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An Organ-on-a-chip Model to Study Neuroinflammation 

Abstract 

Neuroinflammation plays a significant role in a wide range of neurological disorders, from 

neurodegenerative diseases to cancer, affecting millions of people worldwide. As a result, there 

is a critical need to better understand the mechanisms underlying neuroinflammation and its 

relationship to different disease states. Organ-on-a-chip platforms can aid in this research by 

striking a balance between recapitulating relevant cell-cell interactions found in vivo, while 

reducing the complexity of the system to allow for more controlled mechanistic studies. In this 

work, we developed an organ-on-a-chip model to study neuroinflammation, with a particular focus 

on modeling how different disease states are able to propagate to synaptically connected, but 

anatomically remote regions of the brain. We used theoretical, computational, and experimental 

methods to optimize a two-chamber microfluidic device to maintain two distinct primary neural 

cultures that are chemically isolated but synaptically connected. Additionally, we demonstrate the 

ability to record robust extracellular electrophysiological signals from axons connecting the two 

cell populations for 60 days in vitro using an integrated surface-patterned microelectrode array. 

In tandem, we developed and characterized an enhanced cell culture model comprised of 

neurons, astrocytes, and microglia that more faithfully mimics the in vivo neuroinflammatory 

response (both neurotoxic and neuroprotective) to a variety of neuroinflammatory stimuli. This 

“tri-culture” is established and maintained through the use of a specifically designed, serum-free 

media making the tri-culture particularly amenable to high-throughput experiments and integration 

into complex culture platforms for studying a wide range of neurological diseases. 
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Chapter 1: Introduction 

Neuroinflammation is present in most, if not all, pathological conditions in the central 

nervous system (CNS), either acting as the primary driver of these conditions, or as a response 

to neurodegeneration or disruption of homeostasis following disease progression [1–3]. In vivo, 

neuroinflammation is a highly complex process that depends on both the interaction between 

neurons and glial cells and the overall structural and cellular architecture of the CNS. For example, 

a number of studies have reported the presence of neuroinflammation in remote regions of the 

CNS following a focal brain lesion [4–7]. These observations are examples of the phenomenon 

known as diaschisis, in which neurophysiological changes occur in anatomically remote, but 

synaptically connected regions of the brain following a focal insult or injury [8,9]. These regions 

of secondary neuroinflammation are typically too distant from the initial injury site for diffusion of 

soluble factors through the brain parenchyma to be a significant contributor, while also too specific 

in location for systemic disorders or blood-brain barrier (BBB) breakdown to be the probable 

cause. Therefore the leading hypothesis is that the interconnecting neurons themselves are 

propagating or transmitting these neuroinflammatory cues [4,9–11]. Neuroinflammation has also 

been linked to neurodegenerative diseases and is now thought to play an active role in 

Alzheimer’s disease (AD) progression through the secretion of pro-inflammatory and neurotoxic 

factors that have been shown to increase tau phosphorylation and Aβ production [12–18]. 

Additionally, neuroinflammation is the driving force behind to Aβ clearance early in AD, and 

disruption to the early immune response has been shown to exacerbate AD progression [13,19–

21]. There is also significant evidence to suggest that aggregated tau can be transferred between 

synaptically connected neurons, and these aggregates can seed new tau aggregates in a prion-

like fashion [22–25]. 
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And while there is significant evidence of this neuronal mediated transmission of 

neuroinflammation and neurodegenerative diseases from both animal studies and clinical 

observations [26,27], the highly complex and interconnected processes that dictate these 

phenomenon in vivo makes studying the underlying cellular and molecular level mechanisms 

extremely challenging. One such technology that can aid in this discovery are organ-on-a-chip 

platforms, which strike a balance between recapitulating relevant cell-cell interactions found in 

vivo, while reducing the complexity of the system to allow for more controlled mechanistic studies.  

1.1 Propagation of Neuroinflammation Via Axonal Projections 

 While there are many CNS pathologies demonstrate the complexity of neuroinflammation 

in vivo, the propagation or transmission of neuroinflammation within the CNS through neuronal 

connections may be one the clearest and highlights the influence of cellular crosstalk and 

architecture on the observed neuroinflammatory response.  Much of the research demonstrating 

the transmission or propagation of neuroinflammation to remote regions of the CNS has involved 

the induction of a focal cerebral ischemia in rodent models and tracking neuroinflammatory and 

other structural changes in remote neural populations [4]. For example, Nagasawa and Kogure 

found significant neuron death in the ipsilateral thalamus and substantia nigra following a middle 

cerebral artery occlusion (MCAO) that was not observed in the contralateral side [28]. Additionally, 

they reported that no changes in cerebral blood flow was observed in the ipsilateral thalamus or 

substantia nigra during the transient MCAO, further supporting their conclusion that the neuronal 

damage and neurophysiological changes were caused by synaptic connections to the ischemic 

foci. Similarly, other groups have found neural degeneration and other markers of 

neuroinflammation such as astrocyte and microglia activation in the ipsilateral thalamus [29–32] 

and hippocampus [33–36] following MACO. More recently researchers have reported that the 

application of known pro-resolving neuroinflammatory treatments such as minocycline [37] and 
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resolving D1 [38] reduce the neuroinflammatory response in these secondary injury sites, and this 

reduction can lead to improved functional recovery [38].  

 In addition to animal studies, there are a number of clinical observations that report a 

similar induction of neuroinflammation in remote regions of the brain following a focal ischemia or 

traumatic brain injury [39]. There have been multiple reports of acute degeneration of the 

ipsilateral thalamus following an infarct in the territory of the middle cerebral artery [27,40,41]. 

Similarly, there are many reports of degeneration of the ipsilateral substantial nigra following 

striatal infarction [42,43]. However, while there are many clinical examples and animal studies 

demonstrating secondary neuroinflammation in regions that are synaptically connected to original 

injury site, clinicians and researchers have largely been unable to predict the extent of this 

secondary neuroinflammation based on the initial injury or its impact on functional outcomes. 

Therefore, there is a need to better understand the cellular and molecular mechanisms underlying 

the propagation of neuroinflammation in order to elucidate the role of this phenomenon plays on 

the functional outcome and recovery following stroke or traumatic brain injury (TBI).  

 There are multiple theories on the underlying mechanisms behind the induction of 

neuroinflammation in remote regions of the CNS. One hypothesis is that pro-inflammatory 

neuropeptides such as substance P (SP) and calcitonin gene-related peptide (CGRP) may be 

involved due to their role in neuropathic pain in the periphery [44]. SP and CGRP are released in 

response to noxious stimuli in unmyelinated sensory nerve fibers, and lead to tissue inflammation 

and pain [45–49]. Furthermore, these neuropeptides have also been shown to be released in the 

CNS [50,51]. The release of SP in the CNS following TBI has been shown to activate both 

astrocytes and microglia, disrupt the BBB and increase the infiltration of circulating immune cells 

into the CNS [52–54]. Another potential peptide is cysteine-cysteine chemokine ligand 21 

(CCL21), which has been shown to activate microglia, and may be responsible for the remote 

activation of microglia in the thalamus following spinal cord injury [55]. Additionally, fractalkine 

(CX3CL1) is another protein that has been implicated in the induction of neuroinflammation in 
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remote regions of the CNS. Fractalkine is expressed by neurons in the CNS and is found in both 

a membrane-bound and soluble form, while its corresponding receptor (CX3CR1) is primarily 

expressed by microglia [56,57]. When under stress due to insult or injury neurons can release 

soluble fractalkine, which serves as a powerful neuroinflammatory signal for microglia [58]. This 

process is thought to play a role in neuropathic pain, in which dysfunction to peripheral neurons 

leads to an increase in soluble fractalkine in the dorsal horn, which in turn leads to the activation 

of microglia and a neuroinflammatory response [59,60].  

 Another popular theory hypothesizes that Wallerian degeneration or retrograde 

degeneration is responsible for the observed neurophysiological changes in remote regions of 

the CNS following focal insult or injury [4,39]. In addition to directly causing neuron degeneration, 

the release of alarmin or damage associated molecular patterns (DAMPs) such as ATP, DNA and 

heat-shock proteins by the degenerating neurons can activate toll-like receptors (TLRs) which are 

widely expressed on microglia, astrocytes, and other cells of the innate and adaptive immune 

system [61,62]. The binding of these ligands to TLRs leads to the activation of the nuclear-factor 

κB (NF-κB) and p38α mitogen-activated protein kinase (MAPK) pathways, activation of which 

triggers release of proinflammatory cytokines and mediators such as TNF-α, IL-1β, and MCP-1 

[63–67]. Additionally, activated microglia and astrocytes can also produce neurotoxic nitric oxide 

and reactive oxygen species [68,69], damage the BBB [70], and recruit circulating immune cells 

[71]. Additionally, several studies have suggested that this theory is responsible for the 

degeneration of neurons in the corticospinal tract following an infarct in the territory of the middle 

cerebral artery, and the extent of this secondary degeneration can predict the motor function 

outcome [72–74].  

 The final theory suggests that the initial injury can lead to increased neural activity in the 

secondary region, either by increasing the excitability of excitatory neurons projecting from the 

initial injury site, or by reducing or eliminating the projections of inhibitory neurons [4,9]. This 

increase in neural activity can lead to the overactivation of neurons in the secondary region 
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leading to calcium dysregulation and eventual degeneration in a phenomenon known as 

excitotoxicity [75,76]. This theory is supported by several studies that show reduced signs of 

neuroinflammation in secondary regions following the local application of the N-Methyl-D-

aspartate (NMDA) receptor antagonist MK-801 [4,77].  

 While there is significant evidence to suggest that neurons are capable of transmitting 

neuroinflammatory signals and play a predominant role in the propagation of neuroinflammation 

to remote regions of the CNS. However, much of the research investigating this phenomenon has 

been conducted in vivo, where there are a number of competing and confounding mechanisms 

that influence neuroinflammation. Therefore, there is a need for a new method to study the 

propagation of neuroinflammation to remote regions in the CNS that can isolate the neuron-

mediated transmission of neuroinflammation from other factors found in vivo, and thereby allow 

researchers to gain a better understand the underlying mechanisms behind this phenomenon. 

1.2 Organ-on-a-Chip Models of the CNS 

Organ-on-a-chip models (also known as microphysiological systems) are a popular way 

of increasing the physiological relevance of in vitro studies while still maintaining the ability to 

perform highly specific cellular and molecular level experiments. These models typically involve 

the use of microfabricated devices that aim to replicate the structural and cellular level architecture 

of the in vivo environment [78]. Organ-on-a-chip models of the CNS can largely be classified into 

two distinct categories, the first aims to model the BBB, while the second attempts to capture the 

cellular architecture to recreate different neural networks [79].  

The BBB is a critical component of the neurovascular unit that tightly controls the transport 

of ions, neurotransmitters, macromolecules, and cells between the blood and brain. It primarily 

consists of brain microvascular endothelial cells, pericytes, and astrocytes along with the 

extracellular matrix that maintain this highly selective barrier [80]. Degradation of this barrier plays 

a significant role in the progression of many neurological diseases and also present a major 
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challenge to the uptake of pharmaceuticals into the CNS [81,82]. Organ-on-a-chip models of the 

BBB are typically based on the Boyden chamber assay, which was initially designed for cell 

migration studies, and involves the use of a thin membrane with micropores that cells are able to 

transverse [83]. Current organ-on-a-chip models of the BBB use similar membranes integrated 

into microfluidic platforms [84]. In these devices, brain microvascular endothelial cells are cultured 

on one side of the membrane and astrocytes and pericytes are cultured on the other side [85–

87]. Additionally, fluid flow can be applied to the endothelial side of the device to simulate the flow 

through the blood vessels, and this shear stress has been shown to improve the tightness of the 

barrier [88].  

The second major category of organ-on-a-chip models of the CNS are devices that 

attempt to model neural network formation or known synaptic pathways in the brain [79]. Many of 

these devices are based on a compartmentalized neural culture platform developed by Taylor et 

al, to physically separate neurons and axons for axon transport and axon regeneration studies 

[89,90]. These culture platforms consist of two large cell culture chambers (which house the cell 

somas) and are connected by an array of microchannels that, due to their reduced height, only 

allow neurites to pass through. Other groups have adapted this general principle to design devices 

to reconstruct directional neural networks. For example, Peyrin et al used tapered microchannel 

designs to form “axon diodes” that would allow axons to pass through the microchannels in one 

direction, but not the other [91]. Using this device, they were able to form a unidirectional synaptic 

connection between the two culture chambers to mimic the corticostriatal network. Other groups 

used devices with different microchannel lengths to achieve similar unidirectional connectivity to 

mimic corticostriatal [92] and nigro-striatal pathways [93]. 

1.3 Cell Culture Models of Neuroinflammation 

While the microengineering and microfabrication of organ-on-a-chip devices is an 

important aspect to increase the physiological relevance of in vitro models of the CNS, an equally 
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important aspect of CNS organ-on-a-chip technology is the cell culture model used within the 

device. Of the many different cells found within the CNS, neurons, astrocytes, and microglia are 

the three primary CNS specific cells most closely associated with neuroinflammation. Additionally, 

microglia and astrocytes have also been shown to be critical players in maintaining homeostasis 

in the CNS. It has also been shown that crosstalk between neurons, astrocytes, and microglia 

plays a significant role both in maintaining homeostasis and during neuroinflammation, with some 

signals requiring direct cell-cell contact (Figure 1.1). Therefore, when cell culture systems are 

used to model neuroinflammation, it is important to consider not only cellular composition, but 

also spatiotemporal factors.  

 

Figure 1.1: The importance of cellular crosstalk between neurons, astrocytes, and microglia in both 
homeostatic and neuroinflammatory conditions.  

 

Current in vitro methods of studying neuroinflammation are primarily split into three 

categories. The first uses separate isolated cultures on neurons and glial cells to determine the 

effect of secreted factors on neurons or glial cells [94,95]. This is a popular method to identify the 

role of individual glial cells and specific factors on the neuroinflammatory response. For example, 

Liddelow et al demonstrated that microglia secrete three specific factors (IL-1α, TNF, and C1q) 

that are necessary and sufficient to induce a neurotoxic astrocyte phenotype, which they labeled 
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as “A1.” They exposed purified microglia cultures to lipopolysaccharide (LPS), and transferred the 

conditioned media to isolated astrocyte cultures and observed a distinct change in the 

transcriptomic profile associated with neurotoxic astrocytes. Additionally, they were able to 

demonstrate that by adding the aforementioned factors to the astrocyte culture, they could 

replicate that change in transcriptomic profile and neurotoxic phenotype [96]. In other studies, the 

application of conditioned media from an LPS treated BV-2 microglia cell line induced the 

production of nitric oxide in healthy NSC-34 cells (motor neuron cell line) [97], and a similar effect 

was observed from primary cultures, where LPS-conditioned media from microglia cultures lead 

to neurotoxicity when added to primary neuron cultures [98]. Finally other groups have attempted 

to determine the role that microglia play during excitotoxic events by treating isolated microglia 

cultures with kainic acid and other excitatory ligand-gated ion channel receptor agonists [98–100]. 

These studies have shown that the secreted factors found in the microglia conditioned media 

increase neuron death, leading the authors to suggest that microglia play a neurotoxic role during 

excitotoxic events. However more recent studies have suggested that microglia actually play a 

neuroprotective role during excitotoxicity through mechanisms mediated by the direct contact of 

microglia and damaged axons [101–103]. These contradictory results highlight some of the 

inherent limitations in this method, most notably the inability to observe the effects of membrane-

bound or cell proximity-dependent mechanisms and the fact that the concentration of secreted 

cytokines transferred between cultures may not be physiologically relevant. 

An alternative method to overcome some of the limitations of the media transfer method 

of modeling neuroinflammation is through culturing multiple types of neurons and glial cells in the 

same culture [94,104]. This has become one of the most popular methodologies to study 

neuroinflammation in vitro, with many reports using co-culture methods to investigate the 

neuroinflammatory response to LPS [96,105–107], proteins associated with neurodegenerative 

diseases such as amyloid-β and α-synuclein [108,109], and viral infection [110,111]. However, 

one of the major limitations in these co-culture models is the difficulty in effectively culturing 
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neurons and microglia together for extended periods of time. This is largely due to the high serum 

concentrations required by microglia in culture that can be toxic to neurons. This limits the time 

that microglia and neurons can be cultured together, with most cultures only being used for 24-

72 hours [112–114]. Additionally, as the BBB tightly controls the what proteins are able to enter 

the CNS, and therefore the high serum concentration in the media is likely causing the microglia 

to be in an already activated state [115]. Conversely, culture conditions for neurons and astrocytes 

are similar, these co-cultures can be studied over extended time scales, and are a well-

established method of studying neuroinflammation in vitro [116–120]. However, none of the 

aforementioned co-culture models are able to capture the important interplay between neurons, 

astrocytes, and microglia. 

An alternative to the use of dissociated cells is the use of organotypic slice cultures, which 

maintain the three-dimensional architecture and cellular composition of the native tissue. These 

models are often considered the “gold standard” for modeling the CNS in culture [121], however 

they also present some specific drawbacks when studying neuroinflammation. In particular, the 

trauma caused by preparation of the organotypic culture leads to neuron degeneration and 

activation both astrocytes and microglia [122–124]. Additionally, astrocytes migrate to the edge 

of the organotypic culture and form a glial-scar like layer that encases the slice [122,124–126]. 

This encapsulation inhibits the diffusion of neuroinflammatory treatments added to the culture and 

makes determining the true response of the slice culture to the stimuli more difficult. In addition, 

organotypic slice cultures require specialized culture setups that make them difficult to incorporate 

into organ-on-a-chip devices. 

Therefore, there is a need for new cell culture models on neuroinflammation that can be 

incorporated in the organ-on-a-chip devices that are also capable of capturing the important 

cellular communication of neurons, astrocytes, and microglia required to recapitulate the in vivo 

neuroinflammatory response.  
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1.4 Dissertation Objectives 

The overall goal of this dissertation is to develop the foundation for an organ-on-a-chip 

system that is capable of modeling the complex neuroinflammatory conditions found in vivo, with 

a particular focus on how neuroinflammatory and neurodegenerative disease state are able to 

propagate to different regions of the brain. This organ-on-a-chip system must be able to capture 

enough of the structural architecture and direct cell to cell communication to faithfully mimic the 

more intricate aspects of neuroinflammation while still enabling researchers to use of highly 

directed cellular and molecular level experiments to gain a better understanding of the underlying 

mechanisms. This goal is accomplished through the following objectives: 

 

1: Engineer and fabricate an organ-on-a-chip device that can capture the cellular 

architecture to model the propagation of neuroinflammation to anatomically remote but 

synaptically connected regions of the CNS.  

 The goal of this objective was to develop a microfluidic platform that was capable of 

effectively maintaining two neural cultures that are chemically isolated but synaptically connected. 

The microfluidic platform is based on the compartmentalized neural culture devices first 

developed by Taylor et al [127], but theoretical, computational, and experimental methods were 

used to determine the optimal microchannel geometry to extend the capabilities of these devices 

for the long-term study of synaptically-connected neural populations. Reducing microchannel 

height to ~1.5 µm proved to be a simple and effective method to dramatically improve both the 

fluidic isolation and cellular confinement of these devices, thereby making these devices an 

effective platform for studying the propagation of neuroinflammation. Additionally, robust 

extracellular electrophysiological signals were recorded from axons connecting the two cell 

populations for 60 days in vitro using an integrated surface-patterned microelectrode array (MEA), 

further extending the capabilities of this style of device (Chapter 3).  
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2: Develop and characterize an enhanced cell culture model to study neuroinflammation 

that can be incorporated into organ-on-a-chip platforms. 

 The goal of this objective was to develop and characterize an enhanced cell culture model 

of neuroinflammation that not only could capture the cellular crosstalk between neurons, 

astrocytes, and microglia that is required to faithfully mimic the in vivo neuroinflammatory 

response, but also be incorporated efficiently into complex organ-on-a-chip devices. This was 

accomplished by combining a well characterized neuron-astrocyte co-culture medium [120] with 

additional factors that have been shown to support isolated microglia survival in culture [115]. This 

new serum-free culture medium was capable of supporting a healthy population of neurons, 

astrocytes, and microglia. Additionally, this “tri-culture” more faithfully mimics the in vivo 

neuroinflammatory response to a variety of neuroinflammatory stimuli as compared to the more 

common neuron-astrocyte co-culture model of neuroinflammation (Chapter 4). As this tri-culture 

is established and maintained simply through the use of the specifically designed culture medium, 

it is particularly amenable to high-throughput experiments and integration into more complex 

culture platforms and extracellular recording systems for studying a wide range of neurological 

diseases, and these capabilities are highlighted in Chapters 5 & 6.  
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Chapter 2: Methodology 

2.1 Culture Media Preparation 

Base media (plating medium and co-culture medium) were prepared as previously 

described [120]. Briefly, plating medium consisted of Neurobasal A culture medium supplemented 

with 2% B27 supplement, 1x GlutaMAX, 10% heat-inactivated horse serum, and 20 mM HEPES 

at pH 7.5, while the co-culture medium consisted of Neurobasal A culture medium supplemented 

with 2% B27 supplement and 1x GlutaMAX (all from ThermoFisher). The tri-culture medium 

consisted of supplementing the co-culture medium with 100 ng/mL mouse IL-34 (R&D Systems), 

2 ng/mL TGF-β (Peprotech), and 1.5 μg/mL ovine wool cholesterol (Avanti Polar Lipids). Due to 

the limited shelf life of IL-34 and TGF-β, the tri-culture medium was made fresh each week. 

2.2 Primary Cortical Culture 

All procedures involving animals were conducted in accordance with the National 

Institutes of Health Guide for the Care and Use of Laboratory Animals following protocols 

approved by the University of California, Davis Institutional Animal Care and Use Committee. 

Timed-pregnant Sprague Dawley rats were purchased from Charles River Laboratory (Hollister, 

CA). All animals were housed in clear plastic shoebox cages containing corn cob bedding under 

constant temperature (22 ± 2 oC) and 12 h light-dark cycle. Food and water were provided ad 

libitum. Primary cortical cultures were prepared from postnatal day 0 rat pups as previously 

described [128]. Neocortices from all pups in the litter were pooled and dissociated and plated at 

a density of 550-650 cells/mm2 on substrates precoated with 0.5 mg/mL of poly-L-lysine (Sigma) 

in B-buffer (3.1 mg/mL boric acid and 4.75 mg/mL borax, Sigma) for 4 h at 37oC and 5% CO2 then 

washed with sterile deionized (DI) water and covered with plating medium. Primary cortical cells 

were plated in plating medium and allowed to adhere for 4 h before the medium was changed to 

the co- or tri-culture medium. Half-media changes were performed at twice weekly with the 

respective media types. 
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2.3 Microfabrication 

2.3.1 MEA Fabrication 

Custom MEAs were designed to be compatible with a previously described custom rig to 

interface with an RHD2132 Intan amplifier (Intan Technologies) [129]. The MEAs were designed 

with a 4 x 8 array of electrodes (32 total) each with a diameter (Ø) of 20 µm and an interelectrode 

pitch of 130 µm. The electrodes and traces (250 nm-thick Au over a 160 nm-thick Cr adhesion 

layer) were sputter-deposited on borosilicate glass wafers (500 µm thick, University Wafers) and 

patterned using standard lift-off techniques). SiO2 was deposited via PECVD to serve as the 

insulation layer. Finally, the electrode sites were lithographically patterned and opened via a brief 

immersion in buffered oxide etch. Glass cloning cylinders (8 mm x 6 mm inner Ø, Sigma) were 

then fixed over the MEA using sterile vacuum grease (Dow Corning). 

2.3.2 Microfluidic Platform Fabrication 

The fabrication of the microfluidic platforms followed standard soft lithography techniques. 

Briefly, master molds containing the different platform geometries were fabricated by patterning 

two layers of SU-8 (Kayaku Advanced Materials) on a silicon wafer using standard 

photolithography techniques. The first layer defined the interconnecting microchannels and was 

fabricated using SU-8 6005 deposited with different spin rates to achieve a final thickness of 1.5, 

3, or 6 µm. The second layer defined the cell culture chambers and was fabricated using SU-8 

2050 with a final thickness of 75 µm. Following the patterning of the cell culture chamber layer, 

the master molds were hard-baked for 1 h at 250 ºC. All dimensions of the microfluidic platform 

master molds were confirmed using a Bruker Dektak XT profilometer following the hard-bake.    

The master molds were placed in a 100 mm-diameter (Ø) petri dish and premixed (1:10 

w/w curing agent to base) polydimethylsiloxane (PDMS; Slygard 184, Dow Corning) was poured 

over the mold and placed in a vacuum chamber to remove any bubbles. The PDMS was then 

placed on a 90 ºC hotplate for 2.5 h to cure. The PDMS platforms were removed from the master 
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mold and fluidic ports to access the cell culture chambers were opened using a 3 mm Ø biopsy 

punch. PDMS platforms were reversibly bonded to poly-L-lysine (PLL) coated glass coverslips, 

following the aforementioned coating methods, but were air dried following the sterile DI water 

wash. To produce reversibly bonded devices, the PDMS platforms were sterilized with 70% EtOH 

followed by treatment in an air plasma cleaner at 10 W for 2 min. The PDMS platforms were then 

sealed over the PLL coated glass coverslips and glass cloning cylinders were fixed over each of 

the fluidic ports using sterile vacuum grease to form the final device. 

2.3.3 Integrated MEA and Microfluidic Platform Fabrication 

 Compatible MEAs and microfluidic platforms were fabricated following the same 

procedures outlined above. Each MEA contained an array of 8 microelectrodes in each cell culture 

chamber, and an array of 16 microelectrodes placed under the microchannels, with 

microelectrodes having a surface area of 400 µm2. To form the final integrated microfluidic device, 

the MEAs were treated with air plasma to be permanently bonded to the corresponding “MEA” 

style microfluidic platform. Both the MEA and PDMS platforms were sterilized with 70% EtOH and 

the surfaces were activated with air plasma at 30 W for 2 min. The MEA was then covered with 

70% EtOH and the PDMS platform was placed over the MEA and aligned under a microscope. 

The aligned device was placed in a vacuum chamber for 1 h to remove the EtOH solution and 

permanently bond the MEA and PDMS platform. The bonded devices were then treated with air 

plasma at 30 W for 10 min to make the surfaces hydrophilic and glass cloning cylinders were fixed 

over the fluidic ports. Finally, PLL solution was added to the device and incubated for 4 h and 

washed with sterile DI water to coat the interior surfaces of the device. 

2.4 Neuroinflammatory Challenges 

 To simulate bacterial infection, cultures were challenged with LPS (3.0 × 106 EU/mg; 

Sigma) that was reconstituted in sterile Dulbecco’s phosphate-buffered saline solution (DPBS) 

with calcium and magnesium (DPBS+; Sigma) as a stock solution of 1 mg/mL and stored at −20 
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°C. Following the DIV 7 media change, each well was spiked with LPS solution to a final 

concentration of 5 µg/mL or an equal volume of sterile DPBS+ as vehicle control. 

 To simulate mechanical injury, a scratch was made in the cultures following the DIV 7 

media change. A cross (~ 200–300 μm wide) was scratched in the center of each well using a 

sterile 200 μL micropipette tip. 

 Excitotoxicity was triggered by adding varying concentrations of glutamate to the cultures. 

Prior to each experiment, a fresh 50 mM solution of L-glutamic acid (Sigma) in DPBS+ was 

prepared. This 50 mM solution of L-glutamic acid was diluted with sterile DPBS+ to 100 × stocks. 

At DIV 7, half of the medium was removed from each well and stored at 37 °C. The glutamate 

solutions were diluted 1:100 directly into the cultures; vehicle controls received an equal volume 

of sterile DPBS+. Glutamate-exposed cultures were incubated at 37 °C for 1 h. For co-cultures, 

the media collected from the cultures prior to the addition of glutamate was combined with an 

equal volume of tri-culture medium that had twice the concentration of supplemental factors (4 

ng/mL TGF-β, 200 ng/mL IL-34, and 3 μg/mL cholesterol) to create a tri-culture medium that 

contained any secreted factors from the co-culture, while the stored tri-culture media was 

combined with an equal volume of standard tri-culture medium. Following 1 h incubation, the 

medium from each well was completely removed and quickly replaced with the appropriate 

medium type for the culture condition. 

 To demonstrate the capability of the tri-culture as a high-throughput screening platform, 

we challenged the culture to a suite of nine TLR agonists. The TLR agonists used were as follows 

(all purchased from InvivoGen): Pam3CSK4 (TLR1/2 agonist), heat-killed Listeria monocytogenes 

(HKLM, TLR2 agonist), Poly(I:C) both high molecular weight (HMW) and low molecular weight 

(LMW, TLR3 agonist), lipopolysaccharide (LPS, TLR4 agonist), flagellin from Salmonella 

typhimurium (FLA-ST, TLR5 agonist), FSL1 (TLR6/2 agonist), R848 (Resiquimod, TLR7/8 

agonist), and ODN1826 (TLR9 agonist). Prior to use, all ligands were reconstituted in sterile DI 

water at 200x (the maximum working concentration) and stored at -20ºC. To spike the cultures, 
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at DIV 7 half the medium was removed from each well and replaced with an equal volume of 

medium that contained a 2x working concentration of a TLR agonist or an equal volume (~1/200 

of the medium volume) of sterile DI water to act as the vehicle control. The cultures were then 

maintained for 48 h. 

2.5 Immunostaining 

At the conclusion of the experiment, the cell cultures were washed 3 times with 37 ºC DPBS+ and 

fixed using 4% w/v paraformaldehyde (PFA; Affymetrix) in PBS for 2.5 h. Fixed cells were washed 

twice with 0.05% v/v Tween20 (Sigma) solution in DPBS+, followed by a 3 min permeabilization 

with 0.1% v/v Triton X-100 (ThermoFisher) solution in DPBS+ and two additional washes with 

Tween20 solution. Samples were blocked with a solution of 0.5% v/v heat-inactivated goat serum 

(ThermoFisher) and 0.3 M glycine (Sigma) in DPBS+ (blocking buffer) for 1 h. Following the 

blocking step, samples were incubated for 1 h in primary antibody solution containing a 

combination of the following antibodies: mouse anti-βIII tubulin (ThermoFisher), rabbit anti-GFAP 

(ThermoFisher), chicken anti-Iba1 (Abcam), mouse anti-PSD-95 (ThermoFisher), rabbit anti-

VGlut1 (ThermoFisher), and chicken anti-MAP2 (Abcam) in blocking buffer. Samples were then 

washed 3 times with Tween20 solution before a 1 h incubation with secondary antibody solution 

containing a combination of goat anti-mouse antibodies conjugated to AlexaFluor 647 

(ThermoFisher), goat anti-rabbit antibodies conjugated to AlexaFluor 488 (ThermoFisher), and 

goat anti-chicken antibodies conjugated to AlexaFluor 555 (ThermoFisher). Following incubation 

with secondary antibody solution, the samples were washed 3 times with DPBS+. Lastly, samples 

were incubated for 5 min with a 4’,6-diamidino-2-phenylindole (DAPI) solution (Sigma) to stain 

cell nuclei, followed by an additional Tween20 solution wash before mounting them onto glass 

slides using ProLong Gold Antifade Mountant (ThermoFisher). 
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2.6 Methods to Quantify Neuroinflammation in Culture 

2.6.1 Morphological Analysis 

 For morphological analysis, cultures were fixed with 4% w/v PFA solution and stained as 

described above. All sample images were acquired with a Zeiss Observer D1 inverted 

fluorescence microscope at 100x or 200x magnification and analyzed using ImageJ. The cell 

number/mm2 of different cell types was determined by manually counting the number of nuclei 

that were co-localized with β-III tubulin (neurons), GFAP (astrocytes), or Iba1 (microglia) from the 

100x magnification images. The average astrocyte/microglia areas were determined by manually 

tracing the outline of astrocytes/microglia from 200x magnification images and determining the 

area inside the trace. Percent area coverage of neurons or astrocytes was determined through 

the use of the Huang auto-thresholding method on the β-III tubulin (neuron) or GFAP (astrocyte) 

channel. A minimum of three predetermined fields were analyzed per well to account for variability 

within the individual cultures, and when determining average astrocyte/microglia areas at least 

two cells were quantified per field of view.  

2.6.2 Apoptosis Assay 

 Triggered irreversible apoptosis was quantified using the Caspase-Glo® 3/7 Assay 

System (Promega) according to the manufacturer’s protocol. Luminescence was measured using 

a H1 hybrid microplate reader (BioTek Instruments). 

2.6.3 Calcium Imaging 

Prior to imaging, tri- and co-cultures were loaded with cell-permeant Fluo-4 AM calcium 

indicator (Thermo- Fisher) following the manufacturer’s protocol. To determine the effect of 

glutamate on calcium fluxes in the tri- and co-cultures, each culture type was spiked with varying 

concentrations of L-glutamic acid (Sigma) in DPBS+ or an equal volume of DPBS+. For each well, 

prior to the addition of the glutamate solution, a fluorescence image at 200x magnification was 

taken, after which the shutter to the light source was closed, and the glutamate solution was 
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added to the well. Following a 2- min incubation in the glutamate solution, a second fluorescence 

image was taken over the same field-of-view with the same exposure time and was used to 

compare the change in fluorescence intensity following the addition of glutamate. 

2.6.4 Cytokine Profile 

Following the DIV 7 media change, co- or tri-cultures were incubated with 5 μg/mL LPS or 

vehicle control for 48 h. Following incubation, the conditioned media was spun down to remove 

any cells, and the supernatant containing the conditioned media was stored at -80 °C until 

analyzed. The proteome profile was determined using a Proteome Profiler Rat XL Cytokine Array 

(Bio- Techne) in conjugation with the IRDye® 800CW (Bio- Techne) for use with the LI-COR 

Odyssey® Imaging System. Relative concentrations of each cytokine in conditioned media were 

determined using ImageJ to compare the total pixel intensity from each spot. Hierarchical cluster 

analysis was performed using the MATLAB (2019a) bioinformatics toolbox. 

2.6.5 Live/Dead and Apoptosis Analysis 

Following the 48 h exposure to TLR agonists, each well was incubated with both Hoechst 

33342 (ThermoFisher) and propidium iodide (ThermoFisher) both directly added to the medium 

to yield working concentrations of 1 µg/mL and 1 µM respectively, and incubated for 20 min at 

room temperature. Late stage apoptotic cells were quantified via annexin V staining using the 

ab176749 Apoptosis/Necrosis Assay Kit (Abcam) according to the manufacturer’s protocol. All 

sample images were acquired with a Zeiss Observer D1 inverted epi-fluorescence microscope at 

100x or 200x magnification and analyzed using ImageJ. The number of live/dead cells and 

percent area positive for annexin V staining were quantified using custom ImageJ macros 

provided in the Appendix. 

2.7 Synaptic Puncta Quantification 

 To quantify synaptic puncta density cultures were fixed with 4% w/v/ PFA solution as 

immunostained as described above. All sample images were acquired using a Leica TCS SP8 
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STED 3X microscope with a 63x/1.4 oil immersion objective. The images were thresholded to 

determine the number of excitatory pre-synaptic puncta (VGlut1) and post-synaptic puncta (PSD-

95), and the number of mature synapses were quantified by determining the number of co-

localized puncta. These values were then correlated with dendrite length to determine the number 

of puncta or mature synapses per 100 µm of dendrite length. Five predetermined fields were 

analyzed per well to account for variability within the individual cultures. 

2.8 Electrophysiological Recording and Analysis 

For electrophysiology measurements, the devices were placed on a custom-built rig and 

maintained at 37 ºC and 5% CO2 during the recordings. Recordings were performed at a sampling 

frequency of 30 kHz using an RHD2132 Intan amplifier (Intan Technologies). Half-media changes 

were performed 24 h prior to each recording except for LPS treated conditions, in which the half-

media change was performed 24 h prior to the baseline measurement. 

 Feature extraction from the recordings was done using Offline Sorter and NeuroExplorer 

(Plexon). Spikes were detected following a filtering (300 Hz high pass) using a threshold of ±8x 

standard deviation of the noise. Channels that showed less than 10 spikes per 10 min recording 

were discarded from the analysis. The number of active electrodes for each array was determined 

as the number of electrodes with at least 10 spikes detected during the 10 min recording. Overall 

synchrony of the active electrodes within each device was determined using the SPIKE-distance 

methodology [130] using the PySpike Python package [131]. Bursts were classified using the max 

interval method in NeuroExplorer using previously defined parameters [132,133]. Briefly these 

parameters were; (i) maximum initial inter-spike interval (ISI) of 0.1 s, (ii) maximum end ISI of 0.25 

s, (iii) minimum inter-burst interval of 0.5 s, (iv) minimum burst duration of 0.05 s, and (v) minimum 

number of spikes in bursts of 6 spikes, and were used to determine the percentage of spikes in 

bursts, average burst duration, and average ISI within bursts at a per electrode basis. Spike 
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frequency and burst features were determined on a per electrode basis, but statistical analysis 

was performed on a per device basis by taking the overall mean from the active electrodes. 

 To determine the average peak-trough duration we first sorted the threshold spikes using 

the valley-seeking algorithm in OfflineSorter (Plexon) with a Parzen multiplier of 2.0. Due to the 

relatively large distance between the electrodes and low seeding density, nearly every electrode 

only displayed one cluster, however on occasion two duplicate clusters were found due to the use 

of dual thresholds during spike detection (±8σ). As these two clusters clearly belonged to the 

same group, one cluster was disregarded from the analysis. The average peak-trough duration 

of each cluster was then calculated via OfflineSorter.  

2.9 Statistical Analysis 

 When comparing the response of the tri- and co-cultures to different treatments, a two-

way ANOVA was used. If the interaction was determined not significant (p < 0.05), then the 

analysis of the main effects was used to compare the two treatments. If a significant interaction 

was found, analysis of the simple main effects was conducted via a post hoc Tukey test or Holm-

Bonferroni method. A one-way ANOVA test was used when comparing multiple groups against a 

single treatment, and differences between groups were identified by a post hoc Tukey test or 

Dunnett’s test. A two-tailed Student’s t-test assuming unequal variances was used when only two 

groups were analyzed. 

To compare change in the different spike features based on culture type or condition, each 

data set was fitted using a linear mixed effects model (treating the individual devices as a random 

effect) with a b-spline basis to account for the overall shape of the plots. We then compared the 

estimated marginal means from the fitted curves at each timepoint or pre-determined timepoints 

and adjusted for multiple comparisons using the Holm-Bonferroni or Tukey’s method. In all cases 

a p-value < 0.05 was considered significant. All statistical analyses were performed in R or 

MATLAB. 
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Chapter 3: Influence of Microchannel Geometry on Microfluidic Device 

Performance for Long-Term Studies of Connected Neural Populations 

The central nervous system (CNS) is extremely complex, with each neuron 

communicating with hundreds to thousands of other neurons via synaptic connections [134]. In 

addition, glial cells are in constant contact with neurons, and any disruption or dysregulation within 

this highly interconnected system can lead to disease states. This high complexity and 

interconnectivity has led to disproportionally high failure rates of late phase clinical trials targeting 

neurological disorders [135]. One common approach to overcome this challenge has been the 

development of organ-on-a-chip models with electrophysiological read-out capabilities [136], 

which can be used to gain a better understanding of specific cellular and molecular mechanisms 

behind many neurological and neurodegenerative diseases. These models aim to reduce the 

complexity of the system as compared to in vivo models, while still maintaining many of the critical 

characteristics of the in vivo microenvironment (e.g., presence of relevant glial cells, mature 

neuronal networks, and distinct neural populations), and thereby allow researchers to conduct 

highly directed cellular level experiments with increased physiological relevance. 

 One popular example of an organ-on-a-chip model to study the CNS was first described 

by Taylor et al [90], and involves the use of polydimethylsiloxane (PDMS) based microfluidic 

culture platforms to physically separate the cell bodies of neurons and their axons. These culture 

platforms consist of two large cell culture chambers (which house the cell somas) and are 

connected by an array of microchannels that, due to their reduced height, only allow neurites to 

pass through. Additionally, fluidic isolation of one chamber (primary) can be achieved by 

increasing the volume of media in the opposing chamber (secondary), thereby driving a 

hydrostatic pressure driven flow through the microchannels counteracting any diffusion from the 

primary chamber to the secondary chamber. These devices were initially used to study isolated 

axons, along with their growth and regeneration following injury [127]. Researchers have 
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subsequently adapted the original design for use in myriads of other studies including the 

formation of directional neural networks [91–93], investigating the transport and propagation of 

neurodegenerative disease related proteins [137–142], studying the spread of glutamate-induced 

ecotoxicity [143], and the innervation of non-neuronal cell cultures [144,145]. While many great 

insights have been gained from these studies, the fundamental design of the platform - in 

particular the geometry interconnecting microchannel array - has largely been unchanged and 

may not be suitable for every application, especially for chronic studies that are necessary for 

recapitulating mature neuronal networks.  

In this chapter we investigate the influence of microchannel geometry on device 

performance particularly in the context of long-term studies (1+ month) of synaptically-connected 

yet fluidically-isolated neural populations. Compared to acute studies, maintaining fluidic isolation 

becomes much more challenging as the fluid flow through the microchannels that counteracts 

diffusion is no longer negligible and may significantly alter the concentration of effector molecules. 

Additionally, for long-term studies, the inclusion of glial cells in the neuronal culture has been 

shown to improve the overall health of the culture and neuron function [132,146]. Of the different 

glial cells that are included in these mixed cultures, astrocytes, which contain fine processes with 

similar diameters to axons [147], are able to extend processes a significant distance into the 

microchannels, which may confound experimental results. Here, we cultured primary rat cortical 

neurons and astrocytes in microfluidic culture platforms with varying microchannel dimensions to 

systematically compare the influence of microchannel dimensions and initial seeding densities, 

on the fluidic properties of the platform and the ability for neurons, astrocytes, and nuclei to enter 

and cross through the microchannels. In addition, we study the influence of microchannel 

geometry on the electrophysiological recording fidelity. We demonstrate that microchannel height 

has an outstanding impact on the fluidic properties of the platform, while the seeding density can 

be used to adjust the number of astrocyte processes entering the microchannels. Using this 

information, we designed platforms that enable chronic studies, and demonstrate that neural 
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activity can be recorded from these platforms (from electrodes placed under the cell culture 

chambers and microchannels) for at least 59 days in vitro (DIV) with more than an order of 

magnitude enhancement in signal-to-noise ratio in microchannels and significantly higher number 

of active electrodes. This study demonstrates the importance that small changes in microchannel 

dimensions can have on the overall performance of commonly-used microfluidic neural cell 

culture platforms and concludes with considerations for designing similar organ-on-a-chip devices 

for long-term neural culture and electrophysiology.   

3.1 Meta-Analysis of Reported Microchannel Geometries in Compartmentalized Neural 

Culture Devices 

We performed a meta-analysis of over 200 unique research articles using similar organ-

on-a-chip devices and found that ~70% articles used devices with geometries identical to the 

original devices described by Taylor et al [90,127], irrespective of cell type (CNS vs PNS), 

presence of glial cells, and experimental objective (Figure 3.1). Additionally, for the studies that 

used microchannels with different dimensions, nearly all of them used devices with larger 

microchannels, and in general there was limited discussion regarding the change over the 

common microchannel dimension. In the original device, the microchannels were 3 µm x 8-10 µm 

(height x width), with lengths ranging from 150-900 µm [90,127]. The small height of the 

microchannels was largely effective at preventing the soma of the neurons (with average 

diameter’s ranging from 7-58 µm) [148] from entering the microchannels, while allowing axons 

and dendrites (with  diameters ranging 0.2-2.2 µm) [148,149] to easily enter and cross through 

the channels. The range of lengths were used to differentiate axons from dendrites, as it was 

noted that dendrites were unable to fully pass through microchannels greater than 450 µm in 

length [127]. Taken together, the meta-analysis suggests that the majority of researchers use the 

original device dimensions, and the reasons for using a specific channel dimensions are rarely 

discussed, even though these dimensions likely play a significant role in the device function. 
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Figure 3.1:  Analysis of different microchannel dimensions reported in publications using “axon 
compartmentalization” style microfluidic devices. Most common microchannel dimensions were 3 µm x 8 
µm x 450 µm (H x W x L), which are the original dimensions reported by Taylor et al. and are the dimensions 
of commercially available devices (Xona Microfluidics), with ~70% of all studies use microchannel 
dimensions of 3 µm x 8 µm x 450-1000 µm. The bottom-right plot illustrates the percentage of the cited 
papers that use the same original dimensions or different dimensions than the original. (A full list of 
references used to generate this data can be found in Appendix I). 

 

3.2 Microfluidic Platform Designs 

 Multiple microfluidic devices with varying microchannel dimensions were designed in order 

to assess the influence of microchannel geometry on different properties of the device (Figure 

3.1). “Array” style devices were designed to investigate the cellular response to different 

microchannel geometries. Each array device contained 4, 25 microchannel arrays with widths of 

2, 5, 10, and 15 µm. Additionally, these devices were designed with microchannel lengths of 500, 

1000, and 1500 µm and heights of 1.5, 3, and 6 µm. “Full” style devices were used to determine 
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the influence of microchannel geometries (of a single channel width per device) on the fluidic 

properties of the devices. These devices each had 101 microchannels with dimensions of 10 µm 

x 1000 µm x 1.5 or 6 µm (width x length x height). Finally, “MEA” style devices contained an array 

of 25 microchannels with dimensions of 5 or 10 µm x 1000 µm x 1.5 µm (width x length x height), 

which were bonded over custom microelectrode arrays (MEAs) designed for integration into the 

microchannel devices. All these devices were fabricated following the methods outlined in the 

previous chapter.  

 

Figure 3.2: Examples of different microfluidic platforms used in this study. (a) 3D renderings of the three 
styles of microfluidic platforms. The microchannels are shown in red with dimensions of 1.5-6 µm x 2-15 
µm x 500-1500 µm (height x width x length) depending on the design. The cell culture chambers are shown 
in blue with a height of 75 µm. The fluidic access ports are shown in green and created via biopsy punch 
(3 mm Ø) over which glass cloning cylinders (6 mm Ø, 8 mm height) were affixed to increase the overall 
media volume capacity. (b) An example of a fully assembled device with affixed cloning cylinders. (c) An 
example of an “MEA” style device with the integrated MEA. 
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3.3 Influence of Microchannel Height on the Stability of Soluble Factor Concentrations in 

the Chambers 

 Initial studies using microfluidic devices with microchannel geometries as described in 

literature revealed significant limitations in translating these compartmentalized neural culture 

devices for chronic studies of connected neural populations. In particular, we discovered that we 

were unable to induce a neuroinflammatory or cytotoxic response in the treatment chamber even 

when using extreme treatments such as 100 µM glutamate (Figure 3.3). As this effect was 

observed across a number of different neuroinflammatory and cytotoxic treatments, we 

hypothesized that fluid flow between the cell culture chambers required to counteract diffusion 

and maintain the fluidic isolation of the treatment chamber may be significantly altering the 

concentrations of the added neuroinflammatory and cytotoxic stimuli. While many papers using 

these devices highlight and employ the fluidic isolation capabilities of these devices, the volume 

of fluid flow between the cell culture chambers less studied. Additionally, these devices were 

originally designed for acute studies (minutes to hours), and therefore the impact of the fluid flow 

between the chambers at longer timescales (days to weeks) may not have been considered in 

the original design.  
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Figure 3.3: Example images of the impact of 100 µM glutamate treatment on a primary cortical culture for 
48 h in the microfluidic device (left) and in a standard multi-well plate. The cultures were immunostained for 
neurons – anti-βIII-tubulin (red) and astrocytes – anti-GFAP (green) and the general nuclear stain DAPI 
(blue). 
 

3.3.1 Theoretical and Computational Modeling 

 In order to determine the effect of altering microchannel geometry on the fluid flow through 

the microchannels, we estimated the volumetric flow rate through the microchannels using 

analytical and computational models.  

 Analytical modeling of the fluidic properties of the devices was done using previously 

described electrical circuit analogies, treating the interconnecting microchannels as resistors and 

the open wells containing media as capacitors [150]. The dimensions of the model were the same 

as the “full” device with 101 microchannels with widths of 10 µm and lengths of 1000 µm. Figure 

3.4 shows the circuit diagram of the electrical circuit analogy of the microfluidic device with the 

four wells modeled as capacitors (C1-C4) and the interconnecting microchannels modeled as 

resistors (MC1-MC101). An initial volume differential of 150 µL per cell chamber (75 µL per well) 

was used to drive the hydrostatic pressure-induced flow, which amounted to a height differential 

of ~2.65 mm using the 6 mm inner Ø of the cloning cylinders. 
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Figure 3.4: Electric circuit analogy used to estimate the fluid flow through the microchannels. 

 

The change in volume between the chambers over time can be found using the following 

equation 

𝑉(𝑡) =
∆𝑉

2
(1 − 𝑒−

2𝑡
𝑅𝐶) 

Where ΔV is the initial volume differential between the chamber, R is the hydraulic resistance 

through the microchannels, and C is the “capacitance” of the wells. The hydraulic resistance 

through rectangular microchannels can be estimated using the following equation 

𝑅𝐻 =
12𝜇𝐿

𝑤ℎ3 (1 − 0.630 [
ℎ
𝑤])

 

Where w, L, and h are the width, length, and height of the microchannel respectively, and µ is the 

dynamic viscosity. C is defined as the change in stored volumetric flow rate due to change in 

pressure and can be calculated for an open well as  

𝐶 =  
∆𝑉

∆𝑃
∝ 𝐴𝑟𝑒𝑎𝑊𝑒𝑙𝑙 
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 Computational modeling was done in COMSOL Multiphysics 5.5 solving for the Navier-

Stokes equations to model the pressure driven flow through the microchannels in a full 3D model 

of the “full” device with the following geometry: Chamber height: 75 µm, Channel length: 1000 

µm, Channel width: 10 µm, Channel height: variable, 101 channels (Figure 3.5). The boundary 

conditions were set as follows: Inflow (Blue) with a set pressure equal to the volume differential 

of 150 µL per chamber (75 µL per well), Outflow (opposing “openings”), No Flux (all other 

surfaces). The model was solved for steady state, and the volumetric flow rate was determined 

by taking the average velocity at the outflow multiplied by the surface area of the outflow 

boundaries.  

 

Figure 3.5: 3D geometry of the COMSOL model. 

 

 Using these models, we determined that of the three microchannel dimensions, 

microchannel height had the largest influence on the estimated fluid flow. This is largely due to 

the cubic relationship between the height of a rectangular microchannel and its hydraulic 
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resistance. Figure 3.6 shows the estimated volumetric flow rate through “full” style devices (10 

µm width x 1000 µm length, with 101 microchannels) with varying heights and an initial volume 

differential of 75 µL per well or ~2.65 mm difference in height. When the microchannel height 

was increased to 5 µm, ~18 µL flowed between the chambers within only 24 h. While this 

volume appears negligible, the volume of each cell culture chamber of the full device is ~2.45 

µL, resulting in the entire volume of the cell culture chamber being overturned every ~3.25 

hours. Additionally, the results from the electric circuit analogy and 3D COMSOL model show 

good agreement with each other, and the higher values estimated by the COMSOL model can 

be attributed to the fact that the COMSOL model was solved for steady-state, and thus the 

pressure between the chambers did not decrease with the change in volume differential. The 

results from these models suggest that reducing the heigh of the microchannel may be a 

promising method to improve the fluidic properties of this style of organ-on-a-chip devices for 

long-term studies of connected neural populations 

 

Figure 3.6: Estimated volumetric flow rate for the first 24 h given by electrical circuit analogy or 3D 
computational model (COMSOL). 
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3.3.2 Experimental Confirmation 

 In order to experimentally confirm the results from the electric circuit analog and 

computational model, that is, whether dilution of the treatment chamber soluble factors is 

significant due to the media flow, we seeded primary cortical cells at a density of 3 x 106 cells/mL 

in both cell culture chamber of “full” style devices with microchannel heights of 1.5 µm and 6 µm. 

After allowing the cells to adhere, 150 µL of GM was added to each well connected to the 

“secondary” chamber, while 75 µL GM with 50 µM cytosine arabinoside (AraC) was added to each 

well connected to the “treatment” chamber. The devices were maintained for 48 h with no media 

changes, after which they were fixed and immunostained. At this concentration AraC acts as a 

neurotoxic factor [151], and thus we would expect to see significant neuron death in the treatment 

chambers. As expected, we observed significant neural death in the treatment chamber of 

microfluidic platforms with microchannel heights of 1.5 µm, however we did not see any neural 

death in the treatment chambers of the devices with microchannel heights of 6 µm (Figure 3.7a). 

In order to quantify neuronal cell viability, we compared the percent area of each field-of-view 

stained for β-III tubulin with a circularity less than 0.2 using ImageJ (Figure 3.7b). The circularity 

cutoff was used to eliminate the contribution of cell debris from apoptotic/necrotic neurons, which 

still stained for β-III tubulin, but lacked long cellular processes, and therefore had high circularity 

values. A two-way ANOVA indicated a significant interaction between chamber (treatment vs. 

secondary) and microchannel height on the percent area covered by neurons (p = 0.0095). 

Analysis of the simple main effects (using Tukey’s method to account for multiple comparisons) 

revealed a significantly reduced percent area coverage of neurons in the treatment chamber as 

compared to the secondary chamber in the devices with a 1.5 µm microchannel height (p = 

0.0057). However, in the devices with 6 µm tall microchannels, we observed no significant 

difference (p = 0.99) in the neuron percent area coverage, indicating that the flow between the 

chambers was enough to “wash-out” the AraC from the treatment chamber preventing the 

neurotoxic effect. Additionally, we did not see a significant difference in the neuron coverage 
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between the control chambers of the different devices (p = 0.85) indicating that reducing 

microchannel height does not negatively influence the fluidic isolation of the treatment chamber.  

 

Figure 3.7: (a) Representative fluorescence images from the different cell culture chambers following 48 h 
exposure to 50 µM AraC in the treatment chamber. The cultures were immunostained for neurons – anti-
βIII-tubulin (red) and astrocytes – anti-GFAP (green) and the general nuclear stain DAPI (blue). (b) 
Quantification of the percent area coverage of neurons with a circularity cutoff of 0.2 to eliminate cellular 
debris (mean ± SEM, n = 3 from two independent dissections). **p < 0.01. 

 

We also observed similar results from established (DIV14) cultures in devices with 1.5 µm 

tall channels, with severe neuronal death isolated to the treatment chamber following a 4 day 

excitotoxic challenge, whereas cultures in devices with 6 µm tall channels show no cell death in 

either chamber (Figure 3.8). These results indicate that reducing the height of the microchannels 

can significantly improve the fluidic properties of these devices, especially during extended 

treatment times. Furthermore, as half-media changes are required every 3-4 days to maintain the 

cultures, it is expected that the robust fluidic isolation observed in the 1.5 µm microchannel height 

devices can be maintained indefinitely, as the volume differential between the chambers can 

naturally be “reset” every 3-4 days. Finally, axonal growth into the channels likely further improves 

the fluidic isolation between the chambers by reducing the effective channel cross-section 

available for fluid flow, thereby increasing the hydraulic resistance.  
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Figure 3.8: Representative fluorescence images from the different cell culture chambers in microfluidic 
platforms with either 1.5 µm tall microchannels (top) or 6 µm tall microchannels (bottom) following a 4-day 
excitotoxic treatment (100 µM glutamate). The cultures were immunostained for neurons – anti-βIII-tubulin 
(red), astrocytes – anti-GFAP (green), microglia – anti-Iba1 (orange), and the general nuclear stain DAPI 
(blue). 

 

3.3.3 Influence of Reducing Volume Differential 

An alternative method to reduce the flow between the chambers during fluidic isolation 

that has been used by some researchers is decreasing the volume difference between the control 

and treatment chambers [142,143]. While this method is effective in reducing the fluid flow by 

reducing the pressure differential, we found that this comes at the expense of fluidic isolation 

(Figure 3.9). We observed a similar reduction in fluid flow between the chambers by reducing the 

hydrostatic pressure differential in devices with 6 µm tall microchannels to ~0.71 mm as compared 

to devices with 1.5 µm tall microchannels with a more standard hydrostatic pressure differential 
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(~2.83 mm). However, we also observed diffusion of dye molecules from the treatment chambers 

within the microchannels of the reduced-volume differential devices. This was not observed in 

devices with 1.5 µm or 6 µm tall microchannels that maintained the more standard hydrostatic 

pressure differential. This suggests that reducing microchannel height as opposed to reducing 

the hydrostatic pressure differential is the better solution to reduce the fluid flow through the 

microchannels when absolute fluidic isolation of the treatment chamber is critically important.  

 

Figure 3.9: Comparing the fluid flow and fluidic isolation of different devices after 3 hours. In these devices 
a volume differential of 20 µL equated to a height differential of ~2.83 mm, while a volume differential of 5 
µL equated to a height differential of ~0.71 mm. (a) For 1.5 µm height devices with a 20 µL volume 
differential we see both good fluidic isolation (negligible diffusive transport) and minimal flow between the 
chambers. (b) For the 6 µm height device and 20 µL volume differential there was good fluidic isolation, but 
significant flow between the chambers. (c) When the volume differential was reduced, the flow between the 
chambers was also reduced, but some of the dye from the isolated chamber (yellow) can be seen diffusing 
into the microchannels. 

 

Ultimately, the results from this section indicate that reducing the height of the 

microchannels in these compartmentalized organ-on-a-chip devices is a simple and effective way 

of reducing the fluid flow between the cell culture chambers while maintaining a high degree of 
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fluidic isolation in the treatment chamber, and thereby significantly improve the fluidic properties 

of these devices for long-term studies of connected neural populations. 

3.4 Cell Culture Response to Changes in Microchannel Geometry 

 Changes in microchannel geometry has the potential not only to influence the fluidic 

properties of the device, but also how the cells interact with the microchannels. In particular, there 

was concern that reducing microchannel height may impede the ability for axons to cross through 

the microchannels. In order to quantify the cellular response to changes in microchannel 

geometry, we compared the response of the primary cortical cells cultured in “array” style devices 

to a number of different variables including microchannel width, length, and height along with the 

initial seeding density. One chamber of the device was seeded with 20 µL of cortical cells at high 

(20 x 106 cells/mL) and low (3 x 106 cells/mL) concentrations. A seeding volume of 20 µL was 

chosen as preliminary studies indicated that higher seeding volumes lead to a more even 

distribution of cells within the chamber, without altering the plating density. Nevertheless, multiple 

designs of each “array” style device were fabricated, in which the order of arrays of microchannels 

were randomly placed along the device to account for any uneven distribution of seeding density. 

The cortical cells in these devices were maintained for 14 DIV, after which they were fixed, and 

the different culture responses were quantified. Four different responses were quantified by 

determining: (i) the number of microchannels with at least 1 axon crossing the entire length of the 

channel, (ii) the number of nuclei that entered or crossed through the microchannels, (iii) the 

number of channels that had at least 1 astrocyte process entering the channel, (iv) the length that 

the astrocyte process extended into the microchannels (Figure 3.10).  
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Figure 3.10: Representative fluorescence image illustrating the different cellular responses to varying 
device parameters. The cultures were immunostained for neurons – anti-βIII-tubulin (red) and astrocytes – 
anti-GFAP (green) and the general nuclear stain DAPI (blue). The responses quantified are as follows: (i) 
the number of microchannels with at least 1 axon crossing the entire length of the channel, (ii) the number 
of nuclei that entered or crossed through the microchannels, (iii) the number of channels that had at least 
1 astrocyte process entering the channel, (iv) the length that the astrocyte process extended into the 
microchannels. Scale bar = 100 µm.  

 

3.4.1 Axon Crossing Microchannels 

One critical parameter determining the functionality of these organ-on-a-chip devices is 

the ability for axons to cross through the microchannels and thereby synaptically connect the two 

neural populations. Our results indicate that for most microchannel geometries, by DIV14 axons 

are able to consistently cross through all available microchannels, especially at higher seeding 

densities (Figure 3.11a). However, we observe a clear reduction in the number of microchannels 

with axon crossings at small channel widths (2 µm) and long channel lengths (1500 µm), which 

is exacerbated at low seeding densities. These observations were confirmed by hierarchical 

regression analysis (Figure 3.12a), which indicates that the most significant variables, in order of 

importance, were seeding density, microchannel width, and microchannel length. Interestingly, 

microchannel height, while still significantly improving the adjusted R2 coefficient of the regression 

model, had the least impact on the ability for axons to cross through the microchannels (Figure 
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3.11a & 3.12a). It has been shown that axons from cortical neurons have heights of less than 1 

µm when cultured on planar surfaces [152], and therefore axons were not physically excluded 

from the microchannels even at the lowest tested height. Additionally, while percentage of 

microchannels with at least one axon crossing did not substantially increase as microchannel 

widths increased above 5 µm, we did observe that microchannels with increased widths had a 

larger number of axons crossing through each individual microchannel.  

3.4.2 Soma confinement in chambers 

 The ability to effectively confine the somas from each cell population to their respective 

chamber is another critical aspect to the effectiveness of these devices. Although the height of 

the most reported microchannel geometries are smaller than the size of neurons and glial cells 

(Figure 3.1), there are a number of reports of showing significant populations of neurons or glial 

cells that pass through similarly designed microchannels [153–156]. We found that microchannel 

height had a significant impact on the soma confinement capabilities of the device (Figure 3.11b) 

and was the most significant factor in explaining the observed variance (Figure 3.12b). 

Additionally, increasing the seeding density ubiquitously increased the number of non-confined 

cells across all conditions, and was the second most important factor identified by hierarchical 

regression analysis (Figure 3.11b & 3.12b). For devices seeded at 20 x 106 cells/mL the average 

number (and ± standard error of the mean) of non-confined cells averaged across all 

microchannel widths and lengths, were 0.25 ± 0.65, 31.78 ± 30.28, and 145.36 ± 161.93 for 

devices with microchannel heights of 1.5, 3, and 6 µm respectively. These values dropped to 0.21 

± 0.44, 4.28 ± 7.29, and 19.29 ± 24.20 when the initial seeding density was reduced to 3 x 106 

cells/mL. Microchannel width and length also played a significant role in determining the 

effectiveness of the cellular confinement of the devices, but their effect was only observed at 

larger channel heights and higher seeding densities (Figure 3.11b & 3.12b).  
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Interestingly, while we initially expected to see similar numbers of cells entering or 

crossing through the microchannels with similar cross-sectional areas (i.e., 5 µm wide x 6 µm tall 

vs 10 µm wide x 3 µm tall), we observe that microchannel height plays a substantially greater role 

in determining if cell nuclei can enter the microchannels. Microchannels with heights of 1.5 µm 

showed a near complete confinement of nuclei within the seeded cell culture chamber, regardless 

of seeding density or other microchannel dimensions. It has been shown that nuclei in cultured 

cells can undergo large deformations in width and length to pass through confined microchannels 

but show a lesser ability to adjust nuclei height [157]. It has also been shown that compressing 

the nuclei of HeLa cells below 3.5 µm leads to nuclear lamina rupture, nuclear blebbing, and 

alterations in gene expression [158]. This suggests that for these devices, reducing microchannel 

heights below 3 µm may be an effective way to ensure near total confinement of cells within their 

seeded chambers. Additionally, we observed that the loss of somal confinement occurred rapidly 

following cell seeding, most likely due to cells flowing into the channels during the initial seeding. 

This observation is supported by comparing the overall ratio of neurons to astrocytes that were 

not confined to the seeded cell chamber. Averaged across all conditions, the ratio of neurons to 

total cells was 0.92 ± 0.08. While it has been shown that small populations of cultured neurons 

can migrate in response to specific stimuli, the large majority of cultured neurons are considered 

non-motile [159,160]. Conversely, astrocytes have been shown to migrate readily even in the 

absence of stimulation [161], and therefore we would expect a higher ratio of non-confined 

astrocytes to neurons if post-seeding migration was dominant. This suggests that cell confinement 

may not be a critical factor if each chamber is seeded with cells from the same initial population, 

however in instances where two distinct cell populations are seeded in opposing chambers, 

reducing microchannel height to prevent cellular cross-contamination is critical. 
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3.4.3 Astrocytes permeating microchannels 

Many studies have demonstrated that culturing neurons with other glial cells can improve 

the overall health of the neuronal cultures especially at later timepoints (> 28 DIV) [132,146,162]. 

Previous studies along with our own preliminary experiments indicated that microglia, mature 

oligodendrocytes (OLs), and oligodendrocyte precursor cells (OPCs) do not interact significantly 

with the microchannels [163–165], however astrocytes are able to extend processes significant 

distances into the microchannels. Therefore, we wanted to quantify the astrocyte response to 

different microchannel geometries. We observed that seeding density was the primary factor in 

determining the percentage of microchannels containing at least one astrocyte process (Figure 

3.11c & 3.12c), accounting for nearly 50% of the variance. As astrocytes account for only ~20% 

of the cells seeded, it is unsurprising that increasing the number of astrocytes close to the 

microchannels has the largest effect. The addition of microchannel width, length, and height to 

the regression model each improves the adjusted R2 value of the model by a statistically 

significant amount (Figure 3.12c), where microchannel height had the least impact on the ability 

for astrocyte processes to enter the channel. Similar to axons, this is most likely due to the fact 

that cultured astrocytes have an average height of less than 1 µm [147], and therefore would 

largely be unaffected by the reduction in channel height. All four parameters significantly 

influenced the length that astrocyte processes extended into the microchannel, but compared to 

the other culture responses, the proportion of the variance explained by these four parameters 

was substantially less (adj R2 for the full model = 0.11) (Figure 3.12d). However, we observed 

that astrocytes were able to extend processes up to ~450 µm into the microchannels with the 

largest cross-sectional areas (6 µm x 15 µm). This suggests that when co-culturing neurons and 

astrocytes together in these devices, microchannel lengths should be a minimum of 1000 µm to 

prevent the formation of astrocyte-astrocyte gap junctions, which may confound experimental 

results that assume only synaptic connectivity between the chambers. 
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Figure 3.11: Quantification of (a) the percentage of microchannels with at least one axon crossing the 
entirety of the channel, (b) The number of non-confined cell bodies (nuclei), (c) the percentage of 
microchannels that contained at least one astrocyte process, and (d) the length that the astrocyte process 
extended into the microchannels to varying device parameters (mean ± SEM, n = 4-8 from two independent 
dissections). For the quantification of astrocyte length, only channels that contained at least one astrocyte 
process were analyzed. A schematic representation of how each response was quantified is shown in the 
right-most column. 
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Figure 3.12: Plots showing the change in the adjusted R2 following the addition of each variable in the 
stepwise linear regression model for (a) the percentage of microchannels with at least one axon crossing 
fully through the microchannel, (b) the number of nuclei not confined to the initial seeding chamber, (c) the 
number of microchannels with at least one astrocyte process in them, and (d) the length that the astrocyte 
process extended into a microchannel. IMP indicates the p-value for the improvement in adjusted R2 due 
to the addition of the respective variable. COEF indicates the coefficient of that variable in the full model 
with all four variables included. *p < 0.05, **p < 0.01, ***p < 0.001. 

 

3.5 Influence of Microchannel Geometry on Electrophysiological Recording Fidelity 

 Extracellular recording from neural cultures seeded onto MEAs in a well format have been 

widely used to study the development of neural circuit activity and responses to various 

pharmaceutical and pathological stimuli [166]. Similarly, MEAs can be integrated into microfluidic 

neural culture devices to record neural activity from synaptically-connected neural populations 

along with the interconnecting axons. While most research in this area has primarily been to 

demonstrate the ability to record large single unit recordings from axons within microchannel 
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[167–169] or study the rate of action potential (AP) propagation along axons [170,171], some 

researchers have begun to study the electrophysiological response of neurons cultured in these 

chambers to compartmentalized treatments [172,173] or develop directional neural networks 

[174,175]. For studying connected neural populations for longer durations (1+ month), it is 

necessary to determine the impact on microchannel geometry on electrophysiological recording 

fidelity. We seeded primary cortical cells at a concentration of 3 x 106 cells/mL and cultured them 

in “MEA” style devices integrated with a 32 channel MEA (16 electrodes were placed under the 

microchannels, and 8 were placed in each chamber) (Figure 3.2c). Based on our previous results, 

we narrowed down the fabricated devices to two microchannel geometries. All microchannels had 

lengths of 1000 µm to prevent astrocyte gap junction formation between the chambers and 

heights of 1.5 µm to minimize cell nuclei entering the chambers and improve fluidic isolation, 

informed by the studies above. The devices contained microchannels with either 5 µm or 10 µm 

channel widths, and the dimensions of the corresponding electrodes were adjusted to ensure a 

400 µm2 exposed electrode area. Additionally, the number of microchannels in the device was 

reduced from 101 to 25 and the surface area of each cell culture chamber was reduced to increase 

the likelihood of neurons attaching close to the chamber electrodes.  

 At DIV 59 the cultures maintained within the devices appeared healthy with robust neural 

processes and non-activated astrocyte morphologies [146] (Figure 3.13a) and showed robust 

neural activity recorded from electrodes in both the chamber (Figure 3.13b) and under the 

microchannels (Figure 3.13c). Initially, the percentage of active electrodes (electrodes recording 

at least 10 spikes during the 10 min recording) increased for all electrode types (electrodes placed 

under 10 µm-wide microchannels, 5 µm-wide microchannels, and within cell culture chambers), 

with almost 100% active channels by DIV 17 for the microchannel electrodes (Figure 3.13d). This 

increased percentage of active electrodes in the microchannels is likely due to the microchannels 

guiding the axons directly over the electrode sites, eliminating the stochastic effect of neuron-

electrode proximity required for electrodes in the chambers. At early (DIV 7) and middle (DIV 21) 
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timepoints when the cultures are maturing and reaching maturity respectively, there is no 

difference between the percentage of active channels in 10 µm and 5 µm wide microchannels (p 

= 0.48 at DIV 7 & p = 0.59 at DIV 21). However, the percentage of active electrodes begin to 

decline at a much more rapid rate for 5 µm-wide microchannel electrodes as compared to 

electrodes under the 10 µm-wide channels, and by DIV 56 we observe a significant difference in 

the percent active electrodes (p < 0.0001). The decline in the number of active channels over time 

is not unexpected as it has been shown that the overall health of primary cortical cultures begins 

to decline around 28-35 DIV [129,132]. We expect that over time the axons in the microchannel 

may begin to deteriorate as the overall health of the neuron declines, and as the 10 µm wide 

microchannels contain more axons, this decrease is less pronounced as recording neural activity 

from only a single healthy axon is required to classify an electrode as active.  

We see a similar relationship between electrode types when comparing changes in spike 

frequency (Figure 3.13e). Once again, for microchannels, there is an initial increase in firing rate 

as the culture matures followed by a decrease as the culture ages. The significant differences in 

estimated marginal means at DIV 21 between the microchannel and chamber electrodes (p < 

0.0001 for both 5 µm and 10 µm microchannels) can be attributed to recording from multiple axons 

within the microchannels. This also supports previous studies that show the AP from one axon 

within a microchannel does not depolarize other axons within the microchannel [168,170]. Unlike 

the number of active channels, there was no difference in firing rate between the 5 µm and 10 

µm-wide microchannels at DIV 56 (p = 0.32). This difference can partially be attributed to the fact 

that non-active channels were excluded from the spike frequency analysis, and therefore 

contributions from rapidly degrading axons were not included in the analysis. Unlike the 

recordings from the microchannels, the firing rate of neurons in the chamber was relatively stable 

following the initial rise as the culture matured. This indicates that the neurons in the culture 

chambers may remain relatively healthy, but over time a portion of the axons within the 

microchannels begin the degrade. 
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We report significant increases in SNR (Figure 3.13f) and noise (Figure 3.13g) from 

electrodes within the microchannels as compared to those in the cell culture chambers. This is in 

line with previous reports showing increased SNR and noise floors from electrodes placed within 

microchannels [168–170]. The increase in noise can largely be attributed to the increase in 

electrode impedance due to the added electrical resistance along the length of the microchannel 

[168]. Similarly the increased resistance in the microchannel due to the spatial confinement leads 

to an increase in the spike amplitude [169]. Additionally, large numbers of neurites and astrocytes 

can block both sides of the microchannels essentially creating a high-resistance seal, which can 

dramatically increase the spike amplitude and lead to the much larger SNR seen in the 

microchannels (with a roughly order of magnitude difference at DIV 21) [169]. Interestingly, we 

saw a decrease in SNR over time in the 5 µm microchannels that was not observed in the 10 µm 

microchannels. As the microchannel geometries do not change over the course of the experiment, 

this may be attributed to a loss of the high-resistance seal in the 5 µm microchannels. 
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Figure 3.13: (a) Representative fluorescence image of cortical cells cultured in the “MEA” style device for 
59 DIV. The cultures were immunostained for neurons – anti-βIII-tubulin (red) and astrocytes – anti-GFAP 
(green) and the general nuclear stain DAPI (blue). Representative recordings taken at DIV 59 from an 
electrode placed (b) within the cell culture chamber and (c) under a microchannel. Comparisons of the (d) 
percent active channels, (e) spike frequency, (f) SNR, and (g) RMS noise from electrodes placed under 10 
µm wide microchannels (red), 5 µm wide microchannels (blue), and within the cell culture chambers (black). 
The solid lines show the fitted linear mixed effects model (treating the individual devices as a random effect) 
with a b-spline basis. The shaded regions are the 95% confidence interval. The tables show the p-values 
comparing the estimated marginal means of the fitted curves at pre-determined timepoints. (n = 5, from two 
independent dissections). **p < 0.01, ***p < 0.001. 
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We also compared a number of different electrophysiological features (percentage of 

spikes in bursts, within burst ISI, and burst duration) to assess culture maturation and stability 

over time (Figure 3.14a-c). As expected, we see an increase in the percentage of spikes in bursts 

across all electrode types as the cultures mature. Additionally, over time we see a similar change 

in the percent of spikes in bursts as with the firing rate. Within microchannels, the percentage of 

spikes in bursts begins to decrease, presumably as some axons within the microchannels begin 

to degrade. In contrast, within the chamber, the values remain relatively constants, again 

suggesting that the neurons in the culture chambers remain healthy over the extended culture 

times. We also observe minimal changes over time for the within-burst ISI and burst duration, 

which also suggests that the cultures are healthy over the 59 DIV.  

Finally, we compared the overall synchrony in devices with 5 µm and 10 µm-wide channels 

to assess the network development and stability over time (Figure 3.14d). We calculated the 

overall synchrony by comparing the dissimilarity of the spike trains of active channels using the 

SPIKE-distance method [130,131] (with values closer to 1 indicating higher levels of 

synchronization between the spike trains of active channels). While we observed an increase in 

synchrony for both devices as the cultures matured, the devices with 10 µm wide channels 

reached a higher degree of synchronization (p = 0.035 at DIV 56). This is presumably due to the 

increased number of axons crossing through the wider microchannels and form a more robust 

network between the two separated chambers. We also observed that for both devices the 

synchrony plateaued following the initial rise, suggesting that the network is stable over the 

extended culture times. Overall, these results suggest that increasing microchannel width may 

improve network formation between the microchannels and improve electrophysiological 

recording fidelity within the microchannels.  
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Figure 3.14: Comparisons of the (a) percentage of total spikes in bursts, (b) within-burst ISI, and (c) burst 
duration from electrodes placed under 10 µm wide microchannels (red), 5 µm wide microchannels (blue), 
and within the cell culture chambers (black). (d) Comparing the overall synchrony in devices with 10 µm-
wide microchannels (red) and 5 µm-wide microchannels (blue). The solid lines show the fitted linear mixed 
effects model (treating the individual devices as a random effect) with a b-spline basis. The shaded regions 
are the 95% confidence interval. The tables show the p-values comparing the estimated marginal means 
of the fitted curves at pre-determined timepoints. (n = 5, from two independent dissections). **p < 0.01, ***p 
< 0.001. 
 

3.6 Conclusions 

In this study, we have demonstrated the significant impact of small changes in 

microchannel geometry can have on the overall device functionality of commonly used 

microfluidic neural culture platforms. In particular, we studied how microchannel geometry 

influenced the cellular confinement, axon crossings, fluidic properties, and electrophysiological 

recording fidelity when using these devices. It is important to note that all experiments in this study 
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were performed using cortical cells from neonatal rats. While the size distribution of neurons and 

astrocytes in mice and rats are similar, the axon diameter and overall astrocyte size of human 

cells tends to skew slightly larger [149,176–178]. As the size difference between neuronal cells 

from rodents and humans are relatively minimal (for example over 95% axons from rat [149], 

mouse [176], and human [178] cortical neurons are less than 1.5 µm) we do not expect the cell 

source to significantly impact the results from this study. Additionally, as both human neurons and 

astrocytes are larger than their rodent counterparts, the overall conclusions drawn from this study 

should remain applicable across species. Below, we describe how each design factor can 

influence device functionality and summarize general design rules for different experimental 

objectives (Figure 3.15). 

 

i) Microchannel Height: It is best to keep microchannel height as small as possible, ideally 

around 1.5 µm. Reducing microchannel heights to this value significantly reduces the 

number of cell bodies that can enter the microchannels (improving cellular confinement) 

while minimally impacting the ability for axons to enter the channels. Additionally, there is 

a significant reduction in the volumetric flow rate through the microchannels when a 

hydrostatic pressure differential is maintained. This is especially critical for long-term 

studies, where fluid flow between the chambers can significantly alter the concentration of 

soluble factors added to the fluidically isolated chamber. In general, we do not recommend 

increasing microchannel height above 1.5 µm, with the exception that if peripheral neurons 

are being cultured taller microchannels may be required to accommodate the larger axon 

diameters [179]. In this case the initial seeding density should be reduced to minimize the 

number of cells that enter the microchannels, and treatment times should be kept to a 

minimum to minimize changes in the effector molecule concentration.  

ii) Microchannel Length: For long-term experiments studying connected neural 

populations, in which both neurons and astrocytes will be added to both sides of the 
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microchannels, it is important that the microchannels are at least 1000 µm in length to 

prevent the formation of astrocyte-astrocyte gap junctions within the microchannels. For 

experiments in which cells are cultured on only one side of the microchannels or when 

only neurons are being cultured, the previous recommended length of 450-500 µm should 

be used to prevent dendrites from crossing through the channels [90]. 

iii) Microchannel Width: For extended studies of connected neural populations, we suggest 

a microchannel width of at least 5 µm to ensure robust connectivity between the chambers. 

Increasing microchannel width beyond 5 µm can improve the long-term 

electrophysiological recording fidelity, at the cost of increasing the number of axons in 

each microchannel. If robust synaptic connectivity between the chambers is desired, 

increasing the number of axons in each microchannel is beneficial and there is little to no 

drawback from increasing microchannel width. If the experiment requires a single axon to 

be present in each microchannel (i.e., single axon imaging or electrophysiological 

recording studies) reducing the microchannel width down to 2 µm may be worthwhile. If 

this is the case, increasing the initial seeding density can be used to counteract the 

reduced axon crossings and improve the overall connectivity between the chambers. 

iv) Initial Seeding Density: The initial seeding density can largely be used as a tool or 

countermeasure to reduce some of the negative side effects of altering microchannel 

geometries. Increasing seeding density can be used to increase the number of axons 

crossing the microchannels when using devices with small microchannel widths or very 

long microchannel lengths. Alternatively, reducing the seeding density can improve the 

cellular confinement of devices with large microchannel heights. Additionally, reducing 

initial seeding density can substantially reduce the number of astrocyte processes within 

the microchannels. 
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Figure 3.15: A summary of general step-wise design rules for different experimental objectives. 
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Chapter 4: Development and Characterization of a Primary Tri-Culture of 

Neurons, Astrocytes, and Microglia to Study Neuroinflammation 

Neuroinflammation is present in most, if not all, pathological conditions in the central 

nervous system (CNS), either acting as the primary driver of these conditions, or as a response 

to neurodegeneration or disruption of homeostasis following disease progression [1–3]. Following 

insult or injury to the CNS, the two primary cell types associated with neuroinflammation, microglia 

and astrocytes, become “activated,” as indicated by changes in their morphology and phenotype 

[180–182]. Previously, activated astrocytes and microglia were dichotomously classified as either 

neurotoxic (A1/M1) or neuroprotective (A2/M2) depending on the mode of activation, however 

recent evidence suggests that both astrocytes and microglia display a wide range of phenotypes 

depending on the activating stimuli [183–185]. Furthermore, crosstalk between neurons, 

astrocytes and microglia has been shown to play a significant role in the observed 

neuroinflammatory response [186,187].  

While there are a number of in vivo models to study neuroinflammation, in vitro models 

are often used to investigate specific molecular pathways. Current cell culture models of 

neuroinflammation typically consist of cultures of individual cell types with conditioned media from 

one cell type transferred to cultures of another cell type [94,188,189]. While these models have 

provided significant insights into neuroinflammatory processes [96], these models contain 

inherent limitations, most notably the inability to observe the effects of membrane-bound or cell 

proximity-dependent mechanisms and the fact that the concentration of secreted cytokines 

transferred between cultures may not be physiologically relevant. An alternative model involves 

seeding microglia over a previously established primary neuron culture to observe the effect of 

this cell-cell interaction of a short period of time (24- 72 h) [112–114]. In addition to the limited 

time-scale of this model, the culture media used to support the microglia prior to their addition to 

the neuronal culture typically contains a high concentration of serum, likely causing the microglia 
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to be in an already activated state before their addition to the neuronal cell cultures [115]. Co-

cultures of neurons and astrocytes are another established method of studying neuroinflammation 

in vitro [116–118,129]. As the culture conditions for neurons and astrocytes are similar, these co-

cultures can be studied over extended time scales [116,129]. However, none of the 

aforementioned neuroinflammatory models are able to capture the important interplay between 

neurons, astrocytes and microglia. Thus, there is need for new, multicellular culture systems that 

are capable of modeling the neuroinflammatory impact of crosstalk between different cells in the 

CNS. This need was highlighted in a recent review on the current tools and methods for studying 

glia [94].  

To address the shortcomings of existing in vitro models of neuroinflammation, we 

developed an enhanced cell culture model comprised of the three major cell types associated 

with neuroinflammation – neurons, astrocytes and microglia. Primary rat cortical cells were 

maintained in a serum-free culture media developed to support all three cell types. We 

demonstrate that this “tri-culture” can be maintained for at least 21 days in vitro (DIV), without any 

deleterious effect of the continuous presence of microglia on the overall health of the neurons in 

the tri-culture. The tri-culture contains a similar relative percentage of neurons and displays a 

similar amount of neurite growth as compared to the microglia-free, neuron-astrocyte co-cultures. 

Furthermore, we demonstrate that the tri-culture system responds to several pro-inflammatory 

stimuli, including lipopolysaccharide (LPS), mechanical trauma, and excitotoxicity, in a manner 

similar to that observed in vivo. 

4.1 Tri-Culture Media Formulation 

We hypothesized that a tri-culture of neurons, astrocytes, and microglia could be 

maintained through the use of a specialized media formulation consisting of a well-established 

and commercially available neuron-astrocyte co-culture medium [190] supplemented with 100 

ng/mL IL-34, 2 ng/mL TGF-β and 1.5 µg/mL cholesterol. These three factors were chosen as they 
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have been identified as key factors in supporting serum-free cultures of isolated microglia [19]. 

Additionally, these three factors each of these three factors have been associated with improved 

neuron health and survival, and therefore we thought that these factors could be added to the co-

culture medium without negatively impacting the overall health of the culture. In particular, it has 

been shown that TGF-β enhances the effect neurotrophic factors and improves the survival of 

cultured neurons maintained with low concentrations of neurotrophins [63,64], while exogenous 

cholesterol is thought to play a significant role in neural cholesterol homeostasis [65]. Activation 

of CSF1R on neurons via CSF1 or IL-34 has been shown to increase neuron survival following 

kainic acid induced excitotoxicity [44], while activation via CSF1 leads to reduced apoptosis in 

cultured neurons in a dose dependent manner [66]. We decided to include IL-34 instead of CSF1 

in the tri-culture medium, as IL-34 is more widely expressed in the cortex of postnatal mice [67,68]. 

 In order to test this hypothesis, we cultured primary dissociated cortical cells from neonatal 

rats for 7 days in the either the neuron-astrocyte co-culture media or that media supplemented 

with different combinations of the aforementioned factors (Figure 4.1). As the three media 

supplements present in the tri-culture have been shown to support isolated microglia and are 

found in astrocyte conditioned media [19], we were interested to see if the neurons or astrocytes 

might be constitutively secreting any of these factors in the tri-culture, thereby making their 

addition to the tri-culture media redundant.  
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Figure 4.1: Representative images of cultures maintained with co-culture media and different combinations 
of TGF-β, IL-34, and cholesterol. The cultures were immunostained for neurons – anti-βIII-tubulin (red), 
astrocytes – anti-GFAP (green), microglia – anti-Iba1 (orange) and the general nuclear stain DAPI (blue). 
Cells stained with Iba1 are highlighted with arrows.  
 
 

An exploratory study unambiguously indicated that IL-34 was required for microglia 

survival (Figure 4.2); however, the additional presence of TGF-β or cholesterol did not appear to 

impact the number of microglia present in the culture. Additionally, neither TGF-β nor cholesterol 

allowed for microglia survival on their own. Previous studies have indicated that the activation of 
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the colony stimulating factor 1 receptor (CSF1R) via colony stimulating factor 1 (CSF1) or IL-34 

is required for microglia viability both in vitro and in vivo [57–59], and therefore its requirement in 

the tri-culture media was not unexpected. 

 

Figure 4.2: Tri-culture media supplement requirements for microglia survival at DIV 7. The results indicate 
that IL-34 is required for microglial survival in the tri-culture. The figure shows the mean ± SD of the technical 
replicates (n = 4) of a single biological replicate. 

 

In order to determine if either TGF-β or cholesterol was required to maintain 

physiologically active microglia, we challenged cultures maintained under different combinations 

of TGF-β and cholesterol plus IL-34 with 5 µg/mL of LPS. LPS is a potent activator of 

neuroinflammation and neuronal apoptosis, which acts through the toll-like receptor 4 (TLR4) 

found only on microglia in the CNS [30,31]. As expected, LPS did not increase caspase 3/7 activity 

in neuron-astrocyte co-cultures relative to the vehicle control. However, cultures grown in the 

presence of different combinations of the tri-culture factors responded to LPS with increased 

caspase 3/7 activity (Figure 4.3). In particular, cultures exposed to all 3 co-factors (IL-34, 

cholesterol and TGF-β) showed a significant increase in caspase 3/7 activity following the addition 

of LPS (p = 0.0081). Cultures maintained in the co-culture medium spiked with a subset of the co-

factors (IL-34 alone, IL-34 plus cholesterol or IL-34 plus TGF-β) all showed increased caspase 
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3/7 activity, but a post hoc Tukey test did not reveal any significant differences between these 

cultures and either the co- or tri-culture. However, the fact that the change in caspase 3/7 activity 

of these cultures more closely resembled that of the co-culture (p = 0.99, 0.91 & 0.95 respectively) 

than that of the tri-culture (p = 0.064, 0.16, and 0.16 respectively), indicates that the microglia 

present in these cultures are most likely not physiologically active.  

 

Figure 4.3: Comparing the effects on apoptosis following a 48 h incubation with 5 µg/mL LPS on DIV 7 
cortical cultures maintained in different media types (mean ± SD, n=3-6). The letters above the bars indicate 
statistically distinct groups (p < 0.05), while the points indicate the values of the technical replicates. 

 

While the addition of TGF-β or cholesterol did not seem to be a requirement for microglia 

viability in the tri-culture, both factors proved critical in maintaining physiologically active microglia. 

It has been shown that TGF-β can induce a quiescent microglia phenotype in vitro [60], and it 

may even be required for cultured microglia to maintain their gene expression profile [61]. Excess 

cholesterol in the culture media may also be beneficial for maintaining a functional microglia gene 

expression profile as it reduces the expression of apolipoprotein E (ApoE) [62], which is critical 

for lipid transport, but it is also inversely correlated with the expression of microglia signature 

genes [61]. The results from this study indicated that all three factors are required to support a 

healthy tri-culture of neurons, astrocytes, and microglia. 
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4.2 The Tri-Culture Supports Neurons, Astrocytes, and Microglia In Vitro 

 Primary cortical cells taken from neonatal rats were cultured in our previously described 

neuron-astrocyte co-culture media, or in our tri-culture media consisting of the co-culture media 

supplemented with 100 ng/mL IL-34, 2 ng/mL TGF-β and 1.5 µg/mL cholesterol. Immunostaining 

for Iba1 revealed that there was a significant population of microglia at both DIV 7 and 14 in the 

cultures maintained in the tri-culture media, which are absent from cultures maintained in the co-

culture medium (Figure 4.4a-c). A two-way ANOVA did not establish a significant interaction 

between the time in culture and media type on the number of microglia present in the culture (p = 

0.44). Analysis of the main effects indicated that the tri-cultures had significantly more microglia 

present than the co-cultures (p = 0.0025); however, the time in culture did not impact the number 

of microglia (p = 0.44). The total number of microglia in the tri-culture accounted for ~7-8% of the 

total cell population (Figure 4.4c) in agreement with microglia numbers reported in vivo [191,192].  
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Figure 4.4: Tri-culture media is capable of supporting neurons, astrocytes and microglia. (a Representative 
fluorescence images of the tri- and co-cultures at DIV 7 and 14. The cultures were immunostained for the 
three cell types of interest: neurons – anti-βIII-tubulin (red), astrocytes – anti-GFAP (green), microglia – 
anti-Iba1 (orange), general nuclear stain DAPI (blue). Microglia are present in the tri-culture at both time 
points, but are absent in the co-culture. Scale bar = 100 µm. (b) Quantification of the number of each cell 
type and total number of cells per mm2 for each condition shown in Figure 4.4A (mean ± SD, n=3). (c) 
Percent of total cell population represented by each cell type in co-culture vs. tri-culture conditions (d) 
Quantification of the percent area coverage of the neurons and astrocytes in the co- and tri-cultures at DIV 
7 and 14 (mean ± SD, n=3). (b&d) The letters above the bars indicate statistically distinct groups (p < 0.05), 
while the points indicate the values of the technical replicates. 
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Immunostaining for β-III tubulin to label neurons and GFAP to label astrocytes revealed a 

healthy population of both neurons and astrocytes in both the tri- and co-cultures (Figure 4.4a). 

The number of neurons present was not affected by either the media type or time in culture 

(Figure 4.4b, p = 0.44 and p = 0.31 respectively). Additionally, neurite outgrowth (measured as 

the percent of the area stained for β-III tubulin as compared to the total image area) was not 

statistically different between the co- and tri-cultures (Figures 4.4d, p = 0.13), and the neurons 

continue to produce new projections through DIV 14 as determined by the significant increase in 

neuron percent area coverage from DIV 7 to 14 (p = 1.04 x 10-5). Furthermore, by DIV 14, we 

observed the co-localization of f-actin and β-III tubulin indicating the presence of dendritic spines 

(Figure 4.5). As no mitotic inhibitors were added to the culture media, the number of astrocytes 

significantly increased in both culture types from DIV 7 to 14 (Figure 4.4b p = 0.0023). While the 

analysis of the main effects from the two-way ANOVA did not reveal a significant difference in 

astrocyte population between the two culture types (p = 0.062), the results suggest that the tri-

cultures may contain a lower number of astrocytes than the co-cultures. Unlike the neurons, the 

astrocyte percent area coverage showed a significant interaction between the culture type and 

time in culture (Figure 4.4d, p = 0.0077), with the tri-culture having a similar astrocyte percent 

area coverage to the co-culture at DIV 7 (p = 0.90), but a significantly higher astrocyte percent 

area coverage at DIV 14 (p = 0.0076). 
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Figure 4.5: Immunostained images of the co- and tri-cultures at DIV 14 showing the co-localization of f-
actin (cyan) and β-III tubulin (red) indicative of dendritic spines. Scale bar = 20 µm. 

 

We observed that the tri-culture contains all three cell types, and that the continuous 

presence of microglia did not impact the number of neurons or neurite outgrowth. However, we 

did observe a slight decrease (p = 0.062) in the number of astrocytes in the tri-culture as compared 

to the co-culture, which might be due to the presence of TGF-β in the tri-culture media, which has 

been shown to reduce astrocyte proliferation [193]. Additionally, we observed a significant 

increase in the percent area coverage of the astrocytes at DIV 14. However, this increase is due 

in part to the large number of fine astrocyte processes seen in the DIV 14 tri-culture, which is 

overvalued by the auto-thresholding process used to calculate these values. We also observed a 

small portion of cells in both the tri- and co-cultures (~2%) that were not immunoreactive for 

antibodies that selectively label neurons, astrocytes or microglia (Figure 4.6a). These unidentified 

cells may be oligodendrocyte precursor cells based on immunoreactivity for NG2 (Figure 4.6b) 

[194]. It is likely that the lack of a mitotic inhibitor may have allowed a small portion of these cells 

to survive, as they are not observed in neuron-astrocyte co-cultures treated with mitotic inhibitors 

[116]. Furthermore, we do not expect that the presence of NG2-glia would impact the observed 

differences in the inflammatory response between the co- and tri-cultures as both cultures have 

a similar population of NG2- immunopositive cells. However, as there is evidence that NG2-glia 
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can play a role in neuroinflammation [194–196], in future studies it may be beneficial to attempt 

to increase the number of NG2-glia to physiologically-relevant levels to attain an even more 

complete cell culture model of neuroinflammation.  

 

 

Figure 4.6: There are approximately 2% of the total cell population that was not clearly identifiable as 
neurons, astrocytes or microglia. (a) Mean ± SD of cells from each culture type not reactive for antibodies 
selective for neurons, astrocytes or microglia (n = 3). (b) Representative images from DIV 7 co- and tri-
cultures immunostained for NG2 (red), a biomarker of oligodendrocytes, and reacted with DAPI (blue), 
scale bar = 100 µm. 

 

 Ultimately, the results from these experiments demonstrate that the tri-culture medium is 

capable of supporting neurons, astrocytes, and microglia, and that the continuous presence of 

microglia in the culture does not have a negative impact on the overall health of the neurons 

and astrocytes.  

4.3 Tri-Culture Response to Neuroinflammatory Stimuli 

After demonstrating that the tri-culture medium was capable of supporting a healthy 

population of neurons, astrocytes, and microglia, we then characterized the tri-culture to several 

neuroinflammatory stimuli, including exposure to LPS, mechanical injury and excitotoxic 

challenges. We compared the response of the tri-cultures to that of the neuron-astrocyte co-

cultures to these different neuroinflammatory insults and found that the presence of microglia 
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changes the response in each case. Moreover, the response of the tri-culture to these 

neuroinflammatory challenges are more in line with what is reported in vivo and in slice culture 

models. 

4.3.1 Response to LPS 

 The use of LPS to stimulate a neuroinflammatory response is well characterized method 

used by researchers to study a wide range of neuroinflammatory and neurodegenerative 

conditions [197], including Alzheimer’s disease (AD) [198], Parkinson’s disease (PD) [199] and 

even mood disorders such as clinical depression [200]. Therefore, we determined the response 

of the tri-culture model to LPS. As stated previously, a 48 h incubation with 5 µg/mL LPS 

significantly increased caspase 3/7 activity in the tri-culture model relative to the neuron-astrocyte 

co-culture (Figure 4.3). This is in agreement with previous studies that show LPS induces a 

neurotoxic pro-inflammatory condition both in vitro and in vivo via apoptotic caspase-3 mediated 

mechanisms [96,201,202]. Immunohistochemical analyses (Figure 4.7) reveal clear 

morphological changes in both astrocytes and microglia in the tri-culture after exposure to LPS. 

Astrocytes in the tri-culture showed reduced ramification, increased process length and 

hypertrophy, all of which are hallmarks of reactive astrocyte morphology [203]. The increased 

process length and hypertrophy result in an overall increase in astrocyte area (Figure 4.8a) that 

was significantly higher in tri-cultures exposed to LPS relative to tri-cultures exposed to vehicle (p 

= 0.0030) or astrocytes in the co-culture exposed to LPS (p = 0.0039). Additionally, there was no 

change in the morphology or average area of astrocytes in the co-cultures exposed to LPS or 

vehicle (p = 0.90). The size of microglia also significantly increased in tri-cultures exposed to LPS 

as compared to vehicle control tri-cultures (Figure 4.8b, p = 0.0052). 
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Figure 4.7: Representative fluorescence images of the tri- and co-cultures after a 48 h incubation with 5 
µg/mL LPS or vehicle. The cultures were immunostained for the three cell types of interest: neurons – anti-
βIII-tubulin (red), astrocytes – anti-GFAP (green), microglia – anti-Iba1 (orange) and the general nuclear 
stain DAPI (blue). Scale bar = 100 µM. 

 

 

Figure 4.8: (a) A comparison of the average astrocyte area from the different conditions (mean ± SD, n=3). 
(b) Comparing the average microglia size in tri-cultures exposed to LPS vs. vehicle (mean ± SD, n=3). The 
letters above the bars indicate statistically distinct groups (p < 0.05), while the points indicate the values of 
the technical replicates. 
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In addition, we compared the cytokine secretion profiles of the control and LPS-exposed 

tri- and co-cultures using the proteome profiler rat XL cytokine array (Bio-Techne). Of the 79 

cytokines detected by the array, 34 were detected at a relative concentration greater than 10% of 

the maximum in at least one of the samples. A hierarchical cluster analysis was performed on the 

results from these 34 cytokines (Figure 4.9a), which revealed three distinct expression profiles. 

In general, these profiles consist of cytokines secreted by both the co- and tri-cultures (green) 

and those only secreted by the tri-culture. This second group of cytokines can be further 

subdivided into cytokines that are secreted in relatively equal concentrations by the control and 

LPS-exposed tri-cultures (orange) and cytokines having increased expression in the LPS-

exposed tri-cultures (purple). As expected, the co-cultures did not respond to LPS, leading to a 

nearly indistinguishable cytokine profile as compared to the control co-culture exposed only to 

vehicle.  

All cytokines secreted by both the tri- and co-cultures have been shown to be expressed 

by either neurons or astrocytes in non-inflammatory conditions [204–208], with the exception of 

adiponectin, which is found in the CSF of healthy individuals but has not been shown to be 

expressed by neurons or astrocytes [209]. Additionally, with the exception of CX3CL1, these 

cytokines appear to be constitutively expressed by astrocytes and microglia as neither the media 

type nor the addition of LPS had an impact on their concentration in the conditioned media. 

Interestingly, we see a significant decrease in CX3CL1 concentration in the tri-culture as 

compared to the co-culture (Figure 4.9b, p = 0.0051). Additionally, we observe the presence of 

IGF-1 in the control tri-culture conditioned media that is not present in either the co-culture or the 

LPS-exposed tri-culture (Figure 4.9g, p = 0.0010 and p = 0.0010 respectively).  
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Figure 4.9: Comparing the proteomic profile of the conditioned media from co- and tri-cultures after 48 h 
incubation with 5 µg/mL LPS. (a) Heat map showing the relative cytokine concentrations scaled from 1 to 
100. Proteins with a relative concentration of less than 10% of the maximum for all treatments were not 
included in the heat map, but can be found in (Figure 4.10). Hierarchical cluster analysis revealed three 
major groups of cytokines consisting of cytokines present in the conditioned media from all culture types 
(green), cytokines with increased expression in both control and LPS challenged tri-culture (orange) and 
cytokines with increased expression only in the LPS exposed tri-cultures (purple). (b-j) The relative 
concentrations of specific cytokines of interest. All graphs display mean ± SD (n = 3). The letters above the 
bars indicate statistically significant differences (p < 0.05, 2-way ANOVA with the Tukey test used to analyze 
the simple main effects if necessary). 

 

Of the cytokines present in the tri-culture conditioned media that do not increase in 

expression in response to LPS, all have been shown to be secreted by microglia, and are also 

linked to neuroinflammatory states [210–214]. In the case of CCL2, CCL3, and CCL20, the 

concentration of these cytokines in the conditioned media are at the upper limit of the array under 

control conditions, thus, an increase in concentration in response to LPS may not have been 



66 
 

detected. However, there are a significant number of pro-inflammatory cytokines that are present 

in the conditioned media only after treatment with LPS, including many of the hallmark pro-

inflammatory cytokines secreted by activated microglia. In particular, levels of TNF-α, IL-1α, IL-

1β and IL-6 are significantly increased in the conditioned media of tri-cultures challenged with 

LPS (Figure 4.9f-j, p = 0.0033, p = 0.0010, p = 0.0010, p = 0.013 respectively). These four 

cytokines are consistently secreted by microglia in response to LPS in a variety of experimental 

conditions and are often used as biomarkers to indicate neuroinflammatory or neurodegenerative 

disorders [215]. 

In response to LPS, the tri-culture displays many classic hallmarks of neuroinflammation 

including increase in caspase 3/7 activity, astrocyte hypertrophy and the secretion of a number of 

pro-inflammatory cytokines. However, while we do see evidence of neurodegeneration and 

neurite loss in the LPS-exposed tri-cultures (Figure 4.7), the extent of the damage is significantly 

less severe than what is observed in vivo. This may be because microglia require co-activation 

with both LPS and INF-γ (secreted by circulating leukocytes) to produce the severe neurotoxic 

effects seen in vivo [216]. In the absence of leukocytes, no INF-γ is produced by the tri-culture in 

response to LPS (Figure 4.10) leading to a less severe response. We also observe an increase 

in microglia area in response to LPS, contradictory to the decrease in microglia area typically 

observed in vivo as the microglia transition from a highly ramified to amoeboid morphology [217]. 

However, the morphology of the microglia following exposure to LPS is consistent with previous 

in vitro experiments, with the microglia showing a distinct polarity and the formation of large 

lamellipodia [218–220], which accounts for the increase in area. We believe that this difference 

may not be due to a difference in microglia function but a result of the change from a 3D to 2D 

environment. In both instances, microglia become activated and prepare to migrate towards the 

site of injury. In the 3D environment, this involves the transformation from a ramified to amoeboid 

morphology to allow for the free movement through the parenchyma, while in the 2D environment 

this involves the extension of lamellipodia. 
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Figure 4.10: Complete proteomic profile from Figure 4.9. 
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4.3.2 Response to Mechanical Injury 

 In order to simulate a mechanical injury, we performed a scratch assay by drawing a 

pipette tip through co- and tri-cultures at DIV 7. Scratch assays are a common method used to 

model and measure cell migration [221], and have also been used to simulate mechanical injuries, 

such as the trauma induced by the insertion of therapeutic implants, on cultured neurons and glial 

cells [222–224]. At 48 h following the scratch injury, we see that a significant population of 

microglia migrated into the damaged area (Figure 4.11a). In the tri-culture injury model, while the 

microglia that migrate into the injury site do not have a statistically significant larger surface area 

than the microglia in the control condition (Figure 4.11d, p = 0.078), they do show a trend of 

having a slightly larger surface area than microglia in the non-injured tri-culture. 

Glial scarring is another aspect of the inflammatory response to mechanical injury, and it 

consists of the formation of a glial sheath consisting mostly of reactive astrocytes that encapsulate 

the damaged tissue, isolating it from healthy tissue [182]. While the formation of a glial scar may 

take weeks to fully mature, reactive astrocytes begin to migrate towards injury site in less than 24 

h [182]. We observed this in the tri-culture as astrocytes began to migrate into the scratched area; 

in contrast, in the co-culture, the percent area coverage by astrocytes in the scratched area was 

almost non-existent (Figure 4.11c, p = 0.032). Additionally, at 48 h following the scratch injury, 

caspase 3/7 activity was increased in both the tri- and co-cultures; however, the presence of 

microglia appeared to amplify a neurotoxic inflammatory response to the scratch, leading to a 

greater increase in caspase 3/7 activity in the tri-culture (Figure 4.11b, p = .035). 
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Figure 4.11: Comparing the effects from a simulated mechanical trauma (scratch) on co- and tri-cultures. 
(a) Representative fluorescence images of the co- and tri-cultures at 48 h following the simulated 
mechanical trauma. The dashed lines in the image highlight the area that was damaged by the scratch. 
The cultures were immunostained for the three cell types of interest: neurons – anti-βIII-tubulin (red), 
astrocytes – anti-GFAP (green), microglia – anti-Iba1 (orange) and the general nuclear stain DAPI (blue). 
Scale bar = 100 µM. (b) There was a significant increase in caspase 3/7 activity in the tri-culture as 
compared to the co-culture 48 h after the simulated mechanical trauma. (c) Comparing the percent area 
coverage of astrocytes in the scratched area between the co- and tri-cultures 48 h following the scratch. (d) 
Difference in the microglia area in the control and scratched tri-cultures. (b-d) All graphs display mean ± 
SD (n = 3), while the points indicate the values of the technical replicates. The letters above the bars indicate 
statistically significant differences (p < 0.05) as found by a t-test assuming unequal variances.  

 

 The neuroinflammatory response to the mechanical trauma caused by the implantation of 

therapeutic electrodes is a highly complex process, with both microglia and astrocytes responding 

to alarmins released by damaged cells to initiate an inflammatory cascade. Activated microglia 

display a wide range of phenotypes with overlapping gene expression profiles, and microglia 

polarization is no longer classified along a binary “M1 (neurotoxic) /M2 (neuroprotective)” scale 

based on the presence of specific markers [183,225]. However, following the implantation of 

therapeutic electrodes, it is generally hypothesized that microglia play a pro-inflammatory and 

neurotoxic role through the secretion of reactive oxygen species and pro-inflammatory cytokines, 
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such as TNF-α, IL-1β and IL-6, along with the recruitment of circulating immune cells [182,226]. 

The increased caspase 3/7 activity in the tri-culture 48 h following the scratch injury is in line with 

the hypothesized neurotoxic role of microglia during these types of injuries. Additionally, the tri-

culture is capable of modeling the early stages of glial scarring, which is a major factor in the 

functional recovery following mechanical trauma [227,228] and a primary reason for the loss of 

functionality of therapeutic neural implants [229]. We observe a significantly higher coverage of 

astrocyte processes in the scratched area in the tri-culture as compared to the co-culture. In the 

tri-culture, we also find microglia in the scratched area, and these microglia appear to have a 

larger surface area, most likely due to the extension of lamellipodia as the microglia migrate into 

the scratched area. Microglia are thought to migrate into injury site and secrete factors that lead 

to increased astrocyte migration towards the injury [228]. One such factor is matrix 

metalloprotease 9 (MMP-9), which is secreted by microglia in response to neuroinflammatory 

factors [230] and has been implicated in the migration of astrocytes and initial formation of the 

glial scar [231]. We observed that MMP-9 is secreted in tri-cultures, but not in co-cultures in 

response to LPS (Figure 4.9e). 

4.3.3 Response to Glutamate Induced Excitotoxicity 

At DIV 7, tri- and co-cultures were exposed to varying concentrations of glutamate for 1 h 

to simulate an excitotoxic event. Following glutamate exposure, both tri- and co-cultures were 

maintained for 48 h in tri-culture medium to eliminate the additional factors in the tri-culture 

medium as potentially confounding factors in the response. In particular, TGF-β [232] and IL-34 

[233] have been shown to be neuroprotective during excitotoxicity. We observed no microglia in 

the co-culture media at the end of the experiment, further confirming that the co-culture medium 

is incapable of supporting even an insignificant microglia population. 

Our results suggest that microglia in the tri-culture play a significant neuroprotective role 

during excitotoxic events. We observed significant neuronal cell loss and astrocyte hypotrophy in 
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neuron-astrocyte co-cultures treated with 25 µM glutamate, which is significantly reduced in 

similarly treated tri-cultures (Figure 4.12a). As glutamate concentrations increased, astrocytes in 

the co-culture became progressively more reactive, evidenced by increasing hypertrophy and loss 

of processes. This resulted in a significant increase in astrocyte surface area following treatment 

with 10 µM and 25 µM glutamate, which is not observed in the tri-culture (Figure 4.12b, p = 

0.0022 and p = 0.0010 respectively). In order to quantify neuronal cell viability, we compared the 

percent area of the field-of-view stained for β-III tubulin with a circularity less than 0.2. The 

circularity cut-off was used to eliminate cell debris from apoptotic/necrotic neurons, which still 

stained for β-III tubulin, but lacked long cellular processes, and therefore had high circularity 

values. Across all concentrations of glutamate that were tested (5, 10 and 25 µM), there was 

significantly more neuronal cell loss in the co-culture then in the tri-culture (Figure 4.12c, p = 

0.017, p = 0.0010 and p = 0.0017 respectively). Furthermore, we observed that the neuron percent 

area significantly decreased in the co-cultures upon exposure to increasing concentrations of 

glutamate. In contrast, significant decreases in the neuron percent area were observed in tri-

culture only at the highest concentration of glutamate. Surprisingly, unlike exposure to LPS or 

mechanical trauma, the exposure of the tri-cultures to glutamate did not appear to change the 

morphology of the microglia (Figure 4.12d). Specifically, the average microglia area did not 

change following treatment with different concentrations of glutamate (p = 0.81). 

We also confirmed that the tri-culture was electrophysiologically active via calcium 

imaging. For both the co- and tri-cultures we observed spontaneous calcium influxes at DIV 7. 

Additionally, we compared the response of both culture types to varying concentrations of 

glutamate (Figure 4.12e). Analysis of the main effects did not identify a significant difference in 

the response of the tri-culture and co-cultures to different concentrations of glutamate (p = 0.78). 

Additionally, for both culture types, we observed a significant change in fluorescence intensity 

across a wide range of glutamate concentrations (p = 1.73 x 10-15) indicating that the 
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neuroprotective effect was a result of the presence of microglia in the tri-culture and was not due 

to a depressed neuronal response to glutamate. 

 

Figure 4.12: (a) Representative fluorescence images of the co- and tri-cultures at 48 h following exposure 
to 25 µM glutamate for 1 h. The cultures were immunostained for the three cell types of interest: neurons – 
anti-βIII-tubulin (red), astrocytes – anti-GFAP (green), microglia – anti-Iba1 (orange) and the general 
nuclear stain DAPI (blue). Scale bar = 100 µM. (b) Comparing the average astrocyte area between the co- 
and tri-cultures following challenges with different concentrations of glutamate. A full analysis of the simple 
main effects can be found in supplementary data table 1. (c) The neuron percent area coverage, with a 0.2 
circularity cut-off to eliminate cell debris, following excitotoxic challenge. (d) The average microglia surface 
area did not change following treatment with different concentrations of glutamate. (e) Calcium imaging 
results showing the change in fluorescence intensity following treatment with different concentrations of 
glutamate. All graphs display mean ± SD (n = 3), while the points indicate the values of the technical 
replicates. The letters above the bars indicate statistically significant differences (p < 0.05). 
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The tri-culture model is especially useful in modeling the glial response to glutamate 

induced excitotoxic events. Both astrocytes and microglia are thought to play a neuroprotective 

role during excitotoxic events through mechanisms that are difficult to capture in other models. 

Astrocytes are responsible for maintaining glutamate homeostasis in the CNS through the uptake 

of extracellular glutamate by membrane transporters, and the failure of these transporters are 

linked to excitotoxic pathologies [99,234]. Furthermore, blocking these glutamate transporters 

with DL-Threo-β-Benzyloxyaspartic acid (TBOA) leads to excitotoxicity induced neural death in 

otherwise healthy hippocampal slices [235] and increased neural death in neuron-astrocyte co-

cultures exposed to glutamate [143]. While the exact mechanisms responsible for the 

neuroprotective response of microglia to excitotoxicity are not fully understood, it has been shown 

that the microglia migrate towards hyperactive neurons in response to ATP and glutamate 

released by these neurons [101–103]. These microglia have been shown release small quantities 

of TNF-α that provide protection to neurons from NMDA-induced excitotoxicity [236] and directly 

contact damaged axons to repolarize and rescue hyperactive neurons [102]. We observed a 

significant decrease in the number of neurons lost in the tri-culture as compared to the co-culture 

following exposure to glutamate (Figure 4.12c), indicating that the tri-culture is able to capture 

the complex interactions between the microglia and neurons that potentiate this neuroprotective 

response. Additionally, we observed that the average microglia area did not change in response 

to exposure to different concentrations of glutamate, which is in line with previous research 

suggesting morphologically resting/ramified microglia can serve a neuroprotective role during 

excitotoxic events [103]. 

4.4 Microglia Improve the Overall Health of Primary Cortical Cultures 

 Our previous experiments demonstrated that the tri-culture is better able to mimic the in 

vivo neuroinflammatory response than standard neuron-astrocyte co-cultures, and that the 
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continuous presence of microglia did not negatively impact the overall health of the culture. Here 

we show that the presence of microglia in the tri-culture may actually improve the overall health 

of the culture, and this improvement can be attributed to the crosstalk between neurons and 

microglia in the culture.  

 In order to verify that it was the presence of microglia themselves, and not the additional 

factors added to the tri-culture medium that was responsible for the improvement in culture health, 

we compared the total cell death of the co-culture (Figure 4.13b) to both the tri-culture (Figure 

4.13a) and cultures maintained in the co-culture medium supplemented with TGF-β, cholesterol, 

or both factors at concentrations used in the tri-culture medium (Figure 4.13c). We did not 

compare conditions with IL-34 as we have shown earlier that IL-34 alone is sufficient and 

necessary for microglia survival in vitro, and the present goal was to determine if the additional 

factors in the tri-culture media (TGF-β and cholesterol) in the absence of microglia had an effect 

on culture health. We saw a significant reduction in cell death in the tri-culture (1.63 ± 0.32 % 

dead cells) as compared to the co-culture (22.33 ± 0.44 % dead cells, p < 1.0 x 10-7). Additionally, 

there was no change in cell death when TGF-β (23.06 ± 0.86 % dead cells), cholesterol (20.89 ± 

1.10 % dead cells), or both factors (24.46 ± 0.67 % dead cells) were added to the co-culture 

medium, which all showed significant increase in cell death as compared to the tri-culture (p < 1.0 

x 10-7 for all conditions vs tri-culture). In addition, we observe a significant decrease in caspase 

3/7 activity in the tri-culture as compared to the co-culture (Figure 4.14, p = 0.0031). These results 

clearly indicate that the overall health of the culture is improved in the tri-culture, and it is a function 

of the presence of microglia and not due to the additional factors added to the tri-culture medium. 
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Figure 4.13: Representative images of (a) tri-cultures and (b) co-cultures stained with Hoechst 33342 (Live, 
blue) and propidium iodide (Dead, red). (c) Comparison of the influence of TGF-β and increased cholesterol 
concentration on cell death in the absence of microglia as compared to the co-culture and tri-culture 
(containing all three additional factors). Data presented as mean ± SEM (n = 4-8 wells from two independent 
dissections) with individual data points plotted, ***p < 0.001 (as determined by post hoc Tukey’s test). Scale 
bar = 100 µm. 

 

 

Figure 4.14: The tri-culture shows reduced caspase 3/7 activity at DIV 9 (n = 6). The letters above the bars 
indicate statistically distinct groups (p < 0.05), while the points indicate the values of the technical replicates. 

 

Crosstalk between different cell types in the CNS is integral in maintaining homeostasis, 

and we observe evidence of that crosstalk in the tri-culture. The tri-culture showed low 

concentrations of CX3CL1 in the conditioned media, which was elevated in both the co-culture 
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conditions and the LPS exposed tri-culture (Figure 4.9b). CX3CL1 is expressed primarily by 

neurons in the CNS, and is found in both a membrane-bound and soluble form. Membrane bound 

CX3CL1 is important for microglia regulation, and thought to hold the microglia in resting state, 

while soluble CX3CL1 acts as a powerful chemoattractant for microglia and is also secreted by 

neurons and glial cells during neuroinflammatory conditions [187,237,238]. As microglia are an 

integral part of CNS homeostasis, the high concentration of CX3CL1 in the co-culture might be a 

compensatory response to the lack of microglia as co-cultures attempt to recruit them. The lack 

of CX3CL1 in the conditioned media from the control tri-cultures suggests that the majority of 

CX3CL1 in tri-cultures is membrane-bound and is interacting with the microglia in the tri-culture 

to hold them in a non-activated state. In response, the microglia secrete the neurotrophic factor, 

IGF-1 [239,240], which was only found in the control tri-culture conditioned media (Figure 4.9g). 

IGF-1 has been indicated as a trophic factor produced by microglia in postnatal (P3-7) mice that 

significantly increases the survival of layer V cortical neurons [239]. These experiments highlight 

the importance of cellular crosstalk between neurons, astrocytes, and microglia not only in 

neuroinflammatory conditions, but also in homeostatic conditions. Additionally, we suggest that 

crosstalk between neurons and microglia may play a significant role in the observed increase in 

overall culture health of the tri-culture. 

4.5 Conclusions 

The tri-culture model presents multiple advantages over other methods used to study 

neuroinflammation in vitro. The most obvious benefit is the presence of neurons, astrocytes and 

microglia in the same cell culture from the same tissue, which will allow researchers to study the 

complex interplay between these cells that leads to different responses to inflammatory stimuli. 

Additionally, the use of a single culture (as opposed to using conditioned media to mimic the 

influence of cell types absent in the culture) allows for the observation of cell-cell interactions and 

other mechanisms with spatiotemporal nuances that may be lost when using models involving 



77 
 

multiple different types of cultures. Another major benefit of the tri-culture model is its relative 

simplicity. The only modification needed to establish and maintain the tri-culture model is the use 

of a specialized tri-culture medium. Compared to other models that involve multiple cultures or 

the addition of cells at specific time points during culture, the simplicity of this tri-culture model 

lends itself to high-throughput experiments, and, therefore, it may be an effective tool in the early 

screening of potential therapeutic molecules. Importantly, this tri-culture model is also amenable 

to experiments involving more complex culture setups, such as microfluidic and organ-on-a-chip 

devices [78]. Ultimately, we believe that the neuron, astrocyte and microglia tri-culture described 

in this chapter can be a useful tool to study neuroinflammation in vitro with improved accuracy in 

predicting in vivo neuroinflammatory phenomena. 
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Chapter 5: Electrophysiological Characterization of the Tri-Culture 

 In vitro models of the central nervous system (CNS) are powerful tools that allow 

researchers to conduct highly directed cellular level experiments to study the cellular and 

molecular pathways underlying many neurological disorders. However, there are inherent 

limitations within these models that limit their physiological relevance, most notably researchers 

much ensure that the appropriate cell types are included within their culture model to effectively 

recapitulate the in vivo disease state. This is especially true for CNS models as crosstalk between 

neurons and glia play significant roles in both pathological conditions [2,14,182,241,242] and 

maintaining homeostasis [183,243]. Microelectrode array (MEA) technology is a popular method 

to study in vitro neural networks, as it provides a non-invasive method to simultaneously record 

electrophysiological activity from multiple sites [244,245]. This allows researchers to conduct 

longitudinal studies to study neural network formation [246,247] and disruption caused by 

neurotoxic compounds [248–250] and proteins associated with neurodegeneration [251–253]. 

Nevertheless, the physiological relevance of these studies is still largely dependent on the cell 

types present within the culture and may not fully recapitulate the in vivo response [254]. 

Therefore, there has been significant effort in developing new CNS culture models and 

characterizing the spatial and temporal aspects of the electrophysiological recordings both during 

spontaneous activity and in response to stimuli. This includes studying the neural activity from 

cultures of neurons from different regions of the brain (cortex [190,244,255] vs hippocampus 

[256,257]), neurons cultured with supporting glial cells such as astrocytes [129] and 

oligodendrocytes [132], and human primary [258] or stem cell derived [259,260] neurons. 

Additionally, electrophysiological recording from complex in vitro models such as 3D [261,262] 

and organ-on-a-chip [263,264] models have been studied to further improve the physiological 

relevance of in vitro neural models.  
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 In the previous chapter we described a neuron, astrocyte, and microglia tri-culture to study 

neuroinflammation in vitro [146], which is maintained by culturing primary cortical neurons from 

neonatal rats in a serum-free culture medium specifically designed to support all three cell types. 

We have demonstrated that the tri-culture model better mimics the neuroinflammatory response 

to a number of stimuli including lipopolysaccharide (LPS) exposure, mechanical trauma, 

glutamate induced excitotoxicity as compared to neuron-astrocyte co-cultures. In this chapter we 

further explore the capabilities of the tri-culture by characterizing the neural functionality of the 

system. We compared the extracellular recordings taken over 21 days in vitro (DIV) between the 

tri- and co-cultures to determine the effect of microglia on network formation and neuron function. 

We demonstrate that many features of neural activity remain similar between the tri- and co-

cultures (% active channels, spike frequency, and burst characteristics), suggesting that the 

presence of microglia do not adversely affect the neuronal function. The tri-culture shows 

increased synchrony at early timepoints compared to the co-culture, which may indicate faster 

maturation of network activity in the tri-culture configuration. Additionally, analysis of the action 

potential waveform characteristics reveals that the tri-cultures contain an increased 

excitatory/inhibitory (E/I) neuron ratio that more closely resembles the ratio found in vivo, and this 

observation is supported by synaptic staining. We also incorporated the tri-culture into 

compartmentalized organ-on-a-chip devices that separate the neural axons and somas using 

microchannels [90,264], and recorded robust neural activity from these platforms. Finally, we 

demonstrate the ability to observe changes in neural activity in response to known inflammatory 

stimuli (LPS exposure). 

5.1 MEA Design and Fabrication 

 Custom MEAs were designed and fabricated following the protocols described in the 

methodology chapter (Chapter 2.3.1-2.3.3). Standard (well) MEAs were designed with a 4 x 8 

array of electrodes (32 total) each with a diameter (Ø) of 20 µm and an interelectrode pitch of 130 
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µm (Figure 5.1). We also fabricated microfluidic platforms with integrated MEAs following the 

designs described for the 10 µm wide microchannel platforms in Chapter 3.5 (Figure 5.2). 

 

Figure 5.1: (a) Bright-field and (b) epifluorescence images of the tri-culture at DIV 21 on the well MEA. The 
cultures were immunostained for the three cell types of interest: neurons—anti-βIII-tubulin (red), 
astrocytes—anti-GFAP (green), microglia—anti-Iba1 (orange), and the general nuclear stain DAPI (blue). 
Scale bar = 100 μM. 

 

 

Figure 5.2: (a) Bright-field and (b) fluorescence images of the tri-culture at DIV 21 in the platform MEA with 
microfluidic encapsulation. The cultures were immunostained for the three cell types of interest: neurons—
anti-βIII-tubulin (red), astrocytes—anti-GFAP (green), microglia—anti-Iba1 (orange), and the general 
nuclear stain DAPI (blue). Scale bar = 100 μm. 
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5.2 Extracellular Recordings 

We recorded spontaneous neural activity from DIV 7 to DIV 21 from both tri- and co-

cultures to determine if there was any discernible difference in culture maturation or network 

formation (Figure 5.3a,b). As expected, we observed a significant increase in the percentage of 

active channels in both the tri- and co-culture from DIV 7 to DIV 21 (Figure 5.3c). However, we 

did not find a significant difference in the percentage of active channels between the tri- and co-

cultures at any timepoint. We saw a similar trend in spike frequency for both the tri- and co-

cultures (Figure 5.3d), with no differences between the tri- and co-cultures. However, in this case 

the increase in spike frequency was more subtle, and therefore we did not observe a significant 

increase between DIV 7 and later timepoints with the exception of the tri-culture at DIV 21 (p = 

0.0076). We also compared other electrophysiological features used to determine culture 

maturation and stability over time (Figure 5.4), such as the percent of spikes in bursts, burst 

duration, and ISI within bursts. Both the tri- and co-cultures showed a significant increase in the 

percentage of spikes in bursts indicating that the cultures were maturing as expected; however, 

there was no difference between the two cultures (Figure 5.4a). Similarly, we saw no difference 

between the average burst duration and within burst ISI between the two culture types (Figure 

5.4b,c), and for both the co- and tri-culture these values remained stable over time, suggesting 

no degradation in neural health over the 21 DIV window. Finally, we compared network formation 

in the tri- and co-cultures by assessing the synchrony of the spike trains from the active electrodes 

in each culture using the SPIKE-distance method [130,131]. It is important to note that the SPIKE 

distance method is a measurement of spike-train dissimilarity given on a scale of 0-1. Therefore, 

in order to measure the synchrony of the culture, we subtracted the SPIKE distance value from 

1, with values closer to 1 indicating increased synchrony in the culture. We observed a significant 

increase in synchrony over time in both the co- and tri-cultures indicating robust network formation 

(Figure 5.3e). While there was no significant difference in the synchrony between the tri- and co-
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culture, we saw evidence of increased network formation in the tri-culture at earlier timepoints, 

with a trend towards increased synchrony in the tri-culture at DIV 10 (p = 0.11).  

 

 

Figure 5.3: Representative extracellular recordings taken at DIV 7 and DIV 21 from (a) co-cultures and (b) 
tri-cultures. Comparisons of the (c) percent active channels, (d) spike frequency, and (e) synchrony 
between co-cultures (red) and tri-cultures (blue). The solid lines show the fitted linear mixed effects model 
(treating individual cultures as a random effect) with a b-spline basis. The shaded regions are the 95% 
confidence interval. An asterisk above an individual box indicates a significant difference of the estimated 
marginal means of the fitted curves between that timepoint and DIV 7 of the same culture type, while the 
bars indicate the significance between the co- and tri-culture at that timepoint (n = 8, from three independent 
dissections). *p < 0.05, **p < 0.01, ***p < 0.001, ns indicates no significant difference.   
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Figure 5.4: Comparisons of the (a) percent spikes in bursts, (d) burst duration, and (e) ISI within bursts 
between co-cultures (red) and tri-cultures (blue). The solid lines show the fitted linear mixed effects model 
(treating individual cultures as a random effect) with a b-spline basis. The shaded regions are the 95% 
confidence interval. An asterisk above an individual box indicates a significant difference of the estimated 
marginal means of the fitted curves between that timepoint and DIV 7 of the same culture type, while the 
bars indicate the significance between the co- and tri-culture at that timepoint (n = 8, from three independent 
dissections). *p < 0.05, **p < 0.01, ***p < 0.001, ns indicates no significant difference.   

 

As expected, we observed many of the common indicators of neural network formation 

and maturation including an increase in the number of active channels, increased spike 

frequency, and increased synchrony in both the tri- and co-culture over time (Figure 5.3), 

indicating that the microglia within the tri-culture did not disrupt culture maturation or health. 

Similarly, we observed no significant differences between the tri- and co-cultures when comparing 

any of the aforementioned indicators of culture maturation (Figure 5.3) or other 

electrophysiological features (Figure 5.4) at any timepoint, which was somewhat surprising 

considering the significant role microglia are known to play in synaptic plasticity. However, we did 

see a trend towards increased neuronal network maturation in the tri-culture, as the synchrony of 

the tri-culture was increased at earlier timepoints (DIV 10, p = 0.11), but this increase was not 

statistically significant (Figure 5.3e). Additionally, we saw some evidence that the tri-culture had 

an increase in spike frequency at DIV 21 as only the tri-culture showed a significant increase in 

spike frequency between DIV 7 and DIV 21 (p = 0.0076 vs p = 0.51 for the co-culture), but once 

again there was no significant difference in spike frequency between the tri- and co-cultures at 

DIV 21 (Figure 5.3d). 



84 
 

5.3: Incorporation into Microfluidic Platforms 

In order to further investigate some of the non-statistically significant, but important trends 

we previously observed, we compared the spontaneous neural activity from tri- and co-cultures 

maintained in microfluidic devices, as these devices showed improved electrophysiological 

recording fidelity from co-cultures in Chapter 3.5. We once again demonstrate that both the tri- 

and co-cultures show significant increase in the percentage of active channels over time with no 

significant difference between the cultures (Figure 5.5a). However, using the microfluidic device, 

we found that both the tri- and co-cultures show significant increases in spike frequency from 

axons within the microchannels over time, and we observed significantly higher spike frequencies 

in the tri-culture at DIV 17 and 21 (p = 0.016 and p = 0.0017 respectively; Figure 5.5b). 

Additionally, we observed no differences among other electrophysiological features (percent 

spikes in bursts, burst duration, and within burst ISI; Figure 5.6) and spike train synchrony (Figure 

5.5c) between the tri- and co-cultures, once again suggesting minimal differences in culture 

maturation and stability between the tri- and co-cultures, with the exception of increased spike 

frequency in the tri-culture. 

 

 

Figure 5.5: Comparisons of the (a) percent active channels, (b) spike frequency, and (c) synchrony 
between co-cultures (red) and tri-cultures (blue) cultured in a two-chambered microfluidic device. The solid 
lines show the fitted linear mixed effects model (treating individual cultures as a random effect) with a b-
spline basis. The shaded regions are the 95% confidence interval. An asterisk above an individual box 
indicates a significant difference of the estimated marginal means of the fitted curves between that timepoint 
and DIV 7 of the same culture type, while the bars indicate the significance between the co- and tri-culture 
at that timepoint (n = 5, from two independent dissections). *p < 0.05, **p < 0.01, ***p < 0.001, ns indicates 
no significant difference. 
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Figure 5.6: Comparisons of the (a) percent spikes in bursts, (d) burst duration, and (e) ISI within bursts 
between co-cultures (red) and tri-cultures (blue) cultured in a two chambered microfluidic device. The solid 
lines show the fitted linear mixed effects model (treating individual cultures as a random effect) with a b-
spline basis. The shaded regions are the 95% confidence interval. An asterisk above an individual box 
indicates a significant difference of the estimated marginal means of the fitted curves between that timepoint 
and DIV 7 of the same culture type, while the bars indicate the significance between the co- and tri-culture 
at that timepoint (n = 5, from two independent dissections). *p < 0.05, **p < 0.01, ***p < 0.001, ns indicates 
no significant difference.   

 

This enhancement in recording fidelity allowed us to not only observe the expected 

increase in spike frequency in both the tri- and co-cultures indicative of culture maturation 

[265,266], but also revealed a significant increase in the spike frequency of the tri-culture at later 

timepoints (Figure 5.5b), which is in line with the observations from the recordings taken from 

standard MEAs (Figure 5.3d). Furthermore, incorporation of the tri-culture into the microfluidic 

device was straightforward as it only required the use of a specialized culture medium, highlighting 

the tri-culture’s amenability to complex culture setups such as microfluidic devices and organ-on-

a-chip platforms.  

5.4 Synaptic Density 

In order to determine the cause of increased spike frequency in the tri-culture at later 

timepoints, we compared synapse formation between the tri- and co-cultures over 21 DIV (Figure 

5.7a), as microglia are known to play a significant role in synapse formation and elimination during 

postnatal development [267–269]. A two-way ANOVA revealed that there was no significant 

interaction between culture type and time in culture on the density of post-synaptic marker PSD-

95 (Figure 5.7b) and excitatory pre-synaptic marker VGlut1 (Figure 5.7c) puncta (p = 0.46 and 
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p = 0.36 respectively). Simple main effects analysis revealed no significant difference between 

the density of PSD-95 and VGlut1 puncta based on culture (p = 0.26 and p = 0.15 respectively) 

but did reveal a significant difference based on time in culture (p = 0.0032 and p = 00.15 

respectively). We also compared the number of co-localized puncta as a measurement of mature 

excitatory synapses [270,271] (Figure 5.7d). Once again, a two-way ANOVA revealed no-

significant interaction between culture type and time in culture on the number of mature excitatory 

synapses (p = 0.22), and simple main effects analysis revealed a significant difference increase 

in mature excitatory synapses based on time in culture (p = 0.0066) but not based on culture type 

(p = 0.21). 

Interestingly, the 2-way ANOVA did not establish an interaction between time in culture 

and culture type (tri- vs co-culture) when comparing the density of pre-synaptic, excitatory post-

synaptic, or co-localized puncta (Figure 5.7b-d), and main effects analysis did not reveal a 

significant difference between the tri- and co-cultures for any of the conditions. This was an 

unexpected finding as previous in vitro studies have shown that IL-10 secreted from microglia 

increase spine density and excitatory synapses [272]. However, in that study the microglia and 

neurons were physically separated, with the microglia grown on a porous insert that was added 

to the isolated neuron culture at a later timepoint, preventing their physical contact, and it has 

been shown that direct microglia contact with synapses can lead to synaptic elimination [273,274]. 

While we did not observe a significant difference between the tri- and co-culture, we do observe 

a trend towards increased excitatory post-synaptic puncta at DIV 21 in the tri-culture (Figure 

5.7c). Additionally, we observe that the tri-culture continues to show increased co-localized 

puncta over the 21 DIV, while the number of co-localized puncta appears to plateau at DIV 14 

(Figure 5.7d). The fact that we only observed a subtle change in synaptic density and excitatory 

pre-synaptic puncta may be due to the fact that the microglia and neurons are in close 

approximation in the tri-culture leading to a balance of increased synaptogenesis due to IL-10 

secretion by microglia and synaptic pruning due to the direct contact of microglia and synapses. 
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Furthermore, astrocytes have also been shown to play a significant role in synaptic plasticity [275], 

and since both the tri- and co-cultures contain astrocytes, the influence of the microglia may be 

less apparent.  

 

Figure 5.7: (a) Representative fluorescence images of co- and tri-cultures at DIV 21. The cultures are 
stained for the excitatory pre-synaptic marker VGlut1 (Green), post-synaptic marker PSD-95 (red). The 
above image also shows the co-localization with MAP-2 (white). (scale bar = 10 µm). Comparison of the 
density of (b) PSD-95 puncta, (c) VGlut1 puncta, and (d) co-localized puncta. In all three cases a two-way 
ANOVA found no interaction between culture type and time in culture, and therefore the asterisk indicates 
the significance of the main effect between timepoints (n = 4, from two independent dissections). *p < 0.05, 
**p < 0.01, ns indicates no significant difference. 
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5.5 Excitatory vs. Inhibitory Neurons 

While we did not observe any statistically-significant differences in synapse formation 

between the tri- and co-culture, we do see evidence of increased excitatory synapse formation at 

DIV 21 and a significant increase in spike frequency in the tri-culture. As the cortex contains both 

excitatory and inhibitory neurons, we were interested in seeing if the aforementioned differences 

could be attributed to changes in the ratio of excitatory to inhibitory neurons (E/I ratio). We found 

a bimodal distribution of the peak-trough duration of the averaged spike waveforms from 249 units 

recorded from both tri- and co-cultures (Figure 5.8). The first peak is centered at a peak-trough 

duration of ~220 µs, which correlates well with narrow-spiking inhibitory interneurons, while the 

second peak is centered at a peak-trough duration of ~380 µs, which correlated with broad-spiking 

excitatory neurons [276–278]. Additionally, the average spike waveforms from these two groups 

correlated well with previously described narrow-spiking and broad-spiking waveforms (Figure 

5.9a) [277,278].  

 

 

Figure 5.8: Density histogram of the peak-trough durations of the averaged spike waveforms from 249 
units recorded from both co- and tri-cultures. We observe one peak at ~220 µs and the second at ~380 µs. 
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Using the density histogram as a guide, we classified units as either inhibitory (peak-

trough duration < 280 µs) or excitatory (peak-trough duration > 280 µs). We observed a significant 

increase in E/I ratio of recorded units in the tri-culture (86.91 ± 3.27% excitatory neurons) as 

compared to the co-culture (68.83 ± 5.55% excitatory neurons; p = 0.016) (Figure 5.9b). 

Interestingly, E/I ratio of the tri-culture more closely resembles the E/I ratio of the cortex in vivo 

(~80% excitatory) [279]. However, we cannot be sure if this apparent increase in excitatory 

neurons in the tri-culture is due to an actual increase in the number of excitatory neurons in the 

tri-culture or due to a relative increase in the number of excitatory neurons incorporated into the 

neural network. It has been shown that GABAergic neurons may be less healthy than 

glutamatergic neurons in culture potentially due to changes in ion channel expression [280], and 

it may be possible that the microglia in the tri-culture are inducing apoptosis in the weakened 

GABAergic neurons. Alternatively, it has also been shown that glutamatergic neurons are much 

more dependent on glial support and the secretion of the thrombospondin family of extracellular 

matrix proteins to establish functional glutamatergic synapses [280], and therefore the presence 

of microglia in the tri-culture may further enhance the incorporation of excitatory neurons into the 

neural network. Additionally, microglia are known to regulate perineuronal nets (PNNs), which 

stabilize synapses and have been shown to appear in cortical neuron cultures [281]. These PNNs 

primarily associate with narrow-spiking inhibitory neurons, leading to their over incorporation into 

neural networks when microglia are not present [268]. Since microglia are present in the tri-

culture, they may be able to regulate the PNNs, thereby allowing increased incorporation of 

excitatory neurons into the neural network and increasing the apparent E/I ratio to values closer 

to what is observed in vivo. 
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Figure 5.9: Comparison of the E/I ratio in tri- and co-cultures at DIV 21. (a) representative waveforms of 
narrow-spiking and broad-spiking neurons recorded at DIV 21. The line represents the average spike 
waveform, while the shaded region is one standard deviation. (b) Percent excitatory neurons in the tri- and 
co-cultures at DIV 21 (n = 8, from three independent dissections). *p < 0.05. 

 

5.6 Influence of LPS Exposure  

Finally, we investigated the tri-culture’s ability to detect changes in neural activity in response to 

neuroinflammatory stimuli. We therefore challenged the tri- and co-culture with 5 µg/mL LPS and 

monitored the change in neural activity over 72 hours. As stated in the previous chapter, LPS is 

a well characterized activator of neurotoxic neuroinflammation that acts through the TLR4, which 

is found on microglia, but not neurons and astrocytes [218,282]. Activation of microglia by LPS 

leads to the secretion of proinflammatory cytokines [146,215], neuronal apoptosis [201,202], and 

the induction of a neurotoxic “A1” astrocyte phenotype [96]. Additionally, we have demonstrated 

a significant increase in apoptosis and cell death in tri-cultures treated with 5 µg/mL LPS at 48 h 

[146,283].  

As expected, there was no change in the neural activity in the co-culture in response to 

LPS, as LPS acts through the toll-like receptor 4 (TLR4) that is not expressed by neurons or 

astrocytes. Conversely, we observe a significant decrease in both active channels (Figure 5.10a) 
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and spike frequency (Figure 5.10b) in the tri-culture following exposure to LPS. Additionally, we 

begin to see a trend towards a reduction in spike frequency beginning at 3 h (p = 0.17) before 

there is any change in the number of active channels (p = 0.71). As we observed that the spike 

frequency decreases at a more rapid rate than the number of active channels, this suggests that 

changes in neural activity can be detected prior to changes in neuronal health. Unfortunately, we 

were unable to compare other electrophysiological features (percent spikes in bursts, burst 

duration, and within burst ISI) and spike train synchrony, due to the dramatic reduction in active 

channels in the tri-culture following exposure to LPS limiting our ability to effectively characterize 

these features. Nevertheless, these results demonstrate that monitoring extracellular recordings 

from MEAs is a powerful method to non-invasively study the effect of neuroinflammation in vitro, 

especially when combined with our previously described tri-culture of neurons, astrocytes, and 

microglia that more faithfully represents the in vivo neuroinflammatory response.  

 

Figure 5.10: Comparing the change in (a) percent active channels and (b) spike frequency following 
exposure to 5 µg/mL LPS between co-cultures (red) and tri-cultures (blue). The lines show the fitted linear 
mixed effects model (treating individual cultures as a random effect) with a b-spline basis. Asterisks indicate 
a significant difference in the estimated marginal means of the fitted curves between control and LPS 
treated tri-cultures at that timepoint (n = 4, from two independent dissections). *p < 0.05, **p < 0.01, ***p < 
0.001. 
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5.7 Conclusions 

In this chapter, we characterized the neural activity and network maturation in a tri-culture 

of neurons, astrocytes, and microglia. We showed that the presence of microglia in the tri-culture 

had minimal impact on the formation and stability of neural networks, with the exception of an 

increase in spike frequency in the tri-culture. Additionally, characterization of the average spike 

waveforms revealed that the tri-culture had an E/I ratio much closer to that found in the rat cortex. 

Finally, we demonstrated that the improved neuroinflammatory response of the tri-culture can be 

captured via extracellular recordings as indicated by a significant decrease in both active channels 

and spike frequency following exposure to LPS. We expect that the electrophysiological read-out 

from the tri-culture will be useful for continuous and non-invasive studies in the context of 

neuroinflammation and neurodegeneration, where the presence of microglia imparts the ability to 

capture both neurotoxic and neuroprotective phenomena observed in vivo. 
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Chapter 6: Tri-Culture-Based Screening of the Neuroinflammatory 

Response to Toll-like Receptor Activation 

Toll-like receptors (TLRs) are an evolutionarily conserved class of pattern-recognition 

receptors (PRRs) that recognize a multitude of pathogen associated molecular patterns (PAMPs) 

produced by bacteria, viruses, and fungi and are significantly involved in the innate immune 

response [284]. Additionally, TLRs recognize endogenous damage-associated molecular 

patterns (DAMPs) such as extracellular matrix components, high-mobility group box protein 1 

(HMGB1), and mitochondrial DNA [285]. While TLR expression is primarily associated with 

macrophages, neutrophils, and other cells associated with the innate immune system, TLRs are 

expressed in many other cell types including both neurons and glial cells in the CNS [286,287]. 

Additionally, CNS-specific factors such as Aβ1-42 along with DAMPs from damaged or necrotic 

neuronal cells have been shown to activate TLRs on both neurons and glial cells leading to a 

robust neuroinflammatory response [3,288]. However, the exact nature of the neuroinflammatory 

response to the activation of different TLRs is debated. This can in part be attributed to limitations 

in in vitro methodologies that are often limited to the culturing of a single cell type. For example, 

in one study, astrocyte cultures spiked with the TLR3 ligand poly (I:C) showed increased gene 

expression for many neurotrophic factors and the conditioned media promoted neuron survival in 

an organotypic culture [289]. Conversely, a similar study conducted on isolated microglia showed 

a significant increase in the secretion of pro-inflammatory factors such as TNF-α and IL-6 [290]. 

Therefore, there is a need to better understand the relative contributions of different CNS cells on 

the observed neuroinflammatory response to TLR activation. 

In this study, we investigate the response of the tri-culture and neuron-astrocyte co-

cultures to a suite of TLR agonists and quantify the response of both cultures using a number of 

known neuroinflammatory markers including changes in cell death, apoptosis, and astrocyte and 

microglia morphology. As the tri-culture is produced by taking primary cortical cells from neonatal 
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rats and maintaining them in a serum-free culture medium that was specifically designed to 

support all three cell types, when compared to other mixed culture models that require the 

separate maintenance and addition of cells at specific time points, the relative simplicity of this tri-

culture model makes it well suited for high-throughput experiments and an effective model for the 

early screening of therapeutic molecules. We observe significant differences in the 

neuroinflammatory response between the co- and tri-cultures to nearly all tested TLR agonists, 

highlighting the role of microglia in neuroinflammatory processes. Additionally, we observe 

changes in microglia morphology in response to the activation of all tested TLRs (1-9), suggesting 

that rat microglia express TLR1-9 in agreement with previous studies on mouse [291] and human 

[290] microglia TLR expression. The results highlight the influence of cell culture composition on 

the neuroinflammatory response to different TLR agonists and emphasize that the microglia are 

required to observe many of the more neurotoxic aspects of neuroinflammation in response to 

TLR activation found in vivo. 

6.1 Influence of TLR Agonists 

6.1.1 Influence of TLR Agonists on Cell Death 

In order to determine the role of microglia on the overall neuroinflammatory impact of TLR 

activation, we compared the response of both the co- and tri-cultures to an array of known TLR 

agonists at a range of concentrations (Figure 6.1). These concentrations were individually chosen 

for each TLR agonist based on concentrations that have been shown to elicit a response from 

immune cells and covered two orders of magnitude [146,292–297]. As expected, we observed a 

significant increase in cell death in the tri-culture following a 48 h incubation with LPS (TLR4 

agonist) at all concentrations (p < 2 x 10-16, p = 1.1 x 10-5, and p = 6.6 x 10-4 when incubated with 

5 µg/mL LPS, 500 ng/mL , and 50 ng/mL respectively) as compared to the vehicle, which was not 

observed in the co-culture (p = 1.0 for all concentrations). We also observed a significant increase 

in cell death following treatment with the highest concentration of HKLM (1 x 108 cells/mL, TLR2 
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agonist) in the tri-culture (p = 9.04 x 10-4), and while treatment with 1 x 108 cells/mL HKLM did 

show an increase in cell death in the co-culture, this increase did not prove to be statistically 

significant (p = 0.10). Interestingly, we saw a non-monotonic relationship between HMW poly (I:C) 

(TLR3) treatment concentration and cell death, where treatment with 1 µg/mL HMW poly (I:C) 

induced a significant increase in cell death (p = 5.45 x 10-9) while the 10 µg/mL and 100 ng/mL 

treatment concentrations did not result in cell death (p = 0.21 & 1.0 respectively). For the co-

culture, treatment with 10 µg/mL HMW poly (I:C) led to a significant reduction in cell death (p = 

0.023), which was the only instance of a reduction of cell death across all conditions. Additionally, 

for the co-culture there were trends towards increased cell death following treatment with 100 

ng/mL Pam3SK4 (TLR1/2 agonist, p = 0.066), 1 x 108 cells/mL HKLM (TLR2 agonist, p = 0.10), 

and 100 ng/mL FSL1 (TLR6/2 agonist, p = 0.14). 
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Figure 6.1 Influence of TLR agonist treatment on cell death as quantified by staining the cultures with 
Hoechst 33342 (all nuclei) and propidium iodide (nuclei from dead cells). The overall percentage of live 
cells in (a) co-cultures and (b) tri-cultures following TLR agonist treatment. Data shown as mean ± SEM (n 
= 6 wells from two independent dissections) with individual data points plotted, *p < 0.05, **p < 0.01, ***p < 
0.001 (as determined by a one-way ANOVA followed by Dunnett’s test vs vehicle control). 

 

6.1.2 Influence of TLR Agonists on Apoptosis 

Motivated by the influence of TLR agonist treatment on cell death in both the co- and tri-

culture configurations, we studied if TLR agonist treatment induced other, potentially subtle, 

changes in the cultures. Therefore, we compared the amount of Annexin V staining (a marker for 

apoptosis) in both the co- and tri-cultures in response to TLR agonist treatments. Specifically, we 

treated the cultures with the highest concentration of each TLR agonists along with 1 µg/mL HMW 

poly (I:C) as we observed a difference in cell death in the tri-culture at this concentration that was 

not observed at the higher concentration. We observed significantly more Annexin V staining in 

the control conditions of the co-culture (12.27 ± 0.72 %) as compared to the tri-culture (7.05 ± 
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0.51 %, p = 5.61x10-5) (Figure 6.2a&b) in agreement with our previous study which used caspase 

3/7 activity to quantify apoptosis [146]. Similar to cell death, we observed a significant decrease 

in the Annexin V staining in the co-culture treated with the 10 µg/mL HMW poly (I:C) (TLR3 

agonist) as compared to the control (p = 3.55x10-4, Figure 6.2c) that was not observed in the tri-

culture (p = 0.99, Figure 3d). For the tri-culture we observed a significant increase in Annexin V 

staining following treatment with 10 µg/mL R848 (TLR7/8 agonist, p = 0.036, Figure 6.2d). 

Additionally, we saw a trend towards increased Annexin V staining following treatment with 5 

µg/mL LPS (TLR4 agonist, p = 0.094) and 1 µg/mL HMW poly (I:C) (p = 0.17). Overall, we observe 

that compared to the co-culture, the tri-culture shows a more robust an increase in Annexin V 

staining in response to TLR agonist treatment (Figure 6.3). 

 

Figure 6.2. Influence on TLR agonist treatment on Annexin V staining. Representative fluorescence images 
of the (a) co-culture and (b) tri-culture at DIV 9. Quantification of the amount of Annexin V staining in the 
(c) co-cultures and (d) tri-cultures following 48 h exposure to TLR agonists. Data presented as mean ± SEM 
(n = 4 wells from two independent dissections) with individual data points plotted, *p < 0.05, **p < 0.01, ***p 
< 0.001 (as determined by a one-way ANOVA followed by Dunnett’s test vs vehicle control). Scale bar = 
100 µm. 



98 
 

 

Figure 6.3: Comparison of the change in the number of (a) live cells, (b) Annexin V staining, and (c) 
astrocyte area between the co- and tri-cultures following TLR agonist treatment normalized to vehicle 
control. 

 

6.1.3 Influence of TLR Agonists on Glial Cell Morphology 

Reactive astrocytes, typically characterized by a hypertrophic morphology, is often used 

as a marker of neuroinflammation in neurodegenerative [298] and autoimmune disorders [299]. 

Therefore, we quantified the change in astrocyte area in both the co- and tri-cultures in response 

to TLR agonist treatment (Figure 6.4a-c). Upon exposure to TLR agonists, we did not observe 
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any significant changes to astrocyte area in the co-cultures (Figure 6.4d). However, for the tri-

culture, significant astrocyte hypertrophy was evident following treatment with 1 µg/mL 

PAM3CSK4 (p = 0.033) and 5 µg/mL LPS (p = 0.044) (Figure 6.4e). Changes to microglia 

morphology is another common marker used to identify neuroinflammation, and we have 

previously shown that in culture, microglia adopt a spread morphology in response to 

neuroinflammatory stimuli [146]. Therefore, we also quantified the change in microglia 

morphology in the tri-culture following TLR agonist treatment. We observed a significant increase 

in microglia area for every treatment condition with the exception of 10 µg/mL HMW poly (I:C) and 

10 µg/mL LMW poly (I:C) (Figure 6.4f). 
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Figure 6.4: Influence on TLR agonist treatment on glial cell morphology. Representative fluorescence 
images of astrocytes in the (a) co-culture and (b) tri-culture and (c) microglia in the tri-culture at DIV 9 
showing the outlining method used to quantify area. Quantification of the average astrocyte area in (d) co-
cultures and (e) tri-cultures following 48 h exposure to TLR agonists. (f) Quantification of the average 
microglia area in the tri-cultures following 48 h exposure to TLR agonists. Data presented as mean ± SEM 
(n = 4 wells from two independent dissections) with individual data points plotted, *p < 0.05, **p < 0.01, ***p 
< 0.001 (as determined by a one-way ANOVA followed by Dunnett’s test vs vehicle control). Scale bar = 
100 µm. 

 

6.2 Comparing the Influence TLR agonist Between Tri-Cultures and Co-Cultures 

Previous work has shown that microglia from mice [291] and humans [290] constitutively 

express mRNA for TLR1-9, and our results suggest that rat microglia also constitutively express 

TLR1-9. Specifically, following 48 h exposure to TLR agonists, we observed a significant increase 
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in microglia area indicative of microglia activation [219,220,300,301] for all TLR agonists with the 

exception of LMW poly(I:C) (Figure 4f). However, both LMW poly(I:C) and HMW poly(I:C) activate 

TLR3, indicating that microglia respond to TLR3 agonists, but only at specific concentrations, as 

it has been shown that LMW poly(I:C) has a much lower activation efficiency for TLR3 as 

compared to HMW poly(I:C) [302]. Additionally, while we observed morphological changes in 

response to TLR agonists treatments, not all treatments induced further indicators of 

neuroinflammation such as changes to cell death or apoptosis. Conversely, while it has been 

suggested that astrocytes express mRNA for TLR1-9 [286,303,304], it has been shown that 

astrocytes express mRNA for TLR3 at much higher levels than the other TLRs [290]. Similarly, 

when quantifying the different aspects of neuroinflammation in the co-culture lacking microglia, 

we only observed changes to cell death and apoptosis in response to TLR3 activation, with no 

other TLR ligands inducing changes to cell death, apoptosis, or astrocyte morphology. Therefore, 

while we have not directly quantified the expression levels of different TLRs in the astrocytes and 

microglia in our cultures, the results from this study suggest that conclusions drawn from mouse 

and human studies can be extended to our primary rat tri-culture model.  

Of all the TLR agonists tested, FLA (TLR5 agonist), FSL1 (TLR6/2 agonist), and ODN1826 

(TLR9 agonist) did not show any additional indicators of neuroinflammation in either the co- or tri-

cultures beyond changes to microglia morphology. Compared to other TLRs, the role of TLR5 

activation in relationship to neuroinflammation and other neurological diseases has received less 

attention, with much of the research focusing on the expression levels of TLR5 in different CNS 

cell types and not on the role TLR5 activation may have on neuroinflammation [288,304]. One 

recent study has shown that activation of TLR5 on microglia induces neural cell loss and apoptosis 

using a microglia and neuron co-culture [305]. Interestingly, we did not observe the same 

neurotoxic effects even though we used the same source and concentration of TLR5 agonists for 

our treatment. One likely cause of this discrepancy may be the difference in the culture 

methodology, including animal model (rat vs mouse), age (perinatal vs embryonic), and culture 
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composition (neuron-microglia co-culture vs tri-culture). Another potential reason for the 

increased neurotoxic features observed by Ifuku et al. is that the isolated microglia culture used 

in their study contained 10% fetal bovine serum (FBS), which has been shown to activate 

microglia [115], and may be working in combination with the TLR5 activation to produce a more 

pronounced neurotoxic effect. Activation of TLR9 on microglia has also been shown to induce 

significant neuronal death in vivo [306] that was not observed in our tri-culture. However, this cell 

death was primarily attributed to the breakdown of the BBB [306], and therefore it is not surprising 

that the tri-culture was unable to capture this effect.  

Activation of TLR4 in microglia by LPS is a well characterized method to induce robust 

neurotoxic neuroinflammation both in vitro [96] and in vivo [307]. The results from this study are 

in line with our previous work showing significant increases in apoptosis and astrocyte and 

microglia hypertrophy in the tri-culture following exposure to LPS [146]. While we do not observe 

a statistically significant increase in Annexin V staining in this study, the relative change of 

Annexin V staining vs control is similar in magnitude to the increase in caspase 3/7 activity in our 

previous study, and thus the lack of statistical significance in this study (p = 0.094) may be a 

function of the need to control for the familywise error rate (case of multiple of comparisons). In 

addition, we demonstrate a significant increase in cell death in the tri-culture following 48 h 

exposure to LPS at concentrations as low as 50 ng/mL confirming that the tri-culture can replicate 

the robust neuroinflammatory response to LPS treatment seen in vivo. Similarly, the response of 

the co-culture is as expected with no changes to cell death, Annexin V staining, or astrocyte 

morphology as the culture lacks microglia. 

TLR2 has a wide spectrum in recognizing a variety of PAMPs [308], and TLR1 and 6 

heterodimerize with TLR2 in further enhancing the recognition of different PAMPs. The 

heterodimerization has been attributed to an evolutionary mechanism of expanding the ligand 

recognition spectrum of various cell types to diverse lipopeptide structure of different pathogens 

[309]. In this study, TLR2 was activated with HKLM, which is a well-known agonist that is used 
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both for in vivo [310] and in vitro [311,312] studies. Along with TLR2, the TLR1 and TLR6 

heterodimers were activated with PAM3CSK4 and FSL-1 additions to the culture, respectively. 

We observed an increase trend of cell death in the co-culture with TLR1/2, 2 and 6/2 agonists, 

whereas the cell death in the corresponding tri-culture groups was negligible except for the tri-

culture group treated with the highest concentration of TLR2 agonist. Surprisingly, while cell death 

was not significant for the tri-culture group treated with TLR1/2 agonist, there was significant 

astrocyte hypertrophy only for this group (in contrast to the groups treated with TLR 2 and 6/2 

agonists). The underlying reasons for these seemingly contradictory phenomena require 

mechanistic studies and may be due to the dual effects (anti-inflammatory vs pro-inflammatory) 

of some cytokines secreted as function of TLR activation (e.g., IL-6) [313] and cooperative 

response of these TLRs exhibiting non-monotonous dependence on agonist concentrations. 

Importantly, these results highlight that the presence of microglia reveal complex responses in 

compared to that from neuron-astrocyte co-cultures. 

The opposite responses of the co- and tri-cultures to exposure to TLR3 agonist highlights 

the importance of culture composition on the observed outcomes of neuroinflammatory stimuli. 

The neuron-astrocyte co-culture shows a significant decrease in cell death and Annexin V staining 

in following 48 h exposure to 10 µg/mL HMW poly(I:C). This is in line with previous reports that 

show isolated astrocyte cultures produce neuroprotective cytokines in response to TLR3 

activation, and conditioned media from poly(I:C) treated purified astrocyte cultures improved 

neuron survival in organotypic cultures [289]. Conversely, it has been shown that activation of 

microglial TLR3 leads to increased production of the pro-inflammatory cytokines TNF-α and IL-6 

[314]. Interestingly, the tri-culture was able to capture both the neuroprotective aspect of TLR3 

activation on astrocytes and the more neurotoxic aspect of microglia TLR3 activation leading to a 

non-monotonic change in cell death in response to HMW poly(I:C) concentration in the tri-culture. 

We observed a significant increase in cell death following treatment with 1 µg/mL HMW poly(I:C), 

which was not observed at higher (10 µg/mL) treatment concentrations, putatively due to the 
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neuroprotective aspects of astrocyte TLR3 activation counteracting the neurotoxic aspects of 

microglia TLR3 activation.  

We did not observe a significant change in cell death or astrocyte morphology in either 

the co- or tri-culture following exposure to R848 (TLR7/8 agonist). However, in the tri-culture we 

did see a significant increase in Annexin V staining that was not seen in the co-culture. While 

there has not been much research into the impact of astrocyte TLR7/8 activation [288,304], it has 

been shown that activation of TLR8 in primary microglia cultures from non-human primates leads 

to an increase in production of pro-inflammatory cytokines such as TNF-α and IL-12 [315]. 

Additionally knocking-down (KD) TLR7 in mice lead to a reduction in the production of IL-6 

following infections with Japanese encephalitis virus (JEV); however, these mice also showed 

increased viral load and mortality [316]. It has also been shown that R848 treatment can directly 

interact with TLR8 receptors on neurons, leading to reduced neurite outgrowth and increased 

apoptosis [317]. As we did not observe an increase in apoptosis in the co-culture, it is unlikely 

that direct activation of TLR8 on the neurons was solely responsible for the increase in Annexin 

V staining in the tri-culture. It is most likely that the increase in proinflammatory factors driven by 

the activation of microglia TLR7/8 or a combination of the two effects is responsible for the 

increased apoptosis observed in the tri-culture. 

6.3 Conclusions 

In this study we demonstrated the importance of microglia on the observed 

neuroinflammatory response to TLR activation in primary cortical cultures. In response to TLR2, 

3, 4, and 7/8, we observed significant neurotoxic responses including increase in cell death and 

apoptosis in tri-cultures of neurons, astrocytes, and microglia that were not observed in co-

cultures of only neurons and astrocytes. The only significant change that we observed in the co-

culture was a decrease in cell death and apoptosis in response to TLR3 activation. Future studies 

comparing changes in cytokine production would further the understanding of the role microglia 
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play in the neuroinflammatory response to TLR activation. Additionally, comparing the co-

activation of different TLRs may also reveal differences in the neuroinflammatory response as 

previous work has shown unique neuroinflammatory responses to different pairwise combination 

of TLR agonists [318]. Cell culture models are vital tools to gain a better understanding of cellular 

and molecular processes underlying many neurological and neurodegenerative disorders. 

However, it is also critical to recognize the inherent limitations within these models. The use of 

mixed culture models, such as the tri-culture used in this study, is one method of overcoming 

some of these limitations. By including neurons, astrocytes, and microglia in a single culture 

model, we were able to observe the relative influence of all three cell types on the 

neuroinflammatory response to different TLR agonists. This was particularly apparent in the 

response to TLR3 activation, in which we observed that microglia and astrocytes play opposing 

roles in the neuroinflammatory response and depending on the concentration of TLR3 agonist the 

response of microglia or astrocytes dominated the observed response. Additionally, as the only 

modification required to establish and maintain the tri-culture is the preparation and use of the 

specific tri-culture medium, we demonstrate that the tri-culture is well suited for high-throughput 

experiments. Overall, we have demonstrated that microglia play a significant role in the 

neuroinflammatory response to TLR activation in vitro, and their presence is critical to better 

replicate the in vivo response. Furthermore, we expect that the tri-culture model and the 

accompanying methods described here will be useful for higher-throughput screening studies that 

range from neurotoxins to pharmaceuticals.  
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Chapter 7: Conclusions 

 Neuroinflammation plays a significant role in nearly all pathological conditions in the CNS 

including neurodegenerative diseases and psychological disorders. Therefore, there is a critical 

need to better understand the mechanisms driving neuroinflammatory and neurodegenerative 

disease progression. However, the high complexity of the CNS and in vivo environment makes 

performing these detailed mechanistic studies extremely challenging. One such technology that 

can aid in this discovery are organ-on-a-chip platforms, which strike a balance between 

recapitulating relevant cell-cell interactions found in vivo, while reducing the complexity of the 

system to allow for more controlled mechanistic studies. Here we discussed our progress in 

developing an organ-on-a-chip model to study neuroinflammatory and neurodegenerative 

diseases creating capabilities to study how these disease states are able to propagate to 

synaptically connected, but anatomically remote regions of the brain. 

7.1 Dissertation Findings 

 In this dissertation we developed the foundation for an organ-on-a-chip platform to better 

replicate the complexity of neuroinflammation in vivo. In particular, we focused on capturing the 

structural and cellular architecture underlying the propagation and transmission of disease states 

within the CNS through axonal connections and the important cellular crosstalk between neurons, 

astrocytes, and microglia that can significantly alter the observed neuroinflammatory response.  

 We first designed and fabricated a microfluidic device to capture the cellular architecture 

of anatomically remote, but synaptically connected neural populations. This device was based on 

compartmentalized neuronal culture devices that were developed for the acute studies of isolated 

neuron populations [90,127]. These devices consisted of two cell culture chambers connected by 

a series of microchannels that allows axons to cross through, but physically block the cell bodies 

of neurons and other glial cells. This creates two distinct neural populations that are synaptically 

connected, and fluidic isolation of one chamber (primary) can be achieved by increasing the 



107 
 

volume of media in the opposing chamber (secondary), thereby driving a hydrostatic pressure 

driven flow through the microchannels counteracting any diffusion from the primary chamber to 

the secondary chamber. 

We used multiple theoretical and experimental methods to optimize the microchannel 

geometries of these devices to enable their use in extended studies of connected mixed neuron-

glia populations. We discovered that reducing microchannel height down to 1.5 µm had an 

outstanding impact on the fluidic properties of the device by significantly reducing the volumetric 

flow rate through the microchannels that is required for maintaining the fluidic isolation of the 

primary chamber, and by doing so enable the use of these devices for long-term studies where 

fluid flow between the chambers can significantly alter the concentration of soluble factors added 

to the fluidically isolated chamber. Additionally, we found that reducing microchannel height 

improved the cellular confinement of the devices by reducing the number of cell bodies that can 

enter the microchannels, while minimally impacting the ability for axons to cross through the 

channels. The other parameters, such as microchannel width and length and initial seeding 

density offer additional degrees of freedom in customizing such devices for specific applications, 

and we condense the effects of all parameters into design to enable researchers to design similar 

devices to better suit their experimental needs.  

We also demonstrated the utility of these devices by engineering a microfluidic neural 

culture platform with an integrated MEA with microchannels based on the geometries identified 

by the previous experiments. The engineered device successfully recorded extracellular action 

potentials from primary rat cortical cells for 59 days in vitro with more than on order of magnitude 

enhancement in signal-to-noise ratio in the microchannels. Additionally, the recordings from 

electrodes placed within the microchannels showed similar features such as burst duration and 

ISI within bursts from electrodes placed within the cell culture chambers suggesting that the 

physical confinement of the microchannels were not impacting the activity of the neurons. These 

results show that the use of microchannels can improve the fidelity of in vitro extracellular 
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recordings, and that this could be a powerful tool for researchers even if they are not interested 

in the cellular confinement aspect of the device. 

We also developed and characterized a new cell culture model that better mimics the in 

vivo response to a number of neuroinflammatory stimuli, and is also compatible with the 

previously described microfluidic device. This culture model is established through the use of a 

new serum-free media formulation that is specifically designed to support neurons, astrocytes, 

and microglia. We cultured primary cortical cells from neonatal rat pups and demonstrated that 

this media is capable of supporting a healthy population of neurons, astrocytes, and microglia 

Additionally, this “tri-culture” may be more representative of the homeostatic in vivo environment 

that more common neuron-astrocyte co-culture models. The tri-culture showed significantly 

reduced cell death and apoptosis as compared to neuron-astrocyte co-cultures and had an E/I 

ratio closer to what is observed from in vivo recordings from the rat cortex. We attributed this 

improvement in culture health to the interaction of membrane bound CX3CL1 expressed by 

neurons and the corresponding receptor (CX3CR1) found on microglia, which has been shown to 

hold the microglia in a resting state and induce the secretion of the neurotrophic factor IGF-1, 

which was increased in the tri-culture conditioned media. 

We have also demonstrated that the tri-culture better mimics the neuroinflammatory 

response to a wide range of neuroinflammatory stimuli as compared to neuron-astrocyte co-

cultures. In response to LPS the tri-culture displayed many of the classic hallmarks of LPS induced 

neuroinflammation including an increase in cell death and apoptosis, astrocyte hypertrophy, and 

the secretion of a number of pro-inflammatory cytokines (e.g., TNF, IL-1α, IL-1β, and IL-6), none 

of which were observed in LPS-exposed co-cultures. Additionally, we observed a sharp decrease 

in the spontaneous neural activity within the first 12 hours post LPS exposure. Following 

mechanical trauma, the tri-culture showed increased caspase 3/7 activity, as compared to the co-

culture, along with increased astrocyte migration towards the source of injury. Finally, the 
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microglia in the tri-culture played a significant neuroprotective role during glutamate-induced 

excitotoxicity, with significantly reduced neuron loss and astrocyte hypertrophy in the tri-culture. 

We also highlighted some of the additional benefits of the relative simplicity of the tri-

culture model, with the only modification needed to establish and maintain the tri-culture is the 

use of a specialized tri-culture medium. We demonstrate the tri-culture’s use as a higher-

throughput screening platform by examining the response of the tri-culture to a suite of nine TLR 

ligands at multiple concentrations and demonstrated that microglia play a significant role in the 

neuroinflammatory response to TLR activation in vitro, and their presence is critical to better 

replicate the in vivo response. Finally, we cultured the tri-culture in the microfluidic device and 

were able to capture high fidelity electrophysiological recordings. 

7.2 Future Directions 

 As the work from this dissertation established the foundation for an organ-on-a-chip 

system that is capable of modeling the complex neuroinflammatory conditions found in vivo, the 

natural extension of this work is the use of this system to study different neuroinflammatory stimuli 

with a particular focus on how neuroinflammatory and neurodegenerative disease state are able 

to propagate to different regions of the brain. One method would be to use the integrated MEA 

under the interconnecting microchannels to determine if we are able to observe a significant 

increase in neural activity from the interconnecting axons following the induction of a 

neuroinflammatory condition in the treatment chamber. If this is found, then it would suggest that 

increased neural activity or even excitotoxic events may underly the propagation of 

neuroinflammation, and this dependance could be further confirmed by blocking the propagation 

of action potentials between the chambers via application of tetrodotoxin [319] and seeing if the 

transmission of neuroinflammation still occurs. We could also use the results from the initial 

experiment to determine if there may be some specific electrophysiological features or chances 

in neural activity that are characteristic of the propagation of neuroinflammation and use electrical 
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stimulation through the integrated MEA to attempt to mimic that characteristic electrophysiological 

signal and induce a neuroinflammatory state in the secondary chamber. We could also 

pharmaceutically block axonal transport via the application of molecules such as brefeldin A [320] 

to determine if there is an axon transport component required to transmit neuroinflammatory cues.  

Preliminary studies using calcium imaging to detect neural activity have demonstrated a 

strong synaptic connection between the two chambers. After culturing the tri-culture in both 

chambers of the microfluidic device for 14 DIV, application of 50 µM glutamate to the treatment 

chamber led to the immediate increase in neural activity in that chamber, which subsequently 

observed to a lesser degree in the secondary chamber (Figure 7.1). Additionally, we observed 

some evidence of the propagation of neuroinflammation following treatment of the primary 

chamber with 5 µg/mL LPS, however this was only observed in cultures with low initial seeding 

densities (< 3 M cells/mL) and was not observed in platforms that were seeded at higher initial 

concentrations (Figure 7.2). However additional studies are needed to confirm these initial results 

and better characterize the underlying mechanisms driving the propagation of these 

neuroinflammatory states.   

 

Figure 7.1: Demonstration of the synaptic connectivity between the two tri-culture populations in two 
synaptically connected chambers in the microfluidic device. Calcium imaging showing the change in 
fluorescence following the addition of 50 µM glutamate to the treatment chamber at time 0 s. Scale bar: 
250 µm. 
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Figure 7.2: Preliminary study demonstrating the propagation of neuroinflammation within our organ-on-a-
chip model following a 96 h with of 5 µg/mL LPS. The cultures were immunostained for the three cell types 
of interest: neurons – anti-βIII-tubulin (red), astrocytes – anti-GFAP (green), microglia – anti-Iba1 (orange) 
and the general nuclear stain DAPI (blue). Scale bar = 100 µM. 

 

Finally, the tri-culture on its own can be also used to gain a better understanding of the role 

that neuroinflammation plays in a wide range of CNS conditions including neurodegenerative 

diseases, autoimmune diseases, and COVID-19 infection. In addition, the studies listed below 

offer intriguing directions for future research. 

1. In addition to neurons, astrocytes, and microglia the CNS contains additional cells 

associated with neuroinflammation and other pathological states including OPCs, mature 

oligodendrocytes, and pericytes. The tri-culture already contains a small number of OPCs 

and we have observed a very small number of mature oligodendrocytes at later timepoints 

using myelin basic protein staining. Developing a method to increase the population of 

OPCs and mature oligodendrocytes to physiologically relevant numbers would increase 

the physiological relevance of the culture.   
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2. Conversely, it is also important to recognize that the added complexity of maintaining 

multiple cell types within the culture may not always be necessary. Developing methods 

to selectively culture subsets and different combinations of CNS cells would be very 

beneficial to conduct highly directed cellular level experiments and determine the role of 

different cell types in different neuroinflammatory conditions. 

3. We have demonstrated the effectiveness of the tri-culture using primary cells from 

neonatal rats. In order to increase the relevancy of these models for pharmaceutical and 

therapeutic applications it would be beneficial to develop similar culture models using 

human cells.  

4. In a similar vein, extending the tri-culture compatibility with primary mouse cells would 

allow for the use of many transgenic models that are only available in mice. 

5. Incorporating the tri-culture into 3D cultures would also improve the overall physiological 

relevance and enable the study of many processes and morphological changes that are 

only observable in the 3D environment.  

6. Future work could also focus on developing other functional units of the CNS, in particular 

the neurovascular unit and BBB. Incorporating these models with the enhanced 

neuroinflammatory tri-culture model would allow researchers to better understand the role 

of BBB breakdown and CNS specific neuroinflammatory response to different disease 

states.  

7. Additionally, combining these models with the two chambered microfluidic device would 

create a powerful organ-on-a-chip system that could model the response of multiple brain 

regions to different neuroinflammatory stimuli and other pathological conditions.  

  



113 
 

Chapter 8: Publication List and Other Contributions 

8.1 Journal Publications 

• Goshi, Noah, Hyehyun Kim, Alexander Gardner, and Erkin Seker. “The Role of Microglia 

on the Electrophysiological Response of in vitro Cortical Cultures.” (Submitted to Journal 

of Neuroinflammation). 

• Goshi, Noah, Gregory Girardi, Hyehyun Kim, and Erkin Seker. “Teaching a Biomedical 

Device Engineering Course: Proposal Development and Research Data-Based 

Assignments.” Biomedical Engineering Education. (In press). 

• Goshi, Noah, Gregory Girardi, Felipe da Costa Souza, Alexander Gardner, Pamela J. 

Lein, and Erkin Seker “Influence of Microchannel Geometry on Device Performance and 

Electrophysiological Recording Fidelity During Long-Term Studies of Connected Neural 

Populations.” Lab on a Chip 22, no. 20 (2022): 3961-3975 

• Goshi, Noah, Hyehyun Kim, and Erkin Seker. "Primary Cortical Cell Tri-Culture-Based 

Screening of Neuroinflammatory Response in Toll-like Receptor Activation." Biomedicines 

10, no. 9 (2022): 2122. 

• Palanisamy, Barath, Noah Goshi, and Erkin Seker. "Chemically-Gated and Sustained 

Molecular Transport through Nanoporous Gold Thin Films in Biofouling 

Conditions." Nanomaterials 11, no. 2 (2021): 498. 

• Goshi, Noah, Rhianna K. Morgan, Pamela J. Lein, and Erkin Seker. "A primary neural 
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Neuroelectronic Interfaces, 2022. (Poster). 

• Goshi, Noah, Rhianna Morgan, Pamela Lein, and Erkin Seker. “A Primary Neural Cell 
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Appendix II 

In Appendix II detailed experimental protocols are given. 

Primary Rat Cortical Tri-Culture 

1. Prepare Stock Solutions 

a. 0.1% w/v BSA (Bovine Serum Albumin) Solution 

i. Prepare ~50 mL of 0.1% w/v BSA solution in PBS+ and sterile filter. 

ii. Store at 4ºC 

b. 100 µg/mL IL-34 Solution 

i. Add 100 µL of 0.1% w/v BSA solution to a 10 µg vial of lyophilized IL-34 

(R&D Systems, 5195-ML) 

ii. Store between -20ºC and -70ºC 

c. 10 µg/mL TGF-β Solution 

i. Add 200 µL of 0.1% BSA solution to a 2 µg vial of lyophilized TGF-β 

(Peprotech, 100-35B) 

ii. Store between -20ºC and -70ºC 

d. 1.5 mg/mL Cholesterol Solution 

i. Prepare a 1.5 mg/mL solution of cholesterol (Avanti Polar Lipids ,7000000) 

in absolute ethanol. 

ii. Store between -20ºC and -70ºC 

e. Plating Media (PM) 

i. Combine 500 mL Neurobasal A, 50 mL heat-inactivated horse serum, 10 

mL of B27 supplement, 10 mL of 1 M HEPES pH 7.5, and 5 mL GlutaMax 

(all from ThermoFisher) and sterile filter. 

ii. Aliquot and store at -80ºC 

f. Growth Media (GM) 
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i. Combine 500 mL Neurobasal A, 10 mL of B27 supplement, and 5 mL 

GlutaMax (all from ThermoFisher) and sterile filter. 

ii. Aliquot and store at -80ºC 

2. Prepare Tri-Culture Media (25 mL) 

a. Combine 25 mL GM with 25 µL IL-34 solution, 5 µL TGF-β solution, and 25 µL 

cholesterol solution and sterile filter. 

b. Store at 4ºC. Note: At 4°C if tri-culture media is stored longer than 1 week, the 

number of microglia decreases significantly. It is important to make fresh media 

each week during the duration of the culture. Using the following feeding protocol 

the media will last for 2 media changes; it is recommended to calculate the amount 

of media required for the week and adjust the recipe accordingly 

3. Substrate Preparation 

a. Cover Poly-L-Lysine coated substrates with PM for at least 4 h at 37ºC and 5% 

CO2 (preferably overnight). 

4. Plate Cells in PM (Media volume is given for 12 well plates) 

a. Gather cells following a perinatal rap pup dissection (cortex). 

b. Dilute cells from the stock solution in PM to an adequate density for plating 

c. Aspirate the PM from the samples and replace with 500 μL of the cell dilution. 

d. Spread cells over the surface of the wells by sliding back and forth and side to 

side. 

e. Place samples into an incubator at 37°C and 5% CO2 for 4 hours to allow for 

attachment. 

f. Remove the samples from the incubator and place them back into BSC. 

g. Aspirate PM from the samples. 

h. Replace with 500 µL of tri-culture media. 

i. Place samples back in incubator at 37°C and 5% CO2. 
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5. Culture Maintenance (Media volume is given for 12 well plates) 

a. At day in vitro 3 

i. Replenish the tri-culture media by adding 500 µL of fresh, warmed tri-

culture media to each well. 

b. At day in vitro 7 

i. Aspirate 500 µL of tri-culture media from each well. 

ii. Replenish the tri-culture media by adding 500 µL of fresh, warmed tri-

culture media to each well. 

c. Repeat every 3-4 days through the culture duration.  

Microfluidic Device Fabrication 

1. Fabricate MEA 

a. Clean 500 µm thick borosilicate glass wafers (University Wafers) via sequential 2 

min sonication in acetone, isopropyl alcohol, and deionized water. 

b. Dehydration bake the cleaned wafer at 150ºC for 5 min. 

c. Pattern the trace layer using the negative photoresist NR9-1500PY (Futurrex). 

d. Sputter deposit a 250 nm-thick Au layer over a 160 nm-thick Cr adhesion layer and 

lift-off to reveal the patterned traces. 

e. Deposit a 250 nm-thick layer of SiO2 via PECVD to serve as the insulation layer. 

f. Pattern S1813 (Microposit) to define the electrode sites, and briefly immerse in 

buffered oxide etch to open the insulation layer. Note: This immersion time will 

need to be determined based on the size of the openings and thickness of SiO2.  

g. Check that the electrode sites are fully opened using a profilometer (Bruker Dektak 

XT). 

h. Cover with wafer with S1813 to protect the surface, dice the wafer, and remove 

the S1813 with acetone to obtain completed MEAs. 
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2. Microfluidic Master Mold Fabrication 

a. Clean a 500 µm thick Si wafer via sequential 2 min sonication in acetone, isopropyl 

alcohol, and deionized water. 

b. Dehydration bake the cleaned wafer at 150ºC for 5 min. 

c. Pattern alignment marks with S1813 and sputter with an 160 µm-thick layer of Cr.  

d. Lift-off the S1813 with acetone to reveal the Cr alignment marks. 

e. Pattern the microchannels with SU-8 6005 (Kayaku Advanced Materials) spun to 

the appropriate thickness. Note: Spin speeds will be dependent on the desired 

height of the microchannels. For 1.5 µm channels spin at 8000 rpm for 45 s. 

f. Pattern the cell culture chambers with SU-8 2050 spun to a thickness of 75 µm. 

g. Hard bake the mold for 1 h at 250ºC to improve the longevity of the mold. 

h. Confirm the heights of the features using a profilometer. 

3. Soft Lithography 

a. Fix the master mold in a 100 mm Ø petri dish with double sided tape. 

b. Mix 70 mL of PDMS (1:10 curing agent to PDMS by weight; Slygard 184) and place 

in a vacuum chamber for 1 h to remove air bubbles. Note: Only the first pour of 

PDMS requires 70 mL in order to completely fill the petri dish, subsequent pours 

should only require ~35 mL as only the portion above the master mold needs to 

be filled. 

c. Pour over master mold and place back into the vacuum chamber for 30 min to 

remove air bubbles. 

d. Cure PDMS on a hot plate at 95ºC for 1.5 h. 

4. Integradted Microfluidic and MEA Device Assembly. 

a. Cut out PDMS from master mold and trim excess PDMS to form the final platform. 

b. Punch out the fluidic ports using a 3 mm Ø biopsy punch. 
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c. Remove any particles from the PDMS platform using clear tape and clean with 

70% EtOH and dry under nitrogen flow. 

d. Clean the corresponding MEA using 70% EtOH and dry under nitrogen flow. 

e. Treat the PDMS platform (feature side up) and MEA with air plasma at 10 W for 2 

min. 

f. Remove from the air plasma chamber and cover both the PDMS platform and MEA 

with 70% EtOH. 

g. Place the PDMS platform over the MEA and align the microchannels over the 

electrodes under a dissection microscope. 

h. Place the aligned device in a vacuum chamber for 1 h to remove the EtOH solution 

and permanently bond the PDMS platform to the MEA.  

i. Treat the bonded devices with air plasma at 30 W for 10 min to make the surfaces 

hydrophilic and sterilize the devices. 

j. Quickly transfer to the BSC and fix 8 mm Ø glass cloning cylinders over the fluidic 

ports using vacuum grease. 

k. Add PLL solution into the microfluidic device and incubate for 4 h at 37°C and 5% 

CO2. 

l. Wash each device 6x with sterile DI water and cover with PM until use. 

ImageJ Macros 

The following macros were used during image analysis. 

Cell count using DAPI at 100x magnification 

macro "Full IsoData Analysis" { 

 G_Sdir = getDirectory("Choose a Directory "); 

 list = getFileList(G_Sdir); 

 for(i=0; i< list.length ;i++) { 
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  Analysis(list[i]); 

 } 

} 

 

function Analysis(img_filename) { 

 fullpath_image = G_Sdir + img_filename; 

 open(fullpath_image); 

 sourceID = getImageID(); 

 imageTitle=getTitle(); 

 run("Split Channels"); 

 selectWindow("C1-"+imageTitle); 

 close(); 

 selectWindow("C2-"+imageTitle); 

 close(); 

 selectWindow("C3-"+imageTitle); 

 close(); 

 selectWindow("C4-"+imageTitle); 

 run("Subtract Background...", "rolling=50"); 

 run("Auto Threshold", "method=IsoData"); 

 run("Median...", "radius=2"); 

 run("Watershed"); 

 run("Analyze Particles...", "size=50-Infinity summarize"); 

 close(); 

} 

 

Astrocyte and neurite % area coverage 
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macro "Full IsoData Analysis" { 

 G_Sdir = getDirectory("Choose a Directory "); 

 list = getFileList(G_Sdir); 

 for(i=0; i< list.length ;i++) { 

  Analysis(list[i]); 

 } 

} 

 

function Analysis(img_filename) { 

 fullpath_image = G_Sdir + img_filename; 

 open(fullpath_image); 

 sourceID = getImageID(); 

 for(i=1; i<5; i++) { 

  Stack.setChannel(i); 

  run("Subtract Background...", "rolling=50"); 

  run("Auto Threshold", "method=Huang"); 

  run("8-bit"); 

  run("Median...", "radius=2"); 

  run("Analyze Particles...", "summarize"); 

 } 

 close(); 

} 

 

Synaptic Puncta Count 

macro "Full IsoData Analysis" { 

 G_Sdir = getDirectory("Choose a Directory "); 
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 list = getFileList(G_Sdir); 

 for(i=0; i< list.length ;i++) { 

  Analysis(list[i]); 

 } 

} 

 

function Analysis(img_filename) { 

 fullpath_image = G_Sdir + img_filename; 

 open(fullpath_image); 

 sourceID = getImageID(); 

 imageTitle=getTitle(); 

 run("Split Channels"); 

 selectWindow("C1-"+imageTitle); 

 close(); 

 selectWindow("C4-"+imageTitle); 

 close(); 

 selectWindow("C2-"+imageTitle); 

 run("Subtract Background...", "rolling=50"); 

 run("Auto Threshold", "method=Moments white"); 

 run("Median...", "radius=2"); 

 selectWindow("C3-"+imageTitle); 

 run("Subtract Background...", "rolling=50"); 

 run("Auto Threshold", "method=Moments white"); 

 run("Median...", "radius=2"); 

 imageCalculator("AND create", "C2-"+imageTitle,"C3-"+imageTitle); 

 selectWindow("C2-"+imageTitle); 
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 run("Convert to Mask"); 

 run("Watershed"); 

 selectWindow("C3-"+imageTitle); 

 run("Convert to Mask"); 

 run("Watershed"); 

 selectWindow("Result of C2-"+imageTitle); 

 run("Convert to Mask"); 

 run("Watershed"); 

 selectWindow("C2-"+imageTitle); 

 run("Analyze Particles...", "size=0.1-Infinity summarize overlay"); 

 close(); 

 selectWindow("C3-"+imageTitle); 

 run("Analyze Particles...", "size=0.1-Infinity summarize overlay"); 

 close(); 

 selectWindow("Result of C2-"+imageTitle); 

 run("Analyze Particles...", "size=0.05-Infinity summarize overlay"); 

 close(); 

} 

 

Statistical Analysis 

Generalized R codes used for statistical analyses are given below. 

Hierarchical linear regression analysis 

# Import Data 

Aggrigate_Data_Full_R <- read_excel("data file") 

View(Aggrigate_Data_Full_R) 
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Aggrigate_Data_Full_R$Nuclei <- Aggrigate_Data_Full_R$Channel_Total + 

Aggrigate_Data_Full_R$Oppo_Total 

 

#Plot all columns to check for normality 

par(mfcol=c(3,3)) 

hist(Aggrigate_Data_Full_R$Seeding, main = "Seeding") 

hist(Aggrigate_Data_Full_R$Height, main = "Height") 

hist(Aggrigate_Data_Full_R$Width, main = "Width") 

hist(Aggrigate_Data_Full_R$Length, main = "Length") 

hist(Aggrigate_Data_Full_R$Axon, main = "Axon") 

hist(Aggrigate_Data_Full_R$Dendrite, main = "Dendrite") 

hist(Aggrigate_Data_Full_R$Astrocyte, main = "Astrocyte") 

hist(Aggrigate_Data_Full_R$Channel_Total, main = "Nuceli in Channel") 

hist(Aggrigate_Data_Full_R$Oppo_Total, main = "Nuclei Crossing Channel") 

 

#Normalize data 

normalize <- function(x){ 

  return((x-min(x))/(max(x)-min(x))) 

} 

Aggrigate_Data_Full_R$Seeding_norm <- normalize(Aggrigate_Data_Full_R$Seeding) 

Aggrigate_Data_Full_R$Height_norm <- normalize(Aggrigate_Data_Full_R$Height) 

Aggrigate_Data_Full_R$Width_norm <- normalize(Aggrigate_Data_Full_R$Width) 

Aggrigate_Data_Full_R$Length_norm <- normalize(Aggrigate_Data_Full_R$Length) 

Aggrigate_Data_Full_R$Axon_norm <- normalize(Aggrigate_Data_Full_R$Axon) 

Aggrigate_Data_Full_R$Dendrite_norm <- normalize(Aggrigate_Data_Full_R$Dendrite) 

Aggrigate_Data_Full_R$Astrocyte_norm <- normalize(Aggrigate_Data_Full_R$Astrocyte) 
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Aggrigate_Data_Full_R$Channel_Total_norm <- 

normalize(Aggrigate_Data_Full_R$Channel_Total) 

Aggrigate_Data_Full_R$Oppo_Total_norm <- normalize(Aggrigate_Data_Full_R$Oppo_Total) 

Aggrigate_Data_Full_R$Nuclei_norm <- normalize(Aggrigate_Data_Full_R$Nuclei) 

 

#Generate normalized data frame 

Norm_data <- Aggrigate_Data_Full_R %>% select(Seeding_norm, Height_norm, Width_norm, 

Length_norm, Axon_norm, Dendrite_norm, Astrocyte_norm, Channel_Total_norm, 

Oppo_Total_norm, Nuclei_norm) 

 

#Axon analysis (This code can be repeated for other features) 

Axon_model <- lm(Axon_norm ~ Seeding_norm + Height_norm + Length_norm + Width_norm, 

data = Norm_data) 

Axon_best <- ols_step_best_subset(Axon_model) 

plot(Axon_best) 

Axon_best 

Am0 <- lm(Axon_norm ~ 1, data = Norm_data) 

Am1 <- lm(Axon_norm ~ Seeding_norm, data = Norm_data) 

Am2 <- lm(Axon_norm ~ Seeding_norm + Width_norm, data = Norm_data) 

Am3 <- lm(Axon_norm ~ Seeding_norm + Width_norm + Length_norm, data = Norm_data) 

Am4 <- lm(Axon_norm ~ Seeding_norm + Width_norm + Length_norm + Height_norm, data = 

Norm_data) 

anova(Am0) 

anova(Am1, Am2, Am3, Am4) 

summary(Am1) 

summary(Am2) 
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summary(Am3) 

summary(Am4) 

 

Linear mixed effects model to analyze electrophysiological features 

# Import Data 

ActR <- read_excel("data file") 

View(ActR) 

 

# Analyze data 

lmer_fit <- lmer(Burst ~ Culture*bs(Time) + (1 | ID), data = ActR) 

em <- ref_grid(lmer_fit, 

               at = list( 

                 Culture = c("Co", "Tri"), 

                 Time = c(7, 10, 14, 17, 21), 

                 ~ Burst | Time 

               )) 

contrast(em, "pairwise", adjust = NULL) 




