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Abstract 

 Alzheimer’s disease (AD) is the most common form of dementia, estimated to affect over 

6 million individuals in the United States in 20241,2. Despite its prevalence, there is still no 

substantial treatment or cure for this terminal disease. As a result, significant resources have been 

invested in expanding AD research. Recent advances in AD research have expanded the use of 

in vitro tools with the use of human stem cells and 3D models, as well as transgenic animals 

modified to carry known genetic mutations and risk genes associated with AD. The central aim of 

this thesis work was to characterize the use of the AD transgenic rat in a 3D primary cortical cell 

culture model.  

Using a previously developed 3D primary cortical culture model47, both wild-type (WT) and 

TgF344-AD transgene positive ‘microtissues’ were created and cultured over four extended 

periods (DIV 2, 7, 28, 60) and then labeled with an immunofluorescent tag for confocal microscope 

imaging. The images were quantitatively evaluated using cell counts, mean fluorescence 

intensity, and 2D Sholl analysis. Throughout the culture, the supernatants of TgF344-AD 

‘microtissues’ were collected and examined for amyloid-beta-42 via ELISA and later evaluated 

using immunofluorescence. We observed significant changes in neural progenitor cell counts and 

significant changes in the mean fluorescence intensity of GFAP-positive astrocytes across the 

duration of the culture in wild-type microtissues. Additionally, significant changes in microglia 

morphology, marked by longer and more ramified extensions, were observed at day in vitro (DIV) 

28 compared to DIV 2. Significant changes in secreted Amyloid Beta (42) were detected by ELISA 

between WT and TgF344-AD microtissues, as well as significant increases between DIV 6 and 

DIV 28 in TgF344-AD tissues. In conclusion, this 3D culture system exhibits a diverse and 

dynamic molecular and cellular environment, capable of being cultured for up to 60 days without 

an additional scaffold or serums, and applicable for the study of the intricate multicellular 

mechanisms associated with diseases like AD, with integration of the TgF344-AD rat model. 
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Background 

Alzheimer’s Disease 

Alzheimer’s disease (AD) is the seventh leading cause of death in the United States, with 

an estimated 6 million adults over the age of 65 suffering from the condition1-4. By 2050, the 

incidence of AD has been predicted to reach 12.7 million2. The primary risk associated with 

developing AD is aging, with the frequency of diagnosis doubling every five years after sixty2,4-6,. 

While AD may be the most common form of dementia, it is also the only disease within the top 

ten U.S. mortality list without an effective treatment1-5.  

Among the primary clinical presentations of AD, the most notable are memory loss and 

cognitive impairment, which correspond with the numerous pathologies1-6. Alzheimer’s is 

classified as a neurodegenerative disease (NDD), meaning it presents with all of the hallmarks of 

NDDs:  progressive neuron loss and dysfunction, abnormal protein aggregates, and circuit 

selectivity7. The primary circuitry affected in AD is associated with memory and cognition, while 

the proteins associated with aggregates in AD are amyloid-beta and tau2,3,6-11. In AD, neurons and 

glia secrete large amounts of the Aβ-42 oligomer, resulting in extracellular amyloid-beta plaques 

rich with the Aβ-42, which coincides with the accumulation of intracellular tau tangles 

(neurofibrillary tangles)5, 8-13. These primary pathogenic hallmarks are associated with 

neurotoxicity, neuronal dysfunction, and degradation as well as neuroinflammation, linked to glial 

cell dysregulation, which culminates and ultimately may lead to the clinical presentation of 

memory and cognitive impairment3,5,7,9-17.  

The understanding of Alzheimer’s disease pathogenesis has transformed over the years. 

The amyloid hypothesis first appeared after the initial discovery of amyloid plaques and tau 

tangles18,20. This hypothesis states that amyloid-beta accumulation is the primary cause of AD, 

initiating all other associated pathologies18,20. However, new evidence has challenged this 

hypothesis in recent years, expanding the scope of AD research to different cell types, 

environmental conditions, and interactions3,19.  
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 Despite many of the molecular dynamics involved in the progression of the disease being 

unknown, there are recognized genetic variants that increase the risk of developing AD: 

apolipoprotein E (APOɛ4), amyloid precursor protein (APP), and presenilin 1 and 2 (PSEN1/2)21-

26. The penetrance of these variants impacts the progression of the disease and subsequent 

symptoms onset. APOɛ4 mutations have a lower penetrance and are associated with sporadic, 

late-onset AD, while APP and PSEN1/2 variants are considered highly penetrant, familial AD 

mutations as they are associated with autosomal dominant inheritance, resulting in early-onset 

AD2,12,13 23-24. These known mutations associated with AD have driven recent research through 

inducing the mutations in induced pluripotent stem cells (iPSCs) or generating transgenic 

animals6,16,21,25-29.  

Several of these risk factors are highly expressed by glial cells and are known to impact 

glial cell states, emphasizing the need to understand better the connection between glia and 

neurons that leads to the characteristic neuron dysfunction and degeneration observed in an AD 

neural environment 3,14,15,21-25,72. In healthy neural environments, delicate and specific glial-neuron 

interactions and signals maintain the homeostatic environment and processes, including amyloid-

beta clearance3,14,15,21-25,72. However, in the AD brain, there are distinct shifts toward more reactive 

cell states characterized by changes in morphology, function, and gene expression patterns that 

lead to a disruption in neuronal support and ultimately may cause neuron loss and dysfunction21-

25,72. In the current landscape of AD research, there are severe limitations to studying these 

multicellular mechanisms in patients due to the fact that the majority of data collection is primarily 

based on MRI and PET scans, which lack the single-cell resolution needed to study these intricate 

glial-neuron interactions. Ultimately, there is a need for robust and reliable in vitro models to study 

the cellular and molecular mechanisms of glial-neuron interactions in AD pathogenesis. 

Current In Vitro Modeling  

 Alzheimer’s has the distinction of being one of the most widely studied and researched 

diseases without a robust treatment or cure. A significant reason for this is the inherent difficulty 
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in recapitulating the physiological conditions of neurological diseases and their clinical pathology, 

which impedes the understanding of disease progression well enough to develop potential 

therapeutics28-31. Currently, a wide array of in vitro models aim to tackle these challenges and 

improve the understanding of Alzheimer’s Disease at the molecular level25,30,31,33,36. In vitro models 

allow the reproducible study of molecular mechanisms in a controlled environment with an 

increased throughput compared to in vivo models28,30,44. These in vitro studies consist of both 2D 

and 3D models and an array of cell sources, ranging from primary cells collected from animal 

models to human stem cells and primary human cells collected from neural tissue during surgical 

biopsy and then subsequently cultured in vitro for short periods of time. The use of iPSCs has 

significantly enhanced research efforts as human cells can be used to study human diseases and 

can be genetically edited to carry the known genetic mutations associated with AD6,16,27,31-36. They 

have been used in both 2D monolayer and 3D models, such as organoids. However, these 

organoid models are limited due to an inherent lack of neural cell-type diversity and 

maturity28,30,36,39,51. Additionally, many 3D cell culture models require the use of an exogenous 

scaffold due to the lack of an endogenous extracellular matrix (ECM)28,30,36,39,51. This is a critical 

component of 3D culture models as the ECM plays an essential role in cell signaling and 

cytoarchitecture, providing both structural and functional support to the surrounding 

cells28,30,36,39,51.  3D post-mortem tissue analysis is also frequently used; however, while this tissue 

maintains the endogenous cell-type diversity, including ECM, it only provides a snapshot in time 

of the multicellular interactions from the time of collection. While the culture of primary human 

neural cells in vitro may allow for the evaluation of disease phenotypes in a patient-specific 

manner, they are difficult to maintain once removed from the brain environment. This transfer of 

primary human cells from the in vivo to the in vitro environment poses a significant challenge 

when studying human microglia, which are among the most sensitive cell types to environmental 

changes28,32. However, these primary cell culture models do allow for the inclusion of a diverse 

population of endogenous cell types, which facilitates the study of multicellular dynamics in a 
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controlled system28,30,40,44. Primary culture models remain relevant in AD research as they can 

provide valuable insight into complex cell-to-cell and cell-to-ECM behaviors as they maintain the 

endogenous, multicellular environment28,30,44,51.  

 For this thesis work, we used a scaffold-free 3D rodent-derived primary cortical culture 

model. Recent studies show that 3D cell culture models better recapitulate an in vivo-like 

environment compared to 2D culture28,30,33-39,41-50. While 2D culture models may be ideal for 

visualizing elements of cellular dynamics like axon and dendritic growth or synapse formation, 

their physiological relevance is limited by the nature of a monolayer culture28,30,41-46. 2D cultures 

lack the cell-to-cell and cell-to-ECM interactions that allow for the complex cytoarchitecture and 

metabolic activity characteristic of in vivo tissue28,30,39-45,47-51. In addition, 2D cultures often require 

a scaffold to promote cell growth, proliferation, and migration, as they cannot adequately produce 

and interact with ECM28,30,40-45,47-51. Our primary 3D culture model harnesses the cells' innate self-

assembly behavior30,40. Due to the nature of this primary culture, no additional scaffold is required 

as the endogenous ECM remains in the culture, facilitating cell growth and neuronal network 

organization28,30,40,44,48. This 3D ‘microtissue’ model is uniquely suited for long-term live imaging 

due to the 350 ɥm offset from the bottom of the plate and the agarose mold that serves as a 

physical constraint for the microtissue30,48. The agarose anchors the tissue to a fixed position and 

prevents further contraction into a spheroid that would otherwise float within the well. We aimed 

to create a physiologically relevant 3D model that maintains the operational benefits of in vitro 

tools to study cell-type specific interactions and mechanisms in AD pathogenesis.  

 While our 3D primary cortical culture model has been used to study neuroinflammation 

and biomaterial compatibility with implantable devices, an extensive characterization over an 

extended culture period has yet to be completed30,48. Although it appears to be physiologically 

relevant from the endogenous-ECM-promoted self-assembly and neuroinflammatory response, 

additional investigation is still required to test the validity of this claim. In addition, we seek to 

investigate its potential application as a disease model, specifically for Alzheimer’s Disease.   
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TgF344-AD 

 Most of the current transgenic animals used in AD research are mice52-59. However, even 

though many of these transgenic AD mouse models experience an overproduction of amyloid-

beta, they are simultaneously unable to demonstrate the characteristic neuronal loss and 

tauopathy26,52-59. These transgenic models require additional familial AD mutations to induce the 

other pathological hallmarks of AD54,55,57-59. While the use of mice may be more ubiquitous in AD 

transgenics, another rationale for their lack of presentation of the physiologically relevant 

pathologies of AD is the varying relation to humans. Rats are 4-5 million years closer to humans 

in evolutionary history than mice are, which may impact their physiological relevance to humans 

as research models26,60.  

The novel rat model, TgF344-AD, developed by Cohen et al. is the first transgenic rat 

developed to challenge and compensate for these physiological relevance concerns of the mice 

models26. TgF344-AD expresses both the human APP and PS1 familial AD mutations, specifically 

the human APP Swedish (APPSW) mutation and the Δ exon 9 human PS1 mutation (PS1ΔE9)26. 

Cohen et al. validated this animal cognitively and using immunohistochemistry. Significant 

cognitive impairments were observed at 15 months26 (Fig. 1.a.). TgF344-AD also showed the full 

array of AD pathologies, including amyloidosis, gliosis, tauopathy, and neurodegeneration in an 

age-dependent manner, with amyloid-beta 42 and tau burden presenting as early as 6 months in 

vivo26 (Fig. 1. b-c).  

In vivo, TgF344 is a more physiologically relevant model than the more widely used mouse 

models, as it adequately recapitulates the full scope of pathologies of AD where the mouse 

models fail (Fig. 1). However, this novel AD rat model has yet to be modeled in vitro. For this 

thesis, we explore the application of the TgF344-AD rat line in our 3D primary cortical culture 

model.  
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Materials and Methods 

Agarose Gel Formation 

 We followed the previously published protocol by Brown et al30,47,48. Agarose solution was 

first made by adding 50mL of sterile 1x Dulbecco’s phosphate-buffered saline (DPBS; Sigma, 

Ref. #D1408) to 1g of sterilized agarose (Invitrogen, Ref. #16500). The solution was heated using 

a laboratory microwave until agarose went into solution and reached a rolling boil. Using a 

standard 24-well plate, a stainless-steel injection mold with 6 concentric holes was placed on a 

custom PLA lift over a single well. 1 mL of the boiling agarose solution was then injected into the 

well through the mold (Fig. 2). Leaving the mold in the well, the plate was placed on an ice pack, 

Figure 1 

a , At 15 months, the TgF344-AD rat made significantly more errors in the barne maze than 

the WT counterparts in learning and reversal phases of the task (*p<0.05, **p<0.01). b, 

TgF344-AD rats exhibited an significant, age-dependant increase in amyloid-beta burden in 

both the Cerebral Cortex (CC) and Hippocampal Cortex (HC). c, Comparison of tauopathy in 

AD patients, Tg2576 mice , PSAPP mice, and TgF344-AD rat. d, Densitometric units of crude 

pellet pTau-PADRE show significant increase in TgF344-AD at 16 months compared to WT. 

Adapted from Cohen et al. 2013.26 
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allowing ample time to cool and solidify (roughly 7-8 minutes). Once cooled, excess agarose was 

scraped out of the injection mold using a sterilized stainless-steel rod, and the PLA lift-injection 

mold unit was gently removed (Fig. 2). An agarose-molded microwell consisting of an inner well 

with 6 concentric pegs remained. The agarose-molded microwells were then hydrated with Cell 

Culture Media (CCM) consisting of 48.4 mL Neurobasal-A (with phenol-red GIBCO, Ref. #10888-

022; without phenol-red GIBCO, Ref. #12349-015), 0.125 mL GlutaMAX (GIBCO, Ref. #35050-

61), 0.5 mL Penicillin Streptomycin, and 1 mL of 1xB-27 supplement (GIBCO, Ref. #17504-044), 

and stored in a 37°C incubator until seeding.  

 

 

 

Healthy Tissue 

Primary Tissue Dissociation and ‘Microtissue’ Assembly: We used the protocol previously 

published by Brown et al30,47,48 that was originally adapted from the Diane Hoffman-Kim Lab here 

at Brown University for the formation of primary cortical spheroids28. P0-1 Sprague Dawley rat 

pups were collected and sexed to ensure equal use of males and females. All animals were 

handled and euthanized in accordance with approved Institutional Animal Care and Use 

Committee (IACUC) protocols. Pups were anesthetized by hypothermia prior to euthanasia and 

Figure 2 
The stainless-steel injection mold is place within a PLA lift over a well. 
Hot agarose is injected through the mold, and allowed to cool, after which 
it is removed. Leaving behind 6 pegs, creating the agarose-micro feature 
for tissue seeding and formation. Adapted from Brown et al. 2023 47 
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brains were carefully removed and placed in chilled Hibernate-A (Transnetyx Tissue Inc.) with 

B27-supplemented media (HA-B27) until time for further dissection (Fig. 3). Once all brains were 

collected, the dura was removed, and the cortices were excised (Fig. 3). Cortices were halved 

and cut into smaller pieces and added to a ~3mL Papain (Transnetyx Tissue Inc.) and Hibernate-

A minus CaCl2 (Transnetyx Tissue Inc., Ref. #020824) solution to be enzymatically dissociated 

into a single-cell suspension (Fig. 3). The cortices-Papain solution was then placed in a 30°C 

water bath for 30 minutes and inverted every 5 minutes to facilitate dissociation. After incubation, 

the supernatant was removed, and the pellet was resuspended in 2 mL of warm HA-B27. The 2 

mL single-cell suspension was then added over a 40 µm filter and washed with 6 mL of HA-B27. 

The filtered solution was added to a 15 mL conical and centrifuged at 150g for 5 minutes. After 

centrifugation, the supernatant was removed and 2 mL of warm CCM was added to resuspend 

the solution. The CCM single-cell suspension was added over the top of a 40µm filter and washed 

with 6 mL of warm CCM. The filtered solution was transferred to a 15 mL conical and centrifuged 

at 150g for 5 minutes. This step was then repeated once more. 

 

After the third and final filter step, the remaining supernatant was removed, and 5 mL of 

warm CCM was added to resuspend the pellet. Cell count was assessed using a hemocytometer 

and Trypan Blue (BioRad, Ref. #1450013), in which 10 µL of the 1:8 counting dilution (5 µL of 

single cell suspension, 15 µL of supernatant, and 20 µL of Trypan Blue) were added to the 

hemocytometer.  Before seeding, all the CCM in the agarose mold was removed, including the 

Figure 3 

Cortices are dissected and dissociated into a single-cell suspension. Then they are 

subsequently seeded into the agarose micro-feature, where innate self-assembly forces result 

in 3D ‘microtissue’ formation. Adapted from Atherton et al. 2021 and Brown et al. 2023 30,47 
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innermost well. The seeding density was 2.9 x 106 cells per gel, and 10 µL of the single-cell 

suspension was added to a single well (Fig. 3). After seeding, the plate was placed in the 

incubator at 37°C for 25 to 30 minutes before adding media. Once cells were “set,” 1 mL of CCM 

was carefully added back to the well over the top of the freshly seeded cells.  

 In the first 24 hours after seeing, cells self-assemble and start to contract inward toward 

the center of the well, creating a trampoline shape. After the first 24 hours, CCM was replaced. 

Subsequent media changes occurred every other day or on a Monday, Wednesday, and Friday 

schedule.  

APP/PSEN 1 Tissues 

Breeding: All animal handling and procedures were in accordance with approved Brown IACUC 

protocols. A male TgF344-AD rat, heterozygous for both APP/PSEN1 mutations, and two female 

wild-type (WT) Fisher 344 (F344) rats were ordered and placed in group housing in the CARE 

facility. The first breeder pair was set once the female reached 8 weeks old, and the pair was 

observed for the initial 5 minutes after introduction to monitor for signs of aggression. After the 

observation period, the animals were kept together for 2 weeks, after which they were separated, 

and the female was continually monitored for pups. After the first litter, these pups were left until 

the point of weaning, 21 days; at this point, males and females were separated, and ear punches 

were performed, both for genotyping and identification. Ear punches were sent to Transnetyx for 

initial genotype to subsequently select two APP/PS1 positive males for future breeding. The 

TgF344-AD male alternated breeding with the two female WT F344 rats until the younger males 

reached breeding age (6 weeks). At this point, the younger males alternated with the WT F344 

females. All litters following the initial litter were allocated to 3D primary cortical culture.  

DNA Extraction: We adapted a rapid genotyping protocol from the Qiagen DNeasy Blood & Tissue 

Kit (Qiagen, Ref. #69504) and from Professor Eric Morrow’s Lab (Center for Translational 

Neuroscience, Brown University) to process neonatal tail snips for DNA extraction and 

subsequent PCR to confirm transgene expression in littermates. All Qiagen-provided solutions 
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were prepped following product instructions. P0-1 pups were collected, labeled with a number 

(pup ID), and tail snips 0.4-0.6 cm were collected and placed in a 1.5 mL microcentrifuge tube 

with corresponding pup ID. Brown University IACUC protocols approved all animal handling and 

procedures. After tail snips, pressure was placed on the site of the cut to top bleeding, and pups 

were returned to the container and placed on a heating pad until time to start the remainder of the 

dissociation protocol. 180 μL of ATL buffer (Qiagen 69504, Mat. #1063369) and 20 μL of 

Proteinase K (Qiagen 69504, Mat. #1014023) were added to 1.5 mL microcentrifuge tubes with 

tail snips, the solution was vortexed and then incubated in a water bath at 56°C until completely 

lysed. The solution was vortexed occasionally to aid in tissue lysis. Once the tissue was 

completely lysed, 200 μL of the AL buffer (Qiagen 69504, Mat. #1014594) was added, and the 

solution was vortexed before returning to the 56°C water bath for an additional 10 minutes. Then 

200 μL of 100% EtOH was added, and the solution was vortexed and pipetted into the DNeasy 

Mini Spin Column within a 2 mL collection tube and centrifuged at 5000 rpm for 2 minutes. The 

flow through was discarded, the spin column was placed in a new 2 mL collection tube, and 500 

μL of AW1 buffer (Qiagen 69504, Mat. #1014790) was added. The solutions were centrifuged at 

5000 rpm for 2 minutes, and the whole AW1 addition and centrifugation step was repeated. Next, 

the spin column was removed and placed in a new 2 mL collection tube, after which 500 µL AW2 

buffer (Qiagen 69504, Mat. #1014592) was added and centrifuged at 5000 rpm for 9 minutes. 

The process of adding AW2 buffer and centrifugation was repeated once more. The spin column 

was removed and placed in another 2 mL centrifuge tube, and 200 µL of AE buffer (Qiagen 69504, 

Mat. #1014572) was added to the spin column to elute the DNA. The solution was incubated at 

room temperature for 1 minute and then centrifuged for 2 minutes at 5000 rpm.  

Genotyping: Genotyping was done using PCR and Gel Electrophoresis, detecting APP-positive 

genotypes. For the PCR, the master mix was created using 12.5 μL of GoTaq (Promega, Ref. 

#M513B), 0.5 μL mPRP F (IDT, Ref. #403901546), 0.5 μL mPRP R (IDT, Ref. #403901547), 0.5 

μL APP F (IDT, Ref. #403901548), 2 μL of extracted DNA, and 9 μL of NucFree H2O (Promega, 
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Ref. #P119A), reaching a total of 25 μL per sample. The PCR cycle parameters were 4 minutes 

at 95°C, 30 seconds at 94°C, followed by 30 seconds at 58°C and 1 minute at 72°C. This cycle 

was repeated for a total of thirty-five cycles. Then followed by 7 minutes at 72°C and ended at 

4°C. 20 μL of solution was loaded onto the E-Gel (Invitrogen, Ref. #A42347)l, consisting of 10 μL 

of E-Gel loading buffer (Invitrogen, Ref.  #10482055) and 10 μL of  DNA solution, per sample. 20 

μL of the DNA ladder (Invitrogen, Ref. #10488091) was loaded on either end of the gel, and 20 

μL sample loading buffer was added to all empty wells.  

The E-gel was run using the PowerSnap Device on the EGel Double Comb setting for 13 

minutes, then extended to 15 minutes. The image was then taken using the PowerSnap device. 

To identify whether APP-positive or negative, APP-negative has a single, thick line at 799 bp, 

while APP-positive has a band at 400 bp and 799 bp. 

Tissue Dissociation and ‘Microtissue’ Assembly: After pups were genotyped, they were 

anesthetized by hypothermia prior to euthanasia and separated between APP-positive and APP-

negative. Two concurrent tissue dissociations were performed, one for APP-positive and one for 

APP-negative, following the same protocols for healthy tissue dissociation. After full dissociation 

and cell counting, the APP-positive and negative cells were seeded onto either different plates or 

the same plate, depending on the number of tissues, and labeled. Tissues were then fed carefully, 

using different tips, and supernatants were collected starting at a day in vitro (DIV) 6 until the fix 

date.  

Tissue Fixation 47 

A 4% paraformaldehyde 8% sucrose solution was made by combining 4g of sucrose, 5 

mL of formalin, and 45 mL of 1 x DPBS. On a predetermined day in vitro (DIV 2, 7, 28, 60), plates 

were removed from the incubator, and 1 mL of the 4% paraformaldehyde 8% sucrose solution 

was added to each well. The tissues stayed in solution for a minimum of 2 hours. The tissues 

were subsequently washed three additional times in 1 x DPBS for 2-hour increments. Tissues 

were then removed from the gels by excising the inner well from the main gel and then placing 
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the inner gel containing the tissue in 1 x DPBS on a hot plate at 200°C. As the gel melted, the 

tissue was removed from the agarose scaffold. Once released, the tissue was immediately 

removed and placed in a 48-well plate. 1 x DPBS was added to keep tissues hydrated and stored 

at 4°C until it was time to start the immunohistochemistry (IHC) process.  

Immunohistochemistry (IHC) 

 First, a blocking solution was created using 8.9 mL of 1xDPBS, 0.1 mL of Triton X-100 

(Sigma, Ref#T8787), 1 mL of Normal Goat Serum (NGS; Jackson ImmunoResearch, Ref. #005-

000-121), and 0.4 g of Bovine Serum Albumin (BSA; Sigma, Ref. #A7030-100G). The blocking 

solution was allowed ample time to go into a homogenous solution and to chill at 4 °C. Tissues 

were then organized on a 48-well plastic plate based on the assay and future primary antibody 

conditions. 500 μL of the blocking solution was subsequently added to each well, and the plate 

was placed on a shaker at a speed of 3 for 2 hours. Next, the primary antibody cocktails were 

made with 300 μL of block per well, which depended on the conditions/cell of interest for a 

particular tissue (Table 1). After the primary cocktail addition, the plate was wrapped in parafilm 

and left on the shaker at a speed of 3 overnight.  

 Day 2 of IHC started with removing the primary antibody cocktail, placing them in labeled 

1.5 mL microcentrifuge tubes, and storing them for further use. These cocktails could be used up 

to 3 times. PBT solution was made by adding 0.1 mL of Triton X-100 to 50 mL of DPBS. 500 μL 

of PBT was then added to each well and returned to the shaker on speed for 2 hours. After that, 

the PBT was replaced, and the plate was returned to the shaker for 2 hours. Then, the PBT was 

replaced with 500 μL of blocking solution, and the plate was returned to the shaker for 2 more 

hours. While the plate was incubating in the block, the secondary cocktail was made, which 

consisted of 300 μL of block per well and secondary antibodies (Table 1) at a concentration of 

1:800. After 2 hours, the block was replaced with the secondary antibody cocktail, wrapped in 

parafilm, and covered with tin foil, before the plate was returned to the shaker overnight. Day 3 

started with the removal and discard of the secondary antibody cocktails, followed by four 
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consecutive 1-hour washes with PBT, and ending with a 1-hour wash with DAPI (Table 1). 300 

μL of DAPI solution was added to each well, with a DAPI concentration of 1:1000. Following the 

1-hour incubation with DAPI, the solution was removed and replaced with 1 x DPS, after which 

the plate could be immediately imaged or stored at 4 °C until imaging session.  

Imaging 

 Samples were removed from a 48-well plate and plated onto a glass bottom petri dish 

(Mattek, Ref. #P35G-1.5-14-C) with minimal 1 x DPBS. Images were taken using the Olympus 

FV3000 Confocal Microscope, using resonant and sequential scanning to collect volumetric 

image data. Images with magnification of 10x, 30x, and 30x with a digital zoom (3z) were taken 

for each sample. Some tissues were flipped, and images were taken of both sides. All 30x 3z 

were taken in four quadrants and later stitched together using the FluoView software associated 

with the microscope. Observation methods were saved to standardize the fluorescence intensity 

across samples. However, there was usually some manipulation and variation from tissue to 

tissue. 

Analysis 

Initial Image Processing: OIR images were imported into ImageJ, where they were initially 

processed. The multi-channel images were split, and channel 3 was turned magenta for easier 

viewing. First, volumetric images were compressed into 2D images by taking the maximum 

fluorescence intensity at each pixel, generating a 2D maximum-intensity image. A scale bar was 

input. Then, images were saved as TIFF and PNG for later analysis.  

Cell Counting: The 30x magnification, plus 3 zoom stitched images, were used for cell counting. 

These images were input into ImageJ and the channels were split. Channel 3 and Channel 1 

colors were changed to Magenta to aid in visualization and contrast.  A designated region of 

interest (ROI; 186.17 x 199.98 µm) with a designated and constant position encompassing the 

center of the tissue was placed in each hyperstack for every stitched image. To eliminate 

background areas or regions not included in the ROI, the ROI and the hyperstack were duplicated. 
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This was done for every channel of the image. Next, the DAPI channel (C=0) was merged with 

each corresponding channel of interest. Then, the volumetric images, or z-stacks, were parsed 

through, slice by slice, and using the multi-point selection tool with “Labels” and “show on all 

slices” enabled, cell bodies with DAPI overlay were tagged. This process was repeated twice per 

sample, with average n=6.2 for div 2 samples, n=6.8 for div 7 samples, n=6.2 for div 28 samples, 

and n=6 for div 60 per cell type across 5 biological replicates for WT Sprague Dawley rat tissues. 

The final two counts per sample were averaged and input into GraphPad Prism. For the TgF344-

AD (Fisher rat) cultures, there was an n=2 for astrocyte and neuronal nuclei cell counts and an 

n=1 for microglia, oligodendrocyte progenitor cells (OPCs), and neural progenitor cells. TgF344-

AD counts were limited to a single day in culture, DIV 46. A simple One-Way ANOVA was 

performed, with a Tukey test for multiple comparisons.  

Mean Fluorescence Intensity: The maximum intensity TIFFs that were previously processed were 

opened in ImageJ. Then, the image was transformed into an RGB Color Image 

(Image>Type>RGB Color). Followed by the transformation into a 16-bit image, turning the image 

grayscale (Image>Type>16-bit). The image was measured to calculate the mean fluorescence 

intensity (Analyze>Measure), with the measurements set to include the “Mean gray value.” These 

measurements were then input into an Excel spreadsheet and were grouped by DIV (2, 7, 28, 60) 

or the single DIV 46 for TgF344-AD cultures. Next, these measurements were input into 

GraphPad Prism, where a One-Way ANOVA with multiple comparisons was run, and the results 

were graphed. There was an average of n=13 for Sprague Dawley WT tissues, and in the TgF344-

AD cultures, the n=2 per condition.  

2D Sholl Analysis: Sholl analysis is often used as a metric to evaluate the complexity of microglia 

morphology by counting the number of intersections within concentric rings extending around the 

centroid. The Microglia Segmentation and Tracking ImageJ plugin was used for 2D Microglia Sholl 

Analysis61,62. Upon opening the plugin (Plugins>Microglia>New Microglia Segmentation and 

Tracking), user-specific parameters were set for Intensity Threshold (1.50), Minimal cell size 
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(160), and Maximal cell skeleton length (80). The Intensity threshold remained unchanged from 

the plug-in default; however, the minimal cell size and maximal cell skeleton length were manually 

adjusted based on measurements and approximations from the previously saved TIFF Maximum 

Projection images. Following the parameter inputs, the image of interest was input under the 

“intensity image time series” prompt, and the output directory was selected. Separate files were 

set up per sample and subsequently per skeleton within a sample to minimize confusion. After 

the plugin was completed, a grayscale intensity image and labeled-masked image were 

generated (Fig. 4. a-b). These two files were saved in the file corresponding to their sample ID. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

With the intensity images and the labeled image, the second portion of the “Microglia  

Morphometry” plugin was used (Plugin>Microglia>Measure Microglia Morphometry)61. Upon 

opening this program, the intensity image from the previous step was input in the “Intensity image 

Figure 4 

Depiction of the process for 2D sholl analysis using Microglia morphology 

ImageJ61 plugin and SNT Sholl Analysis plugin62. a, Intensity image of 30x 

magnification maximum projection; b, Segmented image; c, Skeletonized image; 

d-e, Sholl analysis. Spheroid cells were skeletonized to have 3-4 initial branches. 

e.. 
e. 
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time series,” and the labeled-masked image was input under the “Label mask time series.” The 

output directory was selected to be the same as the previous step, with the file being sample-

specific.  The resulting outputs were annotations of the intensities, in which each center of mass 

was identified, and the other was a skeletonized image of the intensities (Fig. 5.c).  

Folders associated with each skeleton to be analyzed were created for an n=3 per sample. 

The skeletonized image was opened in ImageJ, and the ROI manager was used to select a 

skeleton for further analysis. Skeletons were selected by comparing the skeletonized image with 

the maximum projection image of the microglia overlaid with DAPI. This was done to ensure one 

cell was being counted and to determine the centroid for the Sholl analysis. Cells with merged or 

overlapping skeletons were ineligible for analysis. The SNT plugin from Neuroanatomy was 

opened, and the Sholl analysis>Sholl Analysis (Image) was selected62. This opened a new 

window to determine Sholl Analysis parameters (Fig. 5.d-e). First, the center from the active ROI 

was set and adjusted so it overlaid the nucleus (DAPI and Iba-1) and the “preview” option was 

selected to facilitate the adjustment of the following parameters. The start radius and step size 

were determined to be 5 µm and maintained constant across all skeletons analyzed; however, 

the end radius was customized to the skeleton, depending on the length of its extensions and its 

proximity to neighboring cells, the average radius used was 30 ɥm for div 2 samples and 60 ɥm 

for div 28 samples in WT Sprague Dawley microtissues, and 60 ɥm for the DIV 46 TgF344-AD 

microtissues. In addition, only full shells were used for this analysis. The remaining parameters 

were unchanged from the default, ‘infer from starting radius,’ ‘best fitting degree,’ ‘automatically 

choose,’ and ‘default.’ Finally, the outputs provided both linear and normalized plots and a detailed 

table and summary. The results were saved in the corresponding tissue and skeleton. This whole 

process was repeated for an n=3 across 3 biological replicates per time point in Sprague Dawley 

WT and for an n=3 across 1 biological replicate at DIV 46 in TgF344-AD microtissues. 
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The resulting information, radius, and number of intersections were input into GraphPad 

Prism under their corresponding DIV. A Two-Way ANOVA with multiple comparisons was 

performed.  

Enzyme-linked immunosorbent assay (ELISA): Supernatants were collected for all TgF344-AD 

samples, both APP/PS1-positive and wild-type (WT), starting on day 6 in vitro and every 

subsequent feeding day (Monday, Wednesday, and Friday). Collected supernatants were put in 

labeled 1.5 mL microcentrifuge tubes corresponding to the sample ID and stored at -20°C.  With 

cooperation from the Huang Lab (Laboratories for Molecular Medicine, Brown University), an 

ELISA was run on DIV 6 and DIV 28 WT and AD tissues (n=3 for both genotypes per time point) 

to test for the concentration Aβ-42, one of the amyloid fibrillary species associated with AD and 

the toxic AD plaque formation. Solutions were serially diluted to known concentration and a 

standard curve was generated to calculate the amount within the unknown samples. Two-way 

ANOVA with multiple comparisons was completed for statistical analysis.   

Results 

Nestin-positive neural progenitor numbers significantly decreased after day 7 in vitro: 

Across 60 days in culture for Sprague Dawley WT microtissues, with sampling at DIV 2, 7, 28, 

and 60, there was no significant change in cell numbers in Neun-positive neurons (p=0.3191) 

(Fig. 5.), Iba-1-positive microglia (p=0.0785, Fig. 5) and NG2-positive oligodendrocyte precursor 

cells (p=0.156, Fig. 5). There was a significant difference in the number of GFAP-astrocytes 

(p=0.0076; Fig. 5). Day in vitro 28 saw a peak number of astrocytes, significantly different from 

day 7 (p=0.0057) and day 60 (p=0.0394). Nestin-positive neural progenitor cells observed a 

significant variation in cell counts across the 60 days in culture (p<0.0001; Fig. 5). The differences 

in neural progenitor cells significantly change across each time point (DIV 2,7,28,60) with the 

significant decrease in cell numbers observed between day 7 and 28 (p<0.0001) and day 7 and 

60 (p<0.0001).  
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Figure 5 

30x magnification maximum projections of astrocytes (GFAP, green), microglia (iba-1, magenta), 

neuronal nuclei (NeuN, orange), oligodendrocyte progenitor cells (OPCs; NG2, yellow), neural 

progenitors (Nestin, red) at DIV 2 and DIV 28. Corresponding cell counts per 0.002mm3 at DIV 2, 

7, 28, and 60 ( * p ≤ 0.05,  ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001). Scale bar is 100 μm. 
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Mean Immunofluorescence Intensity increased in GFAP-positive astrocytes across 60 

days in culture: The mean fluorescence intensity of GFAP-positive astrocytes significantly 

increased across the 60 days in culture (p<0.0001; Fig. 6) in Sprague Dawley WT cultures. From 

day 2 to day 60, there was a significant increase in GFAP mean fluorescence intensity (p<0.0001). 

Other significant increases include days 2 to 28 (p=0.0066) and days 7 to 60 (p=0.002). Changes 

between days 2 and 7, 7 and 28, and 28 and 60 were not statistically significant.  

Microglia exhibited more extended ramifications and greater branching in older samples: 

In the microglia 2D Sholl analysis comparing Sprague Dawley WT day 2 samples and day 28 

samples, there was a significant difference in the number of intersections between the 15 μm 

radius through the 55 μm (p<0.0001; Fig. 7). The differences in the number of intersections from 

Figure 6  

Left, shows greyscale, maximum projection images of GFAP-positive astrocytes at DIV 2 and DIV 

60 that were later measured for mean fluorescence intensity. Right, shows graph depicting mean 

fluorescence at DIV 2, 7, 28, and 60 ( * p ≤ 0.05,  ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001). Scale 

bar 100 μm  
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a radius of 15 μm through 45 μm had an extremely significant difference, with a p<0.0001. While 

the difference at radius at 50 μm had a significance of p= 0.0035, and 55 μm had a p=0.0211. 

The shorter radii of 5 μm and 10 μm and the furthest radius of 60 μm did not exhibit significant 

differences.  

 

 

 

Distinct morphological changes across 60 days in culture and ECM presence: The 

extracellular matrix (ECM), including Collagen IV and Laminin, exhibited positive 

immunoreactivity at various time points in culture (Supp. Fig. 1). Other ECM markers, like the 

Lectin of Wisteria floribunda (WFA) staining for perineuronal nets, also showed positive 

immunoreactivity, indicative of their presence (Supp. Fig. 1). The axonal markers of Beta-3 

Tubulin (B3T) and MAP2 exhibited positive immunoreactivity (Supp. Fig. 1). Concerning 

oligodendrocytes, mature oligodendrocyte staining with O1 exhibited positive immunoreactivity 

with Myelin Basic Protein (MBP) overlap. However, they lacked clear ramifications and 

Figure 7 

2D maximum projection sholl analysis of WT iba-1-positive microglia (magenta) at DIV 

2 and DIV28. DIV 28 had significantly more intersections at radii 15 μm through 45 μm 

(p<0.0001), 50 μm (p=0.0035), and 55 μm (p=0.0211). Scale bar 100 μm.  

Iba-1 
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myelinating processes. Staining with NG2 highlighted the OPC population's extensions and 

phenotypes within the microtissue (Fig.5). There was also a distinct morphological transformation 

across the microglia, neural progenitor, and astrocyte populations (Fig.5). The day 2 microglia 

appear more ameboid and spheroid than their day 28 and day 60 counterparts, which appear 

more ramified. Day 2 and 7 astrocytes appear more spheroid, some exhibiting a single extension, 

while the later time points have extensive ramifications and a “bushy” appearance. Nestin-positive 

cells appear in clusters on day 2 and appear more diffuse throughout the tissue at day 7 (Fig. 

5,8.a-b). By day 28, the Nestin-positive cells resemble closely to astrocyte morphology, looking 

more “bushy” (Fig.5). On day 2, the Nestin-positive and GFAP-positive cells appear to populate 

contrasting spaces within the tissue, creating a mosaic (Fig. 8).  

 

Figure 8 

Maximum projections and overlayed confocal images (a,c 10x, b,d 30x) of neural 

progenitors (Nestin, red) and astrocytes (GFAP, green), with overlapping signals in 

yellow. a,c DIV 2, d,e DIV 7. Scale bar 100 μm. 
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Amyloid-β 42 concentrations were significantly greater in APP/PS1-positive cultures than 

in wild-type cultures: ELISA analysis of supernatants showed significant increases in the 

concentration of Aβ-42 between APP/PS1-positive cultures and WT cultures at both day 6 

(p=0.0002) and day 28 (p<0.0001) in vitro (Fig. 9.c). There was also a significant increase in the 

concentration of Aβ-42 between day 6 and day 28 of the AD tissues (p=0.0004, Fig. 9.c).  

 

 

 

 

2D Sholl analysis revealed significant microglial morphological differences between AD 

and WT tissues: At 15 ɥm and 20 ɥm radii, the microglia of the Fisher wild-type tissues had 

significantly more intersections than the microglia of the AD tissues (15 ɥm, p=0.0197; 20 ɥm, 

p=0.0197; Fig. 9.d). The microglia of the AD tissues had significantly more intersections at radii 

Figure 9 

a-b, Maximum projections of 30x 3 zoom confocal microscopy images of iba-1- positive microglia 

(magenta) in AD and WT tissues on DIV 46. c, ELISA results for Aβ42 concentration in AD and WT 

tissues at DIV 46. d, 2D sholl analysis of iba-1-positive microglia in AD and WT DIV 46 cultures. e, 

rendering of 2D sholl analysis on homeostatic and reactive microglia. f, cell counts for microglia in AD 

and WT tissues at DIV 46 (n=1 per condition). ( * p ≤ 0.05,  ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001). 

Scale bar is 50 μm. 
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30 ɥm (AD to WT p=0.0211), 35 ɥm (AD to WT p=0.0027) and 40 ɥm (AD to WT p=0.0075) than 

WT tissues (Fig. 9.d).  

No significant difference in cell counts or mean fluorescent intensity was observed 

between AD and WT tissues: Cell counts did not show any significant changes in the number 

of astrocytes, neuronal nuclei, microglia, OPCs, and neural progenitors between AD and WT 

tissues (Fig. 9.f, 10.c). However, there appears to be a difference in neural progenitors, with WT 

tissues having more than AD tissues; significance is not determined. There were also slightly 

more astrocytes in AD cultures than in WT cultures, while there were slightly fewer OPCs and 

neuronal nuclei in AD tissues than in WT tissues, significance not determined. AD tissues had 

more microglia than WT tissues; however, with only an n=1, significance cannot be determined 

(Fig. 9.f).  

There was no significant difference in GFAP-astrocyte mean fluorescence intensity across 

AD and WT tissues (Fig. 10.b). However, the wild-type tissues appeared to have a slightly greater 

GFAP-astrocyte mean fluorescence intensity than the AD tissues. 
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Discussion 

 The use of 3D in vitro cell culture models has grown in recent years as researchers try to 

probe critical questions regarding molecular processes of disease in a physiologically relevant 

manner while maintaining a high level of throughput and reproducibility. These concerns are 

especially prevalent as they relate to the highly sensitive cortical environment and associated 

Figure 10 

a, 30x magnification maximum projection confocal microscopy images of astrocytes (GFAP, 

green), neuronal nuclei (NeuN, yellow), oligodendrocyte progenitor cells (OPCs; NG2, magenta), 

and neural progenitors (Nestin, red) at DIV 46. The top row depicts AD tissues, bottom row depicts 

WT tissues. b, GFAP-astrocyte mean fluorescent intensity at DIV 46 in AD and WT cultures (not 

significant, ns). c, Cell counts of astrocytes, neuronal nuclei, OPCs, and neural progenitors at DIV 

46 in AD and WT tissues (ns). Scale bar is 100 μm. 

 

a. 

b. c. 
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neurological diseases such as Alzheimer’s disease. Aimed at addressing these concerns as they 

relate to a cortical culture, we describe and further characterize a physiologically relevant scaffold-

free 3D primary cortical culture model that maintains the operational benefits of in vitro models 

and explore its application as a means to study the cell-type specific interactions and mechanisms 

in Alzheimer’s disease pathogenesis.  

In our evaluation of Sprague Dawley wild-type ‘microtissues,’ we tracked multiple cell 

types over 60 days to observe cellular changes and establish a baseline before applying this 

system to an AD model. One of these observed cell types was neural progenitor cells labeled with 

Nestin. Nestin-positive cells exhibited a significant decrease in the number of cells expressing 

Nestin after day 7 in vitro (Fig. 5). In addition, at day 2, our cultures exhibit an almost inverse 

expression pattern between the rosette-like Nestin clusters and the diffuse GFAP signals, but at 

later time points, there is more overlap and, qualitatively, the later Nestin-positive cells appear 

more astrocyte-like (Fig. 5, 8. a-b). A potential explanation for this significant drop in Nestin-

positive cells is the change in cell-type identity and behavior as the neural progenitors mature and 

differentiate in culture63, 64. However, the question remains regarding Nestin's apparent prolonged 

expression in astroglia and the subsequent overlap with GFAP-positive cells. New evidence 

suggests that the Nestin-positive/GFAP-negative cells are more indicative of neurogenesis and 

replication, while cells with overlapping signals may be arrested in development and no longer 

cycling63. 

 GFAP-positive astrocytes also exhibited a significant change in cell numbers, with a 

significant peak at day 28. It’s unclear as to why this may be and requires further investigation. 

While the other cell types of interest we evaluated did not show any significant changes in cell 

numbers, apparent morphological changes were observed. The astrocyte population matured 

from small cell bodies with only a few “tails” to bushy, mature astrocytes with complex extensions 

and ramifications (Fig. 5). As they matured, the overlapping processes of the astrocytes proved 

challenging for cell counting, so we used GFAP mean fluorescent intensity as a metric for GFAP-
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astrocyte expression in our samples, which has been previously used to quantify GFAP-astrocyte 

populations65,66. The significant increase in GFAP mean fluorescent intensity over the 60 days 

indicates the changing morphology and maturation and, likely, differentiation of GFAP-positive 

astrocytes (Fig. 6).  

 Microglia also exhibited significant morphological changes throughout the 60 days in 

culture, as they became more ramified with more extensions. On day two, the microglia appear 

more ameboid, consistent with a more reactive state67,68. By days 28 and 60, the microglia 

became more ramified with an increased number of intersections and branches, as evidenced by 

the 2D Sholl analysis (Fig. 7). One hypothesis for this is that the physical dissociation process 

induces the reactive phenotype of the microglia, as observed DIV 2; however, once the cells are 

given time to settle in the microtissue, they relax into a more homeostatic state67,68. Interestingly, 

at DIV 7, very few, if any, iba-1-positive microglia are seen. This could suggest a changing 

expression pattern among the microglia at this time, where they are not widely expressing iba-1. 

Additionally, in the earlier time points, the iba-1 positive microglia tend to initially settle to one side 

of the tissue, which is when flipping the tissue is required for imaging; however, later, they are 

more diffuse throughout the tissue, suggesting a migration through the tissue.  

 Various other cell types were present within our 3D model; however, they were more 

challenging to quantify, namely, the varying ECM components, like Collagen IV and Laminin, and 

even the WFA for perineuronal nets (Supp. Fig. 1). While there was positive immunoreactivity to 

these components, further investigation is required to capture the full dynamics within our 

microtissues. However, the presence of these ECM components was expected. With the nature 

of primary cell culture, all original elements from tissue collection are included, meaning any 

endogenous ECM. In addition, the tissues’ ability to self-assemble and contract and survive for 

60 days without any additional scaffolding or serum is also evidence of the presence of 

endogenous ECM40.  Other elements, like axons, were visible and dense, which is also expected 
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from the nature of primary cortical culture and due to the extensive presence of neuronal nuclei 

(Fig. 5).  

 We tested for oligodendrocytes using a variety of markers: NG2, O1, Olig2, and MBP 

(Supp. Fig. 2). We evaluated for both mature and immature/precursor oligodendrocytes. While 

each of these markers showed positive immunoreactivity, the only marker that revealed robust 

cell bodies and extensions was the NG2 antibody, which labeled OPCs (Fig. 5). In contrast, the 

mature marker O1 did not distinguish clear cell bodies with ramifications however it did co-express 

with MBP (myelin basic protein) (Supp. Fig. 2). MBP expression can often indicate mature 

oligodendrocytes as they are able to myelinate, so there is still a question as to why the O1 

staining did not resemble myelinating oligodendrocytes with distinct ramifications as the OPCs 

did. This question requires further investigation. However, one theory is that the mature 

oligodendrocytes are missing some signaling cue, potentially vasculature, that is causing a stall 

in their development, resulting in abnormal staining69-71. This is a plausible explanation, as there 

are known links between oligodendrocyte development and their association with blood vessels69-

71. Alternatively, another potential explanation is the size of the axons within our culture, as the 

wrapping of axons is essential for oligodendrocyte survival and maturation73. If the axons are too 

small, then the oligodendrocytes are unable to wrap around them, stalling maturation73. However, 

we do have robust numbers of ramified OPCs, so a stall is likely to occur after these cells can 

express MBP.  

 After we characterized the cellular diversity over the 60-day culture in the Sprague Dawley 

WT tissues, we applied the novel TgF344-AD rat line to this 3D model. All the AD samples were 

sourced from female pups in the assay by chance, while the WT cultures were separated into 

males and females. However, the male WT tissues largely failed to form, so the WT tissues were 

analyzed solely from female tissues. While we may decide to do mixed-sex samples in the future, 

this assay provided a unique opportunity to split the sexes and examine molecular changes solely 

in female AD cultures. This occurrence aligns with the clinical presentation of AD, in which two-
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thirds of those diagnosed with AD are women2. In the future, we know that we can examine sex 

differences in disease and WT states, as we previously started in this study.  

While there were no significant changes in GFAP-mean immunofluorescent intensity or 

cell counts in the AD versus WT cultures, we were limited by the number of samples, so it’s 

unclear whether a larger sample size would render different results (Fig. 9.f., 10.b-c). However, 

there were observable, non-significant differences between cell counts in AD and WT cultures, 

specifically between neural progenitors and microglia. This result could be affected by a larger 

sample size, but an increased number of microglia in the AD tissue would be pathologically 

consistent with an elevated microglia response to neuroinflammation and AD, while fewer neural 

progenitors in the AD tissue aligns with the loss of neurogenesis pathology in AD.  

There was a significant increase in the concentration of Aβ42 as early as day 6 in vitro, 

which grew by day 28 (Fig. 9.c). This evidence begins to present a potential timeline for molecular 

changes that occur before plaque and tangle onset. Even with a limited sample size, there were 

significant differences in microglial ramifications evident from the 2D Sholl analysis (Fig. 9.d). The 

Sholl analysis indicates that the WT culture has more ramified microglia in the shorter radii (more 

branch points and extensions closer to the cell body). In contrast, the microglia in the AD cultures 

appear to have significantly more branches or longer extensions further away from the cell body. 

This supports that there are significant morphological changes between AD and WT microglia. 

These changes could be a result of larger, more ameboid cell bodies in AD cultures indicative of 

a more reactive state, so we aren’t counting their intersections beyond the cell body until a further 

distance when compared to the smaller cell body of a more homeostatic microglia. While we have 

yet to examine for the presence of AD pathological hallmarks, like amyloid-beta plaques and tau 

tangles, these results suggest that the elevated levels of Aβ42 in the microenvironment are 

initiating cellular and molecular changes prior to the onset of the hallmark pathological plaques 

and tangles observed in AD.  
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In conclusion, we have shown our 3D primary cortical culture model to be a dynamic, 

multicellular environment containing a wide array of endogenous cellular diversity and can be 

cultured for extended lengths of time without a scaffold or added serums. This model can also 

incorporate the use of transgenic animals, like TgF344-AD, for the application of Alzheimer’s 

research, with the possibility of other disease states. To our knowledge, this was the first in vitro 

comparative study for the TgF344-AD rat model. In this thesis work, we observed molecular and 

cellular changes within this in vitro transgenic culture, indicating possible pathogenic features that 

predate the canonical protein aggregate pathologies. This model could produce more significant 

insights by expanding the sample size, extending cultures, and evaluating the occurrence of 

amyloid plaques and tau tangles. In addition, we could further probe the neuroinflammatory 

response by analyzing the secretions within these cultures by evaluating for the presence of 

inflammatory markers and cytokines and testing whether they correlated with the Aβ42 

concentration. Additionally, this model has unique compatibility with longitudinal live imaging 

studies; in the future, we could implement these live imaging techniques to continuously monitor 

these cell populations for the duration of the TgF344-AD cultures. Ultimately, this thesis validates 

this 3D model’s compatibility with transgenic cultures and shows that this model could be applied 

to answer more questions than the ones addressed in this thesis 
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Supplemental Figures 

 

 

 

 

 

 

 

Supplemental Figure 1 

ECM components Laminin (red), Collagen IV (magenta), and WFA (green); axonal marker B3T 

(yellow). DIV 28 10x magnification (top row), 30x magnification (bottom row). Scale bar 100 μm. 

Supplemental Figure 2 

Varying oligodendrocyte markers at DIV 28, O1 (a,b; red), MBP (c,d; magenta), and Olig2 (e,f; 

green). All maximum projections, a,c,e 10x magnification; b,d,f 30x magnification. Scale bar is 100 

μm.  
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Table 1 

 Antibodies and Concentrations 

 Antibody Vendor Concentration 

Primary 
Antibodies 

Mouse x Nestin Millipore, Ref. # MAB353 1:100 

Mouse x Neuronal Nuclei 
(NeuN) Millipore Ref. # MAB377 1:500 

Mouse x O1 Millipore, Ref. # MAB344 1:25 

Rabbit x Beta-3-Tubulin (B3T) ABCAM, Ref. #ab18707 1:500 

Chicken x Olig2 AVES, Ref. #OLIG2-0020 1:500 

Rabbit x Collagen IV ABCAM, Ref. #ab6586 1:150 

Rat x Heparan Sulfate 
(HSPG2) ABCAM, Ref. #ab2501 1:500 

Rat x Myelin Basic Protein 
(MBP) BioRad, Ref. #MCA409S 1:250 

Chicken x Glial fibrillary acidic 
protein (GFAP) Millipore, Ref, #ab5541 1:200 

Rabbit x Iba-1 WAKO, Ref. #019-19741 1:500 

Mouse x B3T ABCAM, Ref.#ab78078 1:500 

Rabbot x Laminin Sigma, Ref. #L9393 1:25 

Chicken x MAP2 Synaptic Systems, Ref. #18806 1:250 

Rabbit x NG2 Sigma, Ref. #AB5320 1:250 

Lectin from Wisteria Floribunda 
(WFA) Millipore, Ref. #L1516 1:500 

Secondary 
Antibodies 

goat anti-chk Alexa Fluor (AF) 
488 Invitrogen, Ref. #A11039 1:800 

goat anti-rab AF 635 Invitrogen, Ref. #A31577 1:800 

goat anti-rat AF 647 Invitrogen, Ref. #A21247 1:800 

goat anti-chk AF 555 Invitrogen, Ref. #A21437 1:800 

goat anti-rab AF 555 Invitrogen, Ref. #A21428 1:800 

goat anti-mo Cy3 
Jackson ImmunoResearch, Ref. 
#115-165-068 1:800 

Cy2-Streptavidin 
Jackson ImmunoResearch, Ref. 
#016-220-084 1:800 

goat anti-rab AF 488 Invitrogen, Ref. #A21311 1:800 

DAPI ThermoScientfic, Ref. #62248 1:1000 
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