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 ABSTRACT 

Schizophrenia (SZ) is a psychiatric disease, which affects approximately one percent of 

the global population. Schizophrenia is a neurodevelopmental disorder, which affects in utero 

brain development within the first trimester well before its clinical manifestation during 

adolescence. The symptoms that characterize SZ and lead to its diagnosis are typically divided 

into positive symptoms (dilutions, paranoia, etc.) and negative symptoms (decreases in cognitive 

functioning, social skills, executive functioning, etc.)(Millan, Fone, Steckler, & Horan, 2014) 

Over 300 genes were found to be altered in SZ affecting diverse developmental pathways which 

when dysregulated may increase the likelihood of disease manifestation. Recent studies indicate 

that the affected signaling pathways converge on and dysregulate the pan-ontogenetic INFS 

pathway (E. K. Stachowiak et al., 2017) However, genetics isn’t the only factor causing SZ, a 

number of environmental factors exist, which in combination with genetics has been proposed to 

influence the expression of the disease (Schmitt, Hasan, Gruber, & Falkai, 2011). 

One of the major environmental risk factors is thought to be maternal immune activation 

(MIA), which occurs when a pregnant mother experiences a severe immune insult that activates 

immune cytokines for a sustained amount of time. Tumor necrosis factor-alpha (TNFα), is of 

particular interest because it has been found to be present in maternal serum and embryotic fluid. 

It also tops the cytokine cascade, and thus is responsible for the activation of a great number of 

immune factors (Brown & Derkits, 2010).  

This study focuses on the effect of immune factor, TNFα, on neurodevelopment during 

early pregnancy using the in vitro model of cerebral organoids (“mini brains”) to discover if 

there is a significant difference between neurodevelopment that occurs with and without 

maternal immune activation. In order to recapitulate this the organoids were treated with 50pg 

TNFα at two weeks of growth, the treatment lasted nine days and then the organoids were 

allowed two weeks to recover and then harvested at 37 days. The following four experimental 

groups were used: nontreated control (C), control treated with TNFα (C+TNFα), schizophrenia 

(SZ) and schizophrenia treated with TNFα (SZ+TNFα). The two untreated groups received only 

nutritional supplements during the nine-day treatment period. 

Results indicate significant differences of SZ as compared to C organoids, both 

quantitative and qualitative: Ki67(decreased number of rosettes), Pan-Neu (decreased Pan-Neu+ 

cells in superficial cortex), and Calretinin (increased Calretinin+ cells in cortex), Olig4 

(increased number of Olig4+ cells in cortex) and FGFR1 (more cells expressing nuclear FGFR1) 

and SEM (morphology, increased amount fibers, decreased amount cells and empty space) 

microscopy. Both the disease, SZ, and the application of immune cytokine, TNFα, alter the 

experimental organoids in significant ways from nontreated organoids. TNFα applied to C 

organoids (C+TNF) induced developmental changes which were similar to the SZ organoids. 

When TNF was applied to SZ organoids (SZ+TNF) the changes seen were generally similar to 

those seen in nontreated SZ, except in some cases such as Calretinin where in TNF exacerbated 

the SZ induced neurodevelopmental effects.  
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In conclusion, a developmental insult, such as MIA, may itself significantly affect human 

brain development and lead to SZ-like malformations, and thus potentially the disease. In 

combination with SZ-genetic background MIA induced changes may further exacerbated and 

influence the severity of the disorder.
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1. INTRODUCTION 

1.1 What is Schizophrenia? 

Schizophrenia (SZ) is a psychiatric disorder that is characterized by two sets of 

symptoms, positive and negative. Patients with a SZ diagnoses can have a wide array and 

differing combination of these symptoms. Positive symptoms are those that are only present in 

individuals with SZ. These symptoms include, but are not limited to, paranoia, hallucinations, 

delusions and disordered thought. The other side of the disease is characterized by negative 

symptoms, which are a lack of certain behaviors that tend to be present in the general public. 

They include apathy, amotivation, decreased executive functioning, flat affect, and decreased 

social skills (Millan et al., 2014). 

It has been established that there is a significant genetic component to SZ and that having 

a familial/genetic history of SZ can increase one’s odds of having the disease. There are a 

number of genes that are considered to increase the risk of SZ. The Genomic and Genetic 

associations identify the following mutated genes as triggers that increase the risk of disease; 

neuregulin1, zinc finger protein 804A (ZNF804A), DISC1, transcription factor 4 (TCF4), and D-

amino-acid oxidase activator (DAOA/G72) (Schmitt et al., 2011). Narla and colleagues 

identified over 300 mutated genes, over 600 SNP and a great number of copy variant mutations 

that are triggers that increase the risk of SZ (Narla et al., 2017). Whereas genetics does have a 

direct impact on increased expression of the disease, it is not the sole contributor. It is imperative 

to identify those environmental factors that also play a role in SZ expression. 

1.2 Prevalence and treatment  

According to an exhaustive review conducted in 2008 by McGrath et al., the prevalence 

of the disease indicates that seven out of every 1,000 individuals will have SZ in their lifetime. 
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With a diagnosis of SZ comes a two to three-fold increased risk of mortality for the individual. 

These high mortality rates are not solely due to suicide (according to the National Institute of 

Mental Health (NIMH) only 4.9% are estimated to take their own life), but instead to the high 

degree of comorbidity of other diseases that can shorten the lifespan. The NIMH estimates that 

SZ shortens one’s life by over 28 years on average. One of the leading causes of related health 

detriments are the second generation antipsychotics used to treat some of the symptoms of the 

disease, which can lead to weight gain and its accompanying complications. Location of one’s 

birth can also affect prevalence, as there is increased risk of the disease at higher latitudes. 

(McGrath, Saha, Chant, & Welham, 2008; "Schizophrenia ", 2018). Overall, SZ, with its 

prevalence and social and economic impacts, ranks among the top 15 leading causes of disability 

worldwide ("Schizophrenia ", 2018).  

According to NIMH, the treatment options for SZ are slim. There is currently no cure for 

the disease, only treatments for some of its symptoms. The two leading treatment options are 

antipsychotics, which primarily target the positive symptoms of the disease and psychosocial 

therapy, which in turn focuses on the negative symptoms (Millan et al., 2014). Antipsychotics 

are associated with a number of side effects with continued use. Psychosocial therapy is often 

combined with antipsychotics for improved results. One type of this therapy, cognitive 

behavioral therapy (CBT), can help improve the patient’s skills at tackling the social challenges 

associated with the disease ("Schizophrenia ", 2018). Due to the strong genetic component, to 

truly consider a cure or preventive action against this disease, it should be detected at the time of 

early fetal neurodevelopment. This fact brings with it many challenges. What if the expectant 

mother does not exhibit the disease herself or is not aware of any familial genetic history of SZ? 

How can one hope to catch this disease before the damage is done? Should genetic screening for 
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pregnant mothers be required? There is much to be considered both ethically and economically 

on this subject.  

1.3 Schizophrenia as a neurodevelopmental disease 

Schizophrenia was long mischaracterized as a disease of late-adolescence and early 

adulthood. In recent years SZ has been correctly identified as a disease of disrupted 

neurodevelopment (Meyer, 2013; Rapoport, Giedd, & Gogtay, 2012). One reason why it may 

have remained misunderstood for so long is the fact that, for the majority of individuals with SZ, 

symptoms do not emerge until adolescence or even later. This delay in emergence is due to the 

fact that the areas of the brain greatly impacted by the disease, such as the frontal cortex, mature 

more slowly, reaching full maturation and myelination around the same time as the symptoms 

begin to appear (Schmitt et al., 2011).  

However, it is during fetal in utero development when the actual damage occurs, as 

indicated by brain structure malformation found in adult patients and which indicates disruption 

of the neurodevelopmental process at early brain developmental stages (1st and 2nd trimesters). A 

group of Norwegian researchers compiled a review on the subject of anatomical changes seen in 

the brains of patients with SZ. Using data from structural MRIs they found that overall there was 

a reduction in brain volume as a whole, while ventricles tended to be enlarged. There was also a 

specific decrease in both cortical thickness and complexity (sulci and gyri). The areas most 

heavily impacted were the temporal and frontal lobes. They also note that these changes may be 

rooted in the abnormal neural development that occurs in utero (Haukvik, Hartberg, & Agartz, 

2013). Both genetic factors of the disease and epigenetic influences during gestation play a key 

role in the neural deregulation and disorganization that leads to the expression of SZ in the 

offspring. 
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1.4 The “two-hit” theory of schizophrenia  

There is a “two-hit” theory of SZ, which explains that more than just a genetic 

predisposition to the disease plays a role in the odds that a child will develop the disorder (Estes 

& McAllister, 2016). Genetics are important; as previously noted there are a number of well-

documented gene mutations that increase the odds of SZ (these are “hit” one). However, “hit 

two” is just as important and refers to epigenetics or the environmental factors that can sway the 

odds for or against expression of the disease. There are many environmental factors that can 

deliver the second hit; for example, abuse of illicit drugs, complications during delivery leading 

to lack of oxygen to the infant, and the season of gestation. This interaction between genetics and 

epigenetics is thought to have an effect on key processes such as histone acetylation and the 

methylation of DNA, which can have lasting effects on neural development (Estes & McAllister, 

2016; Schmitt et al., 2011). Despite having one of the two “hits,” there is a possibility of a child 

being born without the disease. However, having both “hits” seems to skew the statistics 

unfavorably against healthy neurodevelopment. 

 1.5 What is maternal immune activation? 

Of particular interest to this project is the effect of infectious disease on maternal immune 

activation (MIA) and in turn the effect of this immune activation on the neural development of 

the fetus. Researchers Brown and Derkits compiled a corpus of epidemiological evidence that 

makes the association between MIA and increased risk of SZ development later in life. 

Stemming from these epidemiologic studies came preclinical research supporting the idea that 

prolonged immune activation from a severe immune attack can take a negative toll on fetal 

neural development in rodent models and lead to behavioral abnormalities as the brain matures 

(Brown & Derkits, 2010). 
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This connection between MIA and SZ was first recognized by observations and 

ecological studies. It was noted in many European countries that instances of SZ were higher in 

populations where the afflicted were in utero during epidemics of influenza. Yet, these studies 

were mostly retrospective and did not necessarily determine which mothers and babies were 

actually exposed to pathogens during the gestational period. However, in the late 1950s and 

1960s serological studies were conducted. One particular Denmark study archived maternal 

serums to determine maternal infection and tracked all births from 1981 onward (Canetta & 

Brown, 2012). Canetta and Brown stated that the combined results from these studies showed an 

increased rate of SZ and psychosis in the children of seropositive mothers (those who had IgG 

antibody against a given infectious pathogen greater than a predicted cutoff number.) Not only 

were offspring of mothers that had undergone MIA more likely to express SZ, but there was also 

a critical period for exposure. While MIA during anytime of the pregnancy increased the risk by 

three times, exposure to infectious pathogens leading to MIA during the first trimester meant a 

seven-fold increased risk (Canetta & Brown, 2012). Estes and McAllister’s 2016 study of a 

multitude of different pathogens concluded that it is not the kind of pathogen that impacts neural 

development but rather the activation of the mother’s immune system that has the negative 

developmental impact. This same conclusion was reached in Canetta and Brown’s 2012 review 

(Canetta & Brown, 2012; Estes & McAllister, 2016).  

Further preclinical studies followed the offspring of mice that were administered 

influenza during their pregnancy and those offspring expressed a number of atypical behavioral 

traits that are considered comparable to the symptoms of SZ in humans. To clarify that it was 

indeed the MIA and not the pathogen directly causing the abnormal neural development, 

researchers directly administered cytokines to pregnant mice and observed similar behavioral 
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changes in the mice offspring (Canetta & Brown, 2012). Maternal immune activation in the 

absence of genetic risk can have negative neurodevelopmental effects. However, many mothers 

undergo immune activation without any deleterious effect for their offspring. Therefore, is it the 

combination of MIA and genetic propensity for SZ that leads to dysregulated fetal 

neurodevelopment? 



   

  7  
 

1.6 What is TNFα?  

Canetta and Brown (2012) reported that a number of studies have found that increased 

levels of certain cytokines that are activated during MIA have been linked to increased 

prevalence of SZ in the offspring (Figure 1). Among those are the immune factors interlukin-8 

(IL-8) and tumor necrosis factor- alpha (TNFα).  For the purposes of this study, TNFα was 

chosen as our cytokine of interest because it is at the top of the cytokine cascade that is triggered 

during immune activation. TNFα is normally involved in neural plasticity by its involvement in 

glutamatergic synapses and scaling of synaptic strength. As it holds hierarchy in the cytokine 

cascade, TNFα may also effect other immune factors such as neuregulin 1, LIF and ciliary 

neurotrophic factor (CNTF), which act on areas important in neurogenesis and differentiation, as 

well as in neuronal migration during neurodevelopment (Canetta & Brown, 2012). 

TNFα has a paradoxical effect on the brain because when the brain is healthy and not 

under immune distress its role is primarily to act as a neuromodulator, while in an unhealthy 

brain its switches to a primary neurotoxic role (Perry, Dewhurst, Bellizzi, & Gelbard, 2002). 

Therefore, TNFα is a perfect candidate for research on this possible effect of immune factors on 

fetal neurodevelopment. There is the question whether MIA acts directly on fetal development 

through raised cytokine levels or if there is a secondary activation of the fetus’s own immune 

system leading to the dysregulation (Figure 1). It has been reported that increased levels of 

maternal immune factors are found in both the placenta and maternal serum following MIA 

(see figure on previous page) 

Figure 1. Maternal Immune Activation (MIA) and the Cytokine Cascade (Benson, 2017): 

This figure depicts the chain of events that occurs when a mother’s immune system is 

activated and the lasting detrimental effects it can have on the fetus. Inset shows how an 

immune cytokine (TNFα) activates a receptor and changes the cell in question. 
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(Canetta & Brown, 2012). In an attempt to hone in on the answer, TNFα is used as a treatment in 

this study to determine what its direct effect is on a neurodevelopmental model.  

1.7 Cerebral organoids: an in vitro schizophrenia model  

 Animal models have not been suitable in the past to study diseases of neurodevelopment, 

because the rodent brain lacks some of the complexity and intricate layering of the human brain. 

Schizophrenia expresses itself during brain development by way of incorrect patterns of 

proliferation and migration of neurites, neurons and interneurons; therefore, having a model that 

can replicate the complex layering of the human brain is imperative. In fact, Lancaster and 

colleagues note that, the brains of mice completely lack two vital brain layers: the inner fiber 

layer and the outer subventricular zone. In comparison, rat brains have marginally more 

complexity, but they still do not meet the human standard needed (Lancaster et al., 2017; 

Lancaster et al., 2013). The absence of these layers leads to an inadequate model.  

Cerebral organoid cultures, a relatively new human model, were pioneered by the 

Lancaster lab and have been employed by our own laboratory (Lancaster et al., 2013; E. K. 

Stachowiak et al., 2017). This model is ideal for neurodevelopmental disorders because it 

recapitulates all of the cortical and subcortical layers of the human brain in a living tissue that 

can be grown and harvested. The one-month growth period of the organoids simulates the first 

trimester of gestational growth during which much of the underpinning of the brain are wrought 

(Lancaster et al., 2017; E. K. Stachowiak et al., 2017). The Stachowiaks, along with members of 

our lab, conducted a prolonged study of the neurodevelopmental malformations seen in SZ using 

cerebral organoids. The findings from these studies showed significant differences in the SZ 

organoids as compared with controls. They found that SZ organoids had fewer layers of 

proliferating cells in ventricular areas and fewer differentiated neurons in the cortical zone. They 
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also observed that the number and structure of ventricular spaces (rosettes) were disrupted in SZ 

organoids but not in control (C) (E. K. Stachowiak et al., 2017). It will be interesting to see if 

these patterns of disruption are recapitulated in this study and whether the additional application 

of TNFα may impact the malformations seen in SZ organoids as well as its potential effect on C 

organoids.  

1.8 The effect of immune factor TNFα on neurodevelopment and schizophrenia  

 The purpose of this study is to determine whether the immune factor TNFα may be a 

significant factor in altered neurodevelopment, as seen in offspring exposed to MIA during  

gestation, especially occurring during the critical first trimester of brain development. Cerebral 

organoids allow us to examine the effects of MIA on neurodevelopment in a human model for  

the first time. In order to recapitulate MIA during this vital time, organoids were grown to five 

weeks of development (which due to the amount of layers achieved is a good representation of 

early first trimester growth (E. K. Stachowiak et al., 2017)).  After two initial weeks of growth, 

TNFα (50 pg) was applied to one set each of control and SZ patient derived organoids for nine 

days, while one set of each served as an experimental control receiving no TNFα. TNFα was 

resupplied with exchange of medium every two days. After nine days of exposure to TNFα the 

 organoids were allowed two weeks recovery and then harvested. Sections of 30 µm thickness  

were cut on a Cryostat and immunostained to identify different developmental features of 

progenitors and their mature counterparts. To create a complete picture of the developmental 

growth and migration, neuronal cell populations amongst the four conditions (C, C +TNFα, SZ, 

and SZ+TNFα) were compared and analyzed. 

This study’s first aim was to provide further insight into SZ as a disorder of faulty 

neurodevelopment. We aimed to recapitulate and expand previous observations that C and SZ 
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patient derived organoids are significantly different in their patterns of development. The second 

goal was to test the hypothesis that C organoids exposed to TNFα would develop similar 

phenotypes to those of SZ organoids. The density, directionality of cells, and cortical layer 

location of progenitors, interneurons and mature neurons would be compared amongst the 

organoid groups. We hypothesized that similarities would be observed between C + TNFα and 

SZ + TNFα. If TNFα alone had significant effect, then there was the possibility that C + TNFα 

could resemble the SZ organoids that received no treatment. The null hypothesis was that there 

would be no significant differences between these conditions. Based on the two-hit disease 

model, we also hypothesized that TNFα may have a more profound effect on the SZ organoids 

than on the C organoids. 

2. MATERIALS AND METHOD 

2.1 Cerebral Organoid Growth 

Important to this project are the induced pluripotent stem cells (iPSCs) that were utilized 

to produce the cerebral organoids. 

A. Induced pluripotent stem cells utilized in studies  

The iPSCs lines utilized to grow the cerebral organoids for this study were originally 

developed by Dr. Kristen Brennand (Icahn School of Medicine at Mount Sinai, New York). 

Fibroblasts from healthy control (C) and schizophrenia (SZ) patients used to develop the iPSCs 

were originally obtained from Coriell Cell Repository, Camden New Jersey (Table 1) by Dr. 

Michal Stachowiak’s laboratory and expanded in culture by Dr. Courtney Benson (University of 

Buffalo, New York).  
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 There were three lines obtained from patients with SZ diagnoses, and four lines came from 

C patients. These lines were used in Drs. Ewa and Michal Stachowiak’s laboratory in a 

comparative study of the cerebral organoid development from C and SZ iPSCs. The earlier study 

demonstrated that the lines obtained from different SZ patients developed reproducible, similar 

malformations during organoid-modeled early brain development (E. K. Stachowiak et al., 

2017). Of these lines, two representative lines, one C, BJ#1, and one SZ line, 1835, were selected 

for the present investigation. BJ#1 was obtained from a male newborn, and the foreskin 

fibroblasts were reprogrammed for use as the healthy C iPSCs. Cell line 1835 was the SZ 

(diseased) organoid and was obtained from a female, aged 27, with a schizo-affective disorder 

diagnosis (Benson, 2017) (Table 1). 

 

Table 1. Induced Pluripotent Stem Cell ID Lines: This table depicts all of the originally 

cultured cell lines with those employed in this study highlighted. In this table SCZ is 

the accepted abbreviation of schizophrenia. For each cell-line an ID number was 

attached to protect the patient. Age, gender, and disease state was noted.  
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B. Cerebral Organoid Growth Protocol  

The protocol that is used in the Stachowiak lab is a custom design combining 3D tissue 

culture techniques pioneered by the Lancaster Lab (Lancaster et al., 2017; Lancaster et al., 

2013). In this study the organoids were grown and treated in the Stachowiak laboratory by 

previous graduate student, Dr. Courtney Benson. The resulting protocol follows the Lancaster 

template, but has alterations unique to the Stachowiak lab. The cerebral organoids were 

developed through the addition of specific components and the maintenance of their preferred 

environment, which lead to a process by which the organoids self-organized to form 3D living 

structures that could be used as an in vitro model for neurodevelopmental disorders (Benson, 

2017). Subsequently, these organoids were organized and prepared for further processing and 

analyses by myself in Drs. Ewa and Michal Stachowiak’s laboratory.  

Neural tissue develops from the induction and differentiation of the germ layer (ectoderm), 

which can be generated in vitro. Pluripotent cells can be stimulated to develop germ layers, 

including the ectoderm, beginning with an intermediate of aggregates called embryoid bodies 

(EBs). On the day before confluency (~70%), iPSCs were split enzymatically (that is, entire 

colonies were lifted from plates) using collagenase in DMEM/F12 for 45 minutes at 37°C. Cells 

were then washed with DMEM/F12, gravity pelleted, resuspended in N2/B27 media 

(DMEM/F12 + GlutaMAX, 1X N2 (Life Technologies), 1X B27 without vitamin A (Life 

Technologies), and 1X penicillin/streptomycin), and plated on low attachment plates (Corning). 

Left overnight at 37℃ embryonic bodies formed (Benson, 2017). 

 The following day the EBs were washed in DMEM/F12 and resuspended in N2/B27 

media, which was supplemented with dual SMAD inhibitors, 0.1 μM LDN193189 (Stemgent, 

Lexington, MA) and 10 μM SB431542 (Tocris Bioscience, Bristol, UK). For two to three more 
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days the EBs were fed this same media. When EBs reached four to five days of growth they were 

transferred to a 24-well, low attachment plate (Corning), one EB being placed in each well, with 

neuroectoderm differentiation media (DMEM/F12 with GlutaMAX, 1X N2, 1X MEM-NEAA, 

and 1μg/ml heparin (Stem Cell Technologies)). 48 hours later the EBs were fed and then 

incubated for an additional 48 hours to induce a pseudostratified neuroectoderm (NE) (Figure 2). 

(At this point the outer surface of the EB should uniformly form NE and establish radially 

organized neuroepithelia that will expand to form a variety of brain structures in a a process that 

simulates in vivo neurodevelopment) (Benson, 2017). 

In vivo there is a basal membrane that helps the neuroectoderm to develop proper radial 

organization, however this is lacking in in vitro models, meaning a structural support is needed 

to help encourage correct radial organization. The solution to this need for support is matrigel (a 

substance normally used to coat the plates of iPSCs). For scaffolding purposes parafilm, with a 

dimple for each NE, was used. NEs were individually transferred to each dimple, excess media 

was pipetted off, and ~30μl of matrigel was added to embed each of them. The parafilm 

containing the matrigel droplets was placed in a 60 mm dish and incubated at 37℃  for 20 

minutes to polymerize (Benson, 2017).  

Next, 5 ml of cerebral organoid differentiation media without retinoic acid (RA) 

(DMEM/F12 with GlutaMAX, Neurobasal A media (Life Technologies), 1X N2, insulin (Sigma-

Aldrich), 1X MEM NEAA, 1X penicillin/streptomycin, diluted 2-mercaptoethanol (Life 

Technologies), and 1X B27 (with or without vitamin A; Life Technologies)) was added to the 60 

mm dish (this detached the matrigel droplets from the parafilm). Upon embedding the NE in the 

matrigel, large buds of neuroepithelium protruded and displayed proper apicobasal orientation 

(Benson, 2017). 
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Four days later, RA was added and the organoids were moved to an orbital shaker in the 

incubator to help guarantee oxygen and nutrient diffusion throughout the organoids (this was 

considered Day 1 of cerebral organoid for treatment timeline). This time on the orbital shaker 

also helped to further differentiation and development. There is previous research establishing 

that cerebral organoids can remain stable in the incubator for up to one year. However, our 

organoid timeline only extends a few months and usually focuses on the first few weeks of 

organoid growth (Benson, 2017). This was discovered to be an ideal length of time to avoid 

atrophy of the organoids and also served as a relevant time model of the first trimester of 

neurodevelopment. 

 

 

 

Figure 2. Cerebral Organoid Development Stage by Stage: This figure illustrates the 

timeline of growth and differentiation leading to cerebral organoids (Figure designed for 

use in the Stachowiak lab). The progression was from iPSCs to EBS to NE and finally to 

cerebral organoid. 
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C. Cerebral Organoid Treatment: TNFα 

Treatments began after the organoids had spent two weeks on the orbital shaker, during 

which time they were fed every three days. At the two week mark the TNFα (Sigma- Aldrich) 

treatment commenced. The two batches of experimental organoids (one healthy C and one SZ) 

were fed cerebral organoid media with retinoic acid and TNFα (50pg) every third day for nine 

days, and on the tenth day the TNFα was washed out. The organoids were then allowed a two-

week period of recovery (Figure 3). After this period the organoids were collected at 37 days of 

their development and prepared for freezing (Benson, 2017). The resulting four conditions were 

untreated control, which received no TNFα treatment (C), treated control, which received nine 

days of 50pg TNFα treatment (C+TNFα), untreated disease, which received no TNFα treatment 

(SZ) and the treated disease condition, which received 50pg TNFα for nine days (SZ+TNFα). 

2.2 Cerebral Organoid Freezing and Sectioning Protocol  

The freezing procedure was also modified by our lab to best fit the cerebral organoid structure. 

Figure 3. TNFα (50pg) Treatment Timeline: This figure shows the timeline of TNFα 

application and recovery (This figure is part of the Stachowiak growth protocol). The entire 

growth/treatment process took five weeks. Two weeks were required to transform iPSCs to 

stable cerebral organoids. Then TNFα treatment was applied for a nine-day period before it was 

washed out. A two-week recovery period occurred before the COs were harvested and frozen. 
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FIXING: The procedure began with the organoids being fixed in 4% paraformaldehyde 

(Polysciences, Inc., Warrington, PA, in 1X PBS) for 25 minutes at room temperature on the 

orbital shaker. The organoids were then washed three times in 1X PBS, each wash lasting ten 

minutes on the shaker. 

IMPREGNATING: Next, 7.5% sucrose (sucrose diluted in 1X PBS; Fisher Scientific, 

Hampton, NH) was added to the organoids’ dish and they were placed in the refrigerator 

overnight. The following day, 15% sucrose was added to the organoids and returned to the 

refrigerator for the night. The same process was conducted the next day with 30% sucrose 

(Benson, 2017). 

FREEZING: On the fourth day, 10% sucrose and 7.5% gelatin were diluted in 1X PBS and 

heated to 37℃. Small weigh boats were used for freezing and each was pre-labeled for the 

organoid it would be receiving. Next 2 ml of the sucrose/gelatin solution was added to each boat 

and placed in the refrigerator for 20 minutes to solidify. Organoids were then incubated at 37℃ 

for 30 minutes in the same dilution of gelatin/sucrose to cause the penetration of the solution into 

the outer layer of organoid for better integration of organoid to embedding medium (gelatin). 

After completion of this step each organoid was placed in a weigh boat (4 organoids to each). 

Once solidified, more sucrose/gelatin solution was added to the top of each orgnaoid and again 

solidification of the sample was allowed to take place. The organoids, in their sucrose/gelatin 

coating, were then slowly frozen using liquid nitrogen and moved for storage to -80℃ freezer 

(Benson, 2017).  

CUTTING: The organoids were removed from the freezer and allowed to equilibrate to the 

temperature of the cryostat (-21℃) and sectioned at 30 𝜇𝑀. The sections were then dry mounted 

onto adhesive glass microscope slides (Matsunami, MAS-GP). There were two different 
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organoid lines for the experiment (BJ#1, C) and (1835, SZ), with one set of organoids from each 

line receiving nine days of TNFα and the other remaining as a no treatment control. This resulted 

in four conditions for the study and for each condition four different individual organoids were 

sectioned, resulting in 16 different organoids and approximately 160 slides (10-13 slides resulted 

from each organoid with two to five sections on each).  

2.3 Immunohistochemistry  

FIXING: To conduct immunohistochemistry, four slides (from four different organoids for 

each condition) from each of the four conditions (C, C+TNFα, SZ, SZ+TNFα) were withdrawn 

from the freezer (plus one minus primary, 17 in all). The slides were allowed to thaw, and then 

immersed in 1X PBS for rehydration. Next, the slides were fixed in 4% paraformaldehyde for 10 

min under fume hood. The slides were then washed three times in 1X PBS. 

PERMEABILIZATION: Next, 0.5% Triton was applied to all slides for 10 minutes. 

BLOCKING: Protein block (normal goat serum) was then applied for one hour to prevent 

non-specific staining.  

PRIMARY: Excess protein block was removed and the primary antibody was applied. All 16 

slides had monoclonal primary antibody applied except the negative control slide, which 

received only antibody diluent. To reduce the amount of antibody that is needed, our lab used a 

special scaffolding technique. This was accomplished by breaking small round cover glasses and 

placing a piece on each side of the microscope slide to create cushioned space. Next, the drops of 

primary were added to each organoid section and a whole rectangular coverslip was placed over 

the top balanced on the two side pieces to create a cushion of antibodies. The slide box was then 

wrapped in parafilm to prevent section drying and placed in the refrigerator overnight. 
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SECONDARY: Day two, the slide box was removed from the refrigerator and the 

scaffolding was carefully removed with a pair of tweezers. Slides were then placed in 1X PBS to 

rinse them of primary. The whole process was then moved to a dark room because the slides 

become light sensitive with the application of the fluorescent secondary antibody. The secondary 

was diluted with 1X PBS to the desired dilution for optimal staining. All slides had secondary 

antibody applied to them while still in their dark box and the secondary was allowed to incubate 

for two hours at room temperature in the complete darkness. At the conclusion of the two hours, 

any excess secondary was gently tapped off. Slides were then laid out in the dark room and all 

slides received mounting medium (Fluoro Gel II with Dapi). Coverslips were applied and 

weights placed to remove any bubbles. Weights remained for one hour and foil was placed 

across all slides to protect from any light. Slides were stored in the refrigerator until imaging 

took place (Table 2).  

 

Table 2. Immunotoxins: This is a chart of all the primary and secondary antibodies 

utilized in the study as well as the dilutions and animals in which they were conjugated in 

order to aid in replication of this study. 
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2.4 Fluorescent Microscopy and Analysis  

 For all the stains except FGFR1, a Zeiss Axio Imager Upright Fluorescence microscope 

equipped with Zen Blue 2.3 software was used. Images were taken at 10X and 20X 

magnification. For FGFR1 a Leica Upright Fluorescence microscope with LAS X software was 

utilized. The Ki67 and Calretinin images were analyzed using a MatLab script written by M.S. 

student, Siddhartha Dhiman. This script recognized cells with a red stain by selectively 

extracting information related to the red light channel. It identified all such red+ cells in a given 

ROI. Often cells that are close together would be counted as a single event so Sid utilized a 

method called catchment basin identification, which in turn used the concept of regional maxima 

values to create distinct regions around individual events. This improved the amount of single 

events that were correctly identified. MatLab also allowed for measurements like Minimum 

Spanning Trees (MSTs) which employed Delaunay triangulation to create outputs that delivered 

information about the distances between cells and therefore the spacing of the ROIs. This was 

applied to the Ki67 immunofluorescent images. Finally, in the case of Calretinin a further 

calculation was able to compare the angle of deviation of the Calretinin+ interneurons as 

compared with the edge of the organoid’s cortex as well as determine the length of the major 

axis of the interneuron. This comprehensive program script yielded a wealth of statistical 

information (E. K. Stachowiak et al., 2017). 

 Pan-Neu and Olig4 was analyzed using Zen Blue software to obtain Fluorescent Intensity 

Measurements (FIM). This was done by placing 15 square regions of interest (ROIs) on each 

image. Five ROIs each in the cortical zone (CZ), intermediate zone (IZ) and five blank ROIs 

were placed out in the black surrounding to be used to perform background subtraction for Olig4 

and Pan-Neu. The FIM from all the images were uploaded to an Excel file for organization. IBM 
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SPSS was then used to conduct 2 X 3 ANOVAs and LSD post-hoc analyses. FGFR1 was hand 

analyzed by setting 12 ROIs (of the same area) per image (6 in CZ and 6 in IZ) and counting 

every R1+ cell (all those that were red/pink). These resulting numbers were also uploaded to an 

Excel file and 2 X 3 ANOVAs as well as LSD post-hoc analysis was conducted in IBM SPSS.  

2.5 Scanning Electron Microscopy Protocol and Analysis  

Along with fluorescent microscopy, scanning electron microscopy (SEM) was also 

conducted. The protocol used to prepare the SEM slides was created by Dr. Peter Bush, Director 

of South Campus Instrument Center, University of Buffalo Dental School.  

 DEHYDRATION: Sections were removed from freezer and allowed to thaw. One slide from 

each condition was prepared. The slides were then placed in 1X PBS to rehydrate. While this 

was happening, a dilution of 2% Glutaraldehyde was prepared from 25% stock (12 mL Glut and 

138 mL 1X PBS). The four slides were placed in the 150 mL of the 2% Glut then placed in the 

refrigerator for one and a half hours. While the slides were in the refrigerator, the ETOH 

solutions were prepared. (A 150mL solution was prepared with increasing percentages of ETOH 

with the remaining consisting of 1XPBS). Slides went through this series of progressively higher 

ETOH concentrations and finished by immersion in 100% hexamethyldisilanzane (HMDS) 

(Table 3).  

Table 3. SEM Dehydration Protocol: This table entails the progression of concentrations 

used to dehydrate the samples prior to SEM.  
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MICROSCOPY: After completing the dehydration protocol the samples were transferred 

to the University of Buffalo’s South Campus Instrument Center for imaging on the Hitachi 

S4000 (Field Emission Scanning Electron Microscope (FESEM) with IXRF Energy-Dispersive 

X-Ray Spectrometer (EDS)) under the guidance of Dr. Peter Bush. The process commenced with 

the selection of the best sample organoid from each of the four conditions by viewing them under 

a bright field microscope and finding the most complete and undamaged specimens (the 

dehydration process is harsh and can damage some of the samples). Once the selection was made 

Dr. Peter Bush cut the slides with a diamond tipped pen and mounted the slide segments onto a 

single SEM stage. He then processed the single stage with all four samples through a vacuum 

chamber. This process involved the insertion of a carbon rod into the vacuum between two 

electrically charged terminals. The sample spent about ten minutes in the vacuum chamber and 

as a result a very thin carbon layer closely coated the entire surface of the sample. Once this was 

completed the sample was placed in the SEM for imaging. Images were taken at three different 

regions on the organoid with a special focus on the cortical region. At each region images were 

taken at five increasing magnifications (500X, 1500X, 2500X, 500X, and 10,000X) without 

moving the stage. 

ANALYSIS: In order to analyze the images resulting from the SEM they were input into 

Image J software and the gray scale images were assigned a heat-map like color scale. 

Histograms were then generated based on this color scaling. This rendered information on the 

amount of cells (dark blue), fibers (teal) and empty space (yellow) which could then be used to 

visualize shifts in density and cell number between conditions. Standard deviation (SD) all 

calculated in Image J was used to compare the degree of variation in each condition. 
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3. Results  
3.1 Ki67/Pan-Neu/DAPI Stitch  

Consistent with our earlier findings (Stachowiak et al. 2017), gross macroscopic 

observations did not reveal size or shape differences between the control (C) and schizophrenia 

(SZ) organoids, nor between organoids that were treated with 50 pg TNFα and organoids that did 

not receive the cytokine treatment.  

Figure 4. Global Stitch of Ki67/Pan-Neu/DAPI Immunostaining: This figure displays a 
comparison of the triple stain Ki67/Pan-Neu/DAPI on a stitched image showing the entire 
cross-section of the organoid. There are many rosettes in the C condition (>20/section) 
surrounded by palisades of DAPI stained nuclei and Pan-Neu strongly staining in the cortex 
neurons. The number of rosettes was greatly reduced in the TNFα treated C and they 
appeared smaller. There was also a great deal of Ki67+ staining outside the confines of a 
rosette. The same was true for SZ where there are almost no visible rosettes. Finally 
defined rosettes disappeared in the SZ+TNFα condition and the few Ki67+ cells are freely 
dispersed.  
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However, qualitative analysis of 10x magnification stitched images of organoid cross-

sections did reveal differences in morphology, size, number, and dispersion of the rosettes 

(ventricular spaces) in the four experimental conditions (Figure 4). The figure 4 panels show 

whole organoid sections stained with anti-Ki67 antibody (red) identifying proliferating cells, and 

anti-Pan-Neu (green), a commercial antibody-cocktail against proteins of the axon, dendrites, 

soma, and nucleus of the mature neuron. DNA was stained with DAPI (blue) identifying cells’ 

nuclei. 

These rosettes are areas of the ventricular zone where new neural progenitor cells (NPCs) 

proliferate and show strong presence of red (Ki67) stain surrounded by blue (DAPI) rings in 

densely packed nuclei. Number of rosettes was an important comparison factor, because it 

pointed to the degree of proliferation and active corticogenesis. In the ventricular zone (VZ) of C 

organoids there were many rosettes (>20) regularly spaced. The Ki67+ cells were typically 

confined to the periventricular zone of the rosettes and the green Pan-Neu+ cells resided outside 

the rosettes and mostly in upper intermediate zone (IZ) and cortical zone (CZ) (Figure 4A). 

In contrast, C+TNFα had fewer whole rosettes (<5), some of which appeared disrupted 

and there were areas in which individual Ki67+ cells were dispersed into the CZ rather than 

confined to distinct rosettes in the VZ. Pan-Neu+ cells were also no longer restricted primarily to 

the CZ and often appeared in intensively stained accumulations of neurons with neurites 

throughout the organoid (Figure 4B). The SZ iPSC derived organoid had only a few discernable 

rosettes (~3), few Ki67+ cells, and Pan-Neu was strongly stained throughout the organoid 

interior, similar to what was observed in the C+TNFα organoids (Figure 4C). Lastly, in SZ+ 

TNFα, the number of rosettes remained reduced as compared to C organoids, and many Ki67+ 
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cells were present outside defined rosettes. Pan-Neu+ cells were most intensely represented in 

the interior and center of the organoid (Figure 4D). 

3.2 Analysis of Ki67 expressing Neural Progenitor Cells (NPCs) 

At 5 weeks of development, the organoids were past the height of their proliferative 

activity; nevertheless, there were still many Ki67+ NPCs in all conditions. The numbers of 

Ki67+ cells were analyzed per ROI, which were centered on the rosettes. In addition to the 

qualitative differences in the number and dispersion of rosettes from which the Ki67+ cells 

emerge, there were a number of quantitative differences in the average number of cells per ROI 

when analyzed using a two-way ANOVA in IBM SPSS (Figure 5). There was a main effect of 

both disease, F (1, 171) = 817.59, p<0.001 and treatment, F (1, 171) = 203.31, p<0.05. It appears 

any disruption by either disease or application of TNFα negatively impacts proliferation of 

Ki67+ NPCs (Figure 5). There was no significant interaction between disease and treatment, 

F(1,171) = 59.31, p= 0.27. 
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Thus to determine quantitative differences in the NPC dispersion I performed MST 

analysis. In this analysis the MATLAB script written by Siddhartha Dhiman, a graduate of Drs. 

Stachowiaks’ laboratory uses Euclidean minimum spanning trees (MST) to determine the 

shortest distances between cells. This method assigns a node to each Ki67 positive cell and then 

connects all these nodes using lines called edges in a way in which the sums of the edges are 

minimized. The result is that any edge represents the shortest distance between two nodes. 

Overall the result is a nodule map of the average distance of cells relative to one another (Figure 

6).(E. K. Stachowiak et al., 2017). Average MST values were compared between experimental 

conditions using a two- way ANOVA.  The result was a main effect of disease, F (1,171) = 

732.67, p<0.001. There is also a main effect of treatment, F (1, 171) = 367.45, p<0.01. Both the 

application of TNFα or the presence of disease increased the average MST and showed a more 

widely dispersed nodal network (Figure 5).  There was no significant interaction between   

treatment and disease, F (1, 171) = 15.34, p<0.25. 

See figure on previous page) 
Figure 5. Analysis of Ki67+ NPC Counts and their Distribution using MST: Above is a table 

outlining the average cell counts per ROI. As the degree of neural disruption increases 

(TNFαSZSZ+TNFα) the number of Ki67+ NPCs decreases. Also outlined is the average 

Minimum Spanning Tree (MST) for each conditions, while cell count was the inverse of 

disruption, MST is in direct relationship with it, as disruption increases so does average MST 

(pixels). Also noted are the outcomes of two-way ANOVAS for both cell count and MST. 

Disruption by disease and TNFα treatment both have significant main effects in the case of 

both NPC count and MST spread. 
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3.3 Analysis of neuronal population stained with Pan-Neu: 

The monoclonal Pan-Neu antibody marks proteins of the axon, dendrites, nucleus and 

soma of the pan-neuronal structure. To analyze the intensity of this stain across conditions 15 

ROIs were placed per image, five ROIs each in the cortical zone (CZ), intermediate zone (IZ) 

and five blank ROIs placed out in the black surrounding to be used to perform background 

subtraction. Ten images were used for each condition so there were 100 ROIs per condition and 

400 total. The immunofluorescence intensity was measure providing quantitative assessment of 

the Pan-Neu+ neurons and neurites densities. The resulting intensity values revealed 

differentiated Pan-Neu+ neurons forming a distinct cortical layer in the CZ of the C organoid. 

Figure 6. MST for Ki67+ NPCs: This figure depicts the decreasing cell counts (shown by fewer nodes) with 
increasing disruption (TNFαSZSZ+TNFα) and the increasing MST (as shown by longer edges) with 
increasing disruption. Below each MST is a box with the descriptive statistics for each individual image 
with the average cell counts and MSTs of the cumulative ROIs. Each MST represents ROI to which it points. 
MST distances are measured in pixels.  
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(Figure 7A). These mature neurons formed a dense network of processes (see figure 7A inset). 

Overall, density of the Pan-Neu fibers in C+TNFα, SZ, and in SZ+TNFα organoids appeared 

reduced compared to the C organoids. This decrease was verified by Pan-Neu fluorescence 

intensities in the IZ, as compared to the CZ. The intensity of the stain was greatly reduced in the 

CZ in all disrupted conditions (C+TNFα, SZ, and SZ+TNFα), while it remained relatively 

unchanged in the IZ (Figure 7 & 8). 

A 3X2 ANOVA was conducted in IMB SPSS comparing the effects of disease (control 

vs. SZ), treatment (no TNFα vs. TNFα), and layer (CZ vs. IZ) on intensity of the Pan-Neu stain. 

There was a main effect of disease, F (1,343) = 527.69, p<0.001 overall disease conditions 

displayed decreased levels of intensity as compared to control. There was also a main effect of 

treatment, F (1,343) = 85.36, p<0.001, overall the application of TNFα decreased the intensity of 

the antibody staining. Lastly, there was a main effect of layer, F (1,343) = 103.92, p<0.001, 

showing that across groups the ROIs placed in the CZ were more intensely stained than those in 

the IZ (Figure 8).  

There were also a number of significant interactions resulting from the same SPSS 

analysis. There was a significant interaction between disease and treatment, F (1,343) = 12.41, 

p<0.001 which implies that factors of disease and treatment have differing effects across each 

other’s levels; i.e., the TNFα has different effect on control and in SZ organoids. There was also 

a significant interaction between disease and the organoid layer, F (1,343) = 39.8, p<0.001, an 

interaction indicates that disease impacts each layer differently. An interaction of significance 

also appeared between the treatment and the organoid layer, F (1,343) = 19.5, p<0.001, meaning 

treatment had differing effects depending on the layer. 
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Post-hoc analysis using LSD conducted in IBM SPSS revealed that the intensity of Pan-

Neu + neurons in the CZ was significantly greater in C than in any of the three disrupted 

conditions; C+TNFα (p<0.001), SZ (p<0.001), or SZ+TNFα (p<0.001), indicating that both SZ 

and the application of TNFα decreased the intensity of the Pan-Neu stain and thus the density of 

mature neurons. Whereas in the IZ only SZ (p<0.001) and SZ+TNFα (p<0.001), but not 

C+TNFα (n.s.), were significantly less intense than C. This meant treatment of C with TNFα 

depleted Pan-Neu stained neurons in the CZ:  but not in the IZ; the SZ organoids had reduced 

Pan-Neu stained neurons in both the CZ and IZ; TNF had no additional effect on SZ CZ but it 

Figure 7. Detection of Pan-Neu: The immunofluorescent images depicting the Pan-Neu 

cocktail stain for mature neurons illustrate the phenomenon that emerged during analysis 

of these images, that of the almost complete restriction of Pan-Neu from the CZ in the 

case of both SZ conditions as well as a depletion. Each image had 15 ROIs placed, 5(CZ), 

5(IZ), and 5 in the black for background subtraction. Each condition has 10 images with a 

total of 100 ROIs for a total of 400 across conditions. 



   

  29  
 

depleted Pan-Neu stained neuronal structures in the IZ, indicating an increased vulnerability of 

the SZ neurons to TNFα.   

 

Figure 8. Global Pan-Neu Intensity Differences: There are significant main effects of all three 

factors (disease, treatment, and cortical zone). There are also three significant interactions 

between these factors. (See inset graphs of interactions). As seen in the interaction between 

disease and treatment, both disease and TNFα decrease the mean intensity of Pan-Neu. Disease 

x treatment depresses the intensity value even further as compared to the untreated control. In 

the interaction between disease and cortical zone both the superficial and basal cortexes of 

control are significantly more intense than those of SZ. Finally, in the interaction between 

treatment and cortical zone the untreated cortexes at both levels were more intensely stained 

than those of the TNFα treated. Post-hoc analysis (LSD) was used to reach these significant 

results within each interaction.  
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3.4 Analysis of Calretinin Interneurons: 

Calretinin is a protein expressed by cortical GABAergic interneurons. In my analyses I 

considered a number of different factors: average number of Calretinin+ cells per ROI, how 

parallel the cells ran to the external surface of the organoid and the length of the major axis. No 

significant results pertaining to deviation of angle from the cortical parallel or length of major 

axis emerged for these conditions. However, it is possible to make some qualitative observations 

on the fact that interneurons in the C+TNFα condition did not seem to hold to a prevailing 

parallel to the cortex direction. Furthermore, the main length of the axis of the Calretinin+ 

interneurons in the SZ condition appears shorter and the cell rounder (Figure 9). 
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However, when the number of Calretinin+ events were tallied and averaged across ROIs 

some areas of significance did arise. Using a 2 X 2 ANOVA in IBM SPSS the effects of disease 

(C vs. SZ) and treatment (no treatment vs. TNFα) on the total number of Calretinin+ events were 

calculated. There was a main effect of disease, F (1,115) =18.09, p<0.001, meaning that overall 

SZ significantly impacted the number of Calretinin+ events. There was no significance for the 

main effect of TNFα treatment, F (1,115) =2.99, p=0.087 (Figure 10). However, there was a 

significant interaction between disease and treatment, F (1,115) =45.05, p<0.001, indicating the 

treatment had differing effects dependent on the disease state.  

(see figure on previous page) 
Figure 9. Calretinin ROIs: The results of Calretinin+ cell counts indicate that there is an 
increase in the number of Calretinin+ events in the CZ of both the TNFα treated control and 

the untreated schizophrenia condition as compared to the untreated control. However, there 

seems to be a complete knock down of positive events in SZ+TNFα condition. There was a 

total of 116 ROIs placed across the CZ of the four conditions  
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When a post-hoc analysis of LSD was conducted specific areas of significance within the 

interaction arose. The number of Calretinin+ cells per ROI was significantly higher in C+TNF as 

compared to the untreated control C (p<0.001).  A similar trend was observed in SZ organoids. 

Inversely, the SZ+TNFα organoids had significantly fewer Calretinin+ cells than SZ(p<0.001) 

and C (p<0.001) organoids. Thus while the disease alone or TNFα treatment alone increased the 

number of cortical Calretinin cells, the combined effects of the disease and TNFα lead to a 

marked loss of the Calretinin+ neurons.   

3.5 Immunostaining for Olig4 expressing oligodendrocytes  

 

The Olig4 antibody stain marks a family of transcription factors contained within 

myelinating oligodendrocytes. The purpose of this analysis was to compare the location and 

density of oligodendrocytes so they could be compared to that of Pan-Neu and nFGFR1 

expressing neurons. The process for obtaining quantitative data on the intensity of the Olig4 stain 

was exactly the same as that in Pan-Neu: 12 ROIs were placed on each image, four in the CZ, 

four in the IZ and 4 in the black to be used for background subtraction. Across images and 

conditions there were 128 ROIs compared in total.  

Figure 10. Calretinin+ Interneuron Counts: This 

figure illustrates the average cell counts per ROI for 

the four experimental conditions. There are 

significantly more Calretinin+ events in the TNFα 

treated control than in the untreated control. There 

were also significantly more positive events in the 

untreated SZ condition than in the SZ+TNFα 

condition. Finally, the untreated control has more 

positively stained events than the SZ+TNFα 

conditions. Disease and treatment with TNFα seem to 

increase the number of positive Calretinin events as 

compared to control, however the interaction between 

treatment and disease (SZ+TNFα) knocks the number 

of Calretinin+ events below that of the untreated 

control by a significant amount. (figure split) 
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After qualitative observation of the florescent images taken of all four conditions the 

following patterns emerged. In C we observed that the Olig4+ oligodendrocytes followed regular 

radial patterns from subcortical rosettes towards the cortex (Figure 11A). In all three remaining 

conditions, C+TNFα, SZ, and SZ+TNFα this radial pattern was not observed. While the addition 

of TNFα decreased the density of the cortical Pan-Neu stained neurons, the intensity of Olig4+ 

oligodendrocytes appeared elevated. Loss of directionality and increased density of Olig4+ cells 

appeared in SZ and in both C+TNFα and SZ+TNFα organoids. Additionally, TNFα treatment 

appeared to restrict the majority of Olig4+ cells to the outer IZ and CZ (Figure 11B & 11D).  
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To verify these qualitative observations, we assessed the density of oligodendrocytes by 

measuring the intensity if the Olig4 immunofluorescence. Using 3X2 ANOVA tests in IBM 

SPSS the effects of disease (control vs. SZ), treatment (no TNFα vs. TNFα), and layer (CZ vs. 

IZ) on intensity of the Olig4 stain were compared. There was a main effect of disease, F (1,127) 

= 13.67, p<0.001, whereby overall the SZ organoids were more intensely stained for Olig4 as 

compared to control organoids. There was also a main effect of layer, F (1,127) = 163.4, 

p<0.001; the CZ displayed a more intense Olig4 stained oligodendrocytes than the IZ. The main 

effect of TNFα was not significant (p=135). 

 

(see figure on previous page) 

Figure 11. Immunostaining of Olig4: This figure depicts the florescent microscopy images 

of Olig4 antibody. The clear radial scaffolding can be seen emanating from ventricular 

rosettes in the C condition. This pattern is lost in both TNFα and SZ conditions. TNFα 

treatment and SZ seem to have a unique effect on the patterns of Olig4, restricting it to the 

cortical layer (This is the opposite of what is seen in Pan-Neu, in which the disruption of 

disease restricted Pan-Neu neurons FROM the cortex.) The mature neurons and 

oligodendrocytes exist in an inverse relationship.  
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There was a significant interaction between disease and treatment, F (1,127) = 20.21, 

p<0.001, demonstrating that the effect of TNFα differed between the C and SZ organoids. There 

was also a significant interaction between disease and zone, F (1,127) = 4.92, p<0.05, suggesting 

disease affects the layers of the organoid differently. There was a significant interaction between 

treatment and zone, F (1,127) = 12.67, p<0.001, meaning that treatment acted differently on the 

different organoid layers. There was also a significant interaction between disease and organoid 

zone, F (1,127) = 4.92, p<0.05, suggesting disease differently impacted the organoid zone 

(Figure 12).  

The LSD post-hoc in SPSS revealed that the SZ CZ had significantly more Olig4+ 

oligodendrocytes than the C CZ (p<0.001), this verified my qualitative observations, i.e., that 

disease increased the density of oligodendrocytes. This analysis also illustrated that areas of 

significance could be found between several comparisons. Importantly I found that in the TNFα 

treated organoids, the intensity of Olig4 staining was higher in the CZ than in the IZ(p<0.001), 

(see figure part 1 on previous page) 
Figure 12. Global Comparison of Olig4 Intensity: There were significant main effects of two of the 

three factors (disease and cortical zone). There were also three significant interactions between these 

factors. (See inset graphs of interactions). The interaction between disease and treatment illustrated 

that both disease and TNFα increase the mean intensity of Olig4. In the interaction between disease 

and cortical zone SZ CZ is significantly more intense than control CZ. And finally in the interaction 

between treatment and cortical zone the untreated cortexes were less intensely stained than those of 

the TNFα treated. Post-hoc analysis (LSD) was used to reach these significant results within each 

interaction. There were a total of 128 ROIs analyzed for this data, with 8 ROIs/image, 4 in the CZ 

and 4 in the IZ, an additional 4 were placed in the black for use as background subtraction but were 

not part of the total count. A total of 16 organoids were analyzed, 4 from each condition. 
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further supporting the observation on Figure 11, that TNFα treatment restricted the Olig4 

oligodendrocytes to the cortex. 

3.6 Scanning Electron Microscopy  

Scanning electron microscopy allowed for a very different visual approach to these still novel 

cerebral organoids.  Using Image J software, the original gray scale images were assigned a heat 

map-like lookup table (LUT). Then from these images quantitative histograms were derived that 

can be interpreted as a numerical representation of the occupied versus empty space. The 

numbers corresponding to the deeper purple tones signified empty space, the middle, teal tones 

were attributed to extracellular matrix-like (ECM) fibers, and the highest numbers, in bright 

yellow, assigned to cell bodies.     

As can be observed in Figure 19 there was a decreased number of cellular bodies in both SZ 

and SZ+TNF as well as a decrease in the average size of the cell bodies (See measurements of 

average cell size as conducted in Image J on Figure 13). There was also a notable shift in the 

peak of the two histograms toward the numbers representing fibrous extracellular matrix (ECM) 

material as compared to the two control conditions C and C+TNF, whose peaks appear closer to 

those numbers denoting empty space. I have also compared standard deviations (SD) of the 

generated plots and I found a larger percentage of the curves representing the control conditions 

were contained within +/- one standard deviation from the mean. In the C organoids the M=78, 

SD=62, one SD encompassed from 15-140 on the x=axis of the histogram, meaning there was a 

wide variation and indicating an increased complexity of the sample (more purples and yellow as 

compared to teals). On the other-hand the untreated SZ conditions had a M=81, SD=45, which 

illustrates the decreased complexity of the sample, which can be seen in figure 19 C as compared 

to 12 A described above (less purples and yellows and more teals).  
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The average cell size, cell densities and the graphs representing distributions of cells, 

ECM and empty spaces were similar between the C and in C+TNFα and between SZ and 

SZ+TNFα organoids. Thus, the disease, SZ, affected the EM level structure of the organoid 

surface, while TNFα only resulted in minimal decrease in number of cell bodies. Although this 

was a very novel study and there was only a single sample for each condition we believe that by 

repeating this study using larger sample sizes significant differences may well appear.  

3.7 Analysis of FGFR1 expressing cells and the FGF Receptor-1 

 FGFR1 is a protein that is an integral regulatory element in the Integrative Nuclear 

FGFR1 Signaling (INFS) system. In proliferating cells, including NPCs, FGFR1 is 

predominantly cytoplasmic, associated with the plasma membrane, where it binds and is 

activated by secreted, extracellular FGFs like FGF-8. Stimulation of the membrane FGFR1 

increases cell proliferation (M. K. Stachowiak & Stachowiak, 2016). In contrast, in 

differentiating cells including maturing neurons, the newly synthesized FGFR1 protein 

translocates from the cytoplasm to the nucleus where it binds and regulates promoters of genes 

involved in neural development.  In general, the nuclear form of FGFR1 activates genes which 

promote neuronal development and inhibits the genes involved in oligodendrogenesis  (Narla et 

al., 2017).  

(see figure on previous page) 
Figure 13. SEM Images and Histograms: This figure illustrates the shift that is seen when 
control and SZ histograms are compared. The peaks of both SZ histograms are shifted to 
the left indicating that more of the surface of the sample is occupied by fibers 
(extracellular matrix) as compared to the control where the peaks reside in both regions 
denoting empty space and cell bodies. This illustrates the anatomical changes that seem 
to result from SZ, namely a decrease in empty space and cell bodies and an increase in 
fibrous material. The X-axis represents the continuum of empty space to cell body, while 
the Y-axis denotes the % of the pixels at each step on the color scale. 
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 During the study, five-week-old organoids were imaged under fluorescent microscope for 

anti-FGFR1 immunofluorescence along with the DAPI nuclear staining. In C organoids strong 

FGFR1 staining was observed in CZ where it colocalized with the DAPI DNA stain, thus 

representing the nuclear form of FGFR1. The FGFR1 staining in the IZ was weaker, many cells 

expressing cytoplasmic FGFR1 and fewer cells showing the FGFR1/DAPI colocalized stains.  In 

SZ organoids, as shown previously, the nuclear presence of FGFR1 in CZ was reduced, while the 

number of cells expressing FGFR1 in the IZ was increased. This altered pattern of the FGFR1 

expression was also observed in C+TNF and was retained in SZ+TNF (Figure 14). 

Figure 14. Immunostaining of FGFR1: This figure displays the difference in nFGFR1 

location between Control and SZ. In C organoids the majority of nFRFGR1 is in the CZ with 

little in its IZ, while the opposite is true for SZ and TNF conditions, where nFGFR1 is 

depleted in the CZ and more highly concentrated in the IZ. Nuclear R1 is represented by 

red/pink speckles on a blue background (see inset key), while cytoplasmic R1 is characterized 

by a blue center surrounded by a red outside. There appears to be a great deal of cytoplasmic 

R1 in all disrupted CZs possibly because there are NPCs out of their expected location, and 

fewer differentiated neurons. For each image 6 ROIs were placed, 3 in the CZ and 3 in the IZ, 

96 ROIs were compared for each layer for a total of 192 in all. The areas were all identical. 
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To quantify these changes, I performed counting of FGFR1+ cells where FGFR1 was 

nuclear, i.e., colocalized with the blue nuclear DAPI stain. The counts FGFR1+ cells were 

obtained by placing the same size ROIs on both the CZ and IZ (see examples in figure 14) in 

organoids of all four conditions, thus a total of 192 ROIs (96 in each respective layer) were 

analyzed. The effects of disease (C vs. SZ), treatment (no TNFα vs. TNFα) and organoid layers 

(CZ vs. IZ) on the total number of nuclear FGFR1 positive cells were compared using a 3X2 

ANOVA. There were no significant main effects for disease (p=0.54), treatment (p=0.76), or 

zone (p=0.16), due to their inverse changes of FGFR1, i.e., the loss in CZ and the increases in IZ 

in SZ, C+TNF and SZ+TNF (Figure 14). However, the significant effects of disease and 

treatment were established by the interactions and the post-hoc analysis. There were significant 

interactions between all three factors (Figure 15). Disease and treatment had a significant 

interaction, F (1,119) =10, p<0.01, showing that the effects of the treatment with TNFα were 

different in control and in SZ organoids. There was also a significant interaction of disease with 

the organoid zone F (1,119) = 35.12, p<0.001. The interaction between treatment and organoid 

zone was also significant, F (1,119) = 15.69, p <0.001. 

Post-hoc analysis using LSD in SPSS revealed that the total number of FGFR1+ cells in 

the CZ was significantly higher in C than in either C+TNFα (p=0.05), or SZ (p=0.03), meaning 

that both the disease and the application of TNFα depleted the nuclear FGFR1 in the organoid 

cortex.  Similarly, the nuclear FGFR1 in CZ of the SZ+TNF organoids remained reduced at the 

levels similar to those in the SZ and C+TNF organoids.  In the IZ of C organoids, the number of 

cells with nuclear FGFR1 was over 2-fold lower than in the CZ and was not changed in SZ, or 

C+TNF organoids. However, in the SZ+TNF, the number of cells with nuclear FGFR1 increased 

relative to SZ alone, but remained reduced relative to the C organoids. These results indicated a 
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premature activation of nuclear FGFR1 signaling in the IZ cells accompanied by the reduction of 

nFGFR1 signaling in CZ of the disrupted conditions. Changes in nuclear FGFR1 correlated with 

parallel changes in the neuronal development quantitatively assessed by the Pan-Neu intensity 

and opposite changes in the Olig4+ oligodendrocyte populations.  

Figure 15: Comparison of R1 Totals Across Conditions: There are no main effects of the 
three factors, disease, TNFα, or zone, however all three areas of interaction are 
significant. The number of R1+ cells in the CZ was decreased in both disease and TNFα 
conditions as compared to C whereas the inverse was true of R1+ cells in the IZ. Both 
disease and TNFα treatment had similar patterns of effects on the organoids.  
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3.8 FGFR1 binding to neuronal, oligodendrocytic and TNFα signaling genes - Data Mining 

of the Gene Browser and Ingenuity Pathway Analysis (IPA)  

To assess the potential impact that the dysregulation of nuclear FGFR1 has on the 

developmental gene programs, I have mined the results of RNAseq in C and SZ NPCs and of the 

ChiPseq of FGFR1 binding to the human genome. The data deposited in GEO: ChIP-seq 

GSE92873, RNA-seq GSE92874, refers to differences in gene expression and in FGFR1 gene 

targeting between C and SZ iPSC-derived NPCs, which in my study correspond to the 

developing NPCs in the VZ and IZ of the organoids (Narla et al., 2017).   

The Narla et al. study has identified genes dysregulated in SZ NPCs as belonging to the 

general Gene Ontology categories of neuronal development (overexpressed genes) and 

oligodendrogensis (under-expressed genes). The exemplary genes of these two categories were 

found to be stimulated (neuronal genes: TH, DISC1, Wnt7B, NeuroD) and inhibited 

(oligodendronic genes: Olig 2, Olig 1) by nuclear FGFR1 (see Figure 16 from Narla et al.). This 

indicated that the increase of FGFR1 in IZ, observed in SZ and TNF-targeted organoids in my 

study could underlie the excessive IZ neurogenesis and reduced IZ oligodendrogenesis.  On the 

other hand, the loss of the nuclear FGFR1 in the CZ could underwrite the loss of a large neuronal 

population and the excessive CZ oligodendrogenesis in developing organoid cortex. To further 

determine whether changes in FGFR1 in the IZ and CZ cells could directly affect their 

neurogenic and/or oligodendrogenic gene activities, I analyzed FGFR1 binding to the respective 

exemplary genes in differentiating NPCs. FGFR1 ChiPseq data revealed that nFGFR1 binds 

directly to the promoters of genes that underwrite neuronal development: WNT7B, Disc1, 

Neurofilament NEFL, NEFM and NEFL (Figure 17) and to the promoters of oligodendrogenic 

genes: Olig 2 and Sox9 (Figure 18). Thus, the changes in FGFR1 expression in the IZ and CZ 
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may provide a direct mechanism through which the neurogenic and oligodendrogenic processes 

become dysregulated in the SZ and in TNFα-treated organoids. 

Based on past research conducted by Shiddhar Narla in the Stachowiak lab we found that 

in the presence of FGFR1 neuronal genes (Wnt7B, DISC, TH, and Neurod4) mRNA were 

upregulated and oligo 1 and 2 genes mRNA were downregulated. A number of TNFα receptor 

genes were also found to be upregulated in their binding with R1 in the presence of SZ (Figure 

19).  

 

Figure 16. Neuronal and Oligodendrocytic Gene Relationship to R1: This figure depicts the 

different neuronal and oligo related genes that are up and down regulated by the presence of 

FGFR1. Neurod4, Wnt7B, DISC, and TH mRNA expression is all upregulated when 

transfected with R1 and Oligo 1 and 2 were downregulated in the presence of R1. 
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Figure 17. Neuronal Genes and R1 Bindings: This figure depicts the neuronal genes that R1 

directly binds with their promoter. In every case there is a larger binding for R1 in the case of 

SZ than in control. The genes here are Wnt7B, DISC1, and light, medium, and heavy 

neurofilament (NEFL, NEFM, NEFH). If R1 is dysregulated as it is in SZ (E. K. Stachowiak 

et al., 2017) then all the neuronal factors it binds with are also subject to dysregulation. 
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Figure 18. Oligodendrocyte Genes and R1 Bindings: R1 also directly binds to 
oligodendrocytic genes (O2 and SOX9) however their relationship is inverted, where 
R1 is present Oligodendrocytes are downregulated and vice versa. As seen in the 
immunofluorescent images Olig4+ cells were stained heavily in the SZ cortex where 
very little R1 was present but were mostly excluded from the IZ where there were 
large amounts of R1+ cells. 

Figure 19. TNFα and R1 binding: R1 binds directly with a number of TNFα receptor 
genes in SZ.  All of these TNFα receptor genes see increased fold changes in SZ. If R1 
is dysregulated in a SZ cerebral organoid or brain and this at-risk tissue undergoes 
MIA and increased TNFα is present in the IZ then R1 could lead to dysregulation of 
neurodevelopment.  
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4. Discussion 

4.1 Immune Factor TNFα and Maternal Immune Activation  

The expression of schizophrenia (SZ) goes beyond simply having a certain mutated gene. 

There are, in fact, many factors that can act to increase or decrease the odds that the disease will 

be actively expressed in an at-risk individual. One of those risk factors is maternal immune 

activation (MIA). When an expectant mother with a genetic predisposition for SZ undergoes an 

infection-induced immune activation, the increased levels of the maternal cytokines can be 

transmitted across the placenta and act on the neurodevelopment of the fetus. (Estes & 

McAllister, 2016; Toder, Fein, Carp, & Torchinsky, 2003). 

 Perry and colleagues raise an interesting point when they speak to the fact that TNFα is a 

cytokine, one whose effects can be either protective or harmful (Perry et al., 2002). The complex 

action by this cytokine may be dependent on the existing brain environment. In a healthy brain 

that is not undergoing an immune activation, TNFα acts as a neuromodulator and supports 

normal brain development. However, when the brain is inflamed it switches roles and becomes 

neurotoxic (Perry et al., 2002). What if MIA creates the inflamed brain environment needed to 

switch TNFα from protective neuromodulator to harmful neurotoxin? Another study presented 

by Perry backs up this supposition. The authors reported that TNFα was acting in a 

neuroprotective capacity in a rodent brain model, but after the application of an ischemic insult, 

TNFα switched and began to have a neurotoxic effect on the tissue (Perry et al., 2002). Could 

this be why C+TNFα conditions look similar in many ways to the SZ condition, similarities 

between C+TNF and SZ)? Or why the SZ+TNFα organoids are even more heavily disrupted as 

compared to the untreated SZ organoids? While there is no evidence that fetal brain 

inflammation occurs in SZ it is possible that changes in brain chemistry and structure could be 
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caused by broad dysregulation of genes could increase the vulnerability of the developing SZ 

brain neurons to TNFα (Narla et al., 2017; E. K. Stachowiak et al., 2017).  

 When all of the different cellular markers and the regulatory protein FGFR1 were 

compared for the four conditions examined an overall pattern emerged. The C+TNF and SZ 

organoids were similar on nearly all counts and different from the C organoids. The number of 

subcortical rosettes as identified by Ki67+ cells and the density of Pan-Neu stained neuronal 

cortical networks were decreased for both SZ and C+TNF conditions and aberrant subcortical 

neuronal networks formed. Furthermore, the number of Calretinin+ interneurons and the Olig4 

intensity measures in the cortex were increased. Both conditions had a shift towards nuclear 

FGFR1 being found in the IZ rather than in the CZ as seen in control. Nevertheless, there was an 

indication that in C+TNF organoids more IZ cells had FGFR1 localized to the cytoplasm than in 

the SZ organoids.  This difference warrants further investigation given the distinct functions of 

the nuclear and plasma membrane FGFR1.  

KI67: The antigen Ki67 marks proliferating cells. In C conditions Ki67+ cells were 

largely contained within the confines of ventricular rosettes but in C+TNFα, SZ+TNF and in SZ 

much of the Ki67+ cells were dispersed throughout the organoid and its layers. In the C+TNF, 

SZ, and in SZ+TNF organoids the numbers of rosettes were reduced compared to C organoids.   

Thus, the endogenous disease and the introduction of TNFα reduced the number of active 

neurogenic rosettes and the overall NPC proliferation in the organoids. This loss of active NPCs 

could in turn negatively impact corticogenesis. Moa et al. suggested that the suppression of the 

DISC1 gene, strongly associated with SZ, could cause a reduction in the proliferation of NPCs  

(Mao et al., 2009). Whether this may underlie the observed changes in cell proliferation in 

organoids requires further studies.  Additionally, TNFα seems to increase the amount of Ki67+ 
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cells outside a rosette formation. Meyer speaks to immune cytokines’ vital role in 

neurodevelopment by their involvement in neuronal proliferation, migration and survival 

(Meyer, 2013). Hence it is possible that the interaction of immune cytokines and the diseased 

brain state may cause rampant migration and proliferation of cells outside the normal confines of 

the ventricular zone.  Such displaced proliferation could impact the formation of brain cortex 

seen in SZ. (Moa, 2009) 

CALRETININ AND SEM: Unlike Ki67 and Pan-Neu immunostains, which show a decrease 

from the C set baseline, the antibody against Calretinin shows an increase as compared to C for 

both C+TNFα and SZ conditions. A possible explanation is that in these disrupted states, C+TNF 

and SZ, there is a paucity of the mature neurons that form cortical layers and that the vacated 

space is filled by the increased numbers of interneurons. In the case of SZ+TNF it may be that 

the disease alters the response to the cytokine causing it be neurotoxic for the Calretinin 

interneurons.  

Scanning electron microscopy (SEM) images support this idea of paucity of cell bodies 

and an increase of ECM fibers filling the space. There was a decrease of the number of cell 

bodies in all TNFα and SZ conditions and a shift in the histograms toward the more fibrous 

material. One can visually see the ECM overgrown quality of the SZ conditions. Is it an aspect of 

the disease that causes empty space to be filled with fibers, possibly due to a paucity of cell 

bodies? When exploring the existing literature to help to explain our findings we found no 

reports of SEM that imaged the surface of the tissue. Instead the majority EM experiments 

presented a sectional view of neuronal tissue. Therefore, this SEM approach appears to be 

relatively unexplored and SEM may allow for an interesting new view on the surface of 

organoids. With a greater number of repetitions SEM could yield robust data in future studies. 
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PAN-NEU/OLIG4 and GO DATA MINING: Pan-Neu is an antibody cocktail that marks 

differentiated neurons and the dense neuronal networks in the CZ of organoids. Both TNFα and 

SZ reduced the density of Pan-Neu labeled cortical networks in the CZs as compared to control 

marking. SZ reduced neuronal networks also in the IZs, while TNFα alone had no effect. 

However, in SZ+TNF there was a further reduction of the IZ neuronal network below the SZ 

level, indicating that in the SZ organoids these networks are especially vulnerable to the TNFα 

toxicity.  While SZ and TNFα conditions restricted the development of Pan-Neu+ networks from 

the CZ, both conditions promoted development of neuronal networks with strong intensity Pan-

Neu stain internally (IZ). This suggested that both the endogenous disease and external immune 

factors may prompt the NPC to differentiate to neurons prematurely, trapping them in the interior 

of the organoid.  Researchers lead by Soumiya discovered that immune activation during fetal 

neurodevelopment negatively impacted the normal development of the superficial cortex of mice 

but did not affect the development at deeper layers (Soumiya, Fukumitsu, & Furukawa, 2011). 

Maybe this could help to explain what was seen with the restriction of Pan-Neu neurons from the 

superficial CZ in SZ organoids. The fact that there were differences between all four conditions 

reinforces the idea that the expression of the endogenous disease and the administration of TNFα 

have cumulative effects on the neural development of the human cerebral organoids, and thus 

likely on the development of human brain.   

Pan-Neu stains mature neurons and their neurites while Olig4 marks myelinating 

oligodendrocytes, which reside in overlapping regions of the brain. Indeed, in the C organoids, 

the Olig4 and Pan-Neu staining displayed similar patterns that were dramatically changed in SZ 

and TNFα treatment. The IZ in C+TNFα, SZ, and SZ+TNFα lacked the radial pattern of the 

Olig4+ cells observed in C organoids, while excessively accumulating the subcortical neurons. 
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The opposite occurred in CZ where Pan-Neu+ networks were reduced and the Olig4 mature 

oligodendrocytes were widely increased in the CZ of the SZ, C+TNFα and in SZ+TNFα 

organoids.  In (Narla et al., 2017) in conjunction with unpublished findings by Drs. Ewa and 

Michal Stachowiak, an inverse correlation was found between oligodendrocytes and neurons. In 

differentiating human NPCs, when the neuronal genes were upregulated the oligodendrocytic 

genes were inhibited and vice versa. These findings are now translated into the cellular data of 

my organoid studies. In the untreated C orgnaoids, Pan-Neu antigens were highly expressed in 

the cortex and Olig4 was low. And the reverse is seen in SZ, C+TNFα and SZ+TNFα conditions 

where Pan-Neu+ cells are restricted from the cortex and Olig4+ cells are more intense than in 

control.  

FGFR1: This receptor is involved in the INFS system and is cytoplasmic and associated 

with the plasma membrane in proliferating NPCs but becomes primarily nuclear when NPCs 

differentiate to neurons and in maturing neurons (E. K. Stachowiak et al., 2017).  In SZ, 

C+TNFα and SZ+TNFα the numbers of cells with nuclear FGFR1 increased in the IZ and 

decreased in the CZ along with the similar changes in neuronal cells and the opposite changes in 

the oligodendrocytes (Figure 20).  Furthermore, when qualitatively assessed we discovered that 

in the IZ many cells of the C condition displayed FGFR1 in its cytoplasmic state while in both 

SZ conditions the majority of FGFR1+ cells remained nuclear. This suggests that there could be 

a developmental acceleration and premature subcortical neurogenesis in SZ in TNFα treated 

organoids. And because the INFS system is integral for healthy brain development its premature 

activation could have lasting impacts on neural development leading to overdeveloped and 

overactive subcortical neuronal systems and underdeveloped and underactive cortical systems.  
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 FGFR1 AND TNFα: The mining of the existing FGFR1 ChiPseq data which I performed 

in Stachowiak laboratory revealed that FGFR1 directly binds to a number of TNFα receptor 

genes as well as to components of their receptor pathways (Figure 19 &21). There is a multi-fold 

increase in FGFR1 binding with PAK1 and PAK7 and a decrease in CASP3 in SZ differentiating 

NPC as compared to control NPC when analyzed in gene database. These are all components of 

the TNFR1 pathway (Figure 21) but not the TNFR2 pathway. According to Perry and colleagues 

TNFR1 knockouts in mice models decreased the amount of neuronal damage while the opposite 

was true of TNFR2 knockouts that saw increased damage.  This lead researches to propose that 

TNFR1 is tied to the neurotoxic aspects of TNFα, while TNFR2 is tied to the neuromodulator or 

Figure 20. The interplay between R1 and PanNeu/Oligo: This figure depicts the location of R1 
in the various conditions and the resulting location of PanNeu and Olig4. When nFGFR1 is 
present in the cortex of C so is PanNeu and Olig4 resides mostly in the IZ. However, in TNFα 
and SZ conditions in which nFGFR1 is mostly confined to the IZ so is PanNeu and Olig4 is 
rampant in the IZ. 
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neuroprotective effects of the cytokine (Perry et al., 2002). Since FGFR1 is upregulated in SZ 

NPCs (E. K. Stachowiak et al., 2017)  and, as shown in my analysis, targets it directly only the 

genes of TNFR1 pathway, I propose that during MIA, when the developing brain is exposed in 

utero to heightened levels of immune cytokines such as TNFα, the brain with the inherited SZ 

genome dysregulations suffers from the increased vulnerability to neurotoxic cytokines.   

4.2 Conclusion 

The overall outcome of this study suggests that TNFα does have a number of significant 

effects on patterns of neural development that could have a negative impact on brain 

development. The other important finding is that the TNFα treatment and SZ organoids were not 

different on many counts suggesting that the disruption to neural development caused by TNFα 

Figure 21. TNFα receptor pathways: Above are depicted the two primary TNFα receptor 

pathways. Clues in the literature about TNFα and its impacts on the diseased brain suggest 

that TNFR1 could play a more neurotoxic role, while TNFR2 could be the neuroprotective 

receptor. It further suggests that a number of components of the TNFR1 are upregulated in 

SZ and bind directly with FGFR1.  
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could be similar to those that occur in SZ. FGRFR1 and the INFS system are also negatively 

impacted by SZ due to the fact that the location of FGFR1+ cells is restricted from the cortex by 

the disease (E. K. Stachowiak et al., 2017). This in turn dysregulates the location and 

differentiation of neuronal and glial cells creating a disorganized neural development. FGFR1 

binds directly with a number of TNFα receptor gene promoters. When TNFα is present in 

overabundance in a diseased brain it activates a self-perpetuating positive feed-back loop. A pre-

existing diseased state causes the cytokine to act in its neurotoxic capacity resulting in further 

neurodevelopmental disruption on the already vulnerable brain. This lends more credence to the 

idea that MIA could be a significant epigenetic switch for genetically at-risk fetuses for the 

expression of SZ. Future studies would require the growth of organoids from multiple cell lines 

from both control and SZ to allow for a larger comparative study as well as for testing new 

preventive treatments.   
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