% CO2 to air mixture and ~ 
100% relative humidity at 37 ºC. Co-cultures are refreshed thrice a week starting 
from days-in-vitro (DIV) 4, the cells in cortical compartment were refreshed with 
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Lonza neurobasal medium (Lonza Ltd., Ch), while those in thalamic compartment 
were refreshed with the neurobasal medium supplemented with 3% fetal-calf  serum 
(GIBCO, Invitrogen, US) and 1 % horse serum (GIBCO, Invitrogen, US). The serum 
concentration in thalamic compartment is progressively reduced during medium 
change until DIV 9 and completely removed on DIV 11 to avoid glia overgrowth 
during long term culture (more than DIV 15). Medium was refreshed by completely 
removing the medium from all four reservoirs except the two compartments and by 
adding ~80 µl of  freshly prepared medium to one reservoir per compartment. The 
osmotic pressure difference between the reservoirs connected to the compartment 
resulted in medium refreshing within the compartment due to capillary force. Once 
the level of  medium in the two reservoirs connected to a compartment saturates, 
an additional ~40 µl of  medium was added to compensate for the initial volume 
removed. The chosen medium refreshing frequency offered optimal cell survival 
thus far resulting in active cultures up to DIV 35.

tranSfeCtion imaging

Cultures were transfected with a thy1-eGFP construct in one compartment, using 
lipofectamine 2000 (Invitrogen, CA, USA). 1 mg DNA was mixed with 100 ml 
neurobasal medium and mixed with 3 mg lipofectamine 2000 diluted in 100 ml 
neurobasal medium (without supplement), and left at room temperature for 20 
minutes. After diluting the transfection mixture with four volumes of  neurobasal 
medium with supplement, it was gently flushed into one of  the compartments. Images 
of  transfected neurons (typically only a few neurons were stained per compartment) 
were recorded after fixation of  the cultures with 4% paraformaldehyde in phosphate 
buffered saline at DIV 18 to 21. 

eleCtrophySiologiCal meaSurementS anD Signal analySiS

Dual compartment PDMS device was bonded reversibly on planar Microelectrode 
Arrays (MEA) with 60 electrodes (i.e. 30 electrodes per compartment) of  30 µm 
diameter and 200 µm spacing placed in an 8 x 8 array structure (Multichannel Systems, 
Germany) (Kanagasabapathi et al., 2011a) and the spontaneous network activity 
of  the cultures was recorded using a standard MEA1060 system (MEA 1060 Inv-
Standard amplifier, Multichannel Systems, Germany). Spontaneous electrical activity 
was recorded twice per week starting from DIV 14 and the electrophysiological 
signals were sampled at a frequency of  25 kHz with an internal band pass filter of  10 
Hz – 3 kHz. Raw data of  single channel bursts from a sample electrode in cortical 
and thalamic compartment of  a Cx-Th co-culture is shown in figure 6.1B.
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Figure 6.1: Dual compartment device used for the co-culture studies. (A) – Schematic layout of  
a PDMS dual compartment device used for culturing Cx-Cx and Cx-Th co-cultures; (B) – Raw data 
from four sample electrodes of  a cortical-thalamic co-culture system with synchronized single channel 
burst events; (C) – Transfection image of  a single neuron and associated neurite crossover through the 
microchannels connecting the compartments.
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Figure 6.2: Network burst detection and burst initiation in a dual compartment system. 
(A) - Raster plot of  a sample device with network bursts identified in both the compartments (X-axis 
represents the recording time and on y-axis, electrode index 1 through 30 belongs to compartment A 
and electrode index 31 through 60 belongs to compartment B); Line 61 (‘+’ in blue) represents the 
network bursts (NB) detected in compartment A and line 62 (‘*’ in red) represents the network bursts 
detected in compartment B; (B) – Burst initiation histogram of  a sample Cx-Cx co-culture device with 
burst initiation in compartment B  (n=9 devices); (C) – Burst initiation histogram of  a sample Cx-Cx 
co-culture device with burst initiation in compartment A  (n=6 devices); (D) – Burst initiation histogram 
of  a sample Cx-Th co-culture device with burst initiation in cortical compartment (compartment A) 
(n=21 devices). 
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Spike and Burst detection

To detect spikes from individual electrode, a Precise Timing Spike Detection (PTSD) 
algorithm as demonstrated by Maccione et al. was used (Maccione et al., 2009).  The 
algorithm depends on the differential threshold (DT), peak lifetime period (PLP) and 
the refractory period (RP) of  a spike. The amplitude based threshold is set manually 
for each channel based on the standard deviation of  the biological and thermal noise 
of  the signal. The peak lifetime and the refractory period refer to the duration of  a 
spike and the minimum interval between two consecutive spike events respectively.

PTSD computes the Relative Maximum/Minimum (RMM) of  the raw data signal. 
When the RMM is Minimum, the algorithm looks for the nearest Maximum within 
the PLP window, and vice versa. If  the difference between the two found RMM 
(differential value) is greater than DT, the spike is identified and its timestamp is 
stored.

Based on the previously established methods (Chiappalone et al., 2005; van Pelt 
et al., 2005), an algorithm for burst and network burst detection used in this work 
was developed by Pasquale et al (Pasquale et al., 2010). A Single channel burst is 
defined as sequence of  spikes with inter-spike interval smaller than 100 ms and 
containing at least 10 spikes within a burst (Chiappalone et al., 2005). However, 
this method doesn’t take into account the variation in spike firing within bursts. 
Hence, the algorithm developed by Pasquale is based on the computation of  the 
logarithmic inter-spike interval histogram in order to detect automatically the best 
threshold between inter-burst (i.e., between bursts and/or outside bursts) and intra-
burst (i.e., within burst) activity for each recording channel of  the array. Once the 
burst detection is performed, a matrix containing the timestamps of  the first spike 
in each burst, the timestamps of  the last spike, the number of  spikes and the burst 
duration is saved for each recording channel. A burst event train containing only 
the first spike of  each burst is used to detect network bursts based on the algorithm 
proposed by van Pelt (van Pelt et al., 2005; Vajda et al., 2008). In brief, a network 
burst is detected when the product of  the number of  active channels and the total 
number of  spikes at these channels in consecutive time bin of  25 ms duration 
exceeds a threshold value of  9 (van Pelt et al., 2005), with a minimum time period 
of  2 seconds between two consecutive network bursts (Pasquale et al., 2010). Time 
of  initiation of  network burst (from the first spike of  each network burst) and its 
distribution in compartment A and compartment B is computed separately. For each 
network burst in compartment A, the burst in compartment B immediately before 
and after is located. Utilizing cross-correlation based techniques (Garofalo et al., 
2009; Kanagasabapathi et al., 2011a), a correlation function was built from the two 



125

6.2   Materials and Methods

burst trains (one per compartment containing the first spike of  each network burst). 
It measures the probability of  occurrence of  spike in one burst train as a function 
of  time with respect to the presence of  spike in the other burst train (Knox, 1981). 
Based on the time of  occurrence, the directionality in burst propagation can be 
deduced. Distribution of  network burst initiation in Cx-Cx and Cx-Th co-culture 
devices based on this analysis is shown in figure 6.2.

pharmaCologiCal experimentS

Neuroactive compounds were used to selectively manipulate an individual region 
of  the co-culture in dual-compartment devices. For the analysis used in this work, 
pharmacological experiments with both Cx-Cx and Cx-Th co-cultures were performed 
between DIV 21 and DIV 30. Experiments with pharmacological compounds 
consisted of  three phases with an initial spontaneous activity (SA) recording of  
5 minutes followed by electrophysiological recording with the addition of  either 
synaptic receptor antagonist (SRA) or Tetrodotoxin (TTX) solution in one of  the 
two compartments and a final phase of  SA recording after three time (x3) wash out 
cycle. Between each phase, the cultures were allowed to equilibrate for 30 minutes 
to allow for diffusion and to stabilize the effects due to medium change (Wagenaar 
et al., 2004).  Initial recording started at least 20 minutes after the device was moved 
from the incubator in order to soften the effects of  mechanical perturbation on the 
electrophysiological activity (Biffi et al., 2011). 

Synaptic receptor antagonist (SRA) solution consisting of  a cocktail of  50 µM 
bicuculline methiodide (BMI) ) - GABAA receptor antagonist, 100 µM of  2-amino-
5-phosphonovaleric acid (APV) to block NMDA receptors, and 100 µM  of  6-cyano-
7-nitroquinoxaline-2, 3-dione (CNQX) to block AMPA receptors, in cell culture 
medium at 37˚ C was used in the experiments to block synaptically evoked network 
wide burst response (Bakkum et al., 2008). Tetrodotoxin (TTX) at a concentration 
of  100 nM in cell culture medium at 37˚ C was used to block spontaneous firing of  
the neurons (Ramakers and Boer, 1991).

When replacing medium after the phase with pharmacological compound, the 
compartment with pharmacological solution was washed by completely removing the 
reagent from the reservoir and replacing it with freshly prepared neurobasal medium 
at 37ºC The wash out cycle was repeated 3 times to ensure complete removal of  
the pharmacological solution.  For each wash out cycle, the cell culture medium was 
filled from the inlet reservoir and allowed to flow through the entire compartment 
before being flushed through the outlet reservoir.
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Figure 6.3: Effect of  synaptic receptor antagonist (SRA) in Cortical-Cortical (Cx-Cx) co-culture systems. 
The box-plot represents the change in network burst rate on multiple Cx-Cx co-culture devices during 
three phases of  experiments (phase 1: SA - spontaneous activity; phase 2: SRA in BL/BF - addition of  
SRA in either burst leading or burst following compartment and phase 3: SA - Recovery of  spontaneous 
activity after three times wash cycle). (A) - SRA in Burst Leading compartment (n= 9 devices), (B) – SRA 
in burst following compartment (n= 6 devices). Addition of  SRA in burst leading compartment blocks 
the network bursts significantly (P< 0.01) in that compartment with a marginal drop in bursting in the 
other compartment (A), while addition of  SRA in burst following compartment does not have any 
significant impact on the network bursting of  burst leading compartment (B).  

Figure 6.4: Effect of  synaptic receptor antagonist in Cortical-Thalamic (Cx-Th) co-culture 
systems. Statistical analysis of  network burst rate on multiple Cx-Th devices with (A) - SRA in cortical 
compartment (n= 12 devices), (B) –  SRA in Thalamic compartment (n= 9 devices). The box-plot 
represents the change in network burst rate on multiple Cx-Cx co-culture devices during three phases 
of  experiments (phase 1: SA - spontaneous activity; phase 2: SRA in Cx/Th compartment - addition of  
SRA in either Cx or Th compartment and phase 3: SA - Recovery of  spontaneous activity after three 
times wash cycle). As shown in (A), addition of  SRA in Cx compartment completely suppresses the 
network burst in both Cx and Th compartments. While addition of  SRA in Th compartment does not 
have any significant effect on the network wide bursts in Cx compartment.
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Figure 6.5: Effect of  TTX on the average firing rate (AFR) of  Cx-Th co-culture system. Change 
in AFR with the addition of  TTX  in cortical compartment (A) – (B); and thalamic compartment (C) – 
(D); (A) – Change in AFR during three phases of  an experiment (phase 1 - spontaneous activity; phase 
2 - addition of  TTX in cortical compartment and phase 3 - Recovery of  spontaneous activity after three 
times wash cycle); (B) – Box-plot of  AFR analysis on multiple Cx-Th devices (n= 6 devices) with the 
addition of   TTX in cortical compartment; (C) – Change in the average firing rate during three phases 
of  an experiment with the addition of  TTX in thalamic compartment. (phase 1 - spontaneous activity; 
phase 2 - addition of  TTX in thalamic compartment and phase 3 - Recovery of  spontaneous activity 
after three times wash cycle); (D) – Box-plot of  average firing rate analysis on multiple Cx-Th devices 
(n= 9 devices) with the addition of   TTX in thalamic compartment.
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6.3 results

neurite growth through miCroChannelS

Transfection of  individual neurons was performed on DIV 11. Cells in one 
compartment were transfected and a single transfected neuron with extensive 
neuritic arborization within the compartment of  origin, as well as neurite crossing 
over to the other compartment through the microchannels is shown in figure 6.1C. 
The density of  neurite branching within the compartment of  origin is considerably 
higher than those neurites that pass through the microchannels. Figure 1C further 
shows the extent to which the neurites of  a single neuron spread across both the 
compartments. 

network burStS anD region of burSt initiation

Co-cultures of  both cortical-cortical and cortical-thalamic cells in dual compartment 
devices were observed to exhibit synchronized network bursts from third week 
in development (DIV 21). A sample raster plot of  a Cx-Cx device on DIV 21 is 
shown in figure 6.2A. In figure 6.2A, timestamps of  spikes recorded from all the 
recording channels with electrode index 1 through 60 along Y axis (electrode index 1 
through 30 represents compartment A and electrode index 31 through 60 represents 
compartment B) over a period of  60 seconds is presented. The raster plot shows the 
presence of  synchronized network bursts in both compartments, network bursts in 
compartment A are represented by ‘+’ (line 61) while network bursts in compartment 
B are identified by ‘*’ (line 62) respectively. 

In cortical-thalamic co-cultures presented in this work, cortical cells were always 
plated in compartment A (electrode index 1 through 30) and thalamic cells were 
plated in compartment B (electrode index 31 through 60). For a sample of  n = 21 
Cx-Th devices, time of  initiation of  network bursts (TNBi) in cortical and thalamic 
compartments was computed as explained earlier (section 2.3.1) and based on TNBi, 
distribution of  network burst initiation between the compartments is presented as 
shown in figure 6.2B. Similarly, TNBi was computed for two groups of  Cx-Cx co-
cultures of  sample size n = 6 devices and n = 9 devices from 3 different cultures 
respectively. In the first group of  n = 6 devices, distribution of  bursts initiated in 
compartment B is considerably higher than those from compartment A (figure 6.2B). 
On the other hand, in the second group of  n = 9 devices (figure 6.2C), compartment 
A acts as the region of  burst initiation followed by compartment B. It may be observed 
that in Cx-Th co-cultures, network bursts were observed to originate in the Cx 
compartment in majority of  the cases closely followed by thalamic bursts. However, 
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in case of  cortical-cortical co-cultures, the choice of  either of  the compartment as 
the region of  burst initiation and burst following was not predetermined.

SeleCtive pharmaCologiCal manipulation 
Effect of  SRA on Cx-Cx co-cultures

Raster plot of  spontaneous electrophysiological activity of  a sample cortical-cortical 
(Cx-Cx) co-culture with detected network bursts from both the compartments 
is shown in figure S6.1.  Distribution of  initiation time of  network bursts in 
compartment A and compartment B of  Cx-Cx co-cultures was used to determine 
the burst leading (BL) and burst following (BF) compartment (figure S6.1-C). 
Addition of  synaptic receptor antagonist (SRA) in the compartment with leading 
network bursts resulted in the loss of  network bursts in that compartment.  When 
SRA is added to BL compartment, majority of  network bursts (indicated by a ‘*’ 
in the raster plot) in that compartment has disappeared with a small change in the 
bursting of  the BF compartment. Raster plot of  spontaneous activity of  Cx-Cx 
co-culture device before the addition of  SRA (figure S6.1-A) and with SRA in BL 
compartment (figure S6.1-B) shows a drop in network burst in that compartment. 
Experiment was repeated in 9 Cx-Cx devices and a box-plot of  change in network 
burst rate during three phases of  the experiment in these 9 devices is shown in figure 
6.3A. By confirming with Lilliefors’ test1  that the data does not come from a normal 
distribution, Kruskal-Wallis Non-parametric test, was used to determine the statistical 
significance in the change in network burst rate. A significant drop in network bursts 
in BL compartment (P between the three phases in BL compartment is < 0.01) with 
only a marginal drop in network bursts in BF compartment (P between initial SA 
phase and the phase with SRA is 0.07) was observed. 

Under similar conditions, change in network burst rate with the addition of  SRA in 
burst following compartment of  6 Cx-Cx co-culture devices is shown in figure 6.3B. 
Addition of  SRA in BF compartment resulted in the loss of  network burst activity in 
that compartment with no change in the bursting behavior of  the BL compartment. 
In the compartment with SRA, with Kruskal Wallis test, P between initial SA and the 
phase with SRA was estimated to be 0.87. P value between the two phases in the BL 
compartment is > 0.20 and it is attributed to the localized bursting of  cortical cells 

1   Lilliefors test was used to check if  the population of  the data was from a normal distribution. It is a variant 
of  the Kolmogorov-Smirnov normality test and it is used when the variance of  the distribution and the ex-
pected value is not known. In case of  the normal distribution we would use a parametric test (that makes use of  
the parameters like std or expected value to assess if  the two sets of  data come from the same distribution). In 
our case, Lillliefors test always showed that the distribution was not normal and hence, we used Kruskal-Wallis 
non-parametric test to see if  the sets of  data came from the same distribution or not.
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in the compartment without SRA. See supplementary figure S6.1-(D) and (E) for a 
sample raster plot of  spontaneous activity of  a Cx-Cx co-culture device before the 
addition of  SRA in burst following compartment.

Effect of  SRA on Cx-Th co-cultures

In Cx-Th co-cultures, experiments were performed with the addition of  SRA in 
either cortical or thalamic compartment and the electrophysiological activities were 
recorded during the initial spontaneous activity, with the addition of  SRA and after 
three times wash out cycle as explained earlier. 21 Cx-Th devices were used for the 
analysis and in all 21 devices used, NB was observed to initiate from the cortical 
compartment. For experiments used in this analysis, the devices were grouped into 2 
groups based on the addition of  SRA in either cortical or thalamic compartment. 

SRA in Cx compartment

In 12 Cx-Th co-culture devices used in the analysis, with a predominant distribution of  
network burst initiation in Cx compartment (figure 6.2D), addition of  SRA in cortical 
compartment resulted in a significant drop in network bursting in that compartment 
with subsequent drop in network bursting in the Thalamic compartment. Raster 
plot of  a sample Cx-Th device before the addition of  SRA and with SRA in cortical 
compartment (see supplementary figure S6.2 (A) and (B)), shows the influence of  
blocking the cortical bursting on the entire network. Box-plot of  12 devices with SRA 
in Cx compartment is shown in figure 6.4A and statistical test shows a significant 
drop in NB with p between any of  the two phases in both compartments < 0.01.   

SRA in Th compartment

In the 9 Cx-Th co-culture devices, addition of  SRA in the thalamic compartment 
had only marginal impact on the NB of  both thalamic and cortical compartment. 
Raster plot of  spontaneous activity of  a sample Cx-Th co-culture before the addition 
of  SRA and with SRA in Th compartment is shown in figure S6.1-(D) and S1-(E) 
respectively. Statistical test from the box-plot distribution of  9 devices (figure 6.4B) 
shows that P-values between initial SA phase and the phase with SRA (i) in Cx 
compartment = 0.94 and (ii) in Th compartment = 0.65. This non-significant drop 
in NB rate may be attributed to the influence of  thalamic network bursting from the 
burst leading cortical compartment.
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Effect of  TTX on the average firing rate (AFR) 

TTX blocks sodium channels and completely suppresses spontaneous firing of  
neurons. In our experiments, addition of  TTX to the co-culture system affected 
spontaneous firing of  the entire culture and the synchronized bursting of  the 
network didn’t immediately recover after the wash cycle with cell culture medium. 
Hence, to quantify the effects due to the addition of  TTX in the co-culture system, 
we calculated the change in average firing rate induced by TTX in both Cx-Cx and 
Cx-Th co-cultures.

In Cx-Cx co-cultures, addition of  TTX in either of  the compartment had a 
significant impact on the average firing of  the cells. The average firing rate of  the 
cells in that compartment dropped significantly (P <0.01) with subsequent drop in 
the firing of  the cortical cells in the other compartment (P<0.01) (Data not shown). 
In Cx-Th co-cultures, addition of  TTX in either the cortical compartment or the 
thalamic compartment affected the firing rate of  the cells in that compartment with 
subsequent drop in the spontaneous firing of  cells in the adjacent compartment as 
shown in figure 6.5 (P<0.01 in both the compartments).  

6.4   dIscussIon

The techniques described in this work to study selective chemical manipulation 
of  an individual cell type in a Cx-Th co-culture system demonstrates how a two 
compartment system coupled to standard MEA can be useful in studying the 
influence of  a particular cell type in a co-culture model. The two compartment 
systems described here may further provide tools for understanding the effects of  
neuroactive compounds on a particular neuronal cell type. The net effectiveness of  
synaptic connections between neurons influences the probability that the bursting of  
neurons in one region could spread to other region (Maeda et al., 1995). Synchronized 
bursting in the entire network starts around  DIV21 signaling the maturation of  the 
culture (Habets et al., 1987; Chiappalone et al., 2006).  In synchronized network-
wide bursts, bursts were observed to initiate from a particular region and played a 
dominant role in driving the entire network response (Maeda et al., 1995) and the 
same system of  propagation of  synchronized burst firing appears to occur in vivo 
(Steriade et al., 1993). Capabilities to identify and manipulate such regions may play 
an important role in understanding network dynamics.
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maSter / Slave regionS in Cx-Cx homogeneouS Co-CultureS

In Cx-Cx co-cultures, synchronized network bursts were observed to initiate from a 
particular compartment, thus acting as master compartment with predominant effect 
on the burst pattern in the adjacent compartment, acting as slave. Our experimental 
observation has shown that controlling the cells in master compartment with 
synaptic receptor antagonist has an influence on the behavior of  the network wide 
burst response. However, controlling the spontaneous bursting of  slave region did 
not have any significant impact on the master compartment. Thus, the master region 
supersedes the activity of  the slave region and it may also determine the frequency 
and duration of  bursting in the network. However, in our experimental approach, 
selection of  either of  the compartments to behave as a master or a slave region is not 
predetermined. This, we believe, may depend on the development of  the network, 
the extent of  neuritic arborization within the individual compartments and to a large 
extent on the strength of  synaptic connections within each region (Maeda et al., 
1995).

Controlling burSt propagation in Cx-th Co-CultureS

In Cx-Th co-cultures, synchronized network bursts initiate in the cortical region and 
the strong cortical-thalamic connections were observed to initiate the propagation 
of  network bursts into the thalamic region (Adams et al., 2011; Kanagasabapathi et 
al., 2012). In our earlier work with Cx-Th co-culture samples, the certainty of  cortical 
origin of  the burst was confirmed by analyzing burst initiation, that showed a high 
probability of  burst initiation in cortical region compared to the thalamic region. 
In this current work, initiation of  bursts in the cortical region was experimentally 
confirmed by suppressing network bursts at its origin and thereby subsequently 
controlling NBs in the thalamic region. Addition of  SRA in thalamic compartment 
had a marginal effect on the NB of  thalamic cells with no significant change in cortical 
compartment further confirming the origin of  bursts in a Cx-Th co-culture. Here, 
the cortical region acts as a master region and controls the propagation of  bursts to 
the thalamic region. The results also suggest that the propagation of  spontaneous 
synchronized network bursts in the co-culture system is controlled by the region of  
burst initiation.
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Changing SpontaneouS firing pattern of the Co-Culture SyStem

Although the use of  synaptic receptor antagonist demonstrated capabilities to 
selectively manipulate a particular region of  the co-culture system and thereby 
influence activity of  the adjacent compartment, direct subtle influence of  a particular 
region of  the culture on the distribution and firing pattern of  the other region is 
demonstrated using experiments with TTX.

Addition of  TTX solution in either of  the master or the slave compartment in a 
co-culture system caused considerable loss of  spontaneous activity in that particular 
region. However, the drop in the firing rate resulted in subsequent change in the 
firing rate of  the other compartment, which provides an indication of  the strength 
of  direct connections between both the regions. In addition, experiments with 
TTX suggest that although propagation and distribution of  NB in the culture was 
determined by the region of  burst initiation, spontaneous firing of  the network does 
not show any hierarchy. Manipulating the firing pattern of  a particular region induces 
a strong reciprocal change in the firing behavior of  the other cell type in the co-
culture system.     

Based on the results presented, the dual compartment devices demonstrated in 
this work offers a valuable platform to approach questions systematically related to 
the study of  neuronal sub-populations. Unlike in vivo conditions, where multiple 
neuronal pathways influence any recorded region, isolated networks can be studied 
in a controlled and isolated environment. The high susceptibility to manipulations 
obtained when working in vitro allows the construction of  networks of  heterogeneous 
co-cultures and possibilities for selective chemical manipulation of  an individual 
region without directly affecting the adjacent region. 
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Figure S6.1: Raster plot of  a sample Cx-Cx co-culture device with the addition of  SRA in either 
the Burst Leading (A) – (C); or Burst Following compartments (D) – (F). (A) – Spontaneous 
activity of  30 s of  a sample Cx-Cx co-culture system with identified network bursts in compartment A 
(detected network in line 61 of  the raster plot) and compartment B (line 62); (B) – Spontaneous activity 
with the addition of  SRA in burst leading compartment; (C) – Change in network burst rate during three 
phases of  this experiment (phase 1 - spontaneous activity; phase 2 - addition of  SRA in Burst Leading 
compartment and phase 3 - Recovery of  spontaneous activity after three times wash cycle). Similarly, (D) 
through (F) shows the effect of  SRA in Burst following compartment.

Cx-Cx Co-culture
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Figure S6.2: Raster plot of  a sample Cx-Th co-culture device with the addition of  SRA in either 
Cortical (A) – (C); or Thalamic compartments (D) – (F). (A) – Spontaneous activity of  30 s of  a 
sample Cx-Th co-culture device with identified network bursts in compartment A (line 61 of  the raster 
plot) and compartment B (line 62); (B) – Spontaneous activity with the addition of  SRA in cortical 
compartment; (C) – Change in network burst rate during three phases of  this experiment (phase 1: 
SA - spontaneous activity; phase 2: SRA in Cx - addition of  SRA in cortical compartment and phase 
3 - Recovery of  spontaneous activity after three times wash cycle). Similarly, (D) through (F) shows 
the effect of  SRA in Thalamic compartment. From (C) and (F), it may be observed that by controlling 
network-wide bursts in cortical region, the bursting in thalamic region can be controlled. However, 
controlling thalamic bursts did not have significant effect on the cortical network bursts.  

Cx-Th Co-culture
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In this thesis, a dual-compartment device for co-culturing cells from two different brain 
regions and selective pharmacological manipulation of  an individual sub-population 
in the co-culture is designed, implemented and validated. In the preceding chapters, 
functional connectivity between sub-populations and an experimental approach to 
selectively manipulate individual cell types using neuro-active chemical substances 
and their influence on signal propagation between the regions was presented.

We chose cortical and thalamic dissociated cells for the preparation owing to the 
interactions between these cell types in generating rhythmic neuronal network 
oscillations in vivo which, from a physiological point of  view, play a significant role 
in fundamental functions such as epilepsy, sleep modulation, and sensor-motor 
information integration (Andolina et al., 2007; Iyengar et al., 2007; Crunelli et al., 
2011). In vivo, strong reciprocal connections between the thalamus and cortex are 
responsible for generating rhythmic oscillatory neuronal network activity (Adams et 
al., 2011). An ability to reproduce such configuration in vitro using dissociated cell 
cultures may provide sufficient control of  temporal and spatial characteristics of  
synchronized network wide burst activities and this may provide useful insights in 
sustained rhythmic oscillatory activity.

For the co-culture studies used in this work, we custom built a dual-compartment 
PDMS device that can be integrated in a commercial MEA. MEAs provide non-
invasive extracellular stimulation and recording of  cell soma, along with stimulating 
axons and dendrites present at the recording sites. We optimized device design by 
several iterations of  compartment design, microchannels of  different length between 
the compartments, and medium change protocols to establish long-term viability 
(>DIV30).

Dissociated cell cultures on MEAs generate large quantities of  electrophysiological 
network wide spike response data for long-term studies. However, maintaining 
viable cultures for an extended period of  time continues to be a challenge. Stable 
environmental conditions during the developmental phase and electrophysiological 
recording, avoiding pH and osmolarity shocks, providing nutrients and oxygen to the 
cells by having a continuous perfusion system with supplement enriched media are 
critical for long-term cell culture studies. Recent advances in microfluidics technology 
enable design and fabrication of  a variety of  microvalves and micropumps on-chip 
thereby providing a controlled fluidic environment for cell culture (Jeon et al., 2002; 
Eddings and Gale, 2006; Hosokawa et al., 2007; Nakanishi et al., 2008).

For studies involving interaction between sub-population of  neurons, the dual 
compartment system offers several advantages compared to the conventional one 
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component dissociated cell culture systems, namely:

1. Capability to segregate and to establish functional connectivity between 
sub-populations of  neurons in vitro

2. The sub-population of  neurons being studied is in isolation from other 
brain regions enabling us to rule out the influence of  other neuronal populations. 
Although this does not represent the three dimensional in vivo conditions with 
inter-connected regions, this technique can be highly beneficial for studies exploring 
interaction between two specific regions of  the brain

3. Capability to screen individual pharmacological compounds on cell bodies 
and neurites in isolation and their subsequent influence in synaptic connectivity can 
be verified 

4. In case of  cortical-thalamic co-cultures, the system provides sufficient 
spatial sampling to record activities from both the regions simultaneously.

5. High experiment throughput from fewer animals (low brain tissue 
requirement), low volume of  cell culture medium and pharmacological compounds, 
makes it an ideal platform for drug screening applications in primary cell types. 
From a pharmacological screening standpoint, the system may be used for studying 
interaction between two different homogeneous cell lines, thereby minimizing 
primary cell requirement.

6. Potential to integrate the PDMS device with high density MEAs with 128 to 
1028 recording / stimulation channels thereby providing very high spatial sampling 
of  cells in culture. Custom built MEA substrates with electrode arrays segregated into 
several regions may assist in expanding the system into three or more compartment 
system with functional connectivity between several cell types.

7. In addition, optical transparency of  PDMS provides capabilities to integrate 
with optogenetic techniques. Inactive caged glutamate can be converted to active 
glutamate using UV lights to mimic synaptic inputs of  single cells.

7.1   Dual-Compartment DeviCe For DissoCiateD neuron Cell Culture

Although, environmental conditions and dynamics of  the nervous systems in an 
in vitro dissociated cell culture are significantly different from in vivo condition, in 
vitro systems allow viable cells that are electrophysiologically active, make synaptic 
connections and express their channels and receptors. Primary cultures of  rat 
neurons express several aspects of  nervous system function, including spontaneous 
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activity, plasticity, basic excitatory / inhibitory synaptic responses and comparable 
pharmacological sensitivity (Usher et al.; Dichter, 1978; Morefield et al., 2000; Marom 
and Shahaf, 2002; van Pelt et al., 2005; Pasquale et al., 2008). 

Primary rat neuronal cultures are well characterized and dissociated neuronal 
cultures on MEA have been used as a preparation in many electrophysiological 
studies (Ramakers et al., 1991; Watanabe et al., 1996; DeMarse et al., 2001; Potter 
and DeMarse, 2001; Shahaf  and Marom, 2001; Eytan et al., 2003; Novellino et al., 
2003; Marom and Eytan, 2005; Ruaro et al., 2005; van Pelt et al., 2005; Gabay et al., 
2007; Nakanishi et al., 2008). In addition, in vitro systems offer excellent accessibility 
in selectively manipulating single cells or group of  cells. Recently, studies involving 
electrophysiological recording and stimulation of  dissociated cells, pharmacological 
manipulation (Pancrazio et al., 1999; Morefield et al., 2000; Chiappalone et al., 
2003; Stett et al., 2003; Beggs and Plenz, 2004; Wagenaar et al., 2005; Jun et al., 
2007; Vajda et al., 2008) and effects of  drugs such as ch-ABC in promoting axonal 
extensions in spinal injuries have been reported (Vahidi et al., 2008). Developing a 
compartmented system offers further possibilities in network electrophysiological 
studies and to assess the effects of  pharmacological agents in signal propagation 
between different neuronal cell types. For instance, in co-culture studies involving 
cortex and thalamus, the role played by each of  these two regions in initiation 
and propagation of  oscillatory network activity is still not completely understood. 
Although in vivo electrophysiological studies offer an ideal brain condition to study 
the interaction dynamics, they are limited by relatively poor spatial sampling due 
to the limited number of  simultaneous recording sites. In vitro slice studies offer a 
suitable alternative to in vivo approach – however, manipulating an individual region 
of  the co-culture is often cumbersome. Optical stimulation with caged compounds 
or genetic methods to express photosensitive proteins in combination with Ca+ 
imaging may provide an alternative for electrophysiological studies. By gene 
expression of  specific cell types, it is possible to limit optical stimulation to a selected 
sub-population of  neurons in vivo and in vitro slice studies. It is possible to achieve 
an extremely sensitive temporal and spatial scale of  a particular cell type without any 
indirect effects associated with the presence of  other cell types. However, activating 
a whole circuit containing multiple cell types is cumbersome. 

Developing a multi-compartment system with cells from different regions of  the brain 
offers flexibility in manipulating individual cell types while simultaneously monitoring 
the circuitry. As a step towards that direction, we present a dual-compartment device 
for co-culturing dissociated cortical and thalamic cells. This technique offers high 
spatial resolution – providing electrodes to simultaneously record both cortical and 
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thalamic regions, while offering capabilities to selectively manipulate an individual 
region. 

Dual compartment devices presented in this thesis is designed for co-culture studies 
of  neuronal sub-populations. The device has two microfluidic compartments (width 
= 1.5 mm, height = 100 µm, length = 8 mm) connected by microchannels of  very low 
aspect ratio (width = 10 µm and height = 3 µm, length = 150 µm). Low aspect ratio 
microchannels provide the necessary neuronal soma and fluidic isolation between the 
compartments while providing access path for neurites to cross-over. The small size 
of  the microfluidic compartment is instrumental in creating capillary force between 
the inlet and outlet reservoirs. Cell culture is loaded in the compartment through 
capillary action and the laminar flow through the compartment allows for uniform 
distribution of  cells in the compartment. 

Compartmented systems similar to those presented here are often challenged by 
very low volume of  medium available to the cell culture (Rhee et al., 2003; Dworak 
and Wheeler, 2009). Cells in the center of  the compartment were observed to 
deteriorate from second week in culture (~DIV 10), by implementing a medium 
change protocol that helps in supplying cells with fresh oxygen and supplements over 
the developmental period, the viability of  cells extended beyond DIV 30. Medium 
change of  three times per week offered good culture stability and viable neurons 
with electrophysiological activities over DIV 30. However, medium change protocol 
reported in this work depends entirely on the volume of  medium available in the 
reservoir. With larger reservoir it may be possible to have a lower medium change 
frequency or with a continuous perfusion system of  very low volume flow rate, the 
cell viability in the compartment can be further increased. However, in our present 
work, since the PDMS devices were designed to suit the commercially available MEA 
setup, increasing the reservoir size to more than 6mm (in diameter) resulted in a low 
clearance space between the reservoir and device boundary and this often resulted in 
medium leakage to the recording electrode surface. 

Diffusion through microchannels

By maintaining hydrostatic pressure difference between the compartments, diffusion 
through microchannels connecting the compartments was estimated to be ~ 20 hrs 
(Park et al., 2006). For studies performed in this work, pharmacological compounds 
were used for a very short duration (~ 30 minutes) and 3x wash cycle was performed 
at the end of  each experiment. Further, to ensure complete fluidic isolation during 
the course of  the experiment, a pressure difference was maintained between the 
compartments by increasing the level of  medium in the reservoirs of  the compartment 
without pharmacological insults. 
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7.2 ConneCtivity in Homogeneous Co-Culture

In chapter 2 and 3, viability of  neurons with recorded electrophysiological activities 
over DIV 30 was presented. Immunofluorescence labeling of  neurites demonstrate 
that the microchannels provided an access path for the neurites to propagate to 
the adjacent compartment and form a functional neuronal network. Extracellular 
recording of  electrophysiological activities of  neurons in culture show spontaneous 
spikes and synchronized network-wide bursts activities.

Simultaneous recording of  activity in both compartments showed strong network 
cross-correlation revealing functional connectivity between two neuronal populations 
in the compartments. 

Functional connectivity is evaluated by considering spike trains from all the 
recording sites. Correlation in spike train determines the level of  connectivity in the 
system whether they are connected by either direct or indirect synaptic connections 
(Garofalo et al., 2009).

Statistical analysis using correlation reveals that the two neuronal populations are not 
only functionally connected to cells in the same compartment but also to cells in the 
other compartment.

To conclude, presence of  genuine functional connectivity between cortical cells 
cultured in both compartments of  dual-compartment microfluidic device was 
demonstrated. Based on the cross-correlation analysis, neurons within the same 
compartment have stronger functional connections than with neurons in the adjacent 
compartment. Moreover, inter compartmental functional connectivity did not show 
a statistically significant dependency on distance from the physical barrier, suggesting 
that well connected networks are formed despite the presence of  the physical barrier 
of  microchannels.

Cortical cells in compartments express similar connectivity dynamics and plasticity 
to those reported in dissociated cultures of  cortical neurons (Marom and Shahaf, 
2002; Bonifazi et al., 2005; van Pelt et al., 2005; Wagenaar et al., 2006a) and the 
results were also in agreement to those reported from intact cortex (Silberberg et al., 
2004). In vivo, bursts are reported to occur during developmental phase and play a 
key role in establishing connections (Meister et al., 1991; Ben-Ari, 2001; Zhang and 
Poo, 2001; Leinekugel et al., 2002; Wagenaar et al., 2006b). In vitro, similar response 
can be observed at a simplified level of  organization (Fields and Nelson, 1992; 
O’Donovan et al., 1998), cortical cultures start to fire stochastic spontaneous spikes 
from DIV 7 gradually maturing into network wide spike and organized population 
bursts by DIV 21 (Chiappalone et al., 2006). Synchronization in network wide burst 
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events was observed from third week in culture similar to those reported in literature 
(Kamioka et al., 1996; Chiappalone et al., 2006). Presence of  synchronized network 
wide burst events was considered a sign of  maturity in network (Wagenaar et al., 
2005; Chiappalone et al., 2006; Wagenaar et al., 2006b). 

In dual compartment devices with cortical cells, presence of  microchannel barrier 
does not restrict signal propagation between compartments. Electrophysiological 
response of  our homogeneous cortical-cortical co-culture model expresses similar 
evolution of  spontaneous, network-wide spike and synchronized burst events 
in the culture. Investigating this spontaneous electrophysiological activity during 
development phase is an important factor in understanding the formation of  
functional neuronal circuits and their implications in network plasticity.

7.3 network DynamiCs in Cx-tH Co-Culture system 

Cortical and thalamic cells in co-culture may provide a suitable platform to exclusively 
study the signal propagation between cortex and thalamus in isolation without 
influence from other brain regions (Avoli and Gloor, 1982; Danober et al., 1998; 
Andolina et al., 2007; Iyengar et al., 2007; Crunelli et al., 2011).

Organotypic co-cultures of  cortex and thalamus slices extracted from P0-P3 rats to 
study and characterize the initiation and spreading of  rhythmic network oscillations 
within these regions has been reported (Adams et al., 2011). Manipulating an 
individual region of  organotypic co-culture is often cumbersome; a dual compartment 
device with dissociated cells may provide better capabilities to selectively expose an 
individual cell type to pharmacological agents. However, preparation and survival of  
dissociated thalamic cells in vitro in isolation is challenging. Thalamic cells cultured 
from the early stages of  development (~ E15) survived only up to 5 days in vitro 
(Lotto and Price, 1995; Asavaritikrai et al., 2003) and the survival of  thalamic cells 
from older prenatal (> E15) and early postnatal brains in isolation was not successful 
due to the absence of  external influences such as the absence of  cortical signals 
with specific developmental properties (Magowan and Price, 1996; Asavaritikrai et 
al., 2003). 

Simultaneous electrophysiological recordings from both the compartments with 
cortical and thalamic cells during the early stages of  development (between DIV 
14 and DIV 21) shows that compartments containing cortical cells are dominated 
by highly synchronized network burst events (Chapter 1: section 1.4) while the 
compartment with thalamic cells exhibit tonic spiking (Chapter 4). However, later in 
the developmental period, spontaneous firing pattern of  both cortical and thalamic 
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cells in the compartments has changed considerably. Synchronised network bursts 
were observed in the compartment with thalamic cells and they appeared to be time-
locked to the cortical bursting phenomenon. Based on cross-correlation analysis of  
synchronized network bursts and burst time histogram (Chapter 5: Figure 5.6), time 
of  initiation of  burst events in cortical and thalamic compartment was estimated.  
Burst events originate in the cortical region and the presence of  strong cortical 
connections drives the network and in-turn, the thalamic cells discharge network 
bursts. The results were in agreement to the earlier reported studies on cortical-
thalamic co-culture slice models (Avoli and Gloor, 1982; Adams et al., 2011). In the 
cortical compartment, instantaneous firing rate (IFR) distribution of  cortical cells 
was significantly different from those cortical controls cultured in isolation. Further, 
burst patterns in the cortical compartment appear to be highly influenced by the 
presence of  thalamic population. The duration of  cortical bursts in the co-culture is 
elongated with an average burst duration of  389 ± 24 ms (mean ± standard error), 
when compared to the cortical bursts in isolation - with an average duration of  
246 ± 4 ms, (p < 0.01, Kruskal-Wallis nonparametric test).  Reciprocal connections 
between the cortical and thalamic region were observed to play a relevant role in 
cortical behavior by modulating the duration and shape of  burst events. Prolonged 
synchronized bursting pattern was observed in the cortical culture and the duration 
of  cortical bursts were elongated by up to 57%. 

7.4   seleCtive pHarmaCologiCal manipulation 

Chemically induced changes in the network behavior are often a reflection of  the 
effects on pre- and post-synaptic activity in the network (Foy et al.). Experiments 
presented here, demonstrate how controlling activity in one portion of  a network 
through manipulating synaptic neurotransmission can influence the global activity 
of  the entire network. Understanding the mechanism of  change in such activity 
patterns may provide explanations to the transitions occurring during oscillatory 
rhythms underlying many physiological states (Blumenfeld and McCormick, 2000).

Preliminary analysis of  spontaneous activities from the co-culture showed a 
distinctively different firing pattern associated with cortical and thalamic cell 
types.  During early stages of  development in vitro (i.e. DIV 14), burst events were 
observed in cortical region while distinct tonic firing patterns were observed from 
the thalamic compartment. The presence of  distinct firing patterns of  individual cell 
types in vitro demonstrates that the dissociated cells in culture retain their individual 
phenotype. Functional connectivity is re-established in a sub-population of  thalamic 
and cortical dissociated cells indicating a natural tendency of  cortex and thalamus to 
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form reciprocal interconnections.

Propagation of  electrical activities between cortical and thalamic regions and their 
inter-dependency in connectivity during later stages in development (DIV 21) was 
observed. Burst events originated in the cortical region and drive the entire cortical-
thalamic network bursting behavior while mutually weak thalamic connections 
played a vital role in sustaining longer burst events in cortical cells. By selectively 
blocking glutamatergic and gabaergic receptors in cortical regions, propagation of  
synchronous bursts can be blocked. Synaptic receptor antagonist (SRA) solutions, a 
cocktail of  50 µM bicuculline methiodide (BMI) to block GABA receptors, 100 µM 
of  2-amino-5-phosphonovaleric acid (APV) to block NMDA receptors and 100 µM 
of  6-cyano-7-nitroquinoxaline-2, 3-dione (CNQX) to block AMPA receptors in cell 
culture medium at 37˚ C was used to block network wide burst propagation in the 
cortical region.

We demonstrated that by controlling the origin of  network bursts in a co-culture 
system (i.e. the cortical region) it is possible to control the spread of  bursting activity 
to the thalamic region.

Dominant region in a homogeneous co-culture system

In an in vitro culture of  cortical cells, whether one or more pacemaker type cells 
trigger synchronized network spikes and bursts is of  interest in understanding the 
dynamics in network firing. Attempts have been made to localize the region of  burst 
initiation within a network of  neurons (Eckmann et al., 2008). In a dissociated cortical 
culture, an intrinsic pacemaker type mechanism to account for the random spatial 
features of  origin and propagation of  population bursts (Maeda et al., 1995) and 
to explain correlations between collective activity and plasticity changes in synaptic 
efficacy (Canepari et al., 1997; Jimbo and Robinson, 2000) has been reported. 
An important question is whether the intrinsic spiking cells are indeed capable 
of  recruiting enough cells to start network bursts. For the experiments reported 
in Chapter 6, SRA was used for blocking the majority of  synaptic transmission. 
Applying SRA in the burst initiating compartment had a significant influence on 
the behavior of  the network wide burst response in both compartments. However, 
applying SRA in burst following compartment did not have an impact on the other 
compartment. Controlling spontaneous synchronized network bursting of  burst 
following compartment had only a marginal effect on both the compartments.

In both cases, synchronized network bursts continued to exist in certain clusters of  
the electrodes and this activity is attributed to the intrinsic spiking neurons. 
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In conclusion, the results demonstrate that several cells in a cortical cell culture in 
vitro are capable of  intrinsic spiking. However, a particular compartment acts as the 
region of  burst initiation and the choice of  the specific compartment may depend 
on the development of  the network, the extent of  synaptic arborization within 
the individual compartments and to a large extent on the strength of  functional 
connections within each region (Maeda et al., 1995).

Synchronized network burst propagation in Cx-Th co-cultures 

In dissociated Cx-Th co-cultures, cortical origin of  synchronized network bursts 
was experimentally verified with selective chemical manipulation of  individual 
compartment as reported in the previous section. Although propagation and 
distribution of  synchronized network bursts in the culture was determined by the 
region of  burst initiation, spontaneous firing of  the network does not show hierarchy 
(Adams et al., 2011).

Based on the results presented in the preceding chapters, dual compartment devices 
offer a valuable platform to systematically approach questions related to the study of  
neuronal sub-populations. In case of  cortical-thalamic region in vivo, strong reciprocal 
connections between the thalamus and cortex were observed to be responsible for 
generating rhythmic oscillatory neuronal network activity (Adams et al., 2011). In 
organotypic co-cultures in vitro, seizure-like rhythms were observed to originate in 
the deep layers of  cortex (Adams et al., 2011).  However, specific role played by 
each of  these regions in initiation and propagation of  pathophysiological oscillatory 
network activity is still unclear. In vivo electrophysiological analysis suggests that 
network wide synchronized burst events are initiated in cortex region and secondarily 
engage the thalamus (Meeren et al., 2002; Pinault, 2003; Polack et al., 2007). In the 
simplified in vitro cortical-thalamic co-culture system presented in this work, the 
results support a functional model where cortical bursts recruit the thalamic region. 
The results from our studies demonstrate that sustained network burst events were 
initiated in the cortical region and secondarily spread to involve the thalamus region. 
This may provide insights into the evolution of  thalamocortical network activity in 
vivo, and inter-relationship between the cortex and the thalamus.
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7.5 perspeCtives oF miCroFluiDiC Compartment teCHnology anD 
impliCations For neurosCienCe researCH

MEA technology is slowly applied in pharmacological research to streamline drug 
screening experiments. Traditionally, neurobiological drug discovery programs 
involve an early compound screening to an advanced in vivo studies. 

To compliment the early drug screening studies of  in vitro organotypic slices, 
compartmented MEA systems can be used to study the drug effects on a network 
level and the results may be correlated to in vivo studies to better understand the 
neurophysiological effects.

At molecular level, the influence of  specific growth factor on the response of  
cell signaling can be examined with compartmented system. Major drawback of  
current technologies available for compartmentalizing cells is that although cells 
are segregated into separate regions either through surface patterning (Ruardij et 
al., 2000; Sorkin et al., 2006; Massobrio and Martinoia, 2008) or through physical 
compartments (Berdondini et al., 2006), they still share the same cell culture medium. 
However, to understand the importance and the effect of  cell level changes that causes 
this effect, it is also essential to study the influence of  growth factors secreted by a 
particular cell types. Using compartmented system presented in this thesis, complete 
fluidic isolation between the compartments can be achieved and the culture medium 
from individual cell types can be collected for examining the changes in the secreted 
growth factors with or without external environmental cues.  

In studies related to spinal injuries, when damaged and regenerating axons needs to 
be exposed to inhibitory environment in isolation from the cell bodies, direct effects 
of  growth inhibitor molecules in neuronal development and regeneration can be 
investigated at the cellular and molecular level. Conventional systems with random 
plating of  cells do not resemble the microenvironment of  spinal injuries, where the 
cells are often located away from the region of  injury (Neumann et al., 2002). Dual 
compartment devices, on the other hand, can be used for such studies by platting cells 
in one compartment and exposing the neurite projection that extends to the adjacent 
compartment to an inhibitory environment (Taylor et al., 2010). This technique of  
organizing cells in a dual compartment system is advantageous because it permits 
separation of  cell bodies from the neurites, resembling the segmental structure of  the 
spinal cord where the cell bodies are located away from the descending projections 
that are faced with the inhibitory environment. 

Our approach to culturing cells in restricted compartments with complete 
fluidic isolation between the cell types while allowing neurites to extend synaptic 
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connections to the cells in adjacent compartment distinguishes this method from 
other methods of  cell segregation reported in literature (Davenport et al., 1996; 
Berdondini et al., 2006; Mourzina et al., 2006). We showed that while cell bodies were 
uniformly platted in the compartment, the neurites extends to adjacent compartment 
in both directions and forms a bi-directional connectivity. We demonstrated the 
capability of  this new in vitro cell culture system by culturing cortical and thalamic 
neurons in compartments and establishing functional connectivity between them. 
We demonstrated that functional connectivity is re-established in a sub-population 
of  thalamic and cortical dissociated cells indicating a natural tendency of  cortex and 
thalamus to form reciprocal interconnections. As a proof  of  concept to demonstrate 
fluidic isolation between compartments and to selectively manipulate an individual 
cell type, we used SRA to suppress electrophysiological burst activity of  cells in one 
compartment. 

 

Compartmented system for neuronal network studies 

The compartment system can be further extended to a three compartment system 
(figure 7.1), with the possibility of  inducing directionality in connectivity. Cells can 
be plated with time delay in each compartment thereby directing specificity in neurite 
growth. For instance, a Cx-Th-Cx culture can be studied in the three compartment 
schematic shown in Figure 6.1.  With Cx cells in compartment 1 (C1), Th cells 
in compartment 2 (C2) can be plated with a time delay  (i.e. 48 hrs) followed by 

Figure 7.1: Proposed three compartment system with cells in mutual communication with each other.
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Cx cells in compartment 3 (C3) with a longer time delay (i.e. DIV 7). Considering 
the time required for axons to proliferate into other compartments, this system 
will provide a unique Cx ->Th -> Cx -> Cx connectivity pattern. The influence 
of  cortical cues on thalamic action potential and the reciprocal weak and strong 
connectivity on the Cx cells on either of  the other compartment can be studied. The 
system can be combined with electrical or optical stimulation modules to selectively 
manipulate signal propagation between compartments. Such unique combination of  
cell types in vitro and control of  directionality in connectivity can be achieved with 
compartmented technology. Compartmented devices may also be used for culturing 
cells from different regions of  the brain including cortical, thalamus and basal ganglia. 
Although the three dimensional in vivo brain conditions cannot be replicated in such 
an in vitro model, the system does represent the essential connectivity. Understanding 
communication pathways between different regions of  the brain and their response 
to external cues is of  significant interest for understanding the mechanism behind 
many pathophysiological conditions such as epilepsy, schizophrenia and Parkinson’s 
disease.
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Summary

Over the past decade, development of  in vitro models of  patterned neuronal 
networks is gaining significant interest in neuroscience research community. 
Controlling topological features of  small neuronal networks on planar micro-
electrode arrays (MEAs) by compartmentalization of  cells and determining their 
connectivity dynamics has been the subject of  extensive study. To understand the 
interaction between neuronal sub-populations, an environment that can sustain cells 
from different regions of  the brain in isolation while providing proper (bio-)chemical 
and electrical control on and access to electrophysiological interaction between 
them needs to be developed. As cells from different regions of  the brain have 
different native activity states and may also differ quantitatively in their response to 
environmental cues, a possible approach is to co-culture cells from tissues composed 
of  single dominant cell types.

The work presented in this research demonstrates co-culturing physically separated 
yet functionally connected sub-populations of  different cell types. Specific goals 
of  this thesis research are to design, fabricate and validate a microfluidic device 
integrated with MEA substrate capable of  hosting neuronal sub-populations and 
to demonstrate capabilities to selectively manipulate an individual region of  the co-
culture system using neuro-active chemical compounds. The main advantage of  co-
culturing dissociated cells in microfluidic device is in its ability to facilitate selective 
pharmacological manipulation of  an individual compartment of  the co-culture. 

In this thesis, a dual compartment system for culturing two different cell types 
interconnected through microchannels is presented. We have selected cortical and 
thalamic dissociated cells as the model system owing to the ability of  these cell types 
to generate rhythmic neuronal network oscillations when they interact. The interplay 
between thalamus and cortex can be understood by demonstrating signal propagation 
between the co-cultures and by establishing interdependency in connectivity between 
the cell types by selectively manipulating an individual sub-population.
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Prior to demonstrating connectivity in co-cultures of  cortical and thalamic cells in 
dual-compartment devices, the thesis begins  with  the design and development of  
a compartmented microfluidic devices integrated with MEA substrates for neuronal 
cell culture (Chapter 2). Steps involved in the fabrication of  dual-compartment PDMS 
devices are presented along with the protocols for long-term cell viability in closed 
compartment devices and a recording setup for electrophysiological recording of  
network activity over 21 Days-in-Vitro (DIV). Chapter 2 and chapter 3 demonstrate 
electrophysiological measurements of  spontaneous network activity, biological origin 
of  spontaneous activity and fluidic isolation between compartments. Crossing-over 
of  neurites to the adjacent compartment was verified using transfection experiments 
and immunofluorescence staining. Functional connectivity between cells in the 
compartments and bi-directional signal propagation between compartments were 
verified using cross-correlation based techniques and functional connectivity maps 
respectively. 

Chapters 4 and 5 discuss co-culturing dissociated cortical and thalamic cells in dual 
compartment devices. Preliminary analysis of  spontaneous activities from the co-
culture showed a distinctively different firing pattern when compared to cultures 
of  individual cell types (chapter 4). The propagation of  electrical activity between 
cortical and thalamic regions and their inter-dependency in connectivity were 
verified by means of  cross-correlation analysis (Chapter 5). Based on the time of  
initiation of  network bursts, we have proposed that burst events originate in the 
cortical region and drive the entire cortical-thalamic network bursting behavior while 
thalamic connections play a vital role in sustaining longer burst events in cortical 
region. Finally, a simulated model of  two large-scale neuronal populations mimicking 
the cortical and thalamic dynamics based on Izhikevich equations was developed and 
used to verify the experimental dynamics and functional connectivity presented in 
this chapter.

Chapter 6 concludes with the demonstration of  selective fluidic manipulation of  
dissociated cortical-thalamic co-cultures in dual-compartment devices. Synaptic 
receptor antagonists were used to selectively control network-wide burst propagation in 
the co-culture systems. Experimental results are in agreement with our earlier findings 
based on network burst initiation analysis: we demonstrate that in cortical-thalamic 
dissociated co-cultures, burst events initiate in the cortical region and propagate to 
the thalamic region. We also demonstrate the possibility to control burst events in 
the thalamic region by blocking the synaptic receptors in the cortical region. Thus, 
the experimental results from our studies further reiterate that sustained network 
burst events are initiated in the cortical region and secondarily spread to involve the 
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thalamus region. This may provide insights into the evolution of  thalamocortical 
network activity in vivo, and into the inter-relationship between cortex and thalamus. 
Based on the results presented in this thesis, we conclude that dual compartment 
devices offer a valuable platform to approach questions systematically related to the 
study of  neuronal sub-populations. In the near future, the technology can be further 
extended to multi-compartment systems to culture cells from different regions of  
the brain involved in particular neurological communication pathways.
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Samenvatting

De ontwikkeling van in vitro modellen van gepatroneerde neurale netwerken 
heeft over de afgelopen tien jaren veel belangstelling in neurowetenschappelijke 
onderzoeksgemeenschap verworven. Twee actieve onderzoeksgebieden waren de 
controle over topologische kenmerken eigenschappen van neurale netwerken door 
scheiding van de cellen op vlakke microelectrode arrays (MEAs) en het bepalen van 
de dynamica van de netwerkconnectiviteit. Om de interactie tussen neuronale sub-
populaties te begrijpen is het noodzakelijk een omgeving te ontwikkelen die cellen 
afkomstig uit verschillende hersengebieden gescheiden kan ondersteunen maar die 
tegelijkertijd toegang geeft tot hun electrofysiologische interactie. Aangezien cellen 
uit verschillende hersengebieden elk hun eigen natuurlijke toestand kennen en ook 
een kwantitatief  verschillende respons vertonen op prikkels uit de omgeving, is 
een mogelijke benadering het co-kweken van cellen uit typen weefsel die uit een 
dominant celtype bestaan .

Het werk dat in dit proefschift gepresenteerd wordt beschrijft het co-kweken van fysiek 
gescheiden doch functioneel verbonden sub-populaties van verschillende celtypes. 
De specifieke doelen van dit promotieonderzoek zijn het ontwerp, het vervaardigen 
en de validatie van een met een MEA substraat geïntegreerde microfluidische device 
die neuronale sub-populaties bevat, alsook het aantonen van de mogelijkheid om een 
individueel gebied uit het co-kweek systeem selectief  te manipuleren door middel 
van neuro-actieve chemicaliën. Het belangrijkste voordeel van het co-kweken van 
gedissociëerde cellen in een microfluidische device ligt in deze mogelijkheid om een 
individuele kamer van de co-kweek farmacologisch selectief  te manipuleren.

In dit proefschift wordt een twee-kamer systeem beschreven voor de kweek van twee 
verschillende celtypes die door middel van microkanalen met elkaar zijn verbonden. 
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We hebben gedissociëerde corticale en thalamische cellen gekozen als modelsysteem 
vanwege het feit dat deze celtypes rythmische neuronale netwerkoscillaties genereren 
als ze interageren. Betere inzichten in de interactie tussen thalamus en cortex 
zullen volgen uit het begrip van de signaalpropagatie tussen co-kweken en uit het 
vastleggen van hoe de connectiviteit tussen de celtypes van elk celtype afhangt door 
elke individuele sub-populatie selectief  te manipuleren.

Voor de demonstratie van connectiviteit in co-kweken van corticale en thalamische 
cellen in twee-kamer devices, begint het proefschrift met het ontwerp en de 
ontwikkeling van een met een MEA substraat geïntegreerde microfluidische device 
(Hoofdstuk 2). De noodzakelijke stappen voor de fabricage van een twee-kamer 
PDMS device worden gepresenteerd samen met de protocollen om cellen in devices 
met gesloten compartimenten langdurig in leven te houden en met een meetopstelling 
voor  electrofysiologische opnames van netwerk activiteit gedurende 21 dagen in 
vitro (DIV). Hoofdstukken 2 en 3 tonen electrofysiologische metingen van spontane 
netwerk activiteit alsook de biologische oorsprong van de spontane activiteit en de 
fysieke scheiding tussen compartimenten. Het doorgroeien van neurieten naar het 
aangrenzende compartiment werd vastgesteld middels transfectie experimenten 
en immunofluorescent staining. De functionele connectiviteit tussen cellen in de 
kamers en de twee-richting signaal propagatie tussen kamers worden bevestigd door 
gebruik van cross-correlatie technieken en maten voor functionele connectiviteit, 
respectievelijk.

Hoofdstukken 4 en 5 behandelen co-kweken van gedissociëerde corticale en 
thalamische cellen in twee-kamer devices. Voorlopige analyse van de spontane 
activiteit uit de co-kweek vertoont duidelijk andere vuurpatronen dan in co-kweken 
van gelijke celtypes (hoofdstuk 4).  De propagatie van electrische activiteit tussen 
de corticale en thalamische gebieden en hun inter-dependency met connectiviteit 
zijn door middel van cross-correlatie analyse geverifiëerd (hoofstuk 5). Op basis 
van de initiatietijd van netwerk bursts, stellen we dat burst events in het corticale 
gebied ontstaan en het burst gedrag aansturen in het gehele cortico-thalamische 
netwerk . Zwakke thalamische verbindingen spelen daarentegen een hoofdrol in 
het onderhouden van langere burst events in het corticaal gebied. Tenslotte is een 
simulatiemodel van twee grote neuronale populaties ontwikkeld dat de corticale en 
thalamische dynamica nabootst op basis van Izhikevich’ vergelijkingen. Dat model is 
vervolgens gebruikt om de in dit hoofstuk gepresenteerde experimentele dynamica 
en functionele connectiviteit te verifiëren.

De resultaten in hoofdstuk 6 tonen de selectieve fluidische manipulatie van 
gedissociëerde cortico-thalamische co-kweken in twee-kamer devices aan. antagonisten 
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van Synaptische receptoren werden gebruikt om de netwerk-brede burstpropagatie in 
de co-kweek systemen selectief  te controleren. Experimentele resultaten komen goed 
overeen met onze eerdere bevindingen, gebaseerd op netwerk burst initiatie analyse: 
we hebben aangetoond dat in cortico-thalamische gedissociëerde co-kweken, burst 
events ontstaan in het corticaal gebied en propageren naar het thalamisch gebied. We 
tonen ook de mogelijkheid aan om burst events in het thalamisch gebied te controleren 
door de synaptische receptoren in het corticaal gebied te blokkeren. De experimentele 
resultaten uit ons onderzoek bevestigen daarmee dat aanhoudende netwerk burst 
events in het corticaal gebied ontstaan om pas daarna naar het thalamisch gebied 
te trekken. Dit zou verdere inzichten kunnen verschaffen in de ontwikkeling van 
thalamocorticale netwerkactiviteit in vivo en in de relatie tussen cortex en thalamus. 
Op basis van de in dit proefschrift gepresenteerde resultaten concluderen we dat 
twee-kamer devices een waardevol platform bieden om vraagstukken te benaderen 
die systematisch gerelateerd zijn aan de studie van neuronale sub-populaties. Deze 
technologie kan in de nabije toekomst verder ontwikkeld worden naar multi-kamer 
systemen om cellen uit verschillende hersengebieden te kweken die betrokken zijn bij 
specifieke neurologische communicatie pathways.
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