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Abstract      

Traumatic brain injury (TBI) is the leading cause of death and disability in the developed world 

for people under the age of 40 and often survivors suffer from debilitating cognitive, physical, 

and emotional impairments. The pathophysiology of TBIs consists of two parts: the primary 

injury resulting from the initial impact and the secondary injury resulting from the body’s 

physiological response to the primary injury. Unchecked microglial activation plays a prominent 

role in the neuroinflammatory response during the secondary damage progression of TBI. 

Currently, a major obstacle in the field is a general lack of understanding in molecular 

mechanisms that drive secondary damage progression. As a result, the mechanisms surrounding 

the role of extracellular mitochondrial damage in TBI and the process underlying their release 

remain relatively unknown. This study aims to determine the effect of controlled cortical impact 

(CCI) induced mitochondrial dysregulation in a 3D microglial tissue model and the effect on 3D 

microglial tissue model through the transfer of conditioned media from CCI induced 3D 

neuronal tissue model. We showed here a trend in damage progression evidenced through 

Lactate dehydrogenase (LDH) analysis for both microglial and neuron-to-microglial transfer 

models. However, metabolic, and functional analysis show that the presence of neuronal 

conditioned media is required to propagate mitochondrial dysfunction, which peaks within 48h 

after injury and shows recovery at the 72h mark. The upregulation of dynamin-related protein 1 

(DRP1) and mitochondrial fission 1 protein (FIS1), mitochondrial fission markers, aligns with 

the deterioration of mitochondrial metabolic activity and microglial damage, while upregulation 

of mitofusin 1 (MFN1), mitochondrial fusion marker, aligns with metabolic recovery in 

mitochondria. EVs remain an inconclusive mechanism for dysfunctional mitochondrial release. 

We will further focus on understanding the mechanisms underlying the mitochondria release and 

re-uptake by glial cells. Overall, this study is a foundation for further understanding of the role 

dysfunctional mitochondria play in TBI-induced secondary neurodegeneration and 

neuroinflammation.  
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1. Introduction 

1.1 Background 

Traumatic brain injuries (TBI) contribute to about 30% of all injury deaths in the United States 

and survivors can face long-term effects1. TBI is defined as the disruption of the normal function 

and structure of the brain caused by an impact to the head2. Singular or repeated injuries can lead 

to Chronic Traumatic Encephalopathy (CTE), neurodegeneration, and has been shown to be 

linked to Parkinson’s, Alzheimer’s, several psychiatric disorders, and a reduction of 

immunosuppression, which all lead to higher rates of mortality and diminished quality of life 

amongst those afflicted3, 4. 

Rodent in-vivo models have been frequently utilized in studying the pathophysiological 

mechanisms of TBI such as the cellular, molecular, and behavioral outcomes5, 6. Furthermore, 2D 

in-vitro models have shown cell-type specific (microglia, astrocytes, and neurons) responses to 

injuries7. They also enable us to capture a wide variety of neuroinflammatory responses to 

mechanical stimulation and allow for experimentation that is well-controlled, environmentally 

isolated, and region-specific8. However, 2D models are not able to emulate the morphological or 

functional complexities of the brain or the physiological environment surrounding it6. In 

addition, 2D in-vitro models are not able to mimic the mechanical responses to impacts caused 

by TBI6. 

The usage of 3D in vitro tissue cultures has emerged as a favorable option to create a biomimetic 

model emulating brain structure9. These models are predicated on recapitulating brain anatomy, 

cell to cell interactions, mechanical properties, and cellular composition10. These models have 

also been used to study biological mechanisms and physiological relevance in a variety of 

neurodegenerative diseases such as Parkinson’s and Alzheimer’s10. 
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Our 3D model was constructed to enable a deeper understanding of the structure and function of 

the central nervous system (CNS) and allow us to better model the pathological states like 

traumatic brain injury or disease models to increase the similarity to in vivo models6,11. The silk 

scaffold design utilized allows us to accommodate high concentrations of cells and enables 

network growth into a collagen gel11. Our model consists of 2 major parts. First, we have a silk 

scaffold which serves as a brain tissue growth substrate embedded in collagen type I6. Second, 

we have an extracellular matrix, which supports the growth of brain tissue networks like neurons 

or microglia6. The ability to test an in vitro TBI system in this model was validated by comparing 

experimental outcomes shown in inducing controlled cortical impact (CCI) in mice6. Therefore, 

this model is suitable for the experimental approach we are taking to study damage progression 

in TBI. 

  

The pathophysiology of TBIs consists of two parts: the primary injury resulting from the initial 

impact and the secondary injury resulting from the body’s physiological response to the primary 

injury12. Specific therapies associated with TBI are lacking due to the limited knowledge 

surrounding secondary injury mechanisms13, 6. Secondary injury mechanisms include edema, 

excitotoxicity, energy failure, and neuroinflammation14. 

A major contributor to the neuroinflammatory response is microglial activation14, 15. When the 

TBI occurs, microglia migrate to the site of injury to establish a neuroprotective environment, in 

which they release trophic factors, guard against oxidative stress, help prevent excitotoxicity, and 

act to remove damaging agents and cell debris14, 15. However, activated microglia are also shown 

to release an augmented amount of pro-inflammatory factors, reactive oxygen species (ROS), 

nitrogen species, and excitatory neurotransmitters which cause an increase in neurotoxicity 

through the neuroinflammation response14, 15. This microglial activation and consequent neuronal 
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damage are attributed to habitual glial stimulation when exposed to cell damage15. One crucial 

component attributed to cell damage in the neuroinflammatory progression is dysfunctional 

mitochondria15, 16. 

Structural and functional abnormalities seen in mitochondria have been linked to 

neurodegenerative disease models17. Mitochondrial fission and fusion machinery must be 

balanced to preserve function18. Fission involves a segregation of dysfunctional mitochondrial 

networks, which are removed through mitophagy19. Mitochondrial fission is regulated by two 

guanosine triphosphate (GTP)-ase genes, mitochondrial fission 1 (FIS1) and dynamin-related 

protein 1 (DRP1)17, 20. FIS1 is localized on the outer membrane and controls mitochondrial 

division17. DRP1 is critical for mitochondrial division, size, shape, and distribution throughout 

the cell17. Studies have shown that a loss of DRP1 function has increased mitochondrial fusion 

and connectivity15. DRP1-dependent mitochondrial fragmentation is involved in neuronal cell 

death15, 21. DRP1 possesses two major sites for phosphorylation, Ser616 and Ser63722. The 

phosphorylation of DRP1 on Ser616 promotes mitochondrial fission, while the phosphorylation 

of DRP1 on Ser637 executes the opposite role22. 

Mitochondrial fusion induces formation of an extended interconnected mitochondrial network 

enabling mitochondria to mix proteins, metabolites, and mitochondrial deoxyribonucleic acid 

(mtDNA)23. Normally, dysfunctional and healthy mitochondria fuse together to restore 

mitochondrial function20, 24. However, in a persistent pathological condition, environmental 

stressors inhibit fusion, stimulate fission, and cause mitochondrial fragmentation, triggering 

apoptosis and cell death20. GTPase proteins such as mitofusins (MFN1 and MFN2) and dominant 

optic atrophy 1 (OPA1), are required for the fusion of mitochondrial outer and inner membranes, 

respectively20, 24. MFN proteins serve in achieving and maintaining membrane tethering between 
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adjacent mitochondria using continuous GTP hydrolysis25. MFN1 is also known to play a role in 

fusion triggered by the inner membrane protein, OPA1, since MFN1 is mutated in autosomal 

dominant optic atrophy26. The role of MFN2 is relatively unknown, although it is known to be 

critical for mitochondrial fusion26. It is also responsible for modulating the tethering between 

endoplasmic reticulum and mitochondria27. Specifically, OPA1 deficiency leads to the loss of 

mitochondrial fusion and to the disorder in cristae, which triggers rapid reduction of 

phosphorylation and higher sensitivity to apoptosis20, 24. 

The dysregulation or dysfunction of mitochondria due to excessive fission leads to the release of 

fragmented mitochondria into the extracellular environment15. However, the mechanism of this 

process is unknown. One potential mechanism of fragmented mitochondrial release is through 

extracellular vesicles (EV)28, 29. These EVs are subdivided into three main categories based on 

size, contents, and biogenesis29. The first type is called apoptotic bodies, in which the body 

eliminates inviable cells without causing harm or a sustained immune response28, 29. These 

vesicles are associated with an anti-inflammatory immune response30. Microvesicles, smaller 

than ABs, are released through the external blebbing of the plasma membrane31. Exosomes 

represent the smallest EV, which function to remove unneeded membrane proteins and serve in 

the molecular transport of nucleic acids and mtDNA between cells32. 

The role of mitochondria and EVs has been studied in multiple contexts. Cells including 

monocytes, hepatocytes, endothelial cells, and mesenchymal stem cells have shown to secrete 

EVs containing whole mitochondria or mitochondrial components33. There is also a link found 

between extracellular vesicles containing mitochondria and mitochondrial DNA that induces 

inflammatory responses in receptor cells33. For example, lipopolysaccharides activated 

monocytic cells show an increase in free mitochondria and microvesicles saturated with 
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mitochondria, which causes tumor necrosis factor (TNF)-ɑ and type I interferon signaling. This 

leads to proinflammatory effects on receptor cells34. In addition, mitochondrial stress causes the 

formation of mitochondrial derived vesicles (MDVs) between sizes 70-150nm into the 

endolysosomal system33, 35. MDVs can then fuse with multivesicular endosomes and then 

mitochondrial constituents can then be secreted out of the cell via exosomes33. Another study 

conducted by Leermakers et al. found that mitochondria were identified in vesicles that were 

being discarded from iron chelation-exposed myotubes, resulting in the finding that EV 

containing mitochondria are found in muscle cells36. This indicates a further link that damaged 

mitochondria can be removed through EVs. There is evidence that links extracellular 

mitochondria containing EVs to inflammatory responses in other parts of the body, however, 

there has not been clear evidence of the mitochondrial release pathways in the context of 

traumatic brain injuries and the microglial neuroinflammatory response15, 33, 34.  

One way to test whether vesicles are responsible in mitochondrial release pathways is to inhibit 

their release when inducing damage on cells and the internal mitochondria. One mechanism of 

EV release is through calpain, representing a family of calcium-dependent neutral proteases37, 38.  

Activated calpains engage with numerous protein substrates including G proteins and 

cytoskeleton proteins that contribute to processes like apoptosis, cell proliferation, migration, and 

cancer progression37. Their role in cytoskeleton remodeling has shown to promote the shedding 

and release of EVs37. Another mechanism to inhibit EVs is through the inhibition of Rho kinases 

(ROCK), a family of serine-threonine kinases37. ROCKs utilize cellular contractility using actin 

filaments to enable microvesicle (MV) shedding37. A cell permeable, competitive inhibitor, 

Y27632, blocks the catalytic binding sites of ROCK, resulting in the inhibition of EV release37. 

Figure 1 shows the two pathways of inhibition executed by Calpeptin and by Y27632.  
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Figure 1: Mechanisms of Calpain and ROCK Inhibitors37 
(A) Calpain is involved in multiple mechanisms such as cell migration through Talin and FAK, cell invasion 

through MMP release and activation, and generation and release of MVs through cytoskeletal proteins such as 

cortactin. Calpeptin, a calpain inhibitor, acts as an inhibitor of calpain, which prevents it from releasing MVs (B) 

ROCK is involved in multiple mechanisms to regulate shape and movements of cells by activating Adducin or ezrin, 

radixin, and moesin proteins (ERM) but can also interact with myosin light chain and LIM kinases that enable MV 

release. Y27632 acts as a competitive inhibitor of ROCK, which prevents it from releasing MVs.37 

 

Utilizing calpain and ROCK inhibitors would allow us to measure the role that vesicles play in 

mitochondrial release. 

1.2 Significance and Objective of Study 

There can be many precautions taken to prevent the severity of TBI from occurring in the first 

place, but when they do occur, there are measures that can be taken to mitigate the effect that 

secondary damage has on the brain. To develop treatments to alleviate the effects of the 

neuroinflammatory and neurodegeneration pathways caused by TBI, there needs to be a way to 

study the underlying mechanisms that drive it. By gaining further insight in the mechanisms of 

mitochondrial fragmentation and release, there can be methods to better understand the effects it 

has in further injury propagation. Analyzing fission/fusion pathways, levels of metabolic 

dysfunction, and mechanisms of release will act as important elements in the path to 

(A) (B) 
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understanding and alleviating the dominant causes that trigger mitochondrial damage. Utilizing 

such 3D brain models will also allow scientists to eventually explore the pathological differences 

in mechanisms that are driven by mild, moderate, and severe TBIs through models like 

controlled cortical impact (CCI). This could drastically improve clinical methods on how TBIs 

damage progression can be managed. 

This study aims to delve into the upstream and downstream mechanisms that cause 

mitochondrial dysregulation in TBI. There are studies in other animal models of TBI and in 2D 

tissues cultures. The usage of 3D brain-like tissue models will allow us to observe the effects that 

CCI induced injuries would have on human brain cells in a more biomimetic manner. Hence, 

there could be future work done to study the effects that mitochondrial issues due to CCI 

manifest themselves in the presence of other central nervous system (CNS) cell types such as 

astrocytes and oligodendrocytes. In addition, the results obtained from inhibiting EVs could also 

serve as a breakthrough in determining not only the release mechanism of damaged mitochondria 

in damaged states but also how healthy mitochondria could be transferred out to promote repair 

and cell-to-cell communication. Bi-culture or tri-culture models would enable us to better 

understand the inter-cellular dynamics that resemble a more dynamic and intricate in-vitro brain 

model. Adjusting the severity of the CCI damage, like mentioned before, would enable scientists 

to test varying mechanisms of response to brain damage and explore what pathologies become 

more pronounced with varying degrees of damage. The treatments derived from inhibiting these 

mechanisms could be utilized to prevent the spread damage progression and other disease 

pathologies. These preclinical studies could one day be translated into the clinic to improve the 

lives of millions who suffer from the effects of TBIs.  
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2. Specific Aims 

Specific Aim 1: To determine the effect of mechanical and biochemical stimulation of microglial 

tissue post-CCI. 

Traumatic brain injuries (TBI) are the leading cause of death and disability in the developed 

world for people under the age of 40 and survivors suffer from a host of debilitating cognitive, 

physical, and emotional impairments39. One reason for secondary damage progression after the 

initial injury is known to be propagated by unchecked microglial activation15. Currently, an 

obstacle in the field is insufficient knowledge in molecular mechanisms that drive secondary 

damage and mitochondria’s role in this progression. There is insufficient evidence using an in 

vitro brain-like model to study TBI’s role in mitochondrial dysfunction. 

To solve this problem, we utilized a 3D microglial tissue model and 3D neural tissue model to 

study the effect of TBI on mitochondrial dysregulation. To achieve this goal, we used two 

pathways to induce damage in our tissue models. In the first path, we first induced CCI on a 3D 

microglial tissue model to emulate a moderate type of TBI; next, we analyzed health and 

function of the extracellular mitochondria after CCI. In the second path, we induced CCI on a 3D 

neural tissue model to emulate a moderate type of TBI and transferred the conditioned media to 

the 3D microglial tissue model; and then we analyzed the health and function of the intracellular 

and extracellular mitochondria after CCI. At last, we examined the potential mechanisms of 

dysfunctional mitochondria release after injury. My hypothesis was that the CCI-induced 

damage will cause fragmentation of mitochondria, leading to release of dysfunctional 

mitochondria resulting in microglial activation.  
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The proposed studies utilized both CCI-induced 3D microglial cultures and CCI-induced 3D 

neuronal cultures that will be able to overcome current limitations. It will provide greater insight 

into the pathological mechanisms of mitochondrial dysfunction that causes microglial activation. 

This would enable a deeper knowledge in the function that CCI plays in the mitochondrial 

dysfunction and find pathways to diminish the harm that damaged mitochondria cause in 

secondary damage progression. 

Aim 1.1: To establish injury model and characterize injury progression in microglia 

The goal of this aim is to induce CCI on a 3D microglial tissue model and characterize its effects 

in the glial tissue culture. Human microglial clone 3 (HMC3) microglial cells will be cultured 

and seeded on 3D silk scaffolds to formulate a 3D microglial tissue model. The 3D microglial 

tissue model will then undergo CCI, and the health and viability of the cells will be characterized 

using lactate dehydrogenase (LDH) and glutamate assays. This aim will enable us to confirm and 

characterize the damage that has occurred on the microglial tissue model.  

Aim 1.2: Evaluate the effect of conditioned media from CCI-induced damaged neuronal 

tissue on microglial health 

The goal of this aim is to induce CCI on a 3D neural tissue model and characterize its effects in 

the microglial tissue culture by transferring the neural conditioned media (containing neuronal 

cell debris, growth factors, and other chemical factors secreted by neuronal tissue) to the 

microglial 3D tissue model. HMC3 microglial cells will be cultured and seeded on 3D silk 

scaffolds to formulate a 3D microglial tissue model. Concurrently, human induced neural stem 

cells (hiNSC) will be cultured and seeded on 3D silk scaffolds to formulate a 3D neural tissue 

model. The 3D neural tissue model will then undergo CCI, and the conditioned media will be 

transferred to the microglial tissue model, and the health and viability of the cells will be 
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characterized using LDH and glutamate assays. This aim will enable us to confirm and 

characterize the damage that has occurred on the microglial tissue model based on a CCI induced 

damage response from the neural tissue model. 

Aim 1.3: Analyze the effect of CCI induced damage in microglial tissue on the health and 

function of extracellular mitochondria 

The goal of this aim is to characterize the degree of dysfunction caused by the CCI on microglial 

tissue. Extracellular mitochondria, from both the CCI-induced and sham groups of microglial 

tissue, will be isolated. The mitochondria will then be characterized to determine the differences 

in adenosine triphosphate (ATP) synthesis, oxygen consumption, membrane integrity, DNA 

quantification, and protein analysis through Western Blot between the CCI-induced and sham 

experimental groups.  This aim will enable us to confirm the role that CCI plays in mitochondrial 

dysfunction through direct damage to microglial tissue. 

Aim 1.4: Analyze the effect of conditioned media transferred from CCI-induced damaged 

neurons on the health and function of extracellular mitochondria in microglial tissue 

The goal of this aim is to characterize the degree of dysfunction caused by the CCI on neuronal 

tissue and microglial tissue after conditioned media transfer from neural tissue to microglial 

tissue. Immunofluorescence analysis will confirm extent of damage seen in neurons and 

mitochondria in cultures. Extracellular mitochondria, from both the CCI-induced and sham 

groups of microglial tissue, will be isolated. The mitochondria will then be characterized to 

determine the differences in ATP synthesis, oxygen consumption, membrane integrity, DNA 

quantification, and protein analysis through Western Blot and high-resolution imaging using 

confocal microscopy between the CCI-induced and sham experimental groups.  This aim will 

enable us to confirm the role that CCI plays in mitochondrial dysfunction through direct damage 
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to neural tissue and transfer of conditioned media containing neuronal cell debris and other 

chemical factors to microglial tissue. 

 

Aim 1.5: Examine potential mechanisms of dysfunctional mitochondria release after injury 

The goal of this aim is to determine whether extracellular vesicles (EV) are carriers of 

dysfunctional mitochondria. EVs will be isolated from the cell samples using column separation 

techniques and then will be characterized to determine if any mitochondrial markers exist in the 

isolated protein fraction. Also, the release of EVs will be blocked using two different EV 

inhibitors. The presence of vesicles and mitochondria will be measured and characterized to 

determine if dysfunctional mitochondria use EVs to release from microglia. In addition, 

metabolic and structural analyses will be performed to test whether inhibition of vesicles plays a 

role in the characterization of mitochondrial metabolism and the microglial damage progression. 
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3. Materials and Methods 

The experimental design was utilized to fully test the effect of CCI-induced damage on 3D brain-

like tissue scaffolds. The testing of mitochondria’s role in secondary damage progression was 

through the isolation of mitochondria from microglial and neuronal cells and use of a CCI model 

to test results on mitochondrial damage in microglial cell cultures and the mechanisms 

surrounding release from the microglial cells. 

Materials 

3D Silk Scaffold Production 

Silk scaffolds were prepared from silk fibroin solution, extracted from Bombyx mori cocoons 

following the established protocol40, 6. In brief, silk cocoons were cut and then boiled in sodium 

carbonate solution to separate sericin from the fibroin. The silk fibers were dried overnight and 

then dissolved in a lithium bromide solution and then went through a dialysis procedure over 3 

days. A 6% w/v fibroin solution was prepared in a 10-cm dish and incubated with sodium 

chloride particles uniformly distributed varying between 300 to 425 μm in diameter. After 3 days 

of incubation, the mixture was incubated to trigger beta-sheet formation, forming a 3D sponge. 

The sponge was removed from the dish and subjected to 2 days of dialysis and washing to 

remove the excessive sodium chloride. Scaffolds were then cut using biopsy punches to make 

desired size donut shaped scaffolds with a 6 mm outside diameter and 2 mm inside diameter and 

trimmed with a blade to make them 1.5 mm thick. The scaffolds were then sterilized in an 

autoclave and stored at 4°C for use. 
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Cell Culture 

HMC3 Cell Culturing 

The HMC3 cells (ATCC) were cultured following the manufacturer’s protocol (ATCC). In brief, 

HMC3 cells were seeded in 2D and maintained in Eagle’s minimum essential medium (EMEM) 

cell culture medium supplemented with 10% Fetal Bovine Serum and 1% Antibiotic-

Antimycotic (Gibco) at 37°C. Media was changed every 3-5 days or subcultured until time of 

seeding. 

Mouse Embryonic Fibroblast Cell Culturing 

Mouse embryonic fibroblasts (MEFs) (ATCC) were thawed and then seeded in 2D in plates and 

maintained in Dulbecco’s modified eagle medium (DMEM) cell culture medium (DMEM 

supplemented with 1% glutamax, 10% Fetal Bovine Serum, 1% Antibiotic-Antimycotic). Media 

was changed every 3-5 days or subcultured until time of inactivation. MEFs were inactivated by 

diluting 0.5 mL of Mito-C stock in MEF complete medium to produce a working concentration 

of 10µg/mL and applying it to the cultured MEF cells. The MEF plates were incubated at 37℃ 

for 2-3 hours. Once the incubation was over, the plate was washed three times with phosphate 

buffer saline (PBS) for 1-2 minutes. DMEM cell culture medium was then added and the MEF 

feeder plates were incubated until seeding of human induced neural stem cell (hiNSC) culturing. 

Human Induced Neural Stem Cell Culturing 

The hiNSCs41 (obtained from Tufts) were thawed and suspended in hiNSC complete medium 

(307.2 mL Knockout DMEM media, 4mL glutamax, 80mL knockout serum, 4mL Antibiotic-

Antimycotic, 728µL 2-mercaptoethanol) and fibroblast growth factor (10µg/mL in every 50mL 

aliquot). The medium was removed from the MEF feeder plates and the hiNSC suspension was 

added to the plates. Media was changed every 1-2 days until or subcultured until time of seeding.  
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3D Tissue Preparation 

3D Brain-like Microglial Preparation 

The following was modified from the protocol in the paper by Liaudanskaya et. al6. Silk 

scaffolds were coated overnight at 37°C with 0.1 mg/mL poly-L-ornithine (1:10 dH20). The next 

day, scaffolds were washed with phosphate buffered saline (PBS) solution five times for 5 

minutes each. The scaffolds were then coated with laminin (1:100 DMEM/F12 media). The 

scaffolds were left in the DMEM/F12 media until the HMC3 microglial cells were ready to be 

seeded. Before cell seeding, the scaffolds were placed into a 96-well plate. The suspended cell 

cultures were slowly seeded utilizing a multichannel micropipette with 40µL (~500,000 HMC3 

cells) for each scaffold and the plate was incubated for 30 minutes to allow the microglia to 

attach to the scaffold. Following this, 150µL of culture medium was added to each scaffold and 

then the scaffolds were incubated at 37°C overnight. The following day, the seeded cells were 

moved to a new 96-well plate and freshly prepared collagen type 1 (Corning) solution was 

applied (3mg/mL; pH adjusted to 7.0 with NaOH and EMEM Media) to each scaffold. The 

scaffolds were placed in the incubator for 30 minutes at 37°C to allow for the crosslinking of the 

collagen gel to the scaffold. There was then an additional 150µL of culture medium added and 

the plate was incubated overnight at 37°C. The following day, the 3D microglial cultures were 

moved to a 48-well plate in 1mL of culture medium. Media was changed every 3-5 days until the 

day the 3D microglial tissues were damaged utilizing CCI. 

3D Brain-like Neuronal Preparation 

The following was modified from the protocol in the paper by Liaudanskaya et. al6. Silk 

scaffolds were coated overnight at 37°C with 0.1 mg/mL poly-L-ornithine (1:10 dH20). The next 

day, scaffolds were washed with phosphate buffered saline (PBS) solution five times for 5 
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minutes each. The scaffolds were then coated with laminin (1:100 DMEM/F12 media) overnight. 

The following day, the scaffolds were left in the DMEM/F12 media until the hiNSC cells were 

ready to be seeded. Before cell seeding, the scaffolds were placed into a 96-well plate. The 

suspended cell cultures in neurobasal media (neurobasal media supplemented with 1% glutamax, 

1% antibiotic-antimycotic, and 2% Gibco B-27 supplement) were slowly seeded utilizing a 

multichannel micropipette with 40µL (~2 million neuronal cells) for each scaffold and the plate 

was incubated for 30 minutes to allow the neurons to attach to the scaffold. Following this, 

150µL of neurobasal media was added to each scaffold and then the scaffolds were incubated at 

37°C overnight. The following day, the seeded cells were moved to a new 96-well plate and 

freshly prepared collagen type 1 (Corning) solution was applied (3mg/mL; pH adjusted to 7.0 

with NaOH and neurobasal media) to each scaffold. The scaffolds were placed in the incubator 

for 30 minutes at 37°C to allow for the crosslinking of the collagen gel to the scaffold. There was 

then an additional 150µL of neurobasal medium added and the plate was incubated overnight at 

37°C. The following day, the 3D neuronal cultures were moved to a 48-well plate in 1mL of 

culture medium. Media was changed every 3-5 days until the day the 3D neuronal tissues were 

damaged utilizing CCI. 

Injury Application 

Controlled cortical impact on 3D brain-like tissue scaffolds 

The 3D tissue scaffolds were placed on a flat weight boat and these samples were subjected to 

CCI using a cylinder with a 5mm flat tip impactor at a velocity of 6 m/s, penetration depth 0.6 

mm, and a dwell time duration of 100 ms42. Following injury, the CCI and sham exposed 3D 

brain tissues were incubated at 37°C. 
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Neuronal transfer to 3D microglial cultures 

The conditioned media of the 3D neuronal tissue culture was transferred to the 3D microglial 

tissue cultures after the conditioned media of the 3D microglial tissue culture was removed.  

Characterization of Cell Damage 

Lactate Dehydrogenase Activity Assay 

The viability of the cells will be tested post CCI to show evidence of cell damage using a lactate 

dehydrogenase (LDH) assay MAK066-1KT, Sigma). LDH is used to assess the level of plasma 

membrane, because when the plasma membrane is damaged the LDH is released into the cell 

culture medium43. LDH assay protocol is an enzymatic coupling reaction, which relies on LDH 

oxidizing lactate to pyruvate to generate nicotinamide adenine dinucleotide + hydrogen (NADH). 

This is detected through absorbance readings using the SpectraMax M3 TECAN plate reader. So, 

the culture media will be collected at the specific time points and frozen at -80℃ until all 

samples will be collected. There will be 50µL of supernatant used for each reaction and the 

NADH will be measured at 450nm absorbance wavelength. LDH activity will be collected by 

recording the absorbance values for each sample, which will help calculate the amount of 

NADH. This will allow LDH activity to be calculated based on reaction time and dilution of the 

sample. 

Glutamate Assay 

Cellular glutamate release from 3D tissues was measured utilizing a glutamate assay kit 

(ab83389, Abcam). The cells will also be measured using a glutamate assay kit following the 

manufacturer’s protocol. The glutamate assay will be used to determine the concentration of free 

glutamate inside our cell samples. So, the culture media will be collected at the specific time 

points and frozen at -80C until all samples will be collected. There will be 50µL of supernatant 
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used for each reaction and the reaction between enzyme and glutamate substrate will be 

measured at 450nm absorbance wavelength utilizing SpectraMax M3 TECAN plate reader. The 

glutamate concentration will be calculated based on calibration curves measured from each plate. 

Characterization of Mitochondrial Damage 

Mitochondrial Isolation 

The obtained samples went through 2 steps of centrifugation. The first step was spinning down 

the sample supernatant at 1000xg at 4℃ for 10 minutes to separate out the cellular debris pellet. 

The remaining supernatant was then spun down at 13,000xg at 4℃ for 25 minutes, to pellet the 

mitochondria.  The remaining supernatant containing cells and remaining cellular debris was 

extracted and sent for downstream LDH/Glutamate processing. The mitochondria samples were 

suspended in PBS buffer and sent for downstream analysis. 

Oxygen Consumption Testing 

The extracellular oxygen consumption assay (ab197243, Abcam) was used to measure the 

extracellular levels among the isolated extracellular mitochondria. The extracellular O2 

consumption was measured at 1.5-minute intervals for 30 minutes at Ex/Em = 380/650 nm with 

the SpectraMax M3 TECAN plate reader. 

JC-1 and JC-9 Mitochondrial Sensors 

We characterized mitochondrial membrane potential using JC-1 and JC-9 Mitochondrial 

Potential Sensors (Invitrogen). The mitochondrial depolarization works by the JC dyes exhibiting 

potential-dependent accumulation in mitochondria indicated by a fluorescence shift from green 

(~525 nm) to red (~590 nm). The mitochondrial depolarization was measured by decreasing the 

red/green fluorescence intensity ratio. Hence, the more depolarized the membrane, the lower the 
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ratio of red/green fluorescence44. So, first the stock solution was prepared using a 1mg/mL 

mixture in dimethyl sulfoxide (DMSO) with the addition of the dye at 2.0µg/mL to the samples 

suspended in the PBS buffer. The samples were then incubated for 30 minutes. The samples 

were then centrifuged at 13,000xg for 10 minutes to wash the remaining JC dye and other debris. 

The samples were again centrifuged at 13,000xg for 10 minutes to further wash the remaining JC 

dye and any remaining debris. The JC red/green fluorescence readings were then recorded at two 

different wavelengths at Ex/Em = 514/529 nm and Ex/Em = 585/590 nm with the SpectraMax 

M3 TECAN plate reader. 

ATP Production Analysis 

Mitochondria function was determined with ATP Determination Kit (A22066, Invitrogen) 

following the manufacturer protocol. The standard curve from the luminescence readings was 

generated and the resulting ATP concentration of each sample was calculated by recording at all 

wavelengths with the SpectraMax M3 TECAN plate reader. This allowed us to measure ATP 

concentrations for both intracellular and extracellular mitochondria in CCI and sham samples. 

PicoGreen DNA Quantification 

DNA quantification of the mitochondrial pellets was performed with an updated version of the 

PicoGreen Assay (P11496, Invitrogen). In brief, the isolated mitochondrial samples were 

suspended in 0.05% Triton-X solution and incubated at -20℃ until downstream processing. On 

the day of processing, 100µL of each sample and standard will be assayed. The standard curve 

from the fluorescence readings was generated and the resulting DNA concentrations of each 

sample was calculated by measuring fluorescence readings at Ex/Em = 485/538 nm with the 

SpectraMax M3 TECAN plate reader. This allowed us to measure DNA concentrations for 

extracellular mitochondrial DNA concentrations. This enabled us to normalize the results of the 
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oxygen consumption, ATP determination, and JC results to record the corresponding results per 

unit of DNA.  

Protein Analysis 

Bradford Assay 

Bradford assay allowed us to measure the concentration of protein that we had collected for each 

of our samples. Each of the scaffolds that had been cryopreserved were thawed out. The 

scaffolds were trimmed with scissors and the cut-up scaffolds were then lysed with 

radioimmunoprecipitation assay (RIPA) buffer and sonicated for 10 seconds (1s pulses and 30% 

amplitude) to isolate the cell lysate. The pieces of scaffold were then removed with a metal 

spatula and the remaining cell lysate was ready for Bradford assay. The Bradford assay was then 

performed by creating a standard curve through the dilution of a 2mg/mL bovine serum albumin 

(BSA) stock solution and diluting each sample to 10% in DI water. The absorbance of the 

samples was then measured on a SpectraMax M3 TECAN plate reader at 595 nm. The resulting 

concentrations were measured to determine the dilution factor needed to input equal protein 

concentrations for the Western Blot. 

Western Blotting 

Western blot analysis enabled us to measure mitochondrial amount and function6. In brief, the 

mitochondrial samples were lysed with 50µL of RIPA buffer, along with protease/phosphate 

inhibitors, and the Laemmli SDS-Sample Buffer. The samples were then denatured at 95°C for 5 

minutes. The membranes were then blocked in 5% BSA (or 5% non-fat dried milk) in Tris-

buffered saline (TBST) for 1 hour and were incubated at 4°C overnight in primary antibodies. 

Following incubation, all unbound antibodies were washed away and then the secondary 

antibody was added to link to a reporter enzyme and be used for enhanced chemiluminescence 
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detection. Beta-actin was used as a loading control to normalize levels of protein detected. 

Phospho-DRP1 (PDRP1) was used to normalize levels of DRP1 detected. Image analysis was 

conducted using imaging analysis software (Image J). 

Antibodies used for western blotting with information containing primary, secondary, 

manufacturer, blocking buffer, and dilution are shown in Table 1 below. 

Antibody Primary/ 

Secondary 

Manufacturer Blocking buffer Dilution 

Phospho-DRP1 Primary Cell Signaling BSA 1:1000 

DRP1 Primary Cell signaling BSA 1:1000 

FIS1 Primary Cell Signaling BSA 1:1000 

MFN1 Primary Cell signaling BSA 1:1000 

Translocase of Outer 

Mitochondrial Membrane 20 

(TOMM20) 

Primary Cell signaling BSA 1:1000 

Vdac1 Primary Cell signaling BSA 1:1000 

CD63 Primary Cell signaling Milk 1:1000 

β-Actin Conjugate Cell signaling BSA 1:10000 

Horseradish peroxidase (HRP)-

linked (anti-mouse) 

Secondary Thermofisher Dependent on 

primary antibody 

1:10,000 

HRP-linked (anti-rabbit) Secondary Thermofisher Dependent on 

primary antibody 

1:10,000 

Table 1: List of Primary and Secondary Antibodies used in Western Blot 
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Immunofluorescence Analysis 

 

The 3D in vitro tissue samples were fixed with 4% sucrose and 4% paraformaldehyde (PFA) in 

PBS for 1-2 hours at room temperature. The 3D tissue scaffolds were washed with PBS, and they 

were then permeabilized with 0.2% TritonX-100 with 4% goat serum. The samples were 

incubated with primary antibodies overnight at 4℃. The next day, samples were washed five 

times with PBS on a shaker. The samples were then incubated with a secondary antibody for 1 

hour at room temperature. The samples were then washed five more times with PBS to wash 

away any unbound antibodies. The samples were then imaged with Leica SP8 FLIM Confocal 

microscope. Images that were collected represented the maximum intensity projections and each 

channel was collected with the same PMT gain settings, laser power, and zoom settings. 

Antibodies used for immunofluorescence analysis with information containing antibody, 

primary/secondary type, manufacturer, and dilution factor are shown in Table 2 below. 

Antibody Primary/Secondary Manufacturer Dilution 

Class III beta-tubulin (TUJ1) Primary Cell Signaling 1:1000 

TOMM20 Primary Cell Signaling 1:1000 

Goat Anti-Mouse 488 Secondary Thermofisher 1:500 

Goat Anti-Rabbit 594 Secondary Thermofisher 1:500 

Table 2. List of Primary and Secondary Antibodies used in Immunofluorescence Analysis 

Vesicle Characterization 

Extracellular Vesicles Isolation 

Utilizing an alteration of the established protocol (iZon Science), the 3D microglial scaffolds 

(cells on the scaffold and the supernatant) that have been exposed to CCI and shams were 

cultivated in the culture media. The media was collected and centrifuged at 300xg for 10 minutes 
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to pellet debris and removed before centrifuging the supernatant at 2000xg for 20 minutes two 

times to remove apoptotic bodies and other cellular debris. The supernatant was then passed 

through qEV original columns and fractions of the isolated EVs were collected and stored in 

0.5% sodium azide before being stored at -80°C. 

Inhibition of EVs and mitochondrial characterization 

Another way to determine if EVs were the carrier of fragmented mitochondria was done by 

inhibiting the release of EVs from the cell. The first treatment occurred before CCI was 

completed on the neuronal tissue culture scaffolds. The second treatment occurred right after the 

transfer of the conditioned media from the neuronal tissue culture to the microglial tissue culture. 

There are two areas that will be targeted to reduce EV release using two EV inhibitors. 

One specific area that will be targeted is the inhibition of calpain, which are calcium-dependent 

neutral proteases37. Calpains promote MV shedding and release from the cell. We used 

Calpeptin, which is a microvesiculation inhibitor37. Based on studies completed utilizing 

Calpeptin to inhibit calpain activation, there were a range of concentrations used in-vitro. We 

used a concentration of 40µM diluted in DMSO to gauge cell health and microvesicle release 

activity 37, 38, 45, 46.  Calpeptin was administered to all groups prior to CCI and compared to groups 

without the treatment which received only DMSO. Table 3 shows the breakdown by group of the 

drug administration. 
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Group Concentration 

Calpeptin - Sham 40µM (DMSO diluting agent) 

Calpeptin - CCI 40µM (DMSO diluting agent) 

No Calpeptin - Sham 40µM DMSO 

No Calpeptin - CCI 40µM DMSO 

Table 3. Calpeptin Administration Breakdown 

Another area that is targeted is the inhibition of ROCK kinases, which are a family of serine-

threonine kinases that are involved in regulating the shape and movement of cells by acting on 

the cytoskeleton37. Activating the cytoskeleton and regulating contractility of the cell helps 

mediate vesicle shedding37. When stimulated, the ROCK kinases regulate the movement and 

shape of the cell by interacting through the activation of Adducin or ERM but can also interact 

with myosin light chain and LIM kinases37. By treating the samples with the ROCK inhibitor, 

Y27632, they would be able to competitively inhibit the binding sites of ROCK 1 and ROCK 2. 

Based on studies utilizing ROCK inhibitors, we used a concentration of 10µM37, 47, 48. Table 4 

shows the breakdown by group of drug administration. 

Group Concentration 

Y27632 - Sham 10µM (ddH2O diluting agent) 

Y27632 - CCI 10µM (ddH20 diluting agent) 

No Y27632 - Sham 10µM ddH2O 

No Y27632 - CCI 10µM ddH2O 

Table 4. Y27632 Administration Breakdown 
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Protein Extraction from EVs 

Proteins including mitochondria were attempted to be extracted from EVs using an edited 

protocol by Campoy et al49. This procedure was completed by adding the PBS containing 

isolated EVs in a 1:1 solution with a RIPA buffer and incubated overnight at -20℃. Lysates were 

then thawed on ice the next day and sonicated for five cycles at 5s each at an amplitude of 100 to 

enable disruption of the membrane. The sonicated fractions were then run through the western 

blot and analyzed to determine the presence of mitochondria in the fractions.  

Statistical Analysis      

For completion of all aims, statistical significance was established between experimental groups 

using GraphPad Prism 7 software. Data was subjected to two-tailed t-tests to compare two 

experimental groups or ANOVA with Tukey’s post hoc test. A p-value <0.05 was considered 

statistically significant. All experiments were repeated one to three times with 3-5 technical 

replicates utilized for each assay. As a result, all quantified data presented will be the average 

and standard error of the mean of the independent experiments. 
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4. Results 

The results of the study are shown below in the following subsections. 

4.1 CCI induced cell membrane damage in 3D microglial tissue model 

This section details the results from the procedure shown in Figure 2 to address Sub-aim 1. 

 

Figure 2. Sub-aim 1 Breakdown 

The goal of this aim was to induce CCI on a 3D microglial tissue model and characterize its 

effects in the glial tissue culture. Human microglial clone 3 (HMC3) cells were cultured in 3D 

silk scaffolds to formulate a 3D microglial tissue model. The 3D microglial tissue model then 

underwent CCI, and the culture’s health and viability were characterized using Lactate 

dehydrogenase (LDH) and glutamate assays to determine membrane permeability. This aim 

confirmed and characterized the biochemical damage that occurred on the microglial tissue 

model. The experiments for the metabolic damage analysis were replicated 2 times. The results 

of each experiment are shown below. 

LDH analysis was completed on CCI-induced samples and sham samples. The results of the 

LDH analysis from the combination of two independent experiments are shown in Figure 3.  

Silk Scaffolds 

Cell Culturing 

3D Microglial 

Preparation 

CCI  LDH Assay 

Glutamate Assay 

Sub-Aim 1 



26 

 

Figure 3. LDH Activity of HMC3 3D models in response to CCI. (A) LDH activity of Sham vs. CCI Induced 

microglial tissues at 24h, 48, and 72h time points (normalized by sham over 2 experiments) (B) LDH activity of CCI 

induced microglial tissues over 24h, 48h, and 72h normalized by LDH output of sham group at 24h. 

(C) LDH activity of sham microglial tissues over 24h, 48h, and 72h normalized by LDH output of sham group at 

24h. Data are depicted as means and the error bars depict standard error mean (SEM), and significant differences are 

depicted *p < 0.05, ****p < 0.0001. 

The results indicate that at 24h the levels of LDH were higher for the CCI induced microglial 

groups compared to the sham groups over the 2 experiments with cell damage progression being 

significant at the 24h mark. Moreover, the data shows a gradual increase in LDH values for CCI 

induced samples over the 24h to 72h period: a 24.9% increase from 24h to 48h (p < 0.05), a 

34.7% increase from 48h to 72h (p < 0.0001), and a 58.1% increase from 24h to 72h (p < 

0.0001). There is also a gradual increase in shams over the 24h to 72h period: a 37.8% increase 

from 24h to 48h (p < 0.05), a 50.0% increase from 48h to 72h (p < 0.0001), and a 106.7% 

increase from 24h to 72h. This data shows that there is increasing LDH seen in the CCI-induced 

microglial samples over time, while also having a gradual increase in LDH seen in sham 

conditions. Moreover, the LDH values of CCI vs sham do stay relatively higher over the 72h 

time mark when comparing to the 24h sham value. However, the differences in LDH damage 
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between sham and CCI at the 24h mark diminishes towards the 72h mark, which is also shown 

through the higher percentage increase of LDH in sham values compared to CCI as time 

progresses. This suggests a recovery in damage for CCI-induced microglia. 

Glutamate analysis was completed on CCI-induced samples and sham samples. The results of the 

glutamate analysis from the combination of two independent experiments are shown in Figure 4. 

 
Figure 4. Glutamate Activity of HMC3 3D models in response to CCI. (A) Glutamate activity of Sham vs. CCI 

Induced microglial tissues at 24h, 48, and 72h time points (normalized by sham over 2 experiments)  (B) Glutamate 

activity of CCI induced microglial tissues over 24h, 48h, and 72h normalized by glutamate output of sham group at 

24h (C) Glutamate activity of Sham microglial tissues over 24h, 48h, and 72h normalized by glutamate output of 

sham group at 24h  Data are depicted as means and the error bars depict standard error mean (SEM), and significant 

differences are depicted *p < 0.05, **p < 0.01, ****p < 0.0001. 

The results indicate that there is a significant difference in glutamate release between sham and 

CCI conditions at the 24h mark and negligible differences at the 48h and 72h mark. This 

indicates that there was no dependence on glutamate release with induction of injury by CCI 

over 72h. This lack of correlation was further shown in the comparison of glutamate release in 

CCI conditions over the 24h to 72h mark: 0.85% increase from 24h to 48h (p = 0.5888), 2.07% 

decrease (p < 0.05) from 48h to 72h, and 1.22% decrease from 24h to 72h (p = 0.2870). This 

indicated that there was no time dependent glutamate release progression and the linkage 

between glutamate and LDH seems uncorrelated. There was a decrease of glutamate over the 
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72h. The decrease glutamate in both sham and CCI models could be attributed to the reuptake of 

glutamate by microglia50.  

4.2 Induction of CCI on 3D neural tissue and transfer of conditioned media leads to cell 

membrane damage in microglial tissue model 

This section details the results from the procedure shown in Figure 5 to address Sub-aim 2. 

Figure 5. Sub-aim 2 Breakdown 

The purpose of this aim was to characterize the microglial tissue models based on their response 

to CCI-induced neuronal tissue models after completing a conditioned media (containing 

neuronal cell debris, growth factors, and other neurological chemicals) transfer into these 

models. Human microglial clone 3 (HMC3) cells were cultured in 3D silk scaffolds to formulate 

a 3D microglial tissue model. Human Induced neural stem cells (hiNSCs) were cultured in 3D 

silk scaffolds to formulate a 3D neural tissue model. The 3D microglial neural tissue model then 

underwent CCI, and the culture’s health and viability were characterized using Lactate 

dehydrogenase (LDH) and glutamate assays. This aim helped confirm whether there was damage 

that occurred on the microglial tissue model from the transfer of the CCI-induced neuronal tissue 

model. The experiments for the metabolic damage analysis were replicated 3 times. 

LDH analysis was completed on CCI-induced samples and sham samples. The results of the 

LDH analysis from the combination of three independent experiments are shown in Figure 6. 
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Figure 6. LDH Activity of HMC3 3D models in response to transfer of conditioned media from CCI-induced 

neuronal 3D models. (A) LDH activity of Sham vs. CCI Induced microglial tissues at 24h, 48, and 72h time points 

(normalized by sham over 3 experiments) (B) LDH activity of CCI induced microglial tissues over 24h, 48h, and 

72h normalized by LDH output of sham group at 24h (C) LDH activity of sham microglial tissues over 24h, 48h, 

and 72h normalized by LDH output of sham group at 24h.  Data are depicted as means and the error bars depict 

standard error mean (SEM), and significant differences are depicted **p < 0.01, ****p < 0.0001. 

The results showed that there was an increase in LDH levels on the CCI induced neural tissue 

samples that were transferred to microglial tissues over time. The results showed a trend in 

higher levels of LDH for the CCI induced microglial groups compared to the sham groups at the 

24h, 48h, and 72h time points in the microglial model when normalizing by sham over the 3 

experiments. Moreover, there is evidence that there is a gradual increase in LDH values over the 

24h to 72h period: a 16.2% increase from 24h to 48h (p = 0.6290), a 30.1% increase from 48h to 

72h (p < 0.01), and a 45.8% increase from 24h to 72h (p < 0.0001). There is also a gradual 

increase in shams over the 24h to 72h period: a 18.7% increase from 24h to 48h (p < 0.05), a 

27.8% increase from 48h to 72h (p < 0.0001), and a 51.6% increase from 24h to 72h. The 

damage progression between 24h to 48h seems a bit unexpected but could show a delay in 

microglial response to neuronal damage in the earlier part of the damage progression. The LDH 
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values of the CCI are higher versus the sham throughout the 72h period when comparing to the 

sham at 24h. The overall trend suggests damage progression seen in the microglial samples over 

time based on LDH release despite increasing values in LDH for shams.  

Glutamate analysis was completed on CCI-induced samples and sham samples. The results of the 

glutamate analysis from the combination of three independent experiments are shown in Figure 

7. 

 

Figure 7. Glutamate Activity of HMC3 3D models in response to transfer of conditioned media from CCI-

induced neuronal 3D models. (A) Glutamate activity of Sham vs. CCI Induced microglial tissues at 24h, 48, and 

72h time points (normalized by sham over 2 experiments) (B) Glutamate activity of CCI induced microglial tissues 

over 24h, 48h, and 72h compared to glutamate output of sham group at 24h (C) Glutamate activity of sham 

microglial tissues over 24h, 48h, and 72h normalized by glutamate output of sham group at 24h. Data are depicted 

as means and the error bars depict standard error mean (SEM), and significant differences are depicted *p < 0.05 

The results indicate that there are negligible differences in levels of glutamate release for the 

samples in the sham condition as compared to the samples that have been CCI-induced at each 

time point. This indicates that there was no dependence on glutamate release with induction of 

injury by CCI. Furthermore, there is very little difference in glutamate release levels over the 24h 

to 72h mark: 4.3% decrease from 24h to 48h (p = 0.4805), 3.6% decrease (p = 0.6865) from 48h 

to 72h, and 7.9% decrease from 24h to 72h (p < 0.05). This indicated that there was a minor time 

dependence in glutamate release over time, with glutamate release decreasing over time. 
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However, the linkage between glutamate and LDH seems uncorrelated even with conditioned 

media from injured neuronal tissue transferred to microglial tissues. Like the CCI-induced 

microglial model, the decreasing levels of glutamate over time could be due to reuptake by 

microglia50.  

4.3 No conclusive negative effect on extracellular mitochondria after CCI in the microglial 

tissue model 

 

This section details the results from the procedure shown in Figure 8 to address Sub-aim 3 

Figure 8. Sub-aim 3 Breakdown 

The health and functionality of extracellular mitochondria was determined after the microglial 

tissue model was injured through CCI and was compared to the sham experimental group. The 

experiments for the metabolic analysis were replicated 2 times. The results of two independent 

experiments are shown below. 

To determine the damage that was done per unit of mitochondrial DNA, PicoGreen was required 

to normalize the results of the metabolic assay through DNA quantification of the isolated 

mitochondrial samples from the sham and CCI-induced microglial tissue model. The results of 

the PicoGreen analysis are given below in Figure 9. 
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Figure 9. PicoGreen Activity of extracellular mitochondria in CCI-induced HMC3 3D models DNA 

quantification of Sham vs. CCI Induced microglial tissues at 24h, 48, and 72h time points of (A) Experiment 1 (B) 

Experiment 2. Data are depicted as means and the error bars depict standard error mean (SEM), and significant 

differences are depicted *p < 0.05 

The results indicate an inconsistency in mitochondrial DNA release between the two 

experiments. The results show that there is a higher amount of mitochondrial release in CCI 

versus sham conditions in the 24h mark for both independent experiments. However, there are 

differences in which DNA values were higher for sham and CCI conditions for experiment 1 and 

2. In addition, there is a general trend where the mitochondrial DNA increases and then 

decreases over the 72-hour progression after injury in both independent experiments, which is 

more pronounced in experiment 1. Overall, there is no definitive trend shown to indicate that 

there is an increased mitochondrial release due to CCI induction of microglial tissue. 

The results of the oxygen consumption analysis from two independent experiments are shown in 

Figure 10. 
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Figure 10. Oxygen Consumption Activity of extracellular mitochondria in CCI-induced HMC3 3D models 

Oxygen Consumption values of Sham vs. CCI Induced microglial tissues at 24h, 48, and 72h time points of (A) 

Experiment 1 (B) Experiment 2 Data are depicted as means and the error bars depict standard error mean (SEM), 

and significant differences are depicted ****p < 0.0001 

The results from the oxygen consumption analysis indicate that the DNA quantification 

significantly shaped the narrative seen in oxygen consumption levels over the 3-day period. The 

commonalities between the two experiments did show that there was a decrease in oxygen 

consumption between the 24h and 48h marks and a gradual recovery in oxygen consumption 

from the 48h to 72h marks. The differences between the sham and CCI induced groups also 

remained significant, so there was little inconsistency between the samples in each group. 

Overall, the results indicate that there was no conclusive indication that oxygen consumption was 

diminished in CCI induced microglial samples due to the inconsistency in results between 

experiment 1 and 2.  

The results for JC dye determination in Figure 11 for CCI induced microglial tissue show a 

similar trend. The DNA quantification affects the overall results for JC assay as well. 
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Figure 11. JC Activity of extracellular mitochondria in CCI-induced HMC3 3D models Red/Green ratios of 

Sham vs. CCI Induced microglial tissues at 24h, 48, and 72h time points of (A) Experiment 1 (B) Experiment 2. 

Data are depicted as means and the error bars depict standard error mean (SEM), and significant differences are 

depicted ****p < 0.0001 

The results shown from the JC ratios between the two experiments show that there was no clear 

pattern of progression between the sham and CCI groups over the 72h hour period. The red/green 

ratio indicates the degree of hyperpolarization in the mitochondria that were concentrated, which 

indicated the degree of permeabilization of the mitochondria. There is a recovery in the JC 

readings seen over time in experiment 1 with significant differences seen between 24h and 72h 

showing a 21.5% decrease (p < 0.0001) and 48h and 72h marks showing a 192.3% increase (p < 

0.0001). This indicates that there is some potential recovery in mitochondrial functionality at the 

72h mark.  Experiment 2 showed no significant difference between the CCI levels at the 24h, 

48h, and 72h mark. As a result, there’s no conclusive evidence that CCI damaged the metabolic 

activity of mitochondria to adequately affect oxygen consumption levels. 

Next, we analyzed ATP production in Figure 12 to determine the degree of health for 

extracellular mitochondria by examining metabolic production of ATP. 
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Figure 12. ATP Production of extracellular mitochondria in CCI-induced HMC3 3D models ATP production 

of Sham vs. CCI Induced microglial tissues at 24h, 48, and 72h time points of (A) Experiment 1 (B) Experiment 2. 

Data are depicted as means and the error bars depict standard error mean (SEM), and significant differences are 

depicted *p < 0.05, ***p < 0.001, ****p < 0.0001 

 

Observing ATP production over the 72-hour period, there was a decrease shown between the 24h 

and 48h mark (p < 0.001) and increase shown between the 48h and 72h mark (p < 0.0001). The 

ATP also remained higher between the sham and CCI conditions at the 24h and 48h mark until 

the CCI sample showed a higher amount of ATP production at the 72h mark. This shows a 

potential recovery by the 72h mark for the CCI-induced groups. Again, these results were largely 

influenced by the DNA quantification values.   

The results from the oxygen consumption, JC analysis, and ATP production show that there is a 

pattern of recovery in CCI induced samples in one experiment, but the results are not conclusive 

as they were not able to be replicated in another experiment. An important factor leading to this 

inconclusive data were the inconsistent results seen in the DNA quantification. DNA 

quantification being higher for the sham groups in experiment 2 indicated that significant 

mitochondrial dysfunction might not have occurred in the CCI induced microglial. This could 
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have led to the inconclusive metabolic and functional results seen between sham and CCI groups 

after executing the 2 experiments.  

 

4.4 CCI on neuronal tissue and transfer of conditioned media to microglial tissue induced 

dysfunction in mitochondria  

This section details the results from the procedure shown in Figure 13 to address Sub-aim 4. 

 

Figure 13. Sub-aim 4 Breakdown 

 

The health and functionality of extracellular mitochondria was determined after the conditioned 

media of the CCI-induced neuronal model was transferred to a microglial tissue model. The 

experiments for the metabolic analysis were replicated 3 times. 

Confirming the evidence of damage in the neurons prior to transfer of conditioned media was 

also essential to examine the mitochondrial metabolism and the discussion of the microglial 

activation response. To examine the neuronal damage, an immunofluorescence analysis was 

done on neurons 24h after CCI to see if there was noticeable damage to neurons. A 

representative image of neuronal tissue between sham and CCI conditions was shown in Figure 

14 below. 
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Figure 14. Immunofluorescence images of 3D neural tissue models 24h after CCI. Spatial-temporal images of 

sham vs. CCI induction on 3D neural tissue models 24h after injury through confocal analysis. The green 

fluorescence represents TUJ1, which is a neuronal marker. The red fluorescence represents TOMM20, which is a 

mitochondrial membrane marker. The scale bars shown are 10µm and 100µm. One representative image is shown 

from each group (n=8). 
 

The representative images from the immunofluorescence assay indicate that there is considerable 

damage to the networks of the 3D neural tissue 24h after injury as there is a much denser 

network of neurons in the sham group as compared to the CCI-induced neurons. This shows that 

there is clear evidence that microglial tissues are being exposed to conditioned media including 

damaged neuronal debris in the CCI-induced conditions as compared to the shams. 

To determine the damage that was done per unit of mitochondrial DNA, the PicoGreen assay 

was completed to normalize the results of the metabolic assays through DNA quantification of 
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the isolated mitochondrial samples from the sham and CCI-induced neuronal transfer to the 

microglial tissue model. The results of the PicoGreen assay are shown in Figure 15. 

  
Figure 15. PicoGreen Activity of extracellular mitochondria in HMC3 3D models in response to transfer of 

conditioned media from CCI-induced neuronal 3D models. (A) DNA quantification of Sham vs. CCI Induced 

microglial tissues at 24h, 48, and 72h time points of (A) Experiment 1 (B) Experiment 2 (C) Experiment 3. Data are 

depicted as means and the error bars depict standard error mean (SEM), and significant differences are depicted **p 

< 0.01 

 

The results show a trend in the increase of mitochondrial DNA being released in CCI-induced 

samples compared to sham samples at each time point. The data shows that the difference in 

PicoGreen values between sham and CCI groups diverges between the 24h and 48h mark and 

then converges back from the 48h and 72h mark. The biggest difference in released mitochondria 

occurred at the 48h mark shown in experiment 2 and 3. 

Oxygen consumption between the sham and CCI-induced samples was compared next. This 

enabled us to measure the extracellular oxygen levels among the isolated extracellular 

mitochondria. The results of the oxygen consumption analysis are shown in Figure 16. 
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Figure 16. Oxygen Consumption Activity of extracellular mitochondria in HMC3 3D models in response to 

transfer of conditioned media from CCI-induced neuronal 3D models. Oxygen Consumption values of Sham vs. 

CCI Induced microglial tissues at 24h, 48, and 72h time points (normalized by PicoGreen and sham over 3 replicate 

experiments) Data are depicted as means and the error bars depict standard error mean (SEM), and significant 

differences are depicted ****p < 0.0001 

The data shows that there was a decrease in extracellular oxygen consumption from isolated 

mitochondria in CCI-induced groups as compared to sham at the 24h, 48h, and 72h time points. 

The maximum difference in oxygen signal between sham and CCI samples occurred at the 24h 

mark and converged back to closer values at the 72h mark. The differences in oxygen signal 

results for the 24h (p < 0.0001), 48h (p < 0.0001), and 72h (p < 0.0001) marks were all 

significant between sham and CCI samples. The results also show a slight recovery in oxygen 

consumption from the 24h to 72h mark, which shows the mitochondrial dysfunction could have 

diminished over time. 

In addition, JC analysis was used to measure mitochondrial health through the characterization of 

mitochondrial membrane potential. The results are shown in Figure 17. 
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Figure 17. JC Activity of extracellular mitochondria in HMC3 3D models in response to transfer of 

conditioned media from CCI-induced neuronal 3D models. Red/Green ratio values of Sham vs. CCI Induced 

microglial tissues at 24h, 48, and 72h time points (normalized by PicoGreen and Sham over 3 replicate experiments) 

Data are depicted as means and the error bars depict standard error mean (SEM), and significant differences are 

depicted *p < 0.05 

The results show that there was an increase in red/green fluorescence ratio (hyperpolarization) 

between isolated mitochondria in sham samples compared to CCI-induced samples at the 24h, 

48h, and 72h mark. The maximum difference in red/green fluorescence ratio was seen within the 

first 48h. The values in the fluorescence ratio converge back at the 72h mark, which aligns with 

the oxygen consumption analysis. The difference in JC values were significant between sham 

and CCI at the 48h mark p < 0.05). However, the differences in JC values were not significant at 

the 24h (p = 0.1342) and 72h mark (p = 0.7559).  

Next, the ATP production was analyzed to determine the degree of metabolic health in the 

microglial mitochondria after transfer of the neuronal conditioned media. The results are shown 

in Figure 18. 
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Figure 18. ATP Determination of extracellular mitochondria in HMC3 3D models in response to transfer of 

conditioned media from CCI-induced neuronal 3D models. ATP production values of Sham vs. CCI Induced 

microglial tissues at 24h, 48, and 72h time points (normalized by PicoGreen and sham over 3 replicate experiments) 

Data are depicted as means and the error bars depict standard error mean (SEM), and significant differences are 

depicted **p < 0.01, ***p < 0.001 

 

The ATP Determination assay demonstrated the pronounced difference in ATP production rates 

between sham and CCI induced transfer experiments. The results showed that sham samples 

produced more ATP at the 24h (p < 0.01), 48h (p < 0.001), and 72h (p < 0.01) mark. There was a 

109.5% increase seen in the CCI samples from the 48h to 72h mark, which showed possible 

recovery in mitochondrial fission and damage progression. 

 

These metabolic analyses indicated a clear dysfunction in the mitochondria and a corresponding 

mitochondrial damage progression over the 72-hour period. There was evident recovery of the 

CCI induced samples seen through each metabolic assessment. There could be multiple reasons 

for this recovery. One study has shown that cortical neurons, which were transected by slicing 

axons of the cortical explant, proceeded to regrow after activated microglia cleared the axonal 
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debris through phagocytosis51. This aligns with our study to show that the presence of neuronal 

debris could have potentially been cleared up by microglia to slow down the inflammatory 

response and diminish mitochondrial fragmentation. Moreover, microglia could also have started 

releasing more anti-inflammatory cytokines in higher numbers such transforming growth factor 

(TGFβ1), which could prompt other activated microglia to reduce their neuroinflammatory 

pathway and resulting fragmentation of more mitochondria52. This would enable more 

potentially healthy mitochondria to be released that are protective, as has been evidenced in a 

mouse model where mitochondria transfer from bone marrow derived stromal cells helped 

protect against acute lung injury and showed a marked increase in bioenergetic levels in 

alveoli53. Hence, healthy mitochondria could provide protective effects to the surrounding tissue 

and further diminish the damage progression.           

4.5 CCI on neuronal tissue and transfer of conditioned media to microglial tissue induced 

intracellular mitochondria fragmentation 

Through our western blot analysis, we were able to suggest that our intracellular mitochondria 

were going through more fission than fusion. Figure 19 below shows the western blots of the 

Phospho-DRP1 (Ser616), DRP1, FIS1, and MFN1.  

The results suggest that DRP1 and FIS1 are upregulated in the CCI induced models as compared 

to the sham models at the 24h and 48h mark. Meanwhile, the MFN1 is upregulated in the sham 

samples as compared to the CCI samples at the 24h and 48h mark. However, at the 72h the 

expressions for the DRP1 and FIS1 become higher in the sham groups compared to the CCI-

induced groups. Meanwhile, the MFN1 expression becomes higher in the CCI-induced groups 

compared to the shams at the 72h mark. One issue we encountered was that the membrane for 
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the DRP1 and PDRP1 imaging was not clear at the 72h mark, so it could have potentially 

impacted the results for the 72h mark for the DRP1 western blot results. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 19. Western Blots of extracellular mitochondria in HMC3 3D models in response to transfer of 

conditioned media from CCI-induced neuronal 3D models. Analysis of sham vs. CCI and respective blot images 

of protein markers at the 24h, 48h, and 72h time points of (A) DRP1; Blots of PDRP1 are also included and analysis 

of PDRP1 was used to normalize DRP1 (B) FIS1; normalized by β-Actin (C) MFN1; normalized by β-Actin (D) β-

Actin. Data acquired from one representative experiment. Data are depicted as means and the error bars depict 

standard error mean (SEM), and significant differences are depicted 

Overall, the results suggest a fission response, through a higher phosphorylation of the DRP1 on 

the activating site in the microglial tissue, after exposure to conditioned media containing 

damaged neuronal cells within the first 24 hours and continues to progress after 48h and 
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eventually the mitochondria recover and start showing an upregulation in fusion at the 72h mark. 

This aligned with the results seen in the metabolic analysis in the transfer experiments, as there 

was clear damage progression associated with the increased trend in mitochondrial fission. This 

is well evidenced through studies such as those conducted by Katoh et al, showing that 

stimulation of Toll-like receptor 4 with a lipopolysaccharide in a mouse model, led to activation 

of FIS1 and DRP1 and corresponding functions of reactive microglia led to a bi-drectional effect 

on mitochondrial dysfunction54. In addition, inactivation of microglial DRP1 led to a decrease in 

more than 50% of proinflammatory tumor necrosis factor-ɑ (Tnf-ɑ) and interleukin-1β (IL-1β), 

which led to a decrease in the inflammatory response and corresponding dysfunction of 

mitochondria54. Hence, the recovery of the metabolic functions of the mitochondria at the 72h 

mark is logically associated with a decrease in fission response. 

4.6 Extracellular vesicles remain an inconclusive transporter of dysfunctional 

mitochondrial release 

This section details the results from the procedure shown in Figure 20 to address Sub-aim 5. 

 

 

 

 

 

Figure 20. Sub-aim 5 Breakdown 
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The isolation of EVs was attempted through two different methods. The first method was 

through IZon smart columns that utilized size exclusion chromatography. During troubleshooting 

using neuronal samples, 500µL of supernatant was added to the columns and 15 fractions were 

collected to determine which fractions yielded the highest concentration of EVs based on the EV 

marker, CD6355. The results indicated that fractions 13-15 had the presence of visible bands, 

while the previous fractions did not. The western blot results also showed a thicker band 

progression from fractions 13 towards fraction 15. This was relevant as previous studies have 

shown the presence of CD63 near the 65 kDa range, which is where we saw the presence of the 

EV fractions appear55. In addition, the isolation of EVs from plasma have shown fractions from 

7-17 have recovered CD63 markers after conducting size exclusion chromatography56. In 

addition, another study utilized dual size-exclusion chromatography and showed the presence of 

CD63 in fractions 9-15 using CL-6B columns57. This further confirms the presence of EVs in our 

isolated fractions.  

Based on the troubleshooting, 16 fractions were collected from the sham and CCI conditions for 

both the Calpeptin group and the negative control (DMSO). The negative control drug group that 

was CCI-induced was analyzed through western blot to detect where there was a presence of 

bands linked to CD63 protein. Like the troubleshooting trial, fractions 13-15 showed the clear 

presence of bands corresponding to the CD63 marker with the same increasing progression in 

band thickness. In addition, fraction 16 showed the thickest band linked with the CD63 marker 

compared to the previous fractions. These results were further reinforced by the similar 

placement and progression of band thickness in all four groups - sham and CCI-induced groups 

treated with Calpeptin and the sham and CCI-induced groups treated with the control (DMSO) 

between fractions 13-16. The representative blots from each group are shown in Figure 21.  
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Figure 21: EV Chemiluminescence Blots Fractions 13-16 with CD63 marker 

(A) Western blot images of the CD63 marker representing EVs from fractions 13-16 are displayed for each of the 

treatment groups, Calpeptin and control (DMSO), for the sham and CCI-induced samples. (B) Fractions 13-16 are 

shown in the last 4 lanes for the CCI-induced control samples, and the TOMM20 marker representing mitochondria 

is not present in any of the fractions. 

 

After successful EV isolation, the presence of the TOMM20 protein marker58, a mitochondrial 

membrane marker, was tested in the Calpeptin and control groups for sham and CCI conditions 

from the isolated vesicle fractions 13-16. The results show no presence of the TOMM20 protein 

marker in any of the sample fractions, which is shown in Figure 29 in Appendix 8.2. In addition, 

the mitochondrial fractions were attempted to be isolated from the extracellular vesicle fractions 

13-16 of the control group (DMSO) that was CCI-induced. After the vesicle fractions were 

induced with lysis buffer and sonicated, the fractions were run through western blot to detect the 

presence of mitochondria. Fractions 13-16 showed no presence of bands linked to the TOMM20 

protein marker, so the presence of mitochondria in the fractions was rejected. As a result, there is 

no conclusive evidence of mitochondria in isolated vesicle fractions through protein analysis.  

(A) (B) 
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The second method to isolate extracellular vesicles was through the Exoquick protocol 

(Systembio), which isolates exosomes. Vesicle isolation was attempted both after an incubation 

period of 30 minutes and overnight with ExoQuick volume. In both cases, there were no vesicles 

detected after western blot analysis using the CD63 protein marker. As a result, the size 

exclusion columns were the primary strategy used to recover EVs. 

The second treatment using Y27632 was selected after seeing the results of the first treatment 

experiment using Calpeptin, as there were toxicity issues with DMSO as a control. A 

troubleshooting study, shown in Figure 28, was done comparing Calpeptin and DMSO at 

different concentrations with Y27632 and this treatment was determined as a feasible option. 

There was also metabolic analysis executed to show whether inhibiting vesicle release through 

two different drug treatments would indicate any effect on metabolic results based on isolated 

mitochondria. Based on the metabolic analyses conducted on the neuronal transfer experiments, 

a pronounced difference in results was seen at the 48h mark. Hence, the metabolic analyses were 

conducted 48h after the transfer of neuronal conditioned media to the microglial scaffolds.  

The LDH analysis of experiments with the vesicle inhibitors was next analyzed to determine 

damage in microglial cells based on administration of the inhibitors in the sham and CCI 

conditions in Figure 22. 

The LDH analysis of the experiment with the Calpain inhibitors shows that the Calpeptin group 

had higher LDH values as compared to the control in sham conditions and a less pronounced 

increase in CCI conditions. In addition, the Calpeptin treated samples in the sham conditions 

have quite similar LDH values as compared to the control. The results show a probability of 

higher cell damage in Calpeptin induced groups as compared to the control, which is DMSO. 



48 

Meanwhile, the LDH values for the experiment with the ROCK inhibitor, Y27632, shows that 

there is a much more drastic difference in the cell damage that is propagated when samples are 

treated with Y27632. The results show that Y27632 propagates a significantly higher progression 

of cell damage occurring due to higher LDH values in CCI-induced groups (p < 0.05) and a non-

significant increase in sham groups. In addition, the application of Y27632 creates a more 

pronounced difference in the sham vs CCI conditions as compared to the application of the 

control group. Unexpectedly, in the control treatment groups, the sham groups vs. the CCI 

induced groups have a higher LDH value.                                                                                                                                                                                                                                                  

 

 

Figure 22. LDH Activity of HMC3 3D models in response to transfer of conditioned media to CCI-induced 

neuronal 3D model with application of EV inhibitors. (A) Comparison of LDH activity of samples that are 

Calpeptin treated vs. control from sham and CCI-induced neuronal conditioned media transfer (B) Comparison of 

LDH activity of samples that are sham vs. CCI-induced in the Calpeptin treated groups and control groups (C) 

Comparison of LDH activity of samples that are Y27632 treated vs. control groups from sham and CCI-induced 
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neuronal conditioned media transfer (D) Comparison of LDH activity of samples that are sham vs. CCI-induced in 

the Y27632 treated groups and control groups. Data are depicted as means and the error bars depict standard error 

mean (SEM), and significant differences are depicted *p < 0.05 

 

The glutamate analysis in Figure 23 showed no clear significance between the treatment groups 

for either. And based on glutamate analysis from the transfer experiments, there is no clear 

pattern that can be associated with damage progression in the tissue samples.  

 

 

Figure 23. Glutamate Activity of HMC3 3D models in response to transfer of conditioned media from CCI-

induced neuronal 3D model with application of EV inhibitors. (A) Comparison of glutamate activity of samples 

that are Calpeptin treated vs. control from sham and CCI-induced neuronal conditioned media transfer (B) 

Comparison of glutamate activity of samples that are sham vs. CCI-induced in the Calpeptin treated groups and 

control groups (C) Comparison of glutamate activity of samples that are Y27632 treated vs. control from sham and 

CCI-induced neuronal conditioned media transfer (D) Comparison of glutamate activity of samples that are sham vs. 

CCI-induced in the Y27632 treated groups and control groups. Data are depicted as means and the error bars depict 

standard error mean (SEM) 
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Next, we analyzed the DNA quantification through the PicoGreen analysis on sham and CCI-

induced samples for both the Y27632 and Calpeptin treatments in Figure 24. This was done to 

assess the effect that vesicle inhibitors had on the presence of mitochondria in the extracellular 

media, which could explain the degree of release that has occurred in the samples.  

When looking at the experiment using the Calpeptin vesicle inhibitor, results show higher levels 

of DNA for the negative control group in the sham condition versus the CCI condition and in the 

sham condition. However, we expected to see an inhibition of extracellular transport of 

mitochondrial DNA-containing vesicles. 

In contrast, for the Y27632 experiment, sham samples had lower levels of DNA as compared to 

the CCI-induced samples in both the Y27632 treatment group and the control group. This is 

expected as there is less damage that should be occurring for the sham groups due to no external 

injury, and as a result less cell membrane damage and resulting DNA release. In addition, the 

samples treated with Y27632 in both sham and CCI conditions showed marginally lower levels 

of DNA values. 

There are no definitive conclusions that can be drawn from the trends due to the p values not 

being significantly different, but the data does suggest that the control group for the Calpeptin 

experiments (DMSO) neutralizes the effect of CCI-induction on the samples. 
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Figure 24. PicoGreen Activity of extracellular mitochondria in HMC3 3D models in response to transfer of 

conditioned media from CCI-induced neuronal 3D model with application of EV inhibitors. (A) Comparison 

of DNA quantification of samples that are Calpeptin treated vs. control from sham and CCI-induced neuronal 

conditioned media transfer (B) Comparison of DNA quantification of samples that are sham vs. CCI-induced in the 

Calpeptin treated groups and control groups (C) Comparison of DNA quantification of samples that are Y27632 

treated vs. control from sham and CCI-induced neuronal conditioned media transfer (D) Comparison of DNA 

quantification of samples that are sham vs. CCI-induced in the Y27632 treated groups and control groups. Data are 

depicted as means and the error bars depict standard error mean (SEM) 

 

Next, the ATP production was analyzed using Calpeptin and Y27632 in Figure 25. In the 

Calpeptin experiments, the ATP production for the Calpeptin treated groups was higher (p<0.05) 

in the sham conditions and was negligibly different in the CCI conditions. In addition, the 

Calpeptin treated samples that were shams were more than 6 times higher than the CCI-induced 

groups. However, the sham groups were only about 4.8 times higher than CCI in the control 

group. This indicates that Calpeptin has a minimal effect on the damage that CCI induction has 

on the metabolic functionality of the extracellular mitochondria.  
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In the experiment using the Y27632, we see similar results to that seen in the Calpeptin groups. 

ATP production for the Y27632 treated groups was higher (p<0.001) in the sham conditions and 

was negligibly different in the CCI conditions. The ATP production for sham groups was more 

than 9 times higher compared to the CCI-induced groups (p < 0.001) that were administered the 

Y27632, while ATP production for shams was 2.5 times higher than the CCI-induced groups 

administered the control treatment. Like the Calpeptin experiments, the Y27632 showed a 

negligible effect on the damage that CCI induction has on the metabolic health of extracellular 

mitochondria. 

 

 

Figure 25. ATP Production of extracellular mitochondria in HMC3 3D models in response to transfer of 

conditioned media from CCI-induced neuronal 3D model with application of EV inhibitors. (A) Comparison 

of ATP production of samples that are Calpeptin treated vs. control from sham and CCI-induced neuronal 

conditioned media transfer (B) Comparison of ATP production of samples that are sham vs. CCI-induced in the 

Calpeptin treated groups and control groups (C) Comparison of ATP production of samples that are Y27632 treated 

vs. control from sham and CCI-induced neuronal conditioned media transfer (D) Comparison of ATP production of 
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samples that are sham vs. CCI-induced in the Y27632 treated groups and control groups. Data are depicted as means 

and the error bars depict standard error mean (SEM), and significant differences are depicted as *p < 0.05, ***p < 

0.001 

 

Next, the structural integrity of the extracellular mitochondria was analyzed to examine the effect 

of the vesicle inhibitors of the damage progression by analyzing the JC results in Figure 26. 

Results indicate that Calpeptin administered CCI-induced groups had marginally higher JC 

values as compared to control groups, which suggests that vesicle inhibition may play a potential 

role in maintaining mitochondrial integrity. In addition, the sham groups and CCI groups being 

the same in the Calpeptin administered groups shows that there could be an effect of Calpeptin in 

the inhibition of vesicles to neutralize mitochondrial integrity loss. Again, these analyzes are not 

conclusive due to the control group having potential cytotoxic effects on the cells due to toxic 

levels of DMSO. 

In the Y27632 experiments, we see that the JC values are marginally lower for the sham 

compared to the CCI groups for samples treated with Y27632. This suggests a potential 

neutralizing effect that vesicle inhibition could have on mitochondrial integrity. However, the JC 

values for the control group are only marginally higher for the sham vs. CCI groups, showing 

that the resultant effect of Y27632 on mitochondrial integrity is inconclusive.  
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Figure 26. JC Activity of extracellular mitochondria in HMC3 3D models in response to transfer of 

conditioned media from CCI-induced neuronal 3D models with application of EV inhibitors. (A) Comparison 

of Red/Green ratio values of samples that are Calpeptin treated vs. control from sham and CCI-induced neuronal 

conditioned media transfer (B) Comparison of Red/Green ratio values of samples that are sham vs. CCI-induced in 

the Calpeptin treated groups and control groups (C) Comparison of Red/Green ratio values of samples that are 

Y27632 treated vs. control from sham and CCI-induced neuronal conditioned media transfer (D) Comparison of 

Red/Green ratio values of samples that are sham vs. CCI-induced in the Y27632 treated groups and control groups. 

Data are depicted as means and the error bars depict standard error mean (SEM), and significant differences are 

depicted *p < 0.05 

Finally, we examine the extracellular oxygen consumption values in Figure 27 to further see the 

potential effect of vesicle inhibition on mitochondrial metabolic function. We see that sham 

groups are roughly 1.08 times higher oxygen consumption values as compared to CCI groups in 

Calpeptin administered samples and sham groups have 1.06 times higher oxygen consumptions 

as compared to CCI-induced groups in the control group. This indicates that there is a negligible 

effect that Calpeptin has on the oxygen consumption levels in damaged mitochondria.  
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Figure 27. Oxygen Consumption Activity of extracellular mitochondria in HMC3 3D models in response to 

transfer of conditioned media from CCI-induced neuronal 3D models with application of EV inhibitors. (A) 

Comparison of Oxygen consumption values of samples that are Calpeptin treated vs. control from sham and CCI-

induced neuronal conditioned media transfer (B) Comparison of oxygen consumption values of samples that are 

sham vs. CCI-induced in the Calpeptin treated groups and control groups. Data are depicted as means and the error 

bars depict standard error mean (SEM), and significant differences are depicted *p < 0.05, ****p < 0.0001. 

There was no extracellular oxygen consumption analysis done on in the Y27632 experiment due 

to logistical constraints. 

 

5. Discussion 

 

5.1 Trends in injury progression shown in both microglial and neuronal injury induced 

damage 

The injury progression in both the directly CCI-induced microglial tissues and through the 

transfer of conditioned media from CCI-induced neuronal tissues was characterized through the 

LDH and Glutamate assays. The moderate injury induced through CCI would have compromised 

the integrity of the plasma membranes of the cells within the microglial tissue, causing higher 

levels of LDH to be released into the extracellular media. Our data supports this, as we see 

gradually increasing levels of damage progression shown through increasing levels of LDH over 

time in both models until recovery. These results were also seen in a study conducted by 

Liaudanskaya et al., which showed the gradual increase in LDH levels on a time dependent scale 

after CCI of neurons grown in 3D tissue scaffolds6. The LDH release increased cytotoxic activity 



56 

in the tissue, which caused neuronal network degradation6. Other in vitro TBI studies have also 

demonstrated rapid onset of cell death through increased LDH release59, 60. The bidirectional 

transport of other inflammatory markers and (ROS) constituents shows a direct alignment with 

LDH increase61, 6.  

Glutamate release did not have a time dependent increase in our CCI-induced microglial model 

and remained relatively stable throughout the time period. In our transfer model, where neuronal 

conditioned media was transferred to microglial there was a slight decrease in our glutamate 

release over time. During their non-activated state, microglia typically do not express glutamate 

receptors or transporters62. However, activated microglia express both glutamate receptors and 

transporters and glutamate that binds to the ionotropic receptors found on the microglia produces 

and releases cytokines like tumor necrosis factor (TNF)62. This TNF then cyclically has shown to 

increase microglial glutamate release, which increases extracellular glutamate levels62. This 

glutamate increase seems to run contrary to the numbers seen in our models. However, in 

neuronal injury during the initial insult there is a rapid ionic flux and immense depolarization 

seen in cells, which causes a significant influx of calcium and a significant amount of glutamate 

released at synapses63. Hence, the initial flux could be present at the time of injury and the free 

glutamate in the extracellular media could potentially be uptaken by the microglia during the 

transfer. This could explain the slight decrease in extracellular glutamate over time in the 72h 

period, with a significant difference between the 24h and 72h mark in the transfer model. 

Perhaps, further confirmation of cell death in the CCI-induced tissue through tests like PI 

staining would have been relevant but the LDH analysis sufficiently shows definitive cell 

damage and death patterns shown in studies associated with in vitro TBI. 

 



57 

5.2 Mitochondrial dysregulation was inconclusive in microglial induced damage  

Based on the results, we see that there is an inconclusive effect on mitochondrial fragmentation 

and sustained microglial activation without the presence of conditioned media from neuronal 

tissue. Studies show that activated microglia alone are not likely to cause major 

neurodegenerative death and as a result a cyclic glial activation does not occur15. In fact, a relay 

of glial to neuronal to glial signaling functions as an important mechanism for a sustained 

microglial inflammatory response15, 64. Studies show that neuronal death triggered by neurotoxic 

proteins further generates cellular debris, which causes a further fragmentation of dysfunctional 

mitochondria15. This leads to a cyclic microglial activation and chronic inflammation15. A 

dependence on damaged neuronal cells to propagate this feed-forward cycle of inflammation 

could explain why the mitochondrial dysfunction progression in the damaged microglia is not as 

profound. Furthermore, a higher rate of functional mitochondria being released due to an absence 

of neuronal damage could also explain why the metabolic activity and functional integrity of the 

extracellular mitochondria was not pronounced in the CCI-induced group15. 

5.3 Mitochondrial dysregulation and fragmentation occurs in the presence of conditioned 

media from damaged neurons 

Our data shows that there is pronounced mitochondrial dysregulation occurring with the presence 

of conditioned media from damaged neurons. We can confirm these results through the 

metabolic results we obtained and through the protein analysis conducted on the affected 

microglial tissues.  

Oxygen consumption levels and ATP production levels were significantly lower in the CCI-

induced groups compared to the sham groups at the 24h, 48h, and 72h time points. These results 

show a dysfunction in the normal metabolic pathways of oxidative phosphorylation. This data is 
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further confirmed through evidence that acute ROS stress responses associated with cell damage 

eventually causes mitochondrial damage and inactivates major electron transport chain 

complexes that are essential in the energy production by mitochondria65. Furthermore, our data 

shows that the JC red/green ratio is lower in the injury condition. This shows a higher level of 

depolarization in the CCI-induced samples as there is more membrane permeabilization of the 

mitochondria that has occurred44. A study by Levraut et al. concludes that the degree of 

depolarization also increases during ischemia due to oxidant stress that occurs, which causes 

mitochondrial dysfunction66. Similarly, there is evidence of mitochondrial damage seen in 

traumatic brain injury, which also shows a similar drop in mitochondrial membrane potential. 

Protein analysis conducted on the microglial tissue after the CCI-induced neuronal transfer 

showed an upregulation of fission proteins like DRP1 and FIS1, while showing a downregulation 

of fusion proteins, MFN1. Hence, the data shows that disproportionate fission is seen in 

mitochondria that are induced by traumatic injury. Lower oxygen consumption values and ATP 

production in the CCI induced samples and higher rates of fission these samples show an 

inherent linkage of mitochondrial fission on mitochondrial dysregulation. Another study 

executed by Joshi et al. also confirmed that damage in the mitochondrial function and structural 

integrity was seen in isolated mitochondrial species that had higher rates of pathological 

fission15. The higher degree of fusion is linked with the healthier metabolic levels seen in our 

shams, which is supported by data showing that an increased mitochondrial fusion leads to 

increases in bioenergetics efficiency and maintenance of energy production15. In addition, a 

study conducted by Jheng et al. shows excess palmitate in skeletal muscle cells leads to higher 

mitochondrial fragmentation, causing higher levels of depolarization and reduced ATP 
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production67. This aligns with our study showing that depolarization is caused by a fragmentation 

response by the mitochondria. 

5.4 Vesicles Show Inconclusive Evidence on carrying mitochondria during microglial 

response to TBI 

Based on the results, it can be concluded that DMSO concentrations at approximately 0.8% 

compromises the gap in effects between sham and CCI conditions when working with microglia 

and neuronal tissues, due to its adverse effects on metabolic function. The data indicates that the 

sham groups and CCI groups that were treated with the negative DMSO control, had a very 

similar or a DNA output in which the sham condition was higher than the CCI condition. This 

was supported by a study executed by Galvao et al., which showed an increase in apoptosis 

associated phosphatidylserine (PS) externalization as low as 2% (v/v)68. In addition, the study 

indicated that a dosage of 1% DMSO significantly reduced basal cellular oxygen consumption in 

retinal ganglion cells (RGC)-5 cells68. These pathways resulted in BAX oligomerization, which 

induced mitochondrial permeabilization, leading to AIF translocation from the mitochondria to 

nucleus68. This results in Poly (ADP-ribose) polymerization and resulting cell death68. These 

results are consistent with the results that we found, as the mitochondrial permeabilization 

pathways and DMSO associated accelerated cell death caused a further increase in mitochondrial 

DNA and higher levels of LDH. 

As a result, we examined the use of another vesicle inhibitor using a ROCK inhibitor, Y27632. 

This inhibitor also showed more than 2 times higher (p < 0.05) levels of LDH damage for the 

Y27632 group compared to the control group in the CCI condition. In addition, the inhibitor 

showed more than 1.46 times higher levels of LDH compared in the CCI condition as compared 

to the sham condition. Both assessments indicate that the inhibition of vesicle release does not 
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neutralize cell damage. In one study examining the effects of the ROCK inhibitor, Y27632, 

showed a decrease in pro-inflammatory factors such as TNF-ɑ, IL-1β, and IL-6 in injured brain 

tissue during cerebral ischemia and reperfusion69. However, this study also confirmed that 

ROCK inhibitors may also activate microglia. Another study also elaborated that ROCK 

inhibitors such as Y27632 and fasudil show migration of microglia in the spinal cord through the 

ERK signaling pathway70. This could indicate that vesicle inhibition could still prompt damage 

progression potentially independently of mitochondrial fragmentation. This could lead to 

dysfunctional mitochondrial release through other pathways outside of the cell and the resulting 

neuroinflammatory response and microglial activation. 

Furthermore, metabolic assays such as ATP determination show that Y27632 does not play a 

direct role in maintaining mitochondrial functionality despite induction of injury. However, this 

does not necessarily show that mitochondria are not being carried in these vesicles. For example, 

a study conducted by Todkar et al. showed that mitochondrial DNA is present in stimulated and 

unstimulated conditions of inflammation71. In fact, it was found that TOMM20 was found in the 

highest concentrations in unstimulated EVs. This contrasts from our attempted isolation of our 

vesicles that shows no presence of the TOMM20 marker. Moreover, the study asserted that in the 

presence of damage, cells can also release mitochondrial damage-associated molecular patterns 

instead of EVs to activate proinflammatory responses71, 72. Overall, this shows that mitochondrial 

secretion may still occur through EVs, but examining the conditions in which they are released 

may further elucidate the range of potential mechanisms.  

5.5 Limitations of Study 

There are a few limitations we had in our study. First, there were limitations on yield from the 

assay as there could be potential loss of the mitochondrial pellets and resulting mitochondrial 
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DNA quantity recorded through the PicoGreen analysis. Second, examining only a single time 

point to see differences in metabolic results for the vesicle inhibition did not allow for the 

contextualization of the damage progression or response that vesicle inhibition could play on 

samples. Third, monocultures of neurons and microglia would behave differently when grown 

separately with absence of other cell types like astrocytes, which have been shown to improve 

neuronal viability and growth73, 15. 

5.6 Future Directions 

There are steps that can be taken in lieu of the studies conducted. The experiments showed the 

response of mitochondrial fragmentation and damage progression in microglia exposed to 

damaged neurons. Co-culturing neurons with microglia or adding other cell types like astrocytes 

would also serve in better emulating TBI responses in vitro and further allow us to navigate the 

mitochondrial fragmentation pathways in this process. Furthermore, there could also be in vivo 

experimentation in animal models such as mice to further explore the dynamics of mitochondrial 

fragmentation and resulting injury progression with the presence of a more intricate set of 

physiological and immune factors at play. There are also a couple of directions that can be taken 

on the study of EVs and mitochondrial fragmentation. One direction that can be explored is to 

examine other potential mechanisms for protein extraction from EVs to obtain a better yield of 

proteins from our isolated EVs. In addition, we can also examine whether there is a pronounced 

difference of external mitochondria, or the resulting metabolic/functional health of mitochondria 

based on different concentrations of EVs and at more variable times. Furthermore, there could be 

an examination to see how inhibitors (or stimulators) of EV release may impact metabolic 

functions of our tissue cultures over a period of time rather than looking at one specific time 

point. Finally, we could also explore other areas of mitochondrial release during injury 
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progression such as through direct exocytosis. These future directions can pave the way to 

further understand the full range of effects that mitochondrial fragmentation has in the secondary 

damage progression and could potentially open pathways of therapy and drug treatment to lessen 

the long-lasting effects of TBI. 

6. Conclusions 

 

The completed study suggests that microglial damage progression occurs due to CCI both with 

and without the presence of conditioned media from damaged neurons. However, sustained 

mitochondrial dysfunction in the microglial damage response is predicated on the exposure of 

conditioned media from CCI-induced damage of neuronal tissue. The induced injury on 

microglial tissue, alone, does not have a conclusive negative effect on the mitochondrial 

fragmentation or dysfunctional response. In addition, experiments show that vesicles are not a 

conclusive transporter of dysfunctional mitochondria during TBI. This is shown both through 

protein analysis of isolated vesicles and through metabolic experiments using vesicle inhibitors.  
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8. Appendices 

The following appendices are for supplementary results that were used for the completion of this 

thesis but were not included in the main body of the thesis. 

 

8.1 DNA Quantification Comparison between Vesicle Inhibitors 

  
Figure 28: Troubleshooting with Multiple Vesicle Inhibitor Treatment Groups 

Comparison of mitochondrial DNA quantification on microglial cultures. Calpeptin, Control (DMSO), and Y27632 

are shown 

 

8.2 Western Blot Images of TOMM20 marker in vesicle fractions 
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Figure 29: Western Blot Images Show No Evidence of TOMM20 Marker 

No visible blots for TOMM20 seen for the Calpeptin or Control groups in the sham and CCI conditions 
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