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Abstract 

Neurocysticercosis (NCC), caused by Taenia solium larvae, is the leading helminthic brain 

infection in humans, with epilepsy as its most common manifestation. Interestingly, seizures 

are rare during early stages when viable larvae are thought to suppress host inflammation. 

Seizures tend to occur when larvae die and immune suppression ceases, which has led to the 

hypothesis that the host's immune response contributes to seizures in NCC. Further research 

is required to better understand the effects that immune activation and Taenia larvae have in 

the brain. In this thesis, I exposed mouse hippocampal organotypic brain slice cultures 

(OBSCs) to lipopolysaccharide (LPS) and a Taenia crassiceps homogenate and used single-

nucleus RNA sequencing and whole-cell patch-clamp electrophysiology to investigate 

potential links between inflammation and network excitability at a transcriptomic and 

electrophysiological level. In the first part of the thesis, I found that while LPS significantly 

affected cell-type specific gene expression associated with inflammatory pathways, it had little 

impact on genes modulating neuronal excitability. This was corroborated by whole-cell patch-

clamp data demonstrating no LPS-induced changes in the intrinsic electrical properties of 

pyramidal neurons. 

In the second part of the thesis, I exposed mouse hippocampal OBSCs to a T. crassiceps 

homogenate alone or in combination with LPS to evaluate its immunomodulatory activity. The 

T. crassiceps homogenate blocked the induction of pro-inflammatory transcriptional activity

across different cell types when added to LPS. This suggested that it likely acts up-stream of 

the toll-like receptor 4 proinflammatory cascade. The homogenate had minimal influence on 

the expression of neuronal excitability genes, and whole-cell patch-clamp experiments 

confirmed no significant differences in pyramidal neuron electrical properties among the 

treatment groups. My data indicate that both LPS and a homogenate made from viable Taenia 

larvae drive cell-type-specific immunomodulatory changes but have limited effects on basic 

neuronal excitability, at least over a relatively short period of exposure and in the absence of 

an adaptive immune response. My findings are relevant for understanding how Taenia larvae 

and inflammatory responses relate to the emergence of seizures in NCC. 



iii 

Acknowledgements 

Thank you firstly to Joe (Joseph Raimondo) for the most incredible opportunity you have given 

me to do a master’s under your supervision. I have learnt so much over the course of this 

project and felt a jump in my understanding in terms of ways to approach science and think 

critically about things. Thank you for all the things you have taught me, and the time and 

attention you have invested to help me collect, analyse, and interpret the snRNAseq, whole-

cell patch-clamp, and HCR data. You have also created such a supportive environment where 

I feel encouraged and inspired to work hard and discover new things while also living a 

balanced life. It has been amazing being part of a lab with such a culture of fun, care, and a 

feeling that we are all in this together. There are not enough words to thank you for this time.  

I would also like to thank Rachael Dangarembizi and Dorit Hockman for all the direct and 

indirect input you both have given towards this project. It has been so great to bounce ideas 

off you both and just have a chat now and then which has really helped me to get new ideas 

for the project as well as gain more perspective about a career as a neuroscientist.  

Additionally, I would like to give a huge thank you to Josh, Rachael, Amalia, Anja, and Emily 

for your massive contributions towards generating the snRNAseq datasets. It was truly a team 

effort and could not have been done without all of your help. Many thanks as well to Andrew 

Lewis and UCT’s high-performance computing team! This project would not have been 

possible without your world-class assistance and facilities. Thank you as well to Ruvi for all 

your time and help showing me how to do the HCRs. You were so patient and such a good 

teacher, and it was wonderful getting to hang out together during that time.  

Thank you Anja for the many hours of time you dedicated to helping me plan and carry out 

various organo and ELISA experiments, and for being so supportive when things were difficult. 

I have cherished all our conversations about science, life, mental health, and ethics, and I 

have learnt so much from you about doing good science (such as keeping a thorough record 

of what I have done!)  

To Christy, I can’t thank you enough for the all the time, advice, and investment you have put 

into showing me the ropes with the snRNAseq analysis, helping to troubleshoot and solve 

coding errors when I was really struggling, and spending hours sharing ideas and discussing 

various aspects of the project. I am constantly blown away by your knowledge and skills and 

feel most fortunate to have you as my partner in crime.  

To everyone in the Raimondo lab thank you for helping me with various aspects of this project 

and teaching me so much during my time in the lab. We have had some moments of shock, 

panic, frustration, and disappointment together but also some of the best laughs, 

conversations, and shared excitement that hopefully made the challenges all worthwhile. A 

shout out to Hayley and Sasha as well for all the help teaching me new techniques at the start 

of the master’s and to Maahir and Emily for all the collaboration on various shared projects.  

To Mom, Dad, Em, Liam, Dan, Christy, and my wonderful friends and family, thank you for all 

of the support, encouragement, patience, kindness, and love you have shown me. A two-year 

master’s can be quite the undertaking, and I have gained so much energy, motivation, and 

perspective from all of you. Thank you. 



iv 

Contents 
1. Introduction .................................................................................................................... 1 

1.1 A background on neurocysticercosis ....................................................................... 1 

1.1.1 The life cycle of Taenia solium .............................................................................. 1 

1.1.2 Stages of neurocysticercosis and their association with seizures .......................... 2 

1.1.3 Other theories about the cause of seizures in neurocysticercosis ......................... 5 

1.1.4 Current treatments for neurocysticercosis ............................................................. 7 

1.2 Epilepsy and what we know so far about the relationship between inflammation and 

seizures. ............................................................................................................................ 8 

1.2.1 Clinical evidence for an association between inflammation and seizures .............. 8 

1.2.2 Experimental evidence for a bi-directional causal relationship between inflammation 

and seizures .................................................................................................................. 8 

1.3 Experimentally investigating neurocysticercosis ........................................................ 13 

1.4 Aims .......................................................................................................................... 19 

1.5 Objectives .................................................................................................................. 19 

1.5.1 Aim 1: Characterise the effects of acute innate immune activation and Taenia 

crassiceps exposure on cell-type-specific gene expression in mouse hippocampal 

organotypic brain slice cultures. ................................................................................... 19 

1.5.2 Aim 2: Explore the effects of acute innate immune activation and Taenia crassiceps 

exposure on the intrinsic electrical properties of pyramidal neurons. ............................ 19 

2. Materials and Methods ................................................................................................. 20 

2.1 Establishing ex vivo models of innate immune activation and cestode infection in the 

brain. ............................................................................................................................... 20 

2.1.1 Preparation of mouse hippocampal organotypic brain slices. .............................. 20 

2.1.2 Treatments of hippocampal brain slice cultures ................................................... 20 

2.2 Single-nucleus RNA sequencing ............................................................................... 21 

2.2.1 Single-nucleus RNA sequencing dataset generation. .......................................... 21 

2.2.2 Single-nucleus RNA sequencing bioinformatics analysis. .................................... 22 

2.3 Hybridisation chain reaction RNA-Fluorescence in situ hybridisation. ........................ 28 

2.3.1 RNA-FISH sample preparation ............................................................................ 28 

2.3.2 HCR RNA-FISH .................................................................................................. 28 

2.3.3 Image processing and quantification ................................................................... 29 

2.4. Whole-cell patch-clamp recordings ........................................................................... 29 

3. Results ......................................................................................................................... 30 

3.1 Modelling acute immune activation and Taenia infection in mouse ............................ 30 

hippocampal organotypic brain slice cultures. .................................................................. 30 

3.2 Single-nucleus RNA sequencing reveals all major brain cell types present in integrated 

mouse hippocampal organotypic brain slice culture datasets. ......................................... 33 



v 

3.3 Lipopolysaccharide triggers generalised inflammatory gene expression changes across 

different cell types in mouse hippocampal organotypic brain slice cultures. ..................... 36 

3.4 Lipopolysaccharide evokes cell-type-specific transcriptomic changes from astrocytes 

and microglia in mouse hippocampal organotypic brain slice cultures. ............................ 41 

3.5 Lipopolysaccharide has little effect on the expression of neuronal excitability genes in 

mouse hippocampal organotypic brain slice cultures. ...................................................... 44 

3.6 The Taenia crassiceps homogenate has little effect on gene expression compared to 

control conditions. ........................................................................................................... 48 

3.7 The Taenia crassiceps homogenate elicits prominent immunosuppressive 

transcriptomic changes across different cell types when added to LPS. .......................... 51 

3.8 The Taenia crassiceps homogenate elicits cell-type-specific gene expression changes 

in astrocytes and microglia when added to LPS. ............................................................. 54 

3.9 The Taenia crassiceps homogenate has minimal effects on the expression of neuronal 

excitability genes when added to LPS. ............................................................................ 57 

3.10 Exposure to LPS and Taenia crassiceps larval products for 24 hours has no effect on 

the intrinsic electrical properties of pyramidal neurons in mouse hippocampal organotypic 

brain slice cultures. .......................................................................................................... 60 

3.10.1 LPS and the Taenia crassiceps homogenate have no effect on the basic 

membrane properties of pyramidal neurons. ................................................................ 61 

3.10.2 LPS and the Taenia crassiceps homogenate have no effect on the active firing 

properties of pyramidal neurons. .................................................................................. 63 

3.10.3 LPS and the Taenia crassiceps homogenate do not affect the size of voltage-gated 

sodium and potassium currents in neurons. ................................................................. 66 

4. Discussion and Conclusion .......................................................................................... 69 

4.1 Summary of project background and aims ................................................................. 69 

4.2 LPS elicited neuroinflammatory transcriptional changes across all cell types in mouse 

hippocampal OBSCs with the most prominent effects in astrocytes and microglia. .......... 69 

4.3 LPS evoked inflammatory gene expression changes in neurons but had limited effects 

on the expression of genes that might mediate excitability in neurons. ............................ 71 

4.4 Taenia crassiceps had little effect on gene expression when compared to control 

conditions. ....................................................................................................................... 75 

4.5 Taenia crassiceps demonstrated ubiquitous immunosuppressive transcriptional 

changes when added to LPS. .......................................................................................... 77 

4.5 Taenia crassiceps had minimal effects on neuronal excitability genes when added to 

LPS. ................................................................................................................................ 80 

4.6 LPS had no effect on the intrinsic electrical properties of pyramidal neurons. ............ 82 

4.7 The Taenia crassiceps homogenate had no effect on the intrinsic electrical properties of 

pyramidal neurons. .......................................................................................................... 85 

4.8 Limitations and directions for future work ................................................................... 86 

4.9 Conclusion ................................................................................................................. 90 

Supplementary data ........................................................................................................ 91 

References ......................................................................................................................... 91 



vi 

List of Figures 

Chapter 1 

Figure 1. The life cycle of Taenia solium 

Chapter 3 

Figure 3.1 Modelling acute immune activation and Taenia infection in mouse hippocampal 

organotypic brain slice cultures. 

Figure 3.2 Single-nucleus RNA sequencing reveals all major brain cell types present in 

integrated mouse hippocampal organotypic brain slice culture datasets. 

Figure 3.3 Lipopolysaccharide triggers generalised inflammatory gene expression changes 

across different cell types in mouse hippocampal organotypic brain slice cultures.   

Figure 3.4 HCR RNA-FISH confirm differential expression of general inflammatory genes 

between control and LPS condition. 

Figure 3.5 Lipopolysaccharide evokes cell-type-specific transcriptomic changes from 

astrocytes and microglia in mouse hippocampal organotypic brain slice cultures. 

Figure 3.6 Lipopolysaccharide has little effect on the expression of neuronal excitability genes 

in mouse hippocampal organotypic brain slice cultures. 

Figure 3.7 The Taenia crassiceps homogenate has little effect on gene expression compared 

to control conditions. 

Figure 3.8 The Taenia crassiceps homogenate elicits prominent immunosuppressive 

transcriptomic changes across different cell types in the presence of LPS. 

Figure 3.9 The Taenia crassiceps homogenate elicits cell-type-specific gene expression 

changes in astrocytes and microglia when added to LPS. 

Figure 3.10 The Taenia crassiceps homogenate has minimal effects on the expression of 

neuronal excitability genes when added to LPS. 

Figure 3.11 LPS and the Taenia crassiceps homogenate have no effect on the basic 

membrane properties of pyramidal neurons. 

Figure 3.12 LPS and the Taenia crassiceps homogenate have no effect on the active firing 

properties of pyramidal neurons, including the action potential threshold, rheobase, and 

current threshold density. 

Figure 3.13 LPS and the Taenia crassiceps homogenate have no effect on the active firing 

properties of neurons, including the maximum firing rate and its relation to the current density. 

Figure 3.14 LPS and the Taenia crassiceps homogenate do not affect the size of voltage-

gated sodium and potassium currents in neurons. 

Chapter 4 

Figure 4.1 Mechanisms of molecular response to LPS 



vii 

Supplementary data 

Supplementary 1  

Summary of snRNAseq sample metadata

Supplementary 2  

2.1 FindAllMarkers output 

2.2 User-defined SCSA reference databases curated from Mousebrain.org 

2.3 SCSA output for different reference databases 

Supplementary 3 

HCR RNA-FISH - negative probe and negative hairpin slices 

Supplementary 4 

ELISA raw data and statistical analyses 

Supplementary 5 snRNAseq data processing 

5.1 Summary of nuclei counts across filtering steps 

Number of nuclei filtered and remaining per sample for each of the filtering steps 

Total nuclei filtered and remaining per sample across all filtering steps 

Total nuclei filtered and remaining for all samples across all filtering steps 

5.2 QC threshold processing steps 

5.2.1 QC threshold graphs before filtering 

Cell complexity (genes per UMI) 

Distribution of the number of genes in each sample 

Distribution of the number of UMIs in each sample 

Genes vs UMIs per sample 

Mito-ratio distribution in each sample 

Number of nuclei per sample 

5.2.2 QC threshold graphs after filtering  

Cell complexity (genes per UMI) 

Distribution of the number of genes in each sample 

Distribution of the number of UMIs in each sample 

Genes vs UMIs per sample 

Mito-ratio distribution in each sample 

Number of nuclei per sample 

5.3 Summary of doublet processing.  

Number of doublets identified by each tool for each sample 

Table summary of doublets called by each tool per sample 

Supplementary 6 PCA plots averaged per sample 

PCA_plot_batch 

PCA_plot_groupid 

PCA_plot_sampleid 

PCA_plot_cell_cycle_phase 



viii 

Supplementary 7 

UMAP of numbered clusters at res 0.4 

Supplementary 8  

Percentage of nuclei per cluster per treatment group 

Summary number of nuclei per cluster per treatment group  

Summary percentage of nuclei per cluster per treatment group 

Supplementary 9  

DE analysis results for LPS vs Ctrl - sig DEGs per cluster coarse 

Supplementary 10  

LPS vs control all downregulated DEGs EnrichR results 

LPS vs control all upregulated DEGs EnrichR results 

Supplementary 11 

Expression of LPS receptors and binding proteins 

Expression of Substance P receptor and precursor 

Supplementary 12 

LPS vs control individual cell type downregulated DEGs EnrichR results 

LPS vs control individual cell type upregulated DEGs EnrichR results 

Supplementary 13 

Excitability_genes_and_description 

Excitability genes_EnrichR results txt  

Excitability genes_EnrichR results csv 

Supplementary 14 

DE results for LPS vs control excitability DEGs coarse neuronal clusters 

LPS vs control EnrichR results 5 excitability DEGs 

Supplementary 15 

DE analysis results for Hom vs Ctrl - sig DEGs per cluster nuanced 

Supplementary 16 

Hom vs control all downregulated DEGs EnrichR results 

Hom vs control all upregulated DEGs EnrichR results 

Supplementary 17 

DE analysis results for Hom vs Ctrl – sig DEGs per cluster coarse 

Supplementary 18 

DE analysis results for LPS+Hom vs LPS- sig DEGs per cluster coarse 

Supplementary 19 

LPSplusHom vs LPS all downregulated DEGs EnrichR results 

LPSplusHom vs LPS all upregulated DEGs EnrichR results 

Supplementary 20 

DE analysis results for LPS+Hom vs control - sig DEGs per cluster coarse 



ix 

Supplementary 21 

LPSplusHom vs control all downregulated DEGs EnrichR results 

LPSplusHom vs control all upregulated DEGs EnrichR results 

Supplementary 22 

LPSplusHom vs LPS individual cell type downregulated DEGs EnrichR results 

LPSplusHom vs LPS individual cell type upregulated DEGs EnrichR results 

Supplementary 23 

DE results for LPSplusHom vs LPS excitability DEGs coarse neuronal clusters 

LPSplusHom vs LPS downregulated EnrichR results 9 excitability DEGs 

LPSplusHom vs LPS upregulated EnrichR results 9 excitability DEGs 

Supplementary 24 

DE results for LPSplusHom vs control excitability DEGs coarse neuronal clusters 

Supplementary 25 

Whole-cell patch-clamp raw data and statistical analyses 



x 

List of Abbreviations 

Symbol Description 

ACh Acetylcholine 

AChE Acetylcholinesterase 

aCSF Artificial cerebro-spinal fluid 

ANOVA Analysis of variance 

AMPA α-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

APs Action potentials 

BBB Blood-brain barrier 

Ca2+ Calcium 

Cl- Chloride 

CNS Central nervous sytem 

COX-2 Cyclooxygenase-2  

CO2 Carbon dioxide 

Ctrl Control 

DE Differential expression 

DEGs Differentially expressed genes 

ELISAs Enzyme-linked immunosorbent assays 

EPSCs Excitatory post-synaptic currents 

eEPSCs Evoked excitatory post-synaptic currents 

eIPSCs Evoked inhibitory post-synaptic currents 

GABA γ-aminobutyric acid 

HCR Hybridisation Chain Reaction 

Hom Homogenate 

IL-1 Interleukin-1 

IL-1β Interleukin-1β 

IL-4 Interleukin-4 

IL-6 Interleukin-6 

IL-10 Interleukin-10 

IL-18 Interleukin-18 

IPSCs Inhibitory post-synaptic currents 

IQR Interquartile range 

K+ Potassium 

Lamp5 Lysosomal Associated Membrane Protein Family Member 5 

LPS Lipopolysaccharide 

Mg2+ Magnesium 

Na+ Sodium 

NCC Neurocysticercosis 

NMDA N-methyl-D-aspartate



xi 

OBSCs Organotypic brain slice cultures 

OPCs Oligodendrocyte Precursor Cells 

O2 Oxygen 

PBS Phosphate buffered saline 

PCA Principal Component Analysis 

PFA Paraformaldehyde 

Pvalb Parvalbumin 

RNA-FISH RNA-Fluorescence In Situ Hybridisation 

RNAseq RNA sequencing 

SEM Standard error of the mean 

scRNAseq Single-cell RNAseq 

Sncg Synuclein-Gamma 

snRNAseq Single-nucleus RNAseq 

Sst Somatostatin 

T. crassiceps. Taenia crassiceps   

T. solium Taenia solium  

TNF-α Tumor necrosis factor-α 

TLR4 Toll-like receptor 4 

UMAP Uniform Manifold Approximation and Projection 

VLMCs Vascular leptomeningeal cells 

Vip Vasoactive intestinal polypeptide 

4-AP 4-aminopyridine



1 

CHAPTER 1 

1. Introduction

1.1 A background on neurocysticercosis 

Neurocysticercosis (NCC) is the leading helminthic central nervous system (CNS) infection in 

humans and is caused by larvae of the pork tapeworm, Taenia solium (T. solium)1,2. In 

endemic countries such as South Africa, NCC is a major cause of acquired neurological 

disability and accounts for up to 30% of all recorded epilepsy cases3,4. Seizures and epilepsy 

are the most common and severe clinical manifestation of the disease, followed by elevated 

intracranial pressure, cognitive decline, headaches, hydrocephalus, and meningitis1,2,5.  

NCC is most prevalent in low- and middle-income countries but is steadily becoming more 

common in other parts of the world due to increasing migration to and from endemic countries6. 

The World Health Organisation (WHO) estimates that between 2.56 and 8.3 million people 

worldwide have either symptomatic or non-symptomatic NCC each year7. Furthermore, 

approximately 70 – 90% of symptomatic NCC patients will experience seizures5,8. This 

represents a serious global concern for several reasons. Firstly, NCC is associated with 

debilitating impacts on a patient’s health and is estimated to result in approximately 50000 

deaths annually7,9. Furthermore, the impact on health and quality of life is considerable for 

patients with epilepsy who are at an increased risk of injury, hospitalisation, and mortality as 

well as anxiety, depression, and cognitive impairment10. Unfortunately, in many parts of the 

world patients with seizures are also subject to heavy discrimination and stigmatisation11. 

Aside from its impact on health and quality of life, NCC places a heavy burden on the economic 

and medical resources of endemic countries, owing to the costs of drugs and other medical 

resources used to treat the disease, as well as lost human work hours12,13. It is evident that 

this disease warrants attention, and that both prevention and treatment strategies are 

necessary to alleviate the severe burden that NCC places on patients, families, and 

economies. Moreover, as an important cause of epilepsy, NCC may constitute a valuable 

disease system for investigating the pathophysiology of seizures more generally.  

1.1.1 The life cycle of Taenia solium 

Humans first become infected with T. solium after ingestion of the cestode larvae in 

contaminated pork meat8,14 (Figure 1). After being ingested, T. solium larvae mature into adult 

tapeworms within the intestines of the definitive human host. Adult tapeworms then release 

segments of their body known as proglottids which contain the eggs of the cestode and are 

passed out in human faeces. Importantly, neither the adult tapeworms nor the eggs they 
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produce at this stage of the lifecycle can enter the bloodstream and cause cysticercosis, likely 

because of an absence of gastric elements required for their activation8,15. Cysticercosis 

occurs when humans become intermediate hosts of the parasite. This results from the 

accidental ingestion of T. solium eggs contained in small amounts of human faecal matter on 

hands, surfaces, food, or water usually by members of the same household or from 

autoinfection16,17. Humans are considered ‘accidental’ intermediate hosts to T. solium because 

the cestode can complete its life cycle without infecting human hosts intermediately. Once 

ingested, T. solium eggs become activated by gastric salts and produce enzymes that enable 

them to invade the intestinal wall17. The activated oncospheres enter the bloodstream and 

migrate to different tissues but tend to lodge preferentially in the brain8,14. Once in the brain, 

oncospheres enlarge over a period of weeks to months and develop into cysts.  

Figure 1. The life cycle of Taenia solium (Taken from Steyn et al. 202218) 

1.1.2 Stages of neurocysticercosis and their association with seizures 

A hallmark of NCC is its heterogeneity in disease severity and clinical presentation which are 

correlated with the location and number of cysts as well as the stage of cysts and associated 

changes in the host’s inflammatory response2,8,19,20. There are four main stages of 

parenchymal T. solium cysts that have been characterised according to their viability as well 

as distinct clinical, molecular, and immune changes to the cyst and surrounding tissue8.  
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The first stage is referred to as the vesicular stage and involves the presence of one or more 

viable cysts in the brain. These viable cysts are believed to be adapted to survive in the CNS 

by suppressing the host immune response and evading immune detection by masking 

themselves with a variety of host molecules on their surface8,21–23. Interestingly, the vesicular 

stage is associated with very few clinical symptoms including few or no seizures, and as a 

result, patients with NCC often live for years without showing any signs of the disease14,24–26.  

Over time, cysts eventually begin to degenerate and lose their ability to suppress the host 

immune response. This shift from a viable cyst state to a degenerating state is classified as 

the transitional stage. The transitional stage comprises the colloidal and granular-nodular 

phases and is generally accompanied with an invasion of the cyst wall and fluid by 

inflammatory cells and molecules, followed by the cyst cavity collapsing and starting to 

become fibrotic8,14. The main characteristics of the transitional stage, namely, the 

degeneration of cysts and accompanying host immune activation, appear to go hand in hand, 

and might be understood as follows: 1) over time, cysts either start to degenerate on their own 

accord or the host’s immune response gradually results in the deterioration of the cyst; 2) as 

cysts degenerate, they lose their ability to suppress the host immune response, allowing for 

increased invasion of the cyst by inflammatory cells and molecules; 3) the increased host 

inflammatory response around the cyst leads to further collapse and degeneration of the cyst; 

4) further degeneration of the cyst is associated with the release of damage-associated

antigens which exacerbate inflammation around the cyst. 

Following the transitional stage, cysts progress to the final inactive or calcified stage in which 

the entire cyst is completely replaced by fibrosis and becomes calcified14,27,28. Reportedly, a 

higher proportion of NCC patients with inactive lesions have seizures/epilepsy (>88%) 

compared to patients with active/viable lesions (60–63%)5. Furthermore, vesicular stage cysts 

are more prevalent in asymptomatic NCC patients than in symptomatic patients24,25 and 

asymptomatic patients tend to have higher serum levels of anti-inflammatory cytokines while 

symptomatic patients have been found to have higher serum levels of pro-inflammatory 

cytokines29,30. These findings have led to the hypothesis that the host immune and 

inflammatory response may play an important role in eliciting seizures in patients with 

parenchymal NCC4,8,31. This hypothesis is corroborated by several clinical studies that have 

provided support for an involvement of neuroinflammation in the pathology of 

NCC24,25,29,30,32,33.  

Some mechanisms have been proposed for how inflammation can contribute to seizures in 

NCC. As cysts start to degenerate, they provoke a Th1 inflammatory response which involves 
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the release of pro-inflammatory cytokines and increased expression of adhesion molecules 

such as ICAM-1 in peripheral leukocytes and in endothelial cells making up the blood-brain 

barrier (BBB)30. Upregulation of pro-inflammatory cytokines and adhesion molecules can 

influence BBB permeability34. There is evidence for disruption of the BBB around larval cysts 

in both mouse and pig models of NCC35,36, as well as increased serum levels of matrix 

metalloproteinases in symptomatic NCC patients compared to asymptomatic patients which 

is correlated with BBB breakdown37. Increased BBB leakage can increase vascular 

permeability to serum albumin which has previously been shown to facilitate epileptiform 

activity by compromising ion buffering and the glutamate reuptake capacity of astrocytes and 

enhancing excitatory synaptogenesis38–40. Of note, the NCC study in pigs demonstrated that 

treatment with the anti-parasitic drug praziquantel significantly increases BBB leakage around 

cystic lesions compared to brains from pigs that had not been treated with praziquantel36, 

providing a possible mechanism by which treatment with cysticidal therapies could increase 

the risk of seizure occurrence initially. In addition to BBB leakage, there is some evidence that 

certain genetic polymorphisms of inflammatory genes such as Toll-like receptor 4 (TLR4) may 

confer greater risk of developing epilepsy in NCC patients33, and this is hypothesised to be 

linked to TLR4’s mediation of the Th1/Th2 axis.  

Notably, calcified stage seizures are associated with increased inflammation, gliosis, and 

perilesional oedema around the calcified cysts41. Gliosis is a reactive change of glial cells 

following some form of damage to the CNS and involves glial hypertrophy and proliferation42,43, 

while perilesional oedema refers to fluid retention in the intracellular or extracellular space 

surrounding a lesion44. In NCC, both gliosis and perilesional oedema are thought to reflect 

inflammatory reactions to calcified granulomas and have been strongly correlated with 

seizures and seizure recurrence41,45. However, it remains unclear whether oedema and gliosis 

are causes or consequences of seizures, or whether these processes tend to coincide with 

seizures due to the same underlying pathophysiology46. Understandings of causal 

relationships between these pathologies and seizures can potentially be gained from looking 

at other conditions in which they co-occur such as in traumatic brain injury and models of 

temporal lobe epilepsy47–50. For example, seizures have been shown to preferentially stimulate 

proliferation of radial glia-like astrocytes51 and likewise, microglia-macrophage cells proliferate 

following exposure to status-inducing chemoconvulsants52. While this suggests that gliosis 

may occur secondary to seizures, it is also theorised that chronic astrogliosis and microgliosis 

can promote network hyperexcitability by compromising K+ and glutamate buffering as well as 

neuronal survival, and thereby facilitating epileptogenesis38,48,53,54.  Additionally, kainic acid 

induced seizures have been found to be accompanied by astroglial swelling and oedema and 
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it has been suggested that this oedema is elicited by the ionic imbalance following continual 

neuronal excitation49.  

1.1.3 Other theories about the cause of seizures in neurocysticercosis 

While there is evidence in support of an association between the inflammatory stages of NCC 

and the presence of seizures, it is worth considering that seizures have also been reported to 

occur, albeit less commonly, during the vesicular stages of the disease when the immune 

response is generally suppressed28. Furthermore, patients with non-inflamed cysts or non-

inflamed calcified scars can also present with seizures28. While this would imply that the host’s 

inflammatory response alone cannot account for all seizures in the disease, some researchers 

have maintained that these seizures are still the result of episodic increases in the host 

inflammatory response that are not easily detectable8. In contrast, others have argued that 

there must be another explanation for at least a subgroup of seizures that are not associated 

with inflammation in NCC. One hypothesis is that the larval cysts and/or their associated 

granulomas may release molecules into the surrounding brain tissue which alter neuronal 

network excitability28. Some evidence for this has come from experimental work showing that 

intracranial injection of early-stage granuloma extracts from dead or dying Taenia crassiceps 

(T. crassiceps) cysticerci of WT mice induces seizures in mice and rats55–57, and that the 

severity of seizures was correlated with the levels of Substance P contained in the granulomas 

57,58. Moreover, granulomas from mice that were deficient in the Substance P precursor did 

not contain Substance P and did not trigger epileptogenic activity57. Finally, seizures only 

occurred in response to the intrahippocampal injection of the granuloma extracts in mice that 

had receptors for Substance P, whereas mice that were deficient for the Substance P receptor 

did not have seizures in response to cysticercosis granuloma extracts57. Together, this work 

provides support for Substance P being a contributor to seizure activity in NCC. Moreover, 

immunohistochemical analysis of brain tissue specimens from patients with NCC found 

Substance P to be expressed in cells adjacent to remnants of dying cysts but not in regions 

distant from larval cysts nor in brain tissue from patients without NCC57. It is worth noting that 

Substance P has both immune- and neuro-modulatory properties59, and it possible that its 

mechanism of action in eliciting epileptiform activity is via the regulation of inflammatory 

pathways. In addition to the research on Substance P, work by de Lange et al. showed that 

larval extracts from both T. solium and T. crassiceps have substantial Acetylcholine Esterase 

(AChE) activity. Moreover, AChEs derived from heat-activated secretory/excretory extracts of 

Taenia larvae were able to breakdown acetylcholine (ACh) at a concentration that is sufficient 

to induce changes in neuronal signalling60. While this did not result in seizure activity, it does 
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provide an example of how products released directly by Taenia larvae could potentially 

modulate neurotransmission.  

Calcifications have also been associated with hippocampal sclerosis61,62 which is a known 

contributor to medically intractable temporal lobe epilepsy and is thought to arise from 

structural and network changes due to neuron loss and gliosis63. This provides another 

possible mechanism for epileptogenesis in NCC. A different hypothesis for how seizures arise 

in NCC is that the high levels of calcium associated with calcified lesions is neurotoxic which 

may facilitate seizure activity due to high levels of glutamate released by damaged or dying 

neurons61. Studies in which lesions associated with calcified cysts are surgically removed have 

found that most patients who received a lesionectomy for calcified cysts had favourable 

outcomes and became seizure-free64,65. However, these studies had very small sample sizes, 

lacked control groups, and had large variability in clinical presentation of the patients 

undergoing these surgeries as well as variability in surgery procedures66. This leaves it unclear 

whether it was the removal of the calcified lesions or other factors responsible for seizure 

remediation in these patients. In most cases of intraparenchymal NCC, surgeries for the 

removal of cysts are not indicated as it is argued that risks of surgery outweigh the potential 

benefits for which there is not yet definite evidence67–69.  

A slightly more provocative theory of NCC-associated seizures is that their pathophysiology 

may be comparable to seizures in patients with cancerous brain gliomas. Both T. solium larval 

cysts and gliomas are space-occupying lesions requiring a blood supply to grow and survive 

in the brain70. Gliomas tend to develop a close association with brain vasculature leading to a 

breakdown of the BBB70. They have also been shown to release high levels of glutamate into 

the surrounding tissue which serves both as a growth factor as well as a neural excitotoxin to 

make space for the tumour’s growth70. High levels of extracellular glutamate around gliomas 

have been shown to result in neuronal hyperexcitability in cortical networks, leading to 

epileptiform activity70. Based on certain similarities between the characteristics of gliomas and 

T. solium larval cysts, it is intriguing to hypothesise that similar seizure mechanisms could be

at play in these two conditions18. 

Notably, some have argued that a distinction should be made between transitional stage 

seizures and viable stage seizures or seizures that occur when there are only remnants of a 

calcified scar remaining2,71. This has been proposed because transitional stage seizures 

appear to better reflect acute symptomatic seizures secondary to an inflammatory response, 

whereas seizures occurring during non-inflammatory stages are understood to represent 

“true” epileptogenic seizures that arise from epileptogenic foci in the brain. It follows from this 
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that seizures occurring outside of the inflammatory stages may require chronic anti-epileptic 

drug treatment to manage as these are seizures that would have become self-generating.  

Further research is required to delineate the exact molecular and cellular pathways implicated 

in the occurrence of seizures in NCC. What does seem clear, however, is that there is an 

increased risk for seizures during the pro-inflammatory stages of the disease, and a reduced 

risk for seizures during the early stages of the disease when the host inflammatory response 

is often suppressed. This association between inflammatory changes and the presence or 

absence of seizures will be discussed further in section 1.2.  

1.1.4 Current treatments for neurocysticercosis 

Current treatments for NCC usually focus on targeting viable tapeworm larvae with two 

cysticidal drugs, albendazole and praziquantel28,67,72–75, as well as treating seizures with 

antiepileptic drugs (AEDs)2,71,76. There is evidence that cysticidal regimens and AEDs can 

improve patient prognosis by resolving larval cysts and reducing the risk of seizure recurrence 

in the long term68,71,74,76–80. However, there are some important limitations of these drugs. 

Firstly, cysticidal drug regimens are often accompanied with an increase in perilesional 

oedema, brain swelling, raised intracranial pressure, and seizures1,41,67,74,81. These common 

side-effects are believed to follow from an increase in inflammation in the brain as the larval 

cysts beginning to degenerate, thereby losing their immunosuppressive function and releasing 

antigens which stimulate a local inflammatory response1,41,67. While this increase in acute 

provoked seizures and other symptoms is a contraindication of anti-helminthic therapy, these 

drugs are still prescribed in most cases to treat NCC, given their ability to resolve viable cysts 

and reduce the risk of seizure relapses in the long term68,71. Furthermore, corticosteroids and 

AEDs are generally prescribed in conjunction with the cysticidal drugs, and have been shown 

to reduce neuroinflammation, raised intracranial pressure, and seizures associated with the 

cysticidal drugs1,67,80,82,83.  However, AEDs are often accompanied with harsh side-effects on 

general health and cognitive function84, and so it is recommended that they are eventually 

withdrawn in patients who meet the following conditions 1) few seizures prior to antiparasitic 

therapy, 2) resolved cystic lesions, and 3) have had no seizures for 24 consecutive months68. 

An important consideration is that approximately half of all NCC patients will continue to 

experience seizure relapses despite receiving these treatments71,85,86. This is an important 

finding as it suggests that a considerable subgroup of symptomatic NCC patients have 

treatment-resistant epilepsy.  

Based on the abovementioned treatment limitations, there is reason to identify more effective 

and specific therapeutic targets for treating and preventing seizures in patients with NCC. 
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Thus far, the burden of disease falls largely within developing countries and, as a result, limited 

resources have been dedicated to investigating how cestode infection of the brain results in 

the development of epilepsy. Moreover, owing to its significant inflammatory component, NCC 

represents a compelling model for investigating the relationship between inflammation and 

seizures more generally, and to deepen our understanding of the cellular, molecular, and 

electrophysiological changes that occur in the brain in response to both cestode infections as 

well as inflammatory challenges.  

1.2 Epilepsy and what we know so far about the relationship between 

inflammation and seizures. 

Epilepsy is a brain disorder characterised by recurrent seizures and associated emotional and 

cognitive dysfunction. It is estimated that up to 50 million people worldwide have this 

disorder87, making it one of the most common neurological conditions. While there are 

numerous AEDs available, more than half of patients with epilepsy who receive one of these 

medications will still suffer one or more seizures a year after beginning the AED88. Extensive 

research has been dedicated towards investigating the mechanisms underlying this severe 

and complex condition. A large body of clinical and experimental evidence has emerged which 

supports a link between inflammation and seizures (for comprehensive reviews on the topic 

see89–91). This section will serve to summarise the main findings regarding the relationship 

between inflammation and seizures and discuss some important gaps that remain to be 

addressed in the literature.  

1.2.1 Clinical evidence for an association between inflammation and seizures 

The first inferences about a possible contribution of inflammation towards seizures came from 

studies showing that steroids and other anti-inflammatory drugs appeared to reduce seizure 

likelihood in patients with certain epilepsies that were resistant to conventional AEDs92–94. 

Further evidence for an association between inflammation and epilepsy emerged from studies 

in patients with autoimmune conditions who were at an increased risk for seizures as well as 

the finding that patients with seizure disorders often showed increased immune activation95–

98. Additionally, several studies have demonstrated that resected hippocampi from patients

with temporal lobe epilepsy tends to have higher levels of proinflammatory molecules, reactive 

astrocytosis, activated microglia, and other inflammatory biomarkers that are not present in 

brain tissue obtained from healthy control patients99–104.  

1.2.2 Experimental evidence for a bi-directional causal relationship between 

inflammation and seizures  

When exploring the relationship between inflammation and seizures, it is useful to understand 

what electrophysiological changes occur within neurons and neuronal networks which underly 
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seizure activity. The classical understanding of a seizure is brain activity characterised by an 

imbalance between neural excitation and inhibition which results in neuronal hyperexcitability 

and hypersynchronous firing105. Markedly, while a single neuron can be in a hyperexcitable 

state and fire rapidly and repeatedly, a seizure is innately a network event that involves almost 

all neurons in a particular brain area or region firing concurrently (i.e., hypersynchronous 

firing)105.  

Some of the major ways that the balance between neural excitation and inhibition becomes 

disrupted to result in neuronal hyperexcitability include 1) any physiological condition that 

increases glutamatergic synaptic activity (e.g., seizure-induced sprouting or increased 

connectivity between excitatory pyramidal neurons); 2) increased ion currents mediating 

membrane depolarization (e.g., inward Na+ or Ca2+ flux); 3) any conditions that decrease the 

effect of gamma-aminobutyric acid (GABA)-ergic inhibitory synaptic activity; 4) any conditions 

that increase GABA-ergic depolarising activity (e.g., changes to the GABAa receptor reversal 

potential due to Cl- loading); and 5) decreased ion currents mediating membrane 

hyperpolarization (e.g., decreased outward K+ or decreased inward Cl- flux)105,106. Seizures 

also require excess energy to sustain themselves, and as a result metabolic activity has also 

been identified as playing a key role in hyperexcitability of neurons and seizures107. 

Additionally, there is a large body of clinical and experimental data providing support for a bi-

directional relationship between inflammation and seizures. This will be outlined below.   

Seizures as a cause of inflammation 

While clinical studies have pointed to important associations between inflammation and 

epilepsy, experimental research has taken this further to suggest that inflammation may be 

both a consequence and a cause of epilepsy. In vivo studies in adult rats and mice have 

demonstrated that an increase in inflammatory mediators occurs following the induction of 

recurrent seizures or single prolonged seizures (i.e., status epilepticus) with the use of 

convulsant agents or electrical stimulation101,108–113. The increase in inflammation appears to 

occur irrespective of the method used to induce seizures114, supporting the idea that seizure 

activity itself contributes to neuroinflammation108,110,111,115–126 

Epileptogenicity can be understood as the sets of changes that underly the onset and 

persistence of spontaneous seizures after an initial precipitating event127. The induction of 

status epilepticus is one example of an event that can initiate epileptogenesis127. Interestingly, 

studies in rodent brains have demonstrated that the induction of status epilepticus is followed 

by waves of inflammation that occur over a period of days to weeks, coinciding with the 

epileptogenic process114. These prolonged inflammatory changes begin with the release of 

pro-inflammatory cytokines from microglia, astrocytes, and neurons, followed by the 
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upregulation of cytokine receptors, cyclooxygenase-2 (COX-2), prostaglandins, and 

components of the complement system in microglia, astrocytes, and neurons (See Vezzani et 

al.114 and references therein). Additionally, inflammatory cytokines, chemokines and their 

receptors tend to be upregulated in neurons and activated astrocytes following a seizure128,129, 

and this is thought to attract peripheral immune cells including leukocytes and lymphocytes 

into the brain121. Studies in the ex vivo isolated guinea pig brain have also demonstrated that 

seizures induce glial activation, vascular inflammation and accompanying damage to the 

blood-brain barrier which was dependent on IL-1β and interleukin 1 receptor type I125,130,131. 

Importantly, these seizure-induced inflammatory changes occur independently of peripheral 

leukocytes or inflammatory molecules. Taken together, these findings show that brain 

inflammation occurs acutely following the induction of a seizure and appears to develop over 

time in conjunction with the epileptogenic process.  

Inflammation as a cause of seizures 

 As discussed above, numerous studies have demonstrated that the induction of seizures 

using electrical stimulation or proconvulsant agents such as kainic acid, pilocarpine, or 

bicuculine results in downstream inflammatory cascades. Likewise, there are several lines of 

evidence that inflammation can in turn elicit and exacerbate seizure activity128,132. Notably, 

numerous papers have shown that blocking inflammatory molecules and their receptors 

following induced seizures can reduce the threshold for seizures as well as the incidence, 

frequency, and duration of seizures108,110,111,115–126. In addition, the blockade of various 

inflammatory pathways in rodent brains results in a reduction in the occurrence of 

spontaneous and kindled seizures in models of epileptogenesis121,122,133,134. These results 

suggest that seizure-induced inflammation can perpetuate and exacerbate seizures. 

Likewise, the addition of an inflammatory stimulus prior to the induction of seizures has been 

shown to reduce the threshold for seizure activity135–139. One study modelled febrile seizures 

by injecting rats intraperitoneally with both Lipopolysaccharide (LPS) and a sub-convulsant 

dose of kainic acid137. LPS is a well-known bacterial endotoxin and proinflammatory mediator 

that is often used to model the effect of an inflammatory challenge140. The study found that 

animals that developed febrile convulsions following the exposure to LPS and kainic acid had 

higher levels of the pro-inflammatory cytokine IL-1beta (IL-1β) in the hypothalamus and 

hippocampus137. In addition, intracerebroventricular injections of IL-1β resulted in a dose-

dependent increase in the proportion of animals that experienced febrile convulsions, whereas 

administration of the IL-1a receptor antagonist appeared to have an anticonvulsant effect, 

reducing the proportion of rats with febrile convulsions, and prolonging the time to onset of 

febrile seizures137. Another research group exposed postnatal day 14 rat pups to LPS and 

observed an increase in adult seizure susceptibility in response to different chemoconvulsants 
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in rats that had received early LPS exposure compared to controls that had not123. This 

increase in seizure susceptibility was defined by a faster time to first seizure or a significantly 

lower dose of the convulsant required to induce generalised clonus (i.e., reduced seizure 

threshold) compared to controls that received saline injections postnatally123. In addition, 

systemic exposure to LPS postnatally resulted in increased hippocampal excitability following 

electrical stimulation of Schaffer collaterals in the CA1 area as well as a higher frequency of 

spontaneous epileptiform discharges following bath application of 4-aminopyridine (4-AP) in 

adult rats123. Several similar studies have corroborated these findings by showing that 

systemic exposure to LPS during specific developmental stages in neonatal rats results in 

lasting changes in neuronal excitability associated with increases in stress-related gene 

expression changes118,123,141–144, as well as an increase in the number and duration of kindled 

seizures142. Taken together, these studies demonstrate that inflammatory challenges 

contribute to the incidence and severity of acute seizures, as well as to the epileptogenic 

process itself which results in the generation of recurrent spontaneous seizures.  

Thus far, the evidence reviewed has shown that inflammation can reduce the threshold for 

seizures, as well as contribute towards epileptogenesis. However, these studies involved 

experimental models of epilepsy in which seizures were facilitated using either electrical 

stimulation or chemoconvulsants. Therefore, one may ask to what extent the immune 

response can independently elicit seizures, without the addition of a proconvulsant stimulus. 

One research group sought to answer this question by exploring how a pro-inflammatory 

stimulus affects seizure activity without the addition of any other stimuli145. They reported that 

cortical injections of LPS in adult rats resulted in a marked increase in evoked field potential 

amplitudes over 5-10 mins as well as the production of focal epileptiform discharges although 

no generalised seizures were observed145. This effect was blocked by the addition of TLR4 or 

interleukin-1 (IL-1) receptor antagonists, indicating a capacity for the innate immune response 

to participate independently in increasing excitability and possibly seizures145.  

Experimental work in rats has also demonstrated a role for another major component of the 

innate immune system, known as the complement system, in seizure induction146. The main 

end-product of the complement pathway is known as the membrane attack complex which 

promotes inflammation and enhances the ability of antibodies and phagocytes to attack and 

clear pathogens and damaged cells147. Seizures were found to occur in rats shortly after the 

sequential hippocampal infusion of 5 major proteins required to form the membrane attack 

complex. Importantly, seizures only occurred after all 5 proteins were added in the correct 

order in vivo146. In contrast, when all five proteins were premixed in vitro and then infused into 

the hippocampus, there was no formation of the membrane attack complex and no seizures146. 
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These studies indicate that specific components of the immune system can directly trigger 

seizures when activated.  

In addition, a well-established model system of a viral infection leading to epilepsy is the 

Theiler’s murine encephalomyelitis virus (TMEV) model in which intracerebral inoculation of 

mice with TMEV leads to spontaneous recurrent epileptic seizures in approximately 50% of 

affected mice148,149. Markedly, seizure occurrence in this model system has been found to be 

partially dependent on specific components of the innate immune response including 

Interleukin-6 (IL-6), tumor-necrosis factor receptor 1, and complement component 3148,150. 

In addition to this in vivo work, several electrophysiological in vitro and ex vivo studies have 

explored the effect of LPS on neuronal network excitability and seizure susceptibility. Two 

such papers were able to demonstrate an independent role of LPS in triggering epileptiform 

discharges and long-duration burst events resembling epileptic seizures151,152. On the other 

hand, similar studies using LPS supported a role of inflammation in increasing excitatory 

neurotransmission but not seizure activity per se60,153. Thus, in some cases, inflammation may 

increase the propensity towards seizures but not actually elicit seizures independently.  

Evidence against a causal relationship between inflammation and seizures 

It is also worth acknowledging that several published studies appear to negate the seizure-

inducing effects of inflammation, and in certain instances, even support an antiepileptogenic 

or inhibitory effect of pro-inflammatory molecules154–162. For example, the depletion of 

microglia and T-lymphocytes in rat hippocampal organotypic brain slice cultures (OBSCs) was 

observed to have no effect on the rate of development or severity of epileptic activity when 

compared to control brain slices in which these cell types were present, suggesting that neither 

of these key inflammatory cell types are necessary for epileptogenesis, at least in the OBSC 

model system162. In addition, one research group carried out various experiments showing 

that the intracerebral or intrahippocampal infusion of pro-inflammatory mediators such as IL-

1B or LPS had an anticonvulsant effect and impeded the acquisition of kindled behavioural 

seizures in rats154–156. In accordance, exposure of rat hippocampal OBSCs to LPS over seven 

days has been observed to increase inhibitory neurotransmission as noted by CA1 pyramidal 

neurons having a significantly lower frequency of action potential (AP) discharges in response 

to a series of 4-second-long depolarizing steps163. This effect was inferred to be a result of at 

least two factors, including a lower membrane resistance and a more depolarised AP 

threshold163. Moreover, the amplitude of monosynaptic inhibitory post-synaptic potentials 

increased following the several-day LPS exposure, and this was abolished by the co-

incubation with an IL-1 receptor antagonist163.  
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In accordance, despite its known pro-inflammatory activity, murine recombinant tumor-

necrosis factor alpha (TNF-α) which binds to neuronal p75 receptors has been reported to 

inhibit seizures in mice, while human recombinant TNF-α which shows strong specificity for 

mouse p55 receptors had no effect on seizure activity164. This stands in contrast to another 

publication which reported that TNF-α enhances voltage-gated sodium currents in primary 

cultures of mouse cortical neurons165. Therefore, there appears to be some disagreement 

about whether pro-inflammatory mediators such as LPS or TNF-α exacerbate, alleviate, or 

have no effect on neuronal excitability and seizure activity.  

Other studies have found that Cox-2 inhibitors, which are a subclass of nonsteroidal anti-

inflammatory drugs, may have a pro-convulsant effect158,159,166. This contradicts studies 

showing that Cox-2 inhibitors and their accompanying reduction in prostaglandins has an 

anticonvulsant effect119,122,143. All in all, this mix of findings implies that the relationship between 

inflammation and seizures is not necessarily as straightforward as seizures inciting 

inflammation and inflammation in turn augmenting seizure activity. This does not preclude the 

possibility, however, that under certain conditions inflammation does play a role in either 

triggering or exacerbating seizures or contributing to epileptogenic processes. Nonetheless, 

the question remains as to why a considerable subset of studies have found either no effect 

of pro- or anti-inflammatory mediators on seizure activity or in some cases even an 

anticonvulsant effect of pro-inflammatory agents. One consideration is that it is likely only 

specific components of the immune system that may provoke seizures or increase seizure 

susceptibility. Consequently, certain pro- or anti-inflammatory targets, such as the mouse TNF 

p55 receptors may fail to affect seizure activity. Another explanation is that a combination of 

factors may work to drive brain tissue beyond the seizure threshold. As a result, the variation 

in experimental designs across different studies such as the age of experimental animals 

used, brain regions being studied, in vivo versus in vitro or ex vivo conditions (and 

consequently the presence or absence of an adaptive immune response), duration and 

severity of pro-inflammatory challenges, and timing of anti-inflammatory therapies relative to 

kindled seizures could influence whether immunomodulation has any effect on network 

excitability and seizures. Further research is required to better understand the set of conditions 

that increases the risk and severity of seizures in the presence of neuroinflammation, 

especially in more complex diseases states such as neurocysticercosis.  

1.3 Experimentally investigating neurocysticercosis 

As discussed in the earlier sections, much of our understanding of the pathophysiological 

changes in NCC have emerged from clinical studies that have either conducted computer 

tomography and magnetic resonance imaging scans in NCC patients or have analysed human 

tissue samples such as cerebrospinal fluid, blood, or brain tissue samples from patients with 
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NCC. Additionally, experimental research has been conducted to elucidate a more complete 

mechanistic picture of the cellular, molecular, and electrophysiological changes underlying 

NCC. Several studies have utilised healthy cell culture lines of human nervous system immune 

cells or cultured immune cells from patients with NCC in conjunction with T. solium extracts to 

study immune responses to the parasite24,25,29,30,32,33.  

In addition to work in human cell lines, various animal models have been developed to try and 

study exact disease processes in NCC. These models have varied in the combination of 

chosen parasites as well as host organisms to model the disease (See review by de Lange et 

al.14). Naturally, the gold-standard parasite to work with is T. solium as this is the parasite 

which causes NCC in humans. Some studies have infected rodents, pigs, or monkeys with 

activated T. solium oncospheres and have, to varying degrees, succeeded in reproducing the 

disease phenotype, with at least a proportion of animals experiencing seizures post-

infection167–170. However, using T. solium comes with certain challenges. Firstly, it is infectious 

to humans and therefore requires significant biosafety measures to work with171. Secondly, 

maintaining a steady supply of T. solium is difficult as it entails either harvesting them from 

naturally infected pigs in endemic areas or feeding oncospheres to a host and allowing them 

to become activated in vivo and develop into cysticerci170,172. Alternatively, oncospheres can 

be activated in vitro and then injected into the brain of a model host organism to develop into 

cysts167,173.  

Based on these limitations, several other cestodes have been used to try model NCC including 

Taenia crassiceps (T. crassiceps), Mesocestoides corti, and Taenia taeniaeformis. Of these 

different cestodes, T. crassiceps has been most commonly used to model NCC for several 

reasons. Firstly, T. solium and T. crassiceps belong to the same genus, have significant 

antigenic similarity174–177, similar secretory/excretory profiles, and comparable gene 

expression of microRNA (miRNAs)178,179. Another reason for its use is that T. crassiceps rarely 

infects humans, making it safer to work with180. This is especially the case with the ORF strain 

of T. crassiceps which has completely lost its capacity to infect a definitive host and mature 

into adult tapeworms, and therefore does not pose an infection risk to humans181. Thus, T. 

crassiceps is less resource-intensive to work with compared to T. solium and does not 

necessitate the same biosafety measures as T. solium181. T. crassiceps larvae also naturally 

infect small rodents and moles182,183, making it appropriate to work with in rodent models of 

NCC. Moreover, an important advantage of this parasite is that T. crassiceps larvae can divide 

rapidly via asexual reproduction which makes it relatively easy and cost-effective to keep a 

supply of viable Taenia cestodes for research by maintaining a colony of the parasites in the 

peritoneum of an intermediate host (usually mice)56,181.  
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There are, however, some limitations of T. crassiceps as a model organism for human NCC. 

The life cycle of T. crassiceps comprises foxes, dogs, and other wild canines as the definitive 

hosts of the adult tapeworm183,184, while the intermediate hosts of the parasite include small 

mammals such as mice, rabbits, and other rodents182,183. This differs to T. solium which 

naturally survives in humans in its adult form and in either pigs or humans during the larval 

stage of the tapeworm185. It follows from this that T. crassiceps and T. solium must have 

evolved genetic differences including species-specific differences in antigen expression that 

allows them to induce distinct immune responses to survive within their respective hosts. The 

genetic variation between the two parasites is further supported by clear differences in 

characteristics such as the morphology and size of the two parasites. This implies that disease 

models which utilise T. crassiceps may present with important differences in their 

pathophysiology compared to models using T. solium180,183. Moreover, there is some evidence 

that genetic and morphological changes may occur in certain T. crassiceps strains that have 

been maintained intraperitoneally in mice and this could potentially augment differences 

between the two tapeworms181,186. Nonetheless, considering the benefits of working with T. 

crassiceps as an alternative cestode to model the effect of T. solium as well as the relative 

similarity of the two species, there is arguably still a benefit in carrying out research with T. 

crassiceps to gain insight into NCC pathophysiology.  

The main way that T. crassiceps has been studied has been via intracranial injection of 

cestode larvae or larval extracts into the brains of mice or rats56,57,187. Notably, it is not ideal to 

infect small mammals such as rodents with T. crassiceps as the parasite takes up a large 

amount of space in the cerebrum, causing brain tissue to be displaced188. One way around 

this problem is to harvest T. crassiceps larvae from a mouse intraperitoneal colony, 

homogenise the larvae, and then expose brain tissue from the chosen host organism to the 

homogenate containing the T. crassiceps products56.  Exposing brain tissue to T. crassiceps 

can be carried out in vivo or ex vivo. Arguably, in vivo work may recapitulate certain aspects 

of injury or disease more accurately as it allows for an examination of how variables such as 

the infiltration of peripheral leukocytes as well as alterations to the blood-brain barrier may be 

involved in the pathogenesis of NCC189,190. On the other hand, ex vivo models enable easy 

molecular and electrophysiological access to live brain tissue191, which is often more difficult 

or expensive to carry out in vivo192,193. Another advantage of ex vivo work is its alignment to 

the principle of reduction and refinement in animal research as described by The National 

Centre for the Replacement, Refinement & Reduction of Animals Research (NC3Rs) in the 

United Kingdom193,194. For example, brain slice cultures make it possible to use fewer animals 

and to minimise the suffering of the animals being used by modelling the disease state in 

culture rather than in the animal while it is alive195.  
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The Raimondo lab has established an ex vivo model of NCC by utilising a mouse hippocampal 

organotypic brain slice culture (OBSC) preparation196. The experimental setup maintains an 

in vivo component as mice are intraperitoneally injected with T. crassiceps larvae and serve 

as host organisms to maintain a living T. crassiceps colony. The brain is then exposed to a 

Taenia material ex vivo via the mouse hippocampal OBSCs which are a well-established 

preparation to gain molecular and electrophysiological access to brain tissue197–200 and are 

also a well-characterised system for studying epileptogenesis (See Park et al. 2015162). As 

with other ex vivo or in vitro systems, the organotypic preparation allows for easy and precise 

pharmacological interventions without the costs and challenges associated with in vivo 

work201. However, it has an advantage over in vitro systems used to study the brain such as 

cultured dissociated neurons in that it preserves synaptic organisation, network architecture 

and the presence of all resident brain cell types, thereby enabling a more ecologically valid 

environment for studying neurophysiological phenomena201. 

To model cestode infection, T. crassiceps larvae of the ORF strain are homogenised and the 

growth media used to feed the mouse hippocampal OBSCs is treated with thawed aliquots of 

the homogenate. This setup allows for brain tissue to be exposed to the same antigens and 

factors that make up the T. crassiceps larvae. A key preliminary finding from the Raimondo 

lab using this model was that the T. crassiceps larval homogenate was able to abolish the 

release of pro-inflammatory cytokines induced by the potent pro-inflammatory mediator, LPS. 

This demonstrated a capacity of T. crassiceps larvae to block the induction of inflammation by 

a pro-inflammatory stimulant, and it has been hypothesised that this effect may mimic the 

immune suppression seen during the viable cyst stage of NCC. This is not improbable 

considering that the homogenate is made from T. crassiceps larvae that are mostly viable 

upon freezing.   

Further exploration is required to improve our understanding about the immunosuppressive 

activity of the T. crassiceps homogenate as well as other cellular and molecular pathways it 

may be modulating. Furthermore, the effect of Taenia larvae on neuronal function remains to 

be elucidated. We have hypothesised that the host’s immune response in the brain may 

increase neuronal excitability and predispose the brain towards seizures. In turn, we 

hypothesised that the ability of T. crassiceps larvae to block the inflammatory response could 

also serve to impede possible inflammation-induced changes in neuronal excitability and 

thereby have seizure suppressing effects. Based on these two hypotheses, I was interested 

in firstly exploring what effect acute innate immune activation has on cell-type-specific 

transcription and on the intrinsic electrical properties of neurons. This was with the goal of 

gaining deeper insight into whether an inflammatory challenge by itself affects network 

excitability. Secondly, I wanted to investigate how the Taenia homogenate by itself affects cell-
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type-specific transcription and the electrical properties of neurons. Finally, building from the 

experimental design of previous members in the lab, I set out to explore how the addition of 

the Taenia homogenate to a pro-inflammatory stimulus such as LPS would affect gene 

expression at single-cell resolution and on neuronal electrical properties.  

A relatively recent advance in transcriptomic profiling is single-cell RNA sequencing 

(scRNAseq) or single-nucleus RNA sequencing (snRNAseq) which allows for a readout of 

mRNA levels within individual cells or nuclei202. We chose to use single-cell profiling for the 

purposes of this study as it offers two main advantages over other methods of measuring 

molecular changes in cells. Firstly, unlike other methods of measuring levels of molecules 

such as enzyme-linked immunosorbent assays (ELISAs), immunohistochemistry, Luminex, or 

microarrays which rely on a pre-selection of sets of genes to assay, RNA sequencing allows 

for a relatively unbiased, exploration of gene expression levels for almost all genes expressed 

in a tissue without requiring a decision on which molecules might be important to measure in 

advance203. Secondly, in contrast to the earlier RNA sequencing method known as bulk RNA 

sequencing which measures average RNA expression levels across tissue, single-cell or 

single-nucleus RNA sequencing approaches allow for transcriptomic changes to be traced to 

individual cells or nuclei204. Computational methods can then be used to group together cells 

or nuclei with similar gene expression profiles and label them according to the likely cell type 

they represent, thereby enabling an exploration of how specific cell types drive gene 

expression changes in response to the stimulus204. For this project, snRNAseq was chosen 

over scRNAseq for several reason. Firstly, we wanted to be able to freeze the brain tissue to 

have flexibility in planning the experiments and therefore snRNAseq is necessary as nuclei 

remain intact during freezing and thawing whilst cell membranes become ruptured during the 

freezing process and therefore result in low viability of whole cells205. Additionally, snRNAseq 

offers some advantages over scRNAseq when working with brain tissue. Firstly, scRNAseq 

often introduces a bias in terms of which brain cells are represented due to certain cells dying 

more easily or being captured at different rates in droplet-based methods because of large 

variability in morphology and size of brain cells205. In contrast, nuclei are relatively uniform 

across different cell types and thus their capture in droplets is not affected by the cell type they 

come from205. Nuclei are also less susceptible to spurious activation of gene expression during 

tissue dissection and isolation than whole cells205. However, a potential disadvantage of 

snRNAseq for brain tissue is that it is not able to detect changes in levels of transcripts that 

may occur in the cytoplasm after being exported out of the nucleus205. Nonetheless, all 

cytoplasmic and synaptic transcripts are first synthesised in the nucleus, and thus nuclear 

levels of these transcripts can arguably still serve as a proxy for how their expression is being 

modulated in response to conditions of interest205. There are also some general considerations 
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and limitations of single-cell and single-nucleus RNA sequencing methods. For one, standard 

scRNAseq and snRNAseq only provides an indication of the levels of transcripts and it is more 

expensive and resource-intensive to use technologies such as Smart-seq2 that allow for the 

detection of alternatively spliced transcripts206. Moreover, as RNA-seq is a transcriptomic 

method, it means it does not detect changes at the protein level such as breakdown of proteins 

and post-translational modifications which can drastically alter function. This is an important 

consideration when it comes to exploring the molecular changes underlying neuronal 

excitability, as post-translational changes that modify the structure or abundance of synaptic 

proteins are known to play a role in modulating neurotransmission207–210.  

Despite these limitations, using snRNAseq is of value when it comes to understanding how 

an immunomodulatory stimulus such as LPS affects signalling pathways in the brain, as there 

is evidence for cell-type-specific responses including distinct roles of glial cells and neurons210–

212. To my knowledge, this has not been investigated in mouse hippocampal OBSCs using

snRNAseq which is another gap I would like to address in this project. Understanding which 

cell types are responsible for different pathophysiological or neuroprotective pathways 

following exposure to either LPS or Taenia larvae may have important implications down the 

line when it comes to developing new therapeutics for neurocysticercosis and other 

neuroinfections. Furthermore, carrying out this research in mouse hippocampal OBSCs can 

lend further insight into the utility and limitations of this model system.  

In addition to measuring transcriptomic changes in response to the different treatment 

conditions, I wanted to investigate how these same treatments affect changes in the intrinsic 

electrical properties of neurons as this could provide one way in which network excitability is 

mediated. I chose to use whole-cell patch-clamping as this is the gold-standard method for 

measuring electrophysiological changes of cells213. There are various electrophysiological 

properties that can be studied in neurons using whole-cell patch-clamp including synaptic 

properties such as excitatory and inhibitory post-synaptic potentials and currents, action 

potentials, and the intrinsic properties of neurons.  I was specifically interested in building off 

previous work of the Raimondo lab to test whether innate immune activation and Taenia larval 

material affects the intrinsic properties of neurons as this can improve our understanding of 

the effect these stimuli have on the fundamental functioning of neurons. I then wanted to 

contextualise these findings with regards to possible seizure likelihood in the brain slices. To 

my knowledge, there are currently no published studies that have investigated this.  

Due to its complex immunomodulatory activity, NCC represents a powerful model system to 

investigate the relationship between inflammation and seizures. Insights into seizure 

mechanisms in models of NCC may have relevance to other seizure conditions. The next 
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section outlines the aims formulated for this master’s project to address the abovementioned 

gaps in knowledge regarding neuroimmune and cestode modulation of brain function.  

1.4 Aims 

Aim 1: Characterise the effects of acute innate immune activation and Taenia crassiceps 

exposure on cell-type-specific gene expression in mouse hippocampal organotypic brain slice 

cultures. 

Aim 2: Explore the effects of acute innate immune activation and Taenia crassiceps exposure 

on the intrinsic electrical properties of neurons in mouse hippocampal organotypic brain slice 

cultures. 

1.5 Objectives 

1.5.1 Aim 1: Characterise the effects of acute innate immune activation and 

Taenia crassiceps exposure on cell-type-specific gene expression in mouse 

hippocampal organotypic brain slice cultures. 

Objective 1: Generate snRNAseq datasets from mouse hippocampal OBSCs treated with 

LPS; T. crassiceps; LPS + T. crassiceps; or regular growth media (control). 

Objective 2: Carry out computational pre-processing of the snRNAseq datasets. 

Objective 3: Perform a differential expression analysis and other custom analyses to explore 

cell-type-specific gene expression changes between the LPS and control group.  

Objective 4: Use Hybridisation Chain Reaction (HCR) RNA-Fluorescence In Situ Hybridisation 

(RNA-FISH) to validate some results from the differential expression analyses between the 

control and LPS group.  

Objective 5: Run a differential expression analysis and other custom analyses to explore cell-

type-specific gene expression changes between the T. crassiceps and control group. 

Objective 6: Run a differential expression analysis and other custom analyses to explore cell-

type-specific gene expression changes between the LPS + T. crassiceps and LPS group. 

1.5.2 Aim 2: Explore the effects of acute innate immune activation and Taenia 

crassiceps exposure on the intrinsic electrical properties of pyramidal neurons. 

Objective 1: Carry out whole-cell patch-clamping to measure the intrinsic electrical properties 

of pyramidal neurons from mouse hippocampal OBSCs treated with LPS, T. crassiceps, LPS 

+ T. crassiceps, or regular growth media (control).
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Objective 2: Run multiple comparisons statistical tests and pair-wise comparisons to look for 

differences in the intrinsic electrical properties of neurons between the different treatment 

groups.  

  CHAPTER 2 

2. Materials and Methods

2.1 Establishing ex vivo models of innate immune activation and cestode 

infection in the brain.  

2.1.1 Preparation of mouse hippocampal organotypic brain slices. 

Mouse hippocampal organotypic brain slices were prepared by euthanising postnatal day 6-8 

C57BL/6 mice pups via cervical dislocation and decapitation. The brain was removed from the 

skull and placed in iced (4 °C) dissection media. The dissection media consisted of EBSS with 

6.1 g/l HEPES, 6.6 g/l glucose, and 5% 1M NaOH (all reagents from Sigma Aldrich). Both 

hippocampi were dissected in the dissection media on ice. Hippocampi were cut into 350 μm 

slices using a chopper. The hippocampal organotypic brain slices were then plated on semi-

permeable cell culture Millicell-CM membrane inserts (pore size = 0.4 μm) in a 6-well plate 

(Sigma-Aldrich). The slices were cultured with standard growth media consisting of 

(volume/volume): 25% heat-inactivated horse serum (Biochrom), 2% B27, 23% EBSS, 50% 

MEM, and 6.5 g/l glucose (from Sigma Aldrich unless otherwise specified). Slices were 

cultured in a humidified incubator at 35 – 37 °C with 5% carbon dioxide (CO2). Three slices 

were plated per well with 1.2 ml of growth media. All preparation steps were carried out with 

attention to sterility, and both the dissection media and growth media were sterilised upon 

preparation. 

2.1.2 Treatments of hippocampal brain slice cultures 

Tissue was cultured for 6 days with regular growth media to recover from the disruption of the 

dissection. Treatments were then carried out on day 6. To model innate immune activation, 

slices were exposed to 10 ng/ml LPS diluted in growth media. To model the cestode infection, 

slices were treated with 200 ug/ml of a T. crassiceps homogenate diluted in growth media. To 

model both an inflammatory challenge together with the cestode larvae, slices were treated 

with both 10 ng/ml LPS as well as 200 μg/ml T. crassiceps homogenate. Regular growth media 

served as the negative control condition for all treatment groups. The T. crassiceps 

homogenate was prepared from T. crassiceps whole larval cysts that were frozen at -80 °C. 

Frozen cysts were placed in a glass tissue grinder and ground until no pieces of membrane 

were visible. 1X Phosphate Buffer Saline (PBS) and protease inhibitor were added to the T. 



21 
 

crassiceps pulp, and the solution was ground again until it appeared homogenous. The 

solution was centrifuged at 3100 G for 20 min at 4 °C. After centrifugation three layers are 

apparent: a floating fatty layer, a middle liquid layer, and a solid bottom pellet. The supernatant 

was removed leaving behind the fatty layer and the solid pellet. The remaining solution was 

filter sterilised using a 0.2 μm sterile syringe filter. Aliquots of the T. crassiceps homogenate 

were prepared and stored at -80 °C.  

To validate the effectiveness of the treatments, growth media was collected from the wells and 

frozen at -80 °C for later analysis. ELISAs were run on the growth media to measure 

concentrations of pro-inflammatory cytokines, including TNF-α and IL-6 (Detailed protocol 

previously described by de Lange et al.214). This allowed for verification that the treatments 

were effective by looking for the expected inflammatory activity of LPS and 

immunosuppressive effect of the T. crassiceps homogenate. The Kruskal-Wallis one-way 

ANOVA was used to test for statistical significance between multiple groups with post hoc 

Dunn’s Multiple Comparison test for pairwise comparisons. For comparisons between just two 

groups, the Mann-Whitney U test was carried out.  

2.2 Single-nucleus RNA sequencing  

2.2.1 Single-nucleus RNA sequencing dataset generation. 

Single-nucleus RNA sequencing datasets were generated via the 10X Genomics platform215. 

To obtain sufficient tissue for each condition, hippocampal brain slices were pooled together 

with slices that received the same treatment (control, LPS, Hom, and LPS+Hom) and stored 

at -80 °C. A single sample for one treatment group had approximately thirty-six hippocampal 

brain slices pooled together from multiple different animals and a total of four samples for each 

treatment group were generated. As much as possible, we tried to mix and match the 

combination of samples in each snRNAseq run to minimise batch effects (For summary of the 

batches, see Supplementary 1). The nuclear isolation protocol was carried out as follows: the 

pooled frozen slices were homogenised in lysis buffer and cells were lysed in the lysis buffer 

using a micro tissue grinder. After cell lysis, the sample was incubated on ice, centrifuged, the 

supernatant removed, and the pellet resuspended in lysis buffer. The sample was then 

centrifuged again and resuspended in nuclear suspension buffer. To estimate nuclear viability, 

20 μL of a 1:1 nuclear suspension and trypan blue solution were loaded onto a 

haemocytometer and the nuclei counted under a microscope. We aimed for a nuclear viability 

of >5%. Additional nuclear suspension buffer was added to the sample to make up to 1 ml, 

and the nuclear suspension was then filtered through a 40 μm cell strainer. Nuclear viability 

was once again measured on the haemocytometer with either trypan blue or a DAPI stain. 
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Samples were kept on ice throughout. After confirming a high enough concentration of nuclei 

in the sample stock, we proceeded with the snRNAseq run.  

For the first few samples, we targeted 10000 nuclei per sample. To improve sequencing depth, 

we adapted this for later samples to target 6000 nuclei per sample (See Supplementary 1 for 

summary of sample metadata). The snRNAseq runs were then carried out according to the 

Chromium Next GEM 3' Single Cell 3 Reagent Kits v3.1 user guide. The required 

concentration of the nuclear suspension stock was determined according to the number of 

nuclei we were targeting (as outlined in the 10X protocol). Sample dilutions were carried out 

with nuclease-water and the nuclear suspension was then combined with the required volume 

of the Master Mix prepared on ice according to the protocol (59.1% RT Reagent B, 7.5% 

Template Switch Oligo, 6.3% Reducing Agent B, and 27.4% RT Enzyme C). The samples 

consisting of the nuclear suspension in Master Mix were loaded into the row labelled 1 on the 

10X Genomics Single cell 3’chip G. Gel Beads were loaded into the used wells corresponding 

to samples in the row labelled 2. Partitioning Oil was loaded into the corresponding sample 

wells in the row labelled 3. A solution of 50% Glycerol was prepared and pipetted into the 

unused wells of the chip. The 10x Gasket was attached to the chip before placing the chip in 

the 10X Genomic chromium controller which uses a microfluidics system to capture individual 

nuclei in oil droplets along with a barcoded bead. Reverse transcription is carried out within 

the droplets which converts the RNA to cDNA. During this step, the cDNA barcodes are added 

onto the cDNA transcripts. Following GEM generation and barcoding, the preparation of cDNA 

libraries was carried out, including cDNA PCR amplification, size selection of transcripts, 

adaptor ligation for sequencing, and the addition of sample-specific indices for demultiplexing 

with Illumina. After the post-library construction quality control checks, samples were sent for 

sequencing via Illumina216. Sequencing library samples were multiplexed and sequenced on 

a Novaseq machine using the recommended read length from 10X Genomics. Raw base calls 

were demultiplexed to obtained FastQ files for each sample.  

2.2.2 Single-nucleus RNA sequencing bioinformatics analysis. 

All snRNAseq analyses were performed on facilities provided by the University of Cape Town’s 

ICTS High Performance Computing team.  

Cell Ranger version 7.1.0 was used to map paired end sequencing reads to the mouse 

reference transcriptome (refdata-gex-mm10-2020-A) from the 10X Genomics downloads site, 

as well as filter the data to exclude any empty barcodes217. Default arguments were used 

including the inclusion of introns. The estimated number  
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Quality control 

After running the Cell Ranger pipeline, the filtered feature-barcode matrix of each sample was 

converted into a Seurat object. Samples were then processed according to the standard 

Seurat pipeline218 in R version 4.0.5 or 4.2.0219. The data was filtered to remove poor quality 

nuclei or droplets that had not captured nuclei. This involved filtering the data to only include 

barcodes with greater than 500 unique molecular identifiers (UMIs), greater than 250 genes 

expressed, and log10GenesPerUMI greater than 0.8, as well as a mitochondrial ratio less than 

0.2. Additionally, all mitochondrial genes were excluded from the dataset because we were 

capturing nuclei and were therefore not expecting mitochondrial transcripts in the data. Thus, 

mitochondrial genes were assumed to potentially drive artefactual sources of variation in the 

data and removed to limit their effect on downstream analyses220.  

Several doublet identification tools were employed including DoubletFinder221, Scrublet222, and 

DoubletDecon223. These tools vary in their sensitivity and specificity for accurately identifying 

barcodes that represent doublets. One benchmarking paper found DoubletFinder to be the 

leading doublet-detection tool in terms of its accuracy, while Scrublet tends to have good 

specificity but poorer sensitivity for detecting doublets, and DoubletDecon tends to 

overestimate doublets224. The most common tools for identifying doublets (including 

DoubletFinder and Scrublet) simulate artificial doublets by randomly combining gene 

expression profiles of two droplets in the dataset and then comparing each droplet to the 

artificial doublets to determine their similarity. Both DoubletFinder and Scrublet use a K-

nearest neighbors (KNN) approach to compare each droplet to the artificial doublets and give 

each droplet a doublet score based on its similarity to the artificial doublets. A user-defined 

threshold score can be set to decide which droplets end up being classified as doublets. For 

this analysis the threshold doublet score for DoubletFinder was set according to the proportion 

of expected doublets in the dataset based on an estimated homotypic doublet rate of 10%. 

The threshold doublet score for Scrublet was set at 0.3 which approximates the point at which 

the two peaks of a bimodal simulated doublet score histogram are separated from each other. 

DoubletDecon, on the other hand, uses a deconvolution algorithm to determine if a droplet 

resembles a doublet, and does not have a doublet score. I chose to employ all three of these 

doublet-detection tools to diversify the methods used to identify doublets and maximise the 

chances of correctly calling true doublets. I decided to take all the doublets called by 

DoubletFinder together with the intersection of doublets called by Scrublet and DoubletDecon 

for each sample. The latter choice to only include the intersection of doublets identified by 

Scrublet and DoubletDecon was with the goal of modifying DoubletDecon’s high false positive 

rate. Effectively, this is the equivalent of taking all doublets called by DoubletFinder along with 
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the doublets that have agreement between any of the three tools. The set of identified doublets 

for each sample was then filtered out of the merged data containing all 16 samples.  

Integration and clustering 

Following the quality control steps, normalisation was performed using the SCTransform() 

function to correct the data for differences in the sequencing depth across cells. SCTransform 

also performs variance stabilisation to ensure that it is not only highly expressed genes driving 

the greatest sources of variation in the data as highly expressed genes tend to exhibit the 

highest amounts of variation. This is necessary as the top 2000 most variable genes are used 

in downstream analyses to perform integration and so we would like to avoid only highly 

expressed genes being included in the set of top highly variable genes. In addition, I included 

an argument to regress out the mitochondrial ratio of each barcode as this is an “uninteresting” 

source of variation in the data. I also assessed whether cell cycle phase contributed 

substantially to the variation in the data by performing a Principal Component Analysis (PCA) 

and finding that cell cycle phase did not substantially contribute to variation between nuclei 

(Supplementary 6). Integration of the different samples was performed by first running Seurat’s 

FindIntegrationAnchors() function which identifies a set of anchors between the samples. 

Integration anchors were obtained using the top 2000 most variable features and 30 

dimensions. The IntegrateData() function then performs a canonical correlational analysis on 

the SCT normalised data to integrate/align similar cells across the 16 different samples. 

Integration is important for downstream annotation and analysis of the data to ensure that cells 

belonging to the same cell type/populations across samples can be identified and annotated 

as such. PCA was then run on the integrated data followed by clustering using the 

FindNeighbors() and FindClusters() functions to group cells according to the largest sources 

of variation in the data. These functions use a graph-based clustering approach, which 

embeds cells in a graph structure, using a KNN graph with edges drawn between cells with 

similar gene expression patterns. The graph is then partitioned into interconnected ‘quasi-

cliques’ or ‘neighbourhoods’ which form the discrete clusters that each nucleus belongs to.  

Marker identification and annotation 

To annotate clusters, several methods were used to gain consensus from various approaches. 

The FindAllMarkers() function was used to identify differentially expressed genes (DEGs) 

between the clusters (Supplementary 2.1). A resolution of 0.4 was set as the active identity 

and consisted of 30 clusters to be annotated. An automated annotation tool known as SCSA225 

was then used to compare the list of DEGs per cluster obtained from FindAllMarkers() to sets 

of known cell-type-specific markers. Several reference databases were used including 

SCSA’s built-in reference databases obtained from CellMarker226 and CancerSEA227, as well 
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as creating my own user-defined databases with brain cell type markers curated from 

mousebrain.org228 (See Supplementary 2.2). SCSA then provides an output file with predicted 

cell type annotations for each cluster along with a score for the predictions as well as other 

score-based indications of the confidence of the predicted cell type relative to the next best 

predicted cell type (Supplementary 2.3).  

To supplement this automated annotation method, I used more bias/manual inspection 

methods including visualising the expression of a small set of known cell-type-specific markers 

across the different clusters in featureplots and bubbleplots as well as searching for these 

known cell-type-specific markers in the list of all DEGs across clusters from the 

FindAllMarkers() output. Overall, there was relatively good consensus between the automated 

annotation method and manual inspection methods with a few exceptions. Cluster 0 was 

predicted as endothelial cells by SCSA whilst visual inspection methods showed higher 

expression of astrocyte markers in cluster 0 (Figure 3.2 F). I also found that at least 4 of the 

astrocyte markers (Gfap, Aqp4, Lhx4, and Ndrg2) were in the list of DEGs for cluster 0, 

whereas none of the endothelial markers (Apold1, Cldn5, Ly6a, Car4, Pecam1, Eng, Mcam, 

and Tek) were in this set of DEGs (Supplementary 2.1). On the other hand, cluster 24 which 

had also been called endothelial cells by SCSA had both Cldn5 and Pecam1 in its list of 

cluster-specific DEGs, thereby serving as a good positive control. Based on this, as well as 

cluster’s 0’s proximity to the neighbouring high-confidence astrocyte clusters, I chose to 

consider cluster 0 as an astrocyte cluster rather than an endothelial cell cluster 

(Supplementary 2.1). In addition, cluster 21 has increased expression for both the DG-specific 

marker (Prox1) as well as microglia-specific markers relative to other clusters, while cluster 29 

showed increased expression of cell-type-specific markers for both Microglia and OPCs 

relative to the other clusters (Figure 3.2 F). These ambiguous clusters were labelled as Prox1-

microglia and Microglia/OPCs, respectively, and were mostly excluded from downstream 

analyses. The 30 clusters (resolution 0.4) were then labelled with my user-defined putative 

annotations. These were relatively broad annotations and did not include sub-populations of 

excitatory and inhibitory neurons.  

In addition to these manual and automated annotation methods, a label transfer was carried 

out using the Allen Mouse Brain atlas as the reference. Briefly, the Whole Cortex & 

Hippocampus - 10x Genomics (2020) with 10x-Smart-Seq Taxonomy (2021) was downloaded 

from the Allen Brain database229. The data was filtered by region to only include the 

hippocampus. As the dataset was very large and would not be efficient for computational 

analysis, the reference dataset was filtered to only include nuclei that were expressing at least 

500 genes and less than 7500 genes. This ceiling threshold was used to reduce the size of 
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the dataset to make for more efficient computational processing. The same pre-processing 

steps that were carried out on our query dataset were applied to the Allen reference dataset 

including SCTransform to perform the normalisation and scaling. The Seurat 

FindTransferAnchors() function was used to find anchors between the reference and query 

datasets with “SCT” specified as the normalisation method. FindTransferAnchors() first 

performs dimensional reduction (using the top 30 dimensions in this case) to project the query 

dataset onto the reference dataset in the same PCA structure. A set of anchor nuclei are then 

identified between the reference and query dataset (i.e., inter-dataset pairs of nuclei that are 

contained within each other's neighbourhoods). The anchors are filtered to ensure only high 

confidence anchors remain. Next, the nearest k.score anchors for each anchor nucleus is 

obtained to find its nearest neighbours within its own dataset and within its pair’s dataset. A 

neighbor graph is constructed based on these neighbourhoods and the shared neighbor 

overlap between the query and reference dataset is calculated and stored as an AnchorSet 

object. Using the TransferAnchors() function, nuclei in the query dataset then get the 

label/annotation of the nuclei they are anchored to in the Allen reference dataset.  

Once the user-defined annotations and Allen brain annotations were obtained, I chose to use 

a filtering method to exclude nuclei that did not have agreement between the two annotation 

methods. This was done by adding two new cluster annotation columns to the metadata of the 

Seurat object in which both my own annotations and the Allen’s subclass annotations were 

converted into a broad cell type annotation (Astrocytes, Microglia, Oligos, Endothelial cells, 

Pericytes/VLMCs, Excitatory neurons, Inhibitory neurons, Dentate gyrus cells, and Cajal-

Retzius cells). These two lists were then compared and any nuclei that did not have consensus 

between the converted user-defined annotation and the converted Allen annotation were 

excluded. I noticed, however, that the Allen did not have equivalent cell types to match my 

user-defined annotations of the Ependymal cells, OPCs, Prox1-microglia, and 

Microglia/OPCs. To get around this, all nuclei that had been labelled as Ependymal cells in 

the user-defined annotations were kept in the dataset. All nuclei labelled as OPCs in the user-

defined annotations were retained provided their Allen subclass annotation was Oligos. All 

nuclei labelled as Prox1-microglia in the user-defined annotations were retained provided their 

Allen subclass annotation was either Microglia or Dentate gyrus cells (as these are Prox1 

positive cells). All nuclei labelled as Microglia/OPCs in the user-defined annotations were 

retained provided their Allen subclass annotation was either Microglia or Oligos.  

While this was a considerably stringent filtering step, I decided to go forward with this as I 

wanted to be as certain as possible of the cell type annotations for each cluster to increase 

confidence in downstream analyses. After all filtering steps were performed there were 33271 

nuclei in the control group, 30291 nuclei in the Hom group, 31286 nuclei in the LPS group, 
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and 25923 nuclei in the LPS+Hom group (Supplementary 5.1). The differences in the number 

of nuclei per group were mainly a result of differences in the number of nuclei targeted per 

sample (which was adapted for later snRNAseq runs) as well as randomness in capture rate 

of droplets per sample.  

With the remaining nuclei, I created four “levels” of cluster annotations including user-defined 

nuanced annotations; user-defined coarse annotations; Allen mouse brain cluster annotations; 

and Allen mouse brain subclass annotations. Due to the Allen brain dataset having higher 

resolution annotations for the neuronal populations, I made use of the Allen’s annotations for 

my nuanced annotations to identify 3 excitatory neuron sub-populations (CA1, CA2/CA3, and 

Subiculum/Entorhinal) along with the Dentate gyrus cells and Cajal-Retzius cells. Similarly, I 

used the Allen’s inhibitory neuron annotations to identify 5 inhibitory neuron sub-populations 

(Lamp5, Vip, Sncg, Pvalb, and Sst).  

Differential expression analysis 

After annotation of the clusters, a differential expression (DE) analysis was run using a 

pseudobulk approach via the DESeq2 package230 and associated packages including ashr231. 

Pairwise DE analyses were run between the following groups: 1) control and LPS group for 

the coarse clusters, 2) control and Hom group for the nuanced and coarse clusters, 3) LPS 

and LPS+Hom group for the coarse clusters, and 4) control and LPS+Hom group for the 

coarse clusters. As recommended in the DESeq2 pipeline for single-cell data, the DE test was 

applied to each cell type individually. Counts of each gene are aggregated per sample and the 

median of ratios method used to estimate size factors for each sample which accounts for 

sequencing depth and differences in the total number of nuclei per sample. DESeq2 then 

estimates the gene-wise dispersions and shrinks these estimates to generate more accurate 

estimates of dispersion for modelling the counts. It then fits a negative binomial generalised 

linear model for each gene and makes use of the Wald Test for pairwise statistical testing. 

Before running DESeq2, variation in the dataset was explored by plotting PCA plots and 

colouring them according to group_id (treatment condition), sample_id (samples), and batch 

(based on the snRNAseq run that the sample was processed in). These plots revealed batch 

to be a significant contributor to the variation in the dataset. As a result, the design formula of 

the DESeqDataSetFromMatrix() function was used to adjust for batch. This was done by 

specifying batch as a known source of variation to be treated as a covariate in the regression 

model whilst specifying treatment group as the conditions of interest design(~ batch + 

group_id). P-values were corrected using the Benjamini and Hochberg method. The 

significance threshold was set at p.adj < 0.05. A foldchange threshold was also set at the 

absolute Log2FoldChange >= 0.58.  
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EnrichR232 was used to carry out an enrichment analyses on various sets of upregulated and 

downregulated genes separately for each cell type to identify biological pathways associated 

with the DEGs for each cell type. EnrichR uses the Fisher’s exact test to assess the 

significance of overlap between the input list and the gene sets and rank a functional term’s 

relevance to the input list233. An adjusted p-value is calculated using the Benjamini-Hochberg 

method to correct for multiple comparisons233. The threshold for the gene list to be considered 

significantly enriched for a particular pathway was set at p.adj < 0.05. The GO Biological 

Processes 2021 database was chosen as the reference database against which to compare 

our sets of DEGs. Customised analyses were run to further explore cell-type-specific 

differences between the treatment groups of interest.  

2.3 Hybridisation chain reaction RNA-Fluorescence in situ hybridisation. 

To validate some of the snRNAseq results between the control and LPS condition, a 

hybridisation chain reaction HCR RNA-FISH protocol was optimised for three different 

combinations of genes in mouse hippocampal OBSCs. The protocol was adapted from the 

Molecular Instruments HCR v3.0 protocol234 for a sample on a slide as well as a protocol 

published by the Allen Institute for FISH in 350 μm paraformaldehyde-fixed mouse cortex 

tissue slices235. 

2.3.1 RNA-FISH sample preparation 

Mouse hippocampal OBSCs were cut out of the inserts. Slices were fixed in 4% 

paraformaldehyde (PFA) for 30 minutes. Slices then underwent three wash steps in 1X PBS 

for 10 minutes each and then maintained in 70% ethanol (EtOH) at 4 °C for a maximum of 33 

days. Slices were kept on their membranes for the entire tissue preparation and in situ HCR 

protocol.  

2.3.2 HCR RNA-FISH  

Slices were permeabilised in 8% SDS for 10 minutes at room temperature followed by a 1-

minute wash step in 70% EtOH. After permeabilisation, slices were prehybridised in probe 

hybridsation buffer for 10 minutes at room temperature. Probe solutions were prepared with 

one of three probes (Timp1, Ccl5, or Lcn2) at a concentration of 8 nM in probe hybridisation 

buffer. Slices were incubated overnight in their respective probe solution at 37 °C. The 

negative probe control slices were incubated in probe hybridisation buffer instead of a probe 

solution. A series of four 15-minute wash steps were carried out in four different concentrations 

of probe wash buffer (25%, 50%, 75%, and 100%) diluted in 5X SSCT where applicable. The 

wash solutions were pre-warmed at 37 °C. Slices were pre-amplified with amplification buffer 

for 30 minutes. The paired fluorescent hairpins (h1 and h2) corresponding to the probes were 
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heated to 95 °C for 90 seconds then cooled to room temperature for 30 mins. A hairpin solution 

with fluorescent hairpins was prepared at a concentration of 20 nM in amplification buffer. The 

Timp1, Ccl5, and Lcn2 probes received hairpins with amplifier fluorophores that are excited 

by the 647 nm laser. Slices were incubated with the hairpin solution at room temperature 

overnight. Negative probe and negative hairpin slices were incubated in amplification buffer 

instead of the hairpin solution (Supplementary 3 for representative images of negative probe 

slice). Slices were washed twice in 5X SSCT for 30 minutes per wash step. This was followed 

by another 5X SSCT wash step for 5 minutes and a 1-minute 1X PBS wash. A Hoescht 

solution (0.6 uM) was prepared in 1X PBS. Slices were incubated in the 0.6 uM Hoescht for 

20 minutes to stain the nuclei blue. Slices were then removed from the membranes and 

mounted on slides with mowial mounting medium. Cover slips were added on top.  

2.3.3 Image processing and quantification 

Slides were imaged on the LSM 880 airyscan confocal microscope (Carl Zeiss, ZEN SP 2 

software). The C-Apochromat 40x objective was used. Gain was set at 600 for the Hoescht 

channel, and at 700 for the other 3 channels (488, 546, and 647). Images were obtained 

across different spatial points in each slice and at several different levels within one position 

starting at the sheath and moving lower towards the bottom of the slice. The average 

fluorescent signal for each probe was obtained for each image taken within the mid-slice 

regions. These data points were pooled across slices and experiments to create biological 

replicates for quantification. A Mann-Whitney test was run to compare the mean fluorescent 

intensity of each of the probes between the control and LPS group.  

2.4. Whole-cell patch-clamp recordings 

After 24 hours of exposure to their respective condition, brain slices belonging to either the 

control (N=17), Hom (N=22), LPS (N=20), or LPS+Hom (N=18) group were transferred one at 

a time onto a patch-clamp rig. Each slice was bathed in a continuous flow of artificial cerebral 

spinal fluid (aCSF) bubbled with carbogen (95 % O2: 5 % CO2) and maintained between 28 - 

32°C using a temperature regulator. The 10X artificial cerebral spinal fluid stock solution was 

made from NaCl (120 mM), KCl (3 mM), Sodium phosphate Monobasic dihydrate (1.2 mM), 

Sodium Bicarbonate (23 mM), and D-Glucose (11 mM) (Sigma-Aldrich). A 1X aCSF dilution 

was prepared on the day of patching from the 10X stock. Micropipettes were pulled from 

boroscilicate glass capillaries and had a tip resistance between 2 MOhm and 7 MOhm. 

Pipettes were loaded with a K-Gluconate low chloride internal solution with osmolarity 282 

mOsm and pH 7.29. The internal solution was made from K-gluconate (120 mM), KCl (10 

mM), HEPES (10 mM), Na2ATP (4 mM), NaGTP (0.3 mM), Na2-phosphocreatine (10 mM). 

Neurons in either the CA1 or CA3 areas of the hippocampus were selected by visual 
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inspection under a Zeiss Axioskop or Olympus BX51W upright microscope. Cells that were 

on the surface and had a typical pyramidal cell body morphology were targeted. Micropipettes 

were lowered towards the neurons and a gigaseal formed by firstly releasing the positive 

pressure and then using small negative suctions. The seal was broken to create a whole-cell 

patch. Any cells with an access resistance greater than 30 MOhm or a resting membrane 

potential greater than -40 mV were excluded. Cells were either held in voltage clamp or current 

clamp and various recordings taken using WinWCP Strathclyde Electrophysiology Software 

version 5.2.7236. Recordings were analysed on Matlab version 9.9.0.1524771 (R2020b)237 to 

extract various properties of the cells. Statistical tests were run on Graphpad Prism version 

8.0.1238 to look for significant differences between the intrinsic electrical properties of the 

different treatment groups. The Shapiro-Wilk test was used to determine if the data for each 

intrinsic electrical property was normally distributed. If data was normally distributed, one-way 

analysis of variance (ANOVA) tests were used to look for significant differences between the 

four treatment groups. If the data did not meet the criteria for normal distribution, it was taken 

as non-parametric and the Kruskal-Wallis test was used to run a multiple comparisons test 

between the four groups. For the statistical analysis of the relationship between the firing rate 

and current density, a two-way ANOVA test was performed to look for differences in the 

average firing rate at different binned current densities between the four treatment groups.  

 CHAPTER 3 

3. Results

3.1 Modelling acute immune activation and Taenia infection in mouse 

hippocampal organotypic brain slice cultures. 

The Raimondo lab has demonstrated an immunosuppressive effect of the T. crassiceps larval 

homogenate in mouse hippocampal OBSCs. As discussed previously, it is a well-established 

hypothesis in the NCC field that the capacity of viable Taenia larval cysts to suppress 

inflammation may have seizure-suppressing effects while any upregulation of the host immune 

response to Taenia larvae may trigger seizures. I wanted to explore this hypothesis 

experimentally by testing the effects of both a pro-inflammatory stimulant as well as the 

immunosuppressive homogenate on cell-type-specific gene expression and on neuronal 

excitability in mouse hippocampal OBSCs. To this end, mouse hippocampal OBSCs were 

prepared from postnatal day 6-8 mice and cultured for 6 days before being exposed to one of 

four different treatment conditions for 24 hours: 1) regular growth media that served as a 
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control; 2) 10 ng/ml LPS to simulate immune activation; 3) 200 ug/ml of the T. crassiceps 

homogenate to test what effect the homogenate is having by itself; and 4) both 10 ng/ml LPS 

and 200 ug/ml T. crassiceps homogenate to better understand the effect of the homogenate 

in the presence of a pro-inflammatory stimulus (Figure 3.1 A). This preparation with the 

different treatment conditions was used for several different experiments, including the 

snRNAseq experiments, HCR RNA-FISH experiments, and the whole-cell patch-clamp 

experiments (Figure 3.1 A). ELISAs were run on the growth media from the different wells to 

measure the concentration of well-known pro-inflammatory cytokines, IL-6 and TNF-α (Figure 

3.1 A). Exposure to LPS significantly increased the release of IL-6 and TNF-α relative to 

control conditions (Figures 3.1 B-D), while the addition of the T. crassiceps homogenate to 

LPS abolished this effect (Figures 3.1 B, D) (p < 0.05, Kruskal-Wallis test or Mann-Whitney 

test, Supplementary 4). The concentrations of IL-6 and TNF-α were not significantly different 

between the T. crassiceps alone condition and the control condition (Figures 3.1 B, D; p > 

0.05, Kruskal-Wallis test, Supplementary 4).  ELISAs run on the control, Hom, and LPS+Hom 

groups for the HCR RNA-FISH and whole-cell patch-clamp experiments had a concentration 

of TNF-α that was below the assay detection limit (7.8 pg/ml) (Figures 3.1 C, D).  
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Figure 3.1 Modelling acute immune activation and Taenia infection in mouse hippocampal organotypic 

brain slice cultures. 

A) Hippocampal organotypic brain slices prepared from post-natal day 6-8 mice and cultured for 6 days. Slices 

were treated for 24 hours with either regular growth media (Ctrl), 10 ng/ml LPS (LPS), 200 ug/ml T. crassiceps 

homogenate (Hom); or both 10 ng/ml LPS and 200 ug/ml T. crassiceps homogenate (LPS+Hom). Slices were 

either frozen at -80 °C for the snRNAseq experiments, fixed in 4% PFA for the HCR RNA-FISH experiments, or 



33 

used fresh for the whole-cell patch-clamp experiments. Enzyme-linked immunosorbent assays (ELISAs) were 

carried out on the growth media to measure the concentrations of interleukin-6 (IL-6) and tumor-necrosis factor 

alpha (TNF-α) to confirm whether the expected inflammatory/immunosuppressive response was present. B) ELISA 

data for the snRNAseq experiments show a significant increase in the concentration of IL-6 in response to LPS 

(N=28) relative to Ctrl (N=30), Hom (N=30), and LPS+Hom (N=28). There was no significant difference in the 

concentration of IL-6 between the Ctrl and Hom conditions. C) ELISA data for the HCR RNA-FISH experiments 

show a significant increase in the concentration of TNF-α in the LPS condition (N=15) compared to the Ctrl condition 

(N=15). D) ELISA data for the whole-cell patch-clamp experiments show a significant increase in the concentration 

of TNF-α in response to LPS (N=4) relative to Ctrl (N=3), Hom (N=4), and LPS+Hom (N=5). There was no significant 

difference in the concentration of TNF-α between the Ctrl and Hom conditions. Values with means ± SEM; ns = not 

significant; *p ≤ 0.05; **p ≤ 0.01; ****p ≤ 0.0001; Kruskal-Wallis test with Dunn’s multiple comparison post-hoc test. 

3.2 Single-nucleus RNA sequencing reveals all major brain cell types 

present in integrated mouse hippocampal organotypic brain slice culture 

datasets. 

Single-nucleus RNA sequencing libraries were generated from the treated tissue using the 

10X Genomics platform and sequenced via Illumina (Figure 3.2 A). Standard quality control, 

doublet removal, and normalisation steps using Seurat’s SCT normalisation method were 

performed (See Supplementary 5.1 for summary of filtering steps). Interestingly, most nuclei 

already met the quality control criteria, and thus very few nuclei were filtered out at this 

processing step (Supplementary 5.2). Using the combination of doublet tools described in the 

methods, a total of 18981 (11.8%) droplets were called as doublets across the 16 samples 

and removed from the merged data that included all samples (Supplementary 5.3). Integration 

was performed on the datasets to be able to identify the same cell type populations across 

different samples when annotating the clusters. After integration, all four treatment groups 

were well-aligned and showed relatively uniform representation across the UMAP space 

(Figure 3.2 B). PCA plots of the integrated samples using the top 2000 most variable features 

revealed that the treatment group of the samples as well as the snRNAseq run (i.e., batch) 

that the sample belonged to are major contributors to variation in the data (Figure 3.2 C, 

Supplementary 6). After integration, clustering was performed with the top 40 PCs. A total of 

30 clusters were identified at a resolution of 0.4 (Supplementary 7). Using the annotation 

methods outlined in the methods, I filtered out 40055 nuclei from the dataset that did not show 

agreement between my user-defined annotations and the Allen label transfer annotations 

(Supplementary 5.1). This left a total of 120771 nuclei (75.1% of original total) across all 16 

sample (Supplementary 5.1). Following this filtering step, a total of 22 distinct sub-classes 

were identified by the label transfer method using the Allen reference dataset (Figure 3.2 D), 

12 distinct cell types were labelled for the coarse cluster annotation level (Figure 3.2 E), and 

19 nuanced clusters were identified using the Allen Mouse Brain annotations to identify the 

CA1, CA2/CA3, and Subiculum/Entorhinal cells within the excitatory neuron clusters, as well 
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as the Pvalb, Vip, Sst, Sncg, and Lamp5 neurons within the inhibitory neuron clusters (Figure 

3.2 E). The nuanced cluster annotations were validated by visualising the average expression 

levels of a set of known cell-type-specific markers (Figure 3.2 F). Interestingly, there were two 

ambiguous clusters, one which showed increased expression of cell-type-specific markers for 

both Microglia and OPCs relative to the other clusters, and another cluster which differentially 

expressed the DG-specific marker (Prox1) as well as microglia-specific markers (Figures 3.2 

E, F). These ambiguous clusters were labelled as Microglia/OPCs and Prox1 microglia, 

respectively, and were mostly excluded from downstream analyses. The proportions of the 

different cell types across the four treatment groups were comparable (Supplementary 8). 

Astrocytes made up the largest proportion of cells followed by Dentate gyrus (DG) cells and 

CA1 neurons (Supplementary 8).  
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Figure 3.2 Single-nucleus RNA sequencing reveals all major brain cell types present in integrated mouse 

hippocampal organotypic brain slice culture datasets. 

A) Nuclei from the 24-hour treated mouse hippocampal organotypic brain slice cultures were dissociated in lysis 

buffer. A single-nucleus RNA sequencing pipeline was carried out using the 10X Genomics platform which included 

gel bead in emulsion (GEM) generation and barcoding as well as library preparation. Samples were sent for 

sequencing via Illumina. Computational processing and analyses were performed on the datasets. B) Uniform 

Manifold Approximation and Projection (UMAP) plot of integrated samples coloured by treatment group. C) 

Principal Component Analysis (PCA) plot of sample average coloured by treatment group to visualise variation in 

the data in a reduced dimensional space D) UMAP plot of 22 sub-clusters annotated using the label transfer method 

with the Allen Mouse Brain hippocampal database as reference. E) UMAP plot of 12 user-defined coarse clusters 

using automated and manual methods; zoom-in on nuanced neuronal sub-populations annotated using the Allen 

Mouse Brain annotations F) Bubble plot showing the expression of cell-type-specific markers across the 19 user-

defined nuanced clusters.  
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3.3 Lipopolysaccharide triggers generalised inflammatory gene 

expression changes across different cell types in mouse hippocampal 

organotypic brain slice cultures.   

A DE analysis using DESeq2 was run between the control and LPS samples to look for 

changes in gene expression across the different cell types in response to acute innate immune 

activation in the brain (See Supplementary 9 for the control versus LPS DE results per cluster). 

The most prominent response to LPS was seen in astrocytes and microglia which had the 

largest number of significant DEGs (Figure 3.3 A). However, relatively generalised changes 

in gene expression were seen across the clusters with the majority of gene expression 

changes being upregulated in response to LPS (Figure 3.3 A). There were 161 DEGs that 

were shared between any two cell types or more (Figure 3.3 B), including genes such as 

Timp1, Ccl5, Lcn2, Saa3, Mmp3, Ifitm3, C3 (Supplementary 9). The expression of the top 50 

DEGs across all clusters ranked according to their absolute Log2FoldChange was visualised 

and highlighted the trend for an upregulation of the majority of these DEGs in response to LPS 

(Figure 3.3 C).  An enrichment analysis was carried out on the list of all significant DEGs 

across all clusters to identify GO biological terms associated with the sets of genes 

(Supplementary 10). The enrichment analysis confirmed an upregulation of inflammatory 

pathways, including cytokine-mediated signalling, cellular response to cytokine stimulus, and 

cellular response to interferon gamma (IFN-γ) (Figure 3.3 D, Supplementary 10). Additionally, 

both the MyD88-dependent and MyD88-independent toll-like receptor signalling pathways that 

are known to be activated by LPS binding to TLR4 were found to be upregulated 

(Supplementary 10). The downregulated control versus LPS DEGs were not significantly 

enriched for any of the pathways in the GO Biological Processes 2021 database 

(Supplementary 10). Three “general” LPS-response genes (Timp1, Ccl5, and Lcn2) were 

selected for validation via HCR RNA-FISH (For representative images see Figures 3.4 A-F). 

Population analysis across images of the control and LPS-treated tissue confirmed 

significantly higher mRNA levels of these three genes in the LPS-treated tissue compared to 

the control tissue (p < 0.0001; Mann-Whitney test; Figures 3.4 G-I).  

Additionally, I looked at the expression of genes known to encode receptors and binding 

proteins for LPS. Notably, Tlr4 was found to be expressed in all cell types although often in a 

low percentage of nuclei (Supplementary 11). Non-neuronal cells, including endothelial cells, 

pericytes/VLMCs, microglia, and astrocytes had a greater percentage of nuclei expressing 

Tlr4 compared to neuronal cells (Supplementary 11). On the other hand, Trpm3 which 

encodes another receptor for LPS was found to be expressed in a larger percentage of 

neuronal cells compared to non-neuronal cells (Supplementary 11). Curiously, this gene was 

downregulated in astrocytes and OPCs in response to LPS, while Tlr4 was not found to be 
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differentially expressed in any cell types in response to LPS (Supplementary 9). In addition to 

this, Cd14 which encodes a protein that helps bind LPS to TLR4 was upregulated in astrocytes 

and microglia, whilst Lbp which performs a similar function was upregulated in astrocytes 

(Supplementary 9). However, both Cd14 and Lbp were expressed in a relatively low 

percentage of nuclei (Supplementary 11). Several other receptors for LPS including Trpm8, 

Trpa1, Trpv1, Trpv4 were expressed in only very low percentages of nuclei and were not 

differentially expressed in response to LPS (Supplementary 9, 11).  
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Figure 3.3 Lipopolysaccharide triggers generalised inflammatory gene expression changes across 

different cell types in mouse hippocampal organotypic brain slice cultures.   

A) Number of upregulated and downregulated differentially expressed genes (DEGs) across the coarse clusters

for the control versus LPS differential expression analysis. B) UpSet plot showing the unique and shared DEGs 

across the coarse clusters for the control versus LPS differential expression analysis. Single dots indicate uniquely 

differentially expressed genes for a cluster, while dots joined by lines indicated shared DEGs between clusters. C) 

Heatmap showing the average expression of the top 50 DEGs for the control versus LPS differential expression 

analysis. Normalised and scaled average expression levels are shown for the set of genes across the coarse 

clusters in the control and LPS group. Genes are ranked according to their absolute Log2FoldChange with 

upregulated genes at the top. D) Enrichment analysis showing the top GO Biological Processes 2021 terms 

associated with all upregulated genes across all coarse clusters for the control versus LPS differential expression 

analysis. Bars are coloured according to the adjusted p-value for the corresponding term (p.adjust). The length of 

each bar reflects the number of genes associated with the corresponding term (counts).  
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Figure 3.4 HCR RNA-FISH confirm differential expression of general inflammatory genes between control 

and LPS condition.  

A-B) Representative HCR RNA-FISH confocal images of A) Timp1, B) Ccl5, C) Lcn2 in control mouse hippocampal

brain slices. Nuclei stained blue with Hoescht. D-F) Representative HCR RNA-FISH confocal images of A) Timp1, 

B) Ccl5, C) Lcn2 in LPS mouse hippocampal brain slices. Nuclei stained blue with Hoescht. G-H) The mean

fluorescent intensity was greater in the LPS group compared to the control group for G) Timp1, H) Ccl5, and I) 

Lcn2 across their mid-slice images. Values with means ± SEM; ****p ≤ 0.0001; Mann-Whitney test.  
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3.4 Lipopolysaccharide evokes cell-type-specific transcriptomic changes 

from astrocytes and microglia in mouse hippocampal organotypic brain 

slice cultures. 

In addition to its more generalised inflammatory effects, LPS elicited cell-type-specific gene 

expression changes. To probe into cell-type-specific effects, I chose to examine the genes 

that were uniquely differentially expressed in either astrocytes or microglia between the control 

and LPS condition. Out of a total of 513 astrocyte DEGs, 353 (68.8%) were uniquely 

differentially expressed in the astrocyte cluster and no other cluster (Figure 3.3B). Similarly, 

out of 338 microglial DEGs, 219 (64.8%) were uniquely differentially expressed in microglia. 

The average expression of the top 20 astrocyte DEGs and top 20 microglial DEGs was plotted 

across all clusters for the control and LPS group (Figures 3.5 A, B). The heatmaps indicate 

that the astrocyte DEGs are more broadly differentially expressed across other clusters, 

whereas the microglial DEGs appear to show slightly more cell-type-specific differential 

expression (Figures 3.5 A, B). Volcano plots of the DE results for the astrocytes and microglia 

indicated some overlapping and unique DEGs for these two clusters (Figures 3.5 C, D). 

Additionally, the volcano plots demonstrate generally higher Log2FoldChanges and more 

significant adjusted p-values for the astrocyte DEGs than the microglial DEGs (Figures 3.5 C, 

D). In addition to the upregulation of various pro-inflammatory genes in the microglial clusters 

such as Tnf, Il1b, and Cll2, I also observed a downregulation of several homeostatic genes, 

including Siglech, Gpr34, P2ry12, and Mef2c239. On the other hand, transforming growth 

factor-β (TGF-β) has been implicated in homeostatic microglial signalling240, and the gene 

encoding its receptor, Tgfbr1, was found to be upregulated in microglia in my dataset 

(Supplementary 9). An enrichment analysis was performed on all upregulated control vs LPS 

DEGs for astrocytes and microglia, respectively, and showed the same or very similar 

enriched pathways between the two cell types, including cytokine-mediated signalling, type I 

interferon signalling, and cellular responses to cytokines which were linked to genes such as 

Ifitm3, Iftim2, Cxcl1, Stat1, Gbp6, and Sp100 (Figures 3.5 E, F, Supplementary 12). There 

were no significantly enriched pathways for the astrocyte downregulated DEGs 

(Supplementary 12), and only very few pathways enriched for the downregulated microglial 

DEGs, including cell differentiation and lipoxin metabolic process (Supplementary 12).   

To home in on genes that show the largest differences in expression between astrocytes and 

microglia in response to LPS, I decided to look at the set of DEGs in the astrocyte and 

microglia clusters and compare the Log2FoldChanges, the percentage of nuclei expressing a 

gene in the LPS condition, as well as the average expression levels in the LPS condition for 

the astrocytes and microglia, respectively. To carry out this comparison, the following 

scatterplots were generated for the set of all DEGs in both the astrocyte and microglia clusters: 
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1) the Log2FoldChanges of the genes in the astrocytes plotted against the Log2FoldChanges

of the genes in microglia (Figure 3.5 G); 2) the percentage of nuclei expressing the genes in 

the LPS astrocytes versus LPS microglia (Figure 3.5 H); 3) the average expression levels of 

the genes across the LPS samples in the astrocytes versus microglia (Figure 3.5 I). Using 

these scatterplots, several DEGs were identified as showing distinct differential expression 

between astrocytes and microglia including Pid1 and Pik3ap that were Microglia-specific LPS 

response genes, as well as Chl1 which was an Astrocyte-specific LPS response gene (Figures 

3.5 G-I). Moreover, there were a few genes that showed the opposite direction of change in 

microglia and astrocytes, such as Pde7b, Cd38, and Otog which were upregulated in microglia 

but downregulated in astrocytes (Figure 3.5 G).  
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Figure 3.5 Lipopolysaccharide evokes cell-type-specific transcriptomic changes from astrocytes and 

microglia in mouse hippocampal organotypic brain slice cultures. 

A-B) Heatmap showing the average expression of the top 20 A) Astrocyte and B) Microglia differentially expressed

genes (DEGs) for the control versus LPS differential expression analysis. Normalised and scaled average 

expression levels are shown for the set of genes across the coarse clusters in the control and LPS group. Genes 

are ranked according to their absolute Log2FoldChange with upregulated genes at the top. C-D) Volcano plots of 

the differential expression results between control and LPS for the C) Astrocyte and D) Microglia clusters. 

Upregulated genes are coloured red; downregulated genes are coloured blue; genes that were not significantly 

differentially expressed are coloured grey. E, F) Enrichment analysis showing the top GO Biological Processes 

2021 terms associated with the E) Astrocyte and F) Microglia upregulated genes for the control versus LPS 

differential expression analysis. Bars are coloured according to the adjusted p-value for the corresponding term 

(p.adjust). The length of each bar reflects the number of genes associated with the corresponding term (counts). 

G) Scatterplot showing the Log2FoldChanges for each of the Astrocyte and Microglia DEGs in Astrocytes versus

Microglia. H) Scatterplot showing the percentage of LPS Astrocytes versus the percentage of LPS Microglia 

expressing each of the Astrocyte and Microglia DEGs. I) Scatterplot showing the average expression levels of each 

of the Astrocyte and Microglia DEGs in LPS Astrocytes versus LPS Microglia. 

3.5 Lipopolysaccharide has little effect on the expression of neuronal 

excitability genes in mouse hippocampal organotypic brain slice cultures. 

Based on previous literature that has suggested a role for neuroinflammation in contributing 

to seizure activity, I was interested to explore how LPS affects the expression of genes that 

may mediate changes in excitability in neurons. To begin, I looked at the results of the DE 

analysis between the control and LPS group in the coarse neuronal clusters including the 

excitatory neurons, Cajal-Retzius cells, dentate gyrus cells, and inhibitory neurons. The 

excitatory neurons had the largest number of DEGs with 114 upregulated genes and 34 

downregulated genes, whilst the inhibitory neurons had only 18 upregulated genes and 1 

downregulated gene (Figure 3.6 A). A heatmap showing the average expression of all the 

neuronal DEGs across the nuanced neuronal clusters demonstrates a widespread 

upregulation of genes in response to LPS (Figure 3.6 B). This general upregulation can also 

be seen in the volcano plots showing the results of the DE analysis for the excitatory neurons, 

dentate gyrus cells, and inhibitory neurons (Figures 7 D-F). The main pathways associated 

with the upregulated genes for the excitatory neurons, dentate gyrus cells, and inhibitory 

neuron clusters in response to LPS were inflammatory pathways, including cytokine mediated 

signalling pathways, type I interferon signalling, and the innate immune response (Figures 7 

G-I, Supplementary 12). There were no significantly enriched terms for the downregulated

excitatory neuron DEGs, and only one downregulated gene for the inhibitory neuron 

population and thus no enrichment analysis was performed for this. On the other hand, the 

downregulated DEGs of the dentate gyrus cells were associated with terms including 

phosphorylation and kinase activity as well as phagocytosis, implying a downregulation of 

these processes (Supplementary 12). These pathways could potentially mediate changes in 
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excitability as phosphorylation of receptors and ion channels is one way in which synaptic 

transmission is mediated. There was only one other enriched term that appeared to potentially 

be linked to neurotransmission which was the purinergic nucleotide signalling pathways that 

was associated with the upregulated C3 gene in inhibitory neurons (Supplementary 12). Other 

than these pathways, no other terms relating to neurotransmission, synaptic changes, or 

excitability were found to be associated with the neuronal DEGs (Supplementary 12). 

Additionally, a more biased analysis was carried out by curating a list of 608 “excitability 

genes” which could potentially be implicated in modulating network excitability (To see list of 

genes see Supplementary 13). The list was constructed by using the Ensembldb241 package 

to obtain the Ensembl database gene descriptions for all genes in the dataset. These Ensembl 

gene descriptions were then searched to select any genes that included at least one of the 

following key words in its description: ("voltage", "cation", "gated", "sodium", "potassium", 

"calcium", "chloride", "glutamate", "NMDA", "AMPA", "Kainate", "GABA", "purinergic", 

"succinate", "serotonin", "dopamine", "cholinergic", "glycine", "neuropeptide", "metabotropic", 

"ionotropic"). It is acknowledged that the list of genes derived from this method is neither 

exhaustive of all genes that may mediate neuronal excitability, nor does it necessarily include 

only genes that may mediate excitability as some of the search terms are relatively broad. As 

this was an exploratory analysis, I justified using this relatively lenient approach as I wanted 

to get a general sense whether genes that may mediate neuronal excitability (i.e., “excitability 

genes”) are differentially expressed between the control and LPS group. To validate the 

excitability genes, I performed an enrichment analysis on the list of genes and was able to 

confirm that they are predominantly associated with neurotransmission and other related 

pathways (Supplementary 13). The heatmap displaying the average expression of a subset of 

the excitability genes shows few obvious changes in gene expression between the control and 

LPS condition across the different neuronal clusters (Figure 3.6 C). This contrasts the heatmap 

depicting the average expression of the neuronal DEGs across the neuronal clusters (Figure 

3.6 B). Out of the 608 excitability genes, only 5 were found to be differentially expressed in 

one or more of the neuronal clusters in response to LPS (See bolded genes in Figure 3.6 C). 

The 5 differentially expressed excitability genes were all upregulated in response to LPS and 

included Slc13a3, S100a6, S100a11, Npy2r, and S100a13 (See Supplementary 14 for the 

clusters they were differentially expressed in). An enrichment analysis was carried out on the 

5 putative excitability genes to see if they were in fact related to neurotransmission. The 

enriched terms were found to mostly be linked to inflammatory and metabolic pathways such 

as regulation of interleukin-1 alpha production, succinate transport, and mast cell activation 

(Supplementary 14). Aside from Slc13a3’s involvement in anion transmembrane transport and 
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S100a6 association with axon development, there were no distinct enriched pathways relating 

to neuronal excitability for the set of 5 excitability DEGs (Supplementary 14).  
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Figure 3.6 Lipopolysaccharide has little effect on the expression of neuronal excitability genes in mouse 

hippocampal organotypic brain slice cultures. 

A) Number of upregulated and downregulated differentially expressed genes (DEGs) across the coarse neuronal 

clusters for the control versus LPS differential expression analysis. B) Heatmap showing the average expression 

across of the top 50 coarse neuron DEGs for the control versus LPS differential expression analysis.  Normalised 

and scaled average expression levels are shown for the set of genes across the nuanced neuronal clusters in the 

control and LPS group. Genes are ranked according to their absolute Log2FoldChange with upregulated genes at 

the top. C) Heatmap showing the average expression of a subset of excitability genes. Normalised and scaled 

average expression levels are shown for the set of genes across the nuanced neuronal clusters in the control and 

LPS group. Differentially expressed excitability genes are bolded and at the top. D-F) Volcano plots of the 

differential expression results between control and LPS for the D) Excitatory neuron, E) Dentate gyrus cell, and F) 

Inhibitory neuron clusters. Upregulated genes are coloured red; downregulated genes are coloured blue; genes 

that were not significantly differentially expressed are coloured grey. G-I) Enrichment analysis showing the top GO 

Biological Processes 2021 terms associated with the G) Excitatory neuron, H) Dentate gyrus cell, and I) Inhibitory 

neuron upregulated genes for the control versus LPS differential expression analysis. Bars are coloured according 

to the adjusted p-value for the corresponding term (p.adjust). The length of each bar reflects the number of genes 

associated with the corresponding term (counts). 

3.6 The Taenia crassiceps homogenate has little effect on gene 

expression compared to control conditions.  

Having explored the effect of LPS on cell-type-specific transcription, I next wanted to carry out 

a similar analysis but this time looking at how the T. crassiceps homogenate affects gene 

expression relative to control conditions at single-cell resolution (See Supplementary 15 for 

the control versus Hom significant DEGs per cluster). The same integrated snRNAseq dataset 

from the previous analysis was used (Figure 3.2 A-C) but this time the control samples were 

compared to the Hom samples. A pairwise DE analysis was run between the control and Hom 

condition for each nuanced cluster and revealed only 48 DEGs in total across the clusters 

(Figure 3.7 A). A heatmap to visualise these gene expression changes also indicated no 

obvious effect of the T. crassiceps homogenate relative to the control condition, suggesting 

only small changes in gene expression between these two conditions (Figure 3.7 C). 

Interestingly, all of the DEGs were uniquely differentially expressed in their respective clusters 

as seen in the UpSet plot in which the set size for each cluster’s set of DEGs is equal to the 

number of DEGs uniquely differentially expressed in that cluster (Figure 3.7 B). An enrichment 

analysis of all upregulated DEGs in response to the homogenate revealed an association with 

terms including negative regulation of cGMP and cAMP signalling associated with Pde11a 

which was upregulated in CA1 neurons;  cellular polysaccharide catabolic process, 

carbohydrate derivative, and lipid catabolic process associated with Aoah which was 

upregulated in Sst neurons; as well as peptidyl-threonine and peptidyl-tyrosine 

dephosphorylation associated with Dusp5 which was upregulated in Sncg neurons (Figure 3.7 

D, Supplementary 16). There were no GO Biological Processes terms significantly enriched 
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for the set of downregulated control vs Hom DEGs for the nuanced clusters (Supplementary 

16). Furthermore, none of the excitability DEGs were found to be differentially expressed 

between the control vs Hom coarse neuronal clusters (Supplementary 17) It was notable, 

nonetheless, that the gene encoding the receptor for Substance P, Tacr1, was downregulated 

in microglia in response to the homogenate (Supplementary 15). Interestingly, however, it was 

the Lamp5 interneurons that had the greatest percentage of nuclei expressing the Tacr1 gene 

(Supplementary 11). On the other hand, Tac1 which is the gene that encodes the precursor 

protein for Substance P was not differentially expressed in any cell type between the control 

and Hom condition (Supplementary 15). It was noteworthy, nonetheless, that the Parvalbumin 

(Pvalb) interneurons had the greatest percentage of nuclei expressing the Tac1 gene 

(Supplementary 11).  
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Figure 3.7 The Taenia crassiceps homogenate has little effect on gene expression compared to control 

conditions. 

A) Number of upregulated and downregulated differentially expressed genes (DEGs) across the nuanced clusters

for the control versus Hom differential expression analysis. B) UpSet plot showing all 48 DEGs across the nuanced 

clusters for the control versus Hom differential expression analysis. Single dots indicate uniquely differentially 

expressed genes for a cluster. All DEGs were unique to their respective cluster. C) Heatmap showing the average 

expression levels of all 48 DEGs for the control versus Hom differential expression analysis. Normalised and scaled 

average expression levels are shown for the set of genes across the nuanced clusters in the control and Hom 

group. Genes are ranked according to their absolute Log2FoldChange with upregulated genes at the top. D) 

Enrichment analysis showing the top GO Biological Processes 2021 terms associated with all upregulated genes 

across all coarse clusters for the control versus Hom differential expression analysis. Bars are coloured according 

to the adjusted p-value for the corresponding term (p.adjust). The length of each bar reflects the number of genes 

associated with the corresponding term (counts). 

3.7 The Taenia crassiceps homogenate elicits prominent 

immunosuppressive transcriptomic changes across different cell types 

when added to LPS.  

Based on previous work in the Raimondo lab, I was aware that the immunosuppressive effects 

of the T. crassiceps homogenate can only be fully appreciated if there is an existing 

inflammatory reaction against which to compare the homogenate’s effects. I therefore ran a 

DE analysis to compare how the addition of the homogenate to LPS (LPS+Hom) affects cell-

type-specific gene expression relative to LPS by itself. DESeq2 was used to run a pairwise 

DE analysis between the LPS group and the LPS+Hom group for each of the coarse clusters 

(Supplementary 18). This analysis yielded a considerable set of DEGs across the clusters with 

the most obvious effects seen in astrocytes and microglia which had the largest number of 

significantly differentially expressed genes (Figure 3.8 A). The majority of DEGs were 

downregulated (Figure 3.8 A) and relatively generalised transcriptional changes were seen 

across the cell types with 149 DEGs overlapping across two or more clusters (Figure 3.8 B). 

The average expression levels of the top 20 DEGs for the LPS versus LPS+Hom DE analysis 

ranked according to absolute Log2FoldChange was visualised for each sample (Figure 3.8 

C). This plot illustrates a tendency for the control and Hom samples to have very similar gene 

expression levels, the LPS samples to deviate noticeably from these, and the average gene 

expression levels of the LPS+Hom samples tending to fall somewhere in between (Figure 3.8 

C). A similar trend can be observed in the heatmap showing the average expression levels of 

these same top 20 DEGs across the coarse clusters for each treatment group (Figure 3.8 D). 

The heatmap suggests that the same DEGs that are upregulated in response to LPS relative 

to control, are being downregulated by the addition of the homogenate to LPS (Figure 3.8 D). 

An enrichment analysis was run on the downregulated DEGs between the LPS and LPS+Hom 

conditions. The enrichment analysis revealed that the addition of the T. crassiceps to LPS is 
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primarily associated with a downregulation of inflammatory functions including cytokine-

mediated signalling, responses to cytokines, and type I interferon signalling pathways (Figure 

3.9 E, Supplementary 19). In addition, the MyD88-independent toll-like receptor signalling 

pathways, including the TRIF-dependent toll-like receptor signalling and its downstream 

pathways, including the MAPK cascade and NF-kappaB signalling were downregulated 

(Supplementary 19). The MyD88-dependent toll-like receptor signalling pathway was also 

associated with the downregulated DEGs, but this was not statistically significant when looking 

at the adjusted p-value (Supplementary 19). There were only three significantly enriched terms 

for the upregulated LPS versus LPS+Hom genes, and these were related to nervous system 

development and extracellular structure organisation (Supplementary 19).  To further explore 

the effect of the homogenate on the toll-like receptor signalling pathways, I also performed a 

DE analysis between the control and LPS+Hom groups (Supplementary 20) and ran an 

enrichment analysis on the DEGs (Supplementary 21). I found that none of the toll-like 

receptor signalling pathways were significantly enriched for the upregulated genes except for 

the downstream I-kappaB kinase/NF-kappaB signalling (Supplementary 21). This confirms 

that most toll-like receptor signalling pathways were suppressed by the homogenate.   
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Figure 3.8 The Taenia crassiceps homogenate elicits prominent immunosuppressive transcriptomic 

changes across different cell types in the presence of LPS. 

A) Number of upregulated and downregulated differentially expressed genes (DEGs) across the coarse clusters

for the LPS versus LPS+Hom differential expression analysis. B) UpSet plot showing the unique and shared DEGs 

across the coarse clusters for the LPS versus LPS+Hom differential expression analysis. Single dots indicate 

uniquely differentially expressed genes for a cluster, while dots joined by lines indicated shared DEGs between 

clusters. C) Average expression per sample of the top 20 DEGs for the LPS versus LPS+Hom differential 

expression analysis. Each data point represents the average expression of a sample coloured by the treatment 

group it belongs to (control, Hom, LPS, LPS+Hom).  D) Heatmap showing the average expression of the top 20 

DEGs for the LPS versus LPS+Hom differential expression analysis. Normalised and scaled average expression 

levels are shown for the set of genes across the coarse clusters in all four groups (control, Hom, LPS, and 

LPS+Hom). Genes are ranked according to their absolute Log2FoldChange with downregulated genes at the top. 

E) Enrichment analysis showing the top GO Biological Processes 2021 terms associated with all downregulated

genes across all coarse clusters for the LPS versus LPS+Hom differential expression analysis. Bars are coloured 

according to the adjusted p-value for the corresponding term (p.adjust). The length of each bar reflects the number 

of genes associated with the corresponding term (counts).  

3.8 The Taenia crassiceps homogenate elicits cell-type-specific gene 

expression changes in astrocytes and microglia when added to LPS.  

In addition to its more generalised inflammatory effects, the T. crassiceps homogenate elicited 

cell-type-specific transcriptional changes. The most prominent cell-type-specific responses 

were observed in the astrocytes and microglia which had 588 and 163 uniquely differentially 

expressed genes, respectively (Figure 3.9 B). The average expression of the top 20 astrocyte 

DEGs and top 20 microglial DEGs was plotted across all clusters for the LPS and LPS+Hom 

group ranked by absolute Log2FoldChange (Figures 3.9 A, B). These heatmaps show similar 

patterns for the astrocyte and microglia DEGs, with the top DEGs being downregulated by the 

homogenate when added to LPS (Figures 3.9 A, B). However, the microglia had some genes 

in this list of top 20 DEGs that were upregulated in the LPS+Hom condition relative to the LPS 

condition, and this upregulation appears to be relatively specific to the microglia (Figure 3.9 

B). Volcano plots of the DE results for the astrocytes and microglia indicated some of the 

overlapping and unique DEGs for these two clusters (Figures 3.9 C, D). The volcano plots 

also demonstrate generally higher absolute Log2FoldChanges and more significant adjusted 

p-values for the astrocyte DEGs than the microglial DEGs (Figures 3.9 C, D). An enrichment

analysis was performed on all astrocyte and microglia downregulated DEGs, respectively 

(Supplementary 22). The enrichment analysis found some of the top enriched pathways of the 

downregulated genes to be similar between the two cell-types, including cytokine-mediated 

signalling, type I interferon signalling, and cellular responses to cytokines (Figures 3.9 E, F; 

Supplementary 22). This suggests that the homogenate elicits immunosuppressive activity in 

both astrocytes and microglia.  
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In addition, an exploration was carried out of the uniquely differentially expressed genes of the 

astrocytes and microglia for the LPS vs LPS+Hom DE analysis. Markedly, 588 out of 732 

astrocyte DEGs (80.3%) were uniquely differentially expressed in the astrocyte cluster, while 

163 out of 231 microglia DEGs (70.6%) were specifically differentially expressed in the 

microglia cluster.  

The effect of the homogenate on the expression of receptors and binding proteins for LPS 

was also examined. Cd14 was found to be downregulated in astrocytes and microglia between 

the LPS and LPS+Hom groups (Supplementary 18). Similarly, Lbp was downregulated in 

microglia between the LPS and LPS+Hom conditions (Supplementary 18).  
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Figure 3.9 The Taenia crassiceps homogenate elicits cell-type-specific gene expression changes in 

astrocytes and microglia when added to LPS. 

A-B) Heatmap showing the average expression of the top 20 A) Astrocyte and B) Microglia differentially expressed

genes (DEGs) for the LPS versus LPS+Hom differential expression analysis. Normalised and scaled average 

expression levels are shown for the set of genes across the coarse clusters across all four groups (control, Hom, 

LPS, LPS+Hom). Genes are ranked according to their absolute Log2FoldChange with downregulated genes at the 

top. C-D) Volcano plots of the differential expression results between LPS and LPS+Hom for the C) Astrocyte and 

D) Microglia clusters. Upregulated genes are coloured red; downregulated genes are coloured blue; genes that

were not significantly differentially expressed are coloured grey. E, F) Enrichment analysis showing the top GO 

Biological Processes 2021 terms associated with the E) Astrocyte and F) Microglia downregulated genes for the 

LPS versus LPS+Hom differential expression analysis. Bars are coloured according to the adjusted p-value for the 

corresponding term (p.adjust). The length of each bar reflects the number of genes associated with the 

corresponding term (counts).  

3.9 The Taenia crassiceps homogenate has minimal effects on the 

expression of neuronal excitability genes when added to LPS.  

Based on previous literature that has suggested a relationship between the 

immunomodulatory properties of Taenia larvae and seizure activity, I was interested to explore 

how the T. crassiceps homogenate affects the expression of genes that may mediate changes 

in network excitability in the brain. I first chose to explore the results of the DE analysis 

between the LPS and LPS+Hom conditions in the coarse neuronal clusters, including the 

excitatory neurons, Cajal-Retzius cells, dentate gyrus cells, and inhibitory neurons. The 

excitatory neurons had the largest number of DEGs including 86 downregulated genes and 

58 upregulated genes, whilst the inhibitory neurons had only 18 downregulated genes and 4 

upregulated genes (Figure 3.10 A). Heatmaps were generated to visualise the average 

expression of the top 20 excitatory neuron, dentate gyrus cell, and inhibitory neuron DEGs 

across the nuanced neuronal clusters (Figure 3.10 C-E). These figures highlight a set of DEGs 

for each of the three clusters that are downregulated by the homogenate in response to LPS 

(Figure 3.9 C-E). Furthermore, it is apparent that when the homogenate is added to LPS, it 

often brings expression levels of genes that were upregulated in response to LPS back down 

to similar levels seen in the control and Hom conditions (Figure 3.10 C-E). This relatively 

generalised downregulation of gene expression in the neuronal clusters can also be 

appreciated in the volcano plots showing the results of the DE analysis for the excitatory 

neuron, dentate gyrus cells, and inhibitory neurons (Figures 3.10 F-H). The main pathways 

associated with the downregulated genes for the excitatory neurons, dentate gyrus cells, and 

inhibitory neuron clusters in response to the T. crassiceps homogenate being added to LPS 

included cytokine mediated signalling pathways, type I interferon signalling, and interleukin-

mediate signalling (Figures 3.10 G-I). There were no significantly enriched terms for the 

upregulated genes of the excitatory neurons or the dentate gyrus cells (Supplementary 22). 
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Two of the upregulated DEGs in inhibitory neurons (Areg and Aldoc) were associated with 

fructose metabolic process, glucose catabolic process to pyruvate, and glycolytic processes 

(Supplementary 22). There were a few pathways associated with the downregulated genes 

that may be linked to neurotransmission including regulation of calcium ion transmembrane 

transport, regulation of pre-synapse organization, and synaptic membrane adhesion in 

excitatory neurons; as well as adenylate cyclase-modulating G protein-coupled receptor 

signalling pathway in dentate gyrus cells (Supplementary 22). 

In addition to this, I looked at my curated list of excitability genes and compared this to the DE 

results between the LPS and LPS+Hom group to see if any of the neuronal DEGs are genes 

that may mediate excitability. Out of the 608 excitability genes, only 9 were found to be 

differentially expressed in one or more neuronal clusters (See bolded genes in Figure 3.10 B). 

The differentially expressed excitability genes between the LPS and LPS+Hom group included 

Kcnk13, Slc9b2, Scn9a, Gabrg3, Camk1d, Catspere2, Gria2, Hcn1, and Cacnb2 (See 

Supplementary 23 for the clusters they were differentially expressed in). These excitability 

DEGs were related to various neurotransmission terms, including sodium ion transport, 

neuronal action potential, GABAergic synaptic transmission, and chloride ion transport for the 

upregulated excitability genes as well as potassium ion transport, glutamatergic synaptic 

transmission, and voltage-gated calcium channel activity for the downregulated excitability 

genes (Supplementary 23). The gene mediating the GABAergic signalling (Gabrg3) was 

upregulated in dentate gyrus cells, whereas the gene mediating glutamatergic activity (Gria2) 

was downregulated in the excitatory neuron cluster (Supplementary 18). On the other hand, 

looking at overall expression of the other excitability genes across the different neuronal 

clusters indicated few distinct changes in gene expression between the four treatment groups 

(Figure 3.10 B). This is contrasted by the heatmaps depicting the average expression of the 

genes that were differentially expressed in neurons which show quite clear differences across 

the treatment conditions (Figure 3.10 C-E). To verify whether the set of 9 excitability DEGs 

between the LPS versus LPS+Hom condition were an effect seen specifically when LPS and 

Hom act together, I also examined whether any of the excitability genes were differentially 

expressed between the control and LPS+Hom condition (Supplementary 20). I found that none 

of the 9 LPS versus LPS+Hom excitability DEGs were differentially expressed between control 

and LPS+Hom, indicating that they are not genes which are specifically differentially 

expressed when the brain is exposed to both LPS and the T. crassiceps homogenate in 

combination. However, there were four other excitability genes found to be differentially 

expressed in one or more of the neuronal clusters between control and LPS+Hom including 

Kcnab1, S100a6, Npsr1, and Trpc4 (See Supplementary 24 for the clusters they were 

differentially expressed in).  
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Figure 3.10 The Taenia crassiceps homogenate has minimal effects on the expression of neuronal 

excitability genes when added to LPS. 

A) Number of upregulated and downregulated differentially expressed genes (DEGs) across the coarse neuronal

clusters for the LPS versus LPS+Hom differential expression analysis. B) Heatmap showing the average 

expression of a subset of excitability genes. Normalised and scaled average expression levels are shown for the 

set of genes across the nuanced neuronal clusters for all four treatment groups (control, Hom, LPS, LPS+Hom). 

Differentially expressed excitability genes between the LPS and LPS+Hom group are bolded and at the top. C-E) 

Heatmap showing the average expression of the top 20 C) Excitatory neuron, D) Dentate gyrus cell, and E) 

Inhibitory neuron DEGs for the LPS versus LPS+Hom differential expression analysis. Normalised and scaled 

average expression levels are shown for the set of genes across the nuanced clusters in all four groups (control, 

Hom, LPS, LPS+Hom). Genes are ranked according to their absolute Log2FoldChange with downregulated genes 

at the top and only genes that had average expression levels > 0 in the LPS+Hom condition represented. F-H) 

Volcano plots of the differential expression results between LPS and LPS+Hom for the D) Excitatory neuron, E) 

Dentate gyrus cell, and F) Inhibitory neuron clusters. Upregulated genes are coloured red; downregulated genes 

are coloured blue; genes that were not significantly differentially expressed are coloured grey. I-K) Enrichment 

analysis showing the top GO Biological Processes 2021 terms associated with the I) Excitatory neuron, J) Dentate 

gyrus cell, and K) Inhibitory neuron upregulated genes for the LPS versus LPS+Hom differential expression 

analysis. Bars are coloured according to the adjusted p-value for the corresponding term (p.adjust). The length of 

each bar reflects the number of genes associated with the corresponding term (counts). 

3.10 Exposure to LPS and Taenia crassiceps larval products for 24 hours 

has no effect on the intrinsic electrical properties of pyramidal neurons in 

mouse hippocampal organotypic brain slice cultures.  

In the first part of the results, I explored changes in gene expression in response to the pro-

inflammatory stimulant, LPS, as well as to Taenia larval products in mouse hippocampal 

organotypic brain slice cultures. I next wanted to explore how these same treatments affect 

neuronal function using whole-cell patch clamp electrophysiology. I was particularly interested 

in testing the effects of these treatments on the intrinsic electrical properties of neurons as this 

can give a sense as to whether exposure to these stimuli affects fundamental neuronal 

function and excitability. Changes in the neuronal firing properties or ion currents of neurons 

in response to either LPS or the Taenia homogenate could indicate a change in the excitability 

of the cells and represent a mechanism by which the likelihood or severity of seizures is 

moderated. However, aside from a few putative genes and pathways that could be mediating 

neurotransmission, the snRNAseq data mostly showed very few changes in the expression of 

neuronal genes that may mediate excitability across the different treatment conditions. I 

therefore hypothesised that these treatments may have limited effects on the intrinsic electrical 

properties of neurons. As outlined in section 3.1, the same mouse hippocampal OBSC model 

system used for the snRNAseq and HCR RNA-FISH experiments was used for the whole-cell 

patch-clamp experiments (Figure 3.1 A). After 24 hours of exposure to the respective 
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treatments, brain slices were moved to a patch rig and pyramidal neurons from either the CA1 

or CA3 areas of the hippocampus were patched (Figure 3.14 A). Both voltage-clamp and 

current-clamp recordings were taken to obtain various properties of the cells which will be 

described below.  

3.10.1 LPS and the Taenia crassiceps homogenate have no effect on the basic 

membrane properties of pyramidal neurons. 

The access resistance from a patch-clamp recording can serve as an indication of the quality 

of the patch as it represents how effective the electrical access (conductance) is to the neuron. 

The mean access resistance for the control, Hom, LPS, and LPS+Hom groups was 18.20 

MOhm (SEM 1.536 MOhm, N=17), 17.51 MOhm (SEM 1.339 MOhm, N =22), 16.10 MOhm 

(SEM 1.010 MOhm, N=20), and 17.23 MOhm (SEM 0.8117 MOhm, N=18), respectively, and 

were not significantly different to each other (p > 0.05, one-way ANOVA test; Figure 3.11 B; 

Supplementary 25). This provided confirmation that the quality patches were comparable 

across the different treatment groups.  

I next proceeded to examine various basic membrane properties of neurons across the 

treatment groups, including the membrane resistance, membrane capacitance, and resting 

membrane potential which all reflect fundamental signalling processes of neurons. The 

membrane resistance provides an indication of how easily ions can flow across the cell 

membrane. If the membrane has a high resistance, it implies it is not very leaky and it is difficult 

for ions to move across the membrane. On the other hand, a low membrane resistance 

suggests that more current can leak out of the cell due to there being more ion channels, 

transporters, and in particular K+ leak channels in the membrane. Thus, the fewer channels 

there are for ions to flow through, the higher the resistance of the cell will be. The mean 

membrane resistance for the control, Hom, LPS, and LPS+Hom groups was 163.2 MOhm 

(SEM 12.14 MOhm, N=17), 152.8 MOhm (SEM 14.77 MOhm, N =22), 129.2 MOhm (SEM 

10.06 MOhm, N=20), and 121.3 MOhm (SEM =  9.443 MOhm, N=18), respectively, and there 

were no significant differences between the groups (p > 0.05, one-way ANOVA test; Figure 

3.11 C; Supplementary 25).  

The membrane capacitance refers to the ability of the membrane to store charge at a given 

potential. The membrane capacitance is proportional to the cell surface area and, together 

with the membrane resistance, determines the membrane time constant which dictates how 

fast the cell membrane potential responds to the flow of ion channel currents. The mean 

membrane capacitance for the control, Hom, LPS, and LPS+Hom groups was 170.0 pF (SEM 

11.59 pF, N=17), 173.6 pF (SEM 11.88 pF, N=22), 170.6 pF (SEM 8.409 pF, N= 20), and 
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163.0 pF (SEM 9.835 pF, N=18) respectively, and they did not differ significantly to one 

another (p > 0.05, one-way ANOVA test; Figure 3.11 D; Supplementary 25).   

The resting membrane potential of a neuron is the difference in voltage between the inside 

and outside of the cell at baseline conditions when the cell is not firing. Changes to the resting 

membrane potential may affect how excitable a neuron is. The mean resting membrane 

potential control, Hom, LPS, and LPS+Hom treatment groups was -62.55 mV (1.480 mV, 

N=17), -59.34 mV (SEM 1.681 mV, N =22), -59.92 mV (SEM 1.772 mV, N=20), and -60.17 

mV (SEM = 1.524 mV, N=18), respectively, and no significant differences were found between 

the groups (p > 0.05, one-way ANOVA test; Figure 3.11 E; Supplementary 25).   

Figure 3.11 LPS and the Taenia crassiceps homogenate have no effect on the basic membrane properties 

of pyramidal neurons.  

A) Whole-cell patch clamp recording from pyramidal neurons in either the CA1 or CA3 areas were taken from 

mouse hippocampal organotypic brain slices exposed to one of the four treatment conditions (control, LPS, Hom, 

or LPS+Hom) for 24 hours. Voltage-clamp and current-clamp recordings were obtained to measure the basic 

membrane properties of the neurons. B) There was no significant difference in the access resistance of the four 

treatment groups. C) There was no significant difference in the membrane resistance between the four treatment 

groups. D) There was no significant difference in the membrane capacitance of the four treatment groups. E) There 
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was no significant difference in the resting membrane potential between the four treatment groups. Values with 

means ± SEM; ns = not significant; each data point represents a recording from a single neuron.  

3.10.2 LPS and the Taenia crassiceps homogenate have no effect on the active 

firing properties of pyramidal neurons.  

A neuron’s excitability is largely determined by its active firing properties. For example, the 

membrane voltage at which an action potential fires, the current required to evoke an action 

potential, the rate at which the cell can fire action potentials, as well as the relationship 

between the amount of current injected and the firing rate all contribute to how easily a neuron 

fires. In turn, the intrinsic excitability of neurons can play a role in how predisposed the tissue 

is towards seizures242. I therefore wanted to investigate the effect of the four different treatment 

groups on various active firing properties of pyramidal neurons.  

The first property I looked at was the action potential threshold which is the minimum 

membrane potential at which an action potential fires. This can be obtained by carrying out a 

series of current steps that systematically increases the membrane potential of the cell until 

an action potential is evoked (Figure 3.12 A). The corresponding membrane potential at which 

the first action potential is evoked is then recorded (Figure 3.12 A). A more negative spike 

threshold indicates that less depolarising synaptic input is required for the cell to spike, while 

a more positive action potential threshold shows that a larger depolarising input is needed for 

the neuron to fire. In this way, the higher the action potential threshold (i.e., the more 

depolarised the spike threshold) the less excitable the cell. The mean action potential 

threshold for the control, Hom, LPS, and LPS+Hom groups was -36.83 mV (SEM 0.99 mV, 

N=17),  -35.79 mV (SEM 0.88 mV, N=22), -34.77 mV (SEM 1.58 mV, N=20), and -38.03 mV 

(SEM 1.66 mV, N=18), respectively, and there was no significant difference between the four 

groups (p > 0.05, one-way ANOVA test; Figure 3.12 B; Supplementary 25).  

The rheobase or current threshold is the minimum amount of current required to trigger an 

action potential. Intuitively, a larger amount of current required to trigger an action potential 

implies that the neuron is less excitable. The median rheobase for the control, Hom, LPS, and 

LPS+Hom treatment groups was 139.1 pA (IQR 82.7 – 211.0, N=17), 100.2 pA (IQR 88.6 – 

195.7, N=22), 128.5 pA (IQR 107.1 – 144.8, N=20), and 147.5 pA (IQR 84.7 – 222.5, N=18), 

respectively, and no significant differences were found between the four groups (p > 0.05, 

Kruskal-Wallis test; Figure 3.12 C; Supplementary 25). Notably, the size of the cell can 

influence the current threshold as larger cells require more current to initially overcome the 

change in stored charge. To account for this, we can divide the current threshold by the 

capacitance of the cell which effectively adjusts for the cell size. This adjusted rheobase 

measure is called the current threshold density. The median current threshold density of the 

control, Hom, LPS, and LPS+Hom conditions was 0.8996 pA/pF (IQR 0.5976 – 1.186, N=17), 
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0.6903 pA/pF (IQR 0.5020 – 0.9847, N=22), 0.7631 pA/pF (IQR 0.6442 – 0.8000, N=20), and 

0.9790 pA/pF (IQR 0.5641 – 1.271, N=18), respectively, and there were no significant 

differences between the groups (p > 0.05, Kruskal-Wallis test; Figure 3.12 D; Supplementary 

25).  

The maximum firing rate of a neuron can also provide an indication of its excitability as it 

measures the fastest rate at which the cell can send signals. This metric is obtained by 

performing a series of increasing current steps each of which evokes a train of spikes. 

Generally, the firing rate of each train of spikes increases as the current used to generate 

them increases until eventually a maximum firing rate is achieved. The maximum firing rate 

for each neuron can therefore be measured by taking the fastest firing frequency in the first 

500 ms across the trains of spikes. The median maximum firing rate in 500 ms for the control, 

Hom, LPS, and LPS+Hom group was 10.0Hz (IQR 4.0 – 20.0, N=17), 15.0 Hz (IQR 7.5 – 28.5, 

N=22), 13.0 Hz (IQR 10.0 – 33.5, N=20), 20.0 Hz (IQR 6.0 – 30.0, N=18), respectively, and 

there was no significant difference between the four treatment groups (p > 0.05, Kruskal-Wallis 

test; Figure 3.13 B; Supplementary 25). 

In addition to the maximum firing rate in the first 500 ms, another way of measuring the firing 

capacity of a cell is to look at the shortest time between two action potentials (i.e., the fastest 

firing rate between two time points). This measurement represents the fastest a cell can 

possibly fire, although it remains a theoretical estimate of the maximum firing rate as a neuron 

is unlikely to be able to maintain this frequency of firing between most action potentials. The 

median maximum firing rates between two points for the control, Hom, LPS, and LPS+Hom 

condition were 10.06 Hz (IQR 5.5 – 31.6, N=17), 24.29 Hz (IQR 10.81 – 56.9, N=22), 21.21 

Hz (IQR 13.3 – 66.8, N=20), and 28.29 Hz (IQR 10.6 – 58.9, N=18), respectively, and no 

significant differences were observed between the groups (p > 0.05, Kruskal-Wallis test; 

Figure 3.13 C; Supplementary 25).  

Alongside looking at the maximum firing rates, we can also explore the input-output function 

of neurons, that is the sub-maximum relationship between current input and firing rate. By 

plotting the average firing rate corresponding to given current inputs, we can see whether a 

particular treatment condition results in a change in the input-output function of the neurons. I 

found that the relationship between the firing rate and the current density (current input 

adjusted for cell size) did not differ significantly between the treatment groups (p > 0.05, Two-

way ANOVA test; Figure 3.13 D; Supplementary 25).   
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Figure 3.12 LPS and the Taenia crassiceps homogenate have no effect on the active firing properties of 

pyramidal neurons, including the action potential threshold, rheobase, and current threshold density. 

A) Representative current-clamp recording showing the membrane potential at which an action potential is

generated as well as the accompanying required amount of current required to trigger the first action potential. B) 

There were no significant differences in the action potential threshold of neurons between the four treatment 

groups. C) There were no significant differences in the rheobase of neurons between the four treatment groups. 

D) No significant differences existed in the current threshold density of neurons between the four treatment groups.

Values with means ± SEM; ns = not significant; each data point represents a recording from a single neuron. 
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Figure 3.13 LPS and the Taenia crassiceps homogenate have no effect on the active firing properties of 

pyramidal neurons, including the maximum firing rate and its relation to the current density.  

A) Representative current-clamp recording showing a train of consecutive spikes evoked by a series of current

steps. B) There were no significant differences in the maximum firing rate in the first 500 ms of neurons between 

the four treatment conditions. C) There were no significant differences in the maximum spike rate of neurons 

between two points across the four treatment conditions. D) The relationship between the firing rate and the current 

threshold density did not differ significantly between the four treatment groups. Values with means ± SEM; ns = not 

significant; each data point represents a recording from a single neuron. 

3.10.3 LPS and the Taenia crassiceps homogenate do not affect the size of 

voltage-gated sodium and potassium currents in neurons. 

The movement of ions across the neuronal membrane is another parameter that controls 

neuronal signalling by modulating changes in the membrane potential. Two of the main ions 

that drive changes in the membrane voltage are sodium (Na+) and potassium (K+). Voltage-
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gated sodium channels are the primary ion channels that mediate membrane depolarisation 

by allowing Na+ ions to flow into the cell and play a pivotal role in the generation and 

propagation of action potentials243. A representative voltage-clamp recording illustrates the 

Na+ current that is evoked when voltage-gated channels open secondary to a depolarising 

voltage step (Figure 3.14 A). By measuring the maximum sodium currents generated in 

response to voltage-steps in neurons across the different treatment conditions, we can 

examine whether the sodium ion flux across the neuronal membranes is altered by the 

treatments. The mean maximum Na+ current of the control, Hom, LPS, and LPS+Hom group 

was -6235 pA (SEM 435.7, N=17), -6251 pA (SEM 492.3, N=22),  -6254 pA (SEM 379.5, 

N=20), and -6494 pA (SEM 340.2, N=18), respectively. There were no significant differences 

in the maximum sodium current between the four treatment groups (p > 0.05, one-way ANOVA 

test; Figure 3.14 B; Supplementary 25).  

Additionally, the flux of K+ ions out of the cell is required for maintaing the neuronal membrane 

at negative voltages. An example voltage-clamp trace shows the currents produced in 

response to the opening of the K+ ion channels when the membrane is maximally depolarised 

in our protocol (Figure 3.14 C). The median maximum K+ current of the control, Hom, LPS, 

and LPS+Hom group was 2064 pA (IQR 1378 – 2585, N=17),  1692 pA (IQR 1332 – 2417, 

N=22),  1638 pA (IQR 1384 – 2382, N=20), and 1962 pA (IQR 1712 – 2295, N=18), 

respectively. There were no significant differences in the maximum potassium current 

between the four conditions (p > 0.05, Kruskal-Wallis test; Figure 3.14 D; Supplementary 25). 
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Figure 3.14 LPS and the Taenia crassiceps homogenate do not affect the size of voltage-gated sodium and 

potassium currents in neurons. 

A) Representative voltage-clamp recording showing the measurement of the absolute maximum voltage-gated

sodium current elicited following positive voltage steps. B) There were no significant differences in the mean 

maximum sodium current between the four treatment groups. C) Representative voltage-clamp recording showing 

the measurement of the absolute maximum potassium current elicited following positive voltage steps. D) There 

were no significant differences in the mean maximum potassium current between the four treatment groups. Values 

with means ± SEM; ns = not significant; each data point represents a recording from a single neuron. 
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CHAPTER 4 

4. Discussion and Conclusion

4.1 Summary of project background and aims 

There is a large body of literature supporting a relationship between immunomodulation and 

seizure activity in neurocysticercosis as well as other epilepsy conditions 4,8,31,91,244. However, 

exact mechanisms by which neuroinflammation and/or cestode larvae can cause seizures are 

yet to be fully understood. Towards this end, I used an ex vivo mouse hippocampal OBSC 

model system to firstly explore how an innate immune activation as well as Taenia larvae 

affect gene expression within different cell types in the brain and whether any transcriptional 

changes occur that are associated with possible changes in neuronal excitability. Secondly, 

the project examined whether innate immune activation in the brain by itself modulates intrinsic 

neuronal function as well as whether Taenia larvae affect basic neuronal function. This work 

has the potential to shed light on how innate immune activation as well as infection by Taenia 

larvae affect cell type function and excitability in the brain at a transcriptomic and 

electrophysiological level.  

4.2 LPS elicited neuroinflammatory transcriptional changes across all cell 

types in mouse hippocampal OBSCs with the most prominent effects in 

astrocytes and microglia.  

The first part of the project used snRNAseq to explore how brain cells exposed to LPS in 

culture for 24-hours compared in their transcriptional profiles to brain cells exposed to regular 

growth media. As expected, a global upregulation of inflammatory genes was found to occur 

across all cell types in response to LPS. This agrees with numerous studies demonstrating an 

initial upregulation of various pro-inflammatory mediators in the brain following systemic LPS 

exposure including pro-inflammatory cytokines, chemokines, components of the complement 

system, and prostaglandins245–250. Astrocytes and microglia were found to have the largest 

number of DEGs in response to LPS, confirming the common understanding that they are the 

main immune responders in the brain246–248,251,252. The astrocyte and microglial DEGs were 

associated with the same or similar immune-related pathways, suggesting crosstalk between 

these cell types to orchestrate functions such as cytokine-mediated signalling and type 1 

interferon signalling. Interestingly, many of the DEGs were uniquely differentially expressed in 

either astrocytes or microglia but were still associated with similar pathways, implying that cell-

type-specific DEGs can converge on related functional pathways. On the other hand, there 

were some genes that were differentially expressed in both astrocytes and microglia but had 
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considerably higher Log2FoldChanges, higher average expression levels, or were expressed 

in a larger percentage of nuclei in one cell type compared to another. There was also a small 

set of genes that were found to have the opposite direction of change in astrocytes and 

microglia, further supporting the idea of cell-type-specific changes in response to immune 

activation.  

When it comes to interpreting my findings, it can be valuable to compare the results to other 

single-cell transcriptomic papers that have delineated the roles of reactive astrocyte and 

microglial sub-populations in response to LPS. At the time of writing, there is one snRNAseq 

paper on the effects of LPS in microglia239 and one on astrocytes253. The snRNAseq study on 

microglia characterised transcriptomic changes of immune-activated microglia from whole 

brain tissue of mice 24 hours after a systemic LPS injection239. In accordance with my findings, 

they observed an upregulation of various pro-inflammatory genes in the microglial clusters 

and a downregulation of several homeostatic genes239.  However, a few genes that Sousa et 

al.239 reported as being downregulated in microglia in response to LPS such as Olfml3, Fcrls, 

Tmem119 were not differentially expressed in my dataset. As with the Sousa et al.239 paper, 

the snRNAseq astrocyte paper by Hasel et al.253 explored how systemic LPS administration 

affects various sub-populations of reactive astrocytes as well as astrocytic gene expression 

after 3, 24, and 72 hours. They found that 24 hours of LPS exposure resulted in an 

upregulation of common reactivity genes such as Serpina3n, Saa3, C3, and Ccl5; an 

upregulation of genes involved in angiogenesis and blood pressure, such as Adamts1, Ecm1, 

and Stat1; as well as an upregulation of genes involved in extracellular matrix remodelling, 

including Timp1, Icam1, and Col6a1. My results corresponded to these findings. Interestingly, 

Hasel et al.253 found that there were quite substantial differences in astrocytic gene expression 

and the associated enriched pathways depending on the time after LPS exposure. It is worth 

acknowledging this as an inherent limitation of my project which only examined a single time-

point (24 hours after exposure to LPS). It is possible that different gene expression profiles in 

response to LPS would also be seen in the mouse hippocampal OBSCs if shorter or longer 

treatment periods were used.  

Sousa et al.239 also identified two sub-populations of microglia, while Hasel et al.253 identified 

10 reactive astrocyte clusters in response to 24-hour LPS exposure. I did not characterise the 

clusters in my dataset to this resolution as this was beyond the scope of the project. However, 

future work could align the mouse hippocampal OBSC dataset generated in this project with 

the snRNAseq datasets of these two publications to see if the same sub-populations of 

astrocytes and microglia can be characterised in mouse hippocampal OBSCs following innate 

immune activation.  
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Notably, there are few studies that have carried out transcriptional profiling to look at the effect 

of neuroinflammation on multiple different cell types in the brain all within the same system. 

Most studies that have investigated gene expression in the brain in response to LPS have 

either used low-throughput approaches such as RT-qPCR or bulk RNA-seq that do not allow 

for an appreciation of genome-wide changes in gene expression across multiple different cell 

types247,252,254–256, or have employed single-cell approaches but used reporter mouse lines and 

FACS sorting to isolate specific cell types rather than looking at gene expression across 

multiple different cell types in the brain239,253,257,258. Nevertheless, I did come across three 

papers that have looked at genome-wide profiling of transcription in three or more brain cell 

types in response to LPS250,259,260. One of the studies performed snRNAseq in mice either 

exposed to LPS systemically or to a saline injection and looked for cell-type-specific gene 

expression changes in a part of the hypothalamus involved in sickness responses260. 

However, this paper is less applicable to my work as it was focused on pathways mediating 

fever and appetite in a different brain region and did not either report extensively on distinct 

inflammatory changes between different cell types260. On the other hand, the other two studies 

bypassed single-cell RNA sequencing approaches by FACS sorting several cell types of 

interest from the mouse cortex and using RNA-seq to individually profile the gene expression 

of the different cell types in response to LPS250,259. These studies confirmed an upregulation 

of inflammatory gene expression in astrocytes, microglia, and neurons 250,259. The study by 

Srinivasan et al. 245 also reported a large set of uniquely differentially expressed genes in 

astrocytes and microglia which my snRNAseq data corroborates. Moreover, as with my 

results, they identified sets of genes that were differentially regulated in both astrocytes and 

microglia but showed much higher average expression levels, much higher 

Log2FoldChanges, or even the opposite direction of change in one cell type relative to the 

other in response to LPS250. My data agrees with these findings and provides support that the 

ex vivo mouse hippocampal OBSC model system also induces specific transcriptional 

signatures in astrocytes and microglia in response to an inflammatory challenge.  

4.3 LPS evoked inflammatory gene expression changes in neurons but 

had limited effects on the expression of genes that might mediate 

excitability in neurons. 

In addition to having explored the transcriptional changes in microglia and astrocytes, I wanted 

to take advantage of the OBSC model system to explore the effect of LPS on neuronal gene 

expression when glial cells are present in the preparation. I found that the four coarse neuronal 

clusters primarily elicited upregulations in gene expression in response to LPS but had far 

fewer DEGs compared to the astrocyte and microglia clusters. This in accordance with findings 

from Srinivasan et al.250 who carried out RNA-seq profiling separately on FACS sorted 
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astrocytes, microglia, and neurons and observed that systemic LPS resulted in a larger 

number of DEGs in both microglia and astrocytes than in neurons. Furthermore, they found 

that unsupervised clustering caused the astrocyte and microglia RNA-seq samples to naturally 

group into the treatment and control groups, whereas the neuron samples did not cluster into 

distinct treatment and control groups, suggesting that the brain’s most pronounced 

transcriptional responses to LPS occurs within glial cell types250. As microglia are the resident 

immune cells of the brain, there is a common notion that they are the first-line responders to 

LPS via their expression of TLR4 which is the main receptor for LPS246. Moreover, there is 

support that microglia are necessary to evoke certain effects of LPS, including LPS-induced 

neurotoxicity as well as certain synaptic alterations153,247,248,251,261. Nonetheless, various other 

CNS cell types are known to express Tlr4, including astrocytes, neurons, and endothelial cells, 

suggesting that these cell types are likely capable of responding directly to LPS245,246. This 

was supported by my snRNAseq data showing that all major brain cell types had some 

expression of Tlr4. However, the non-neuronal cells were found to have a greater percentage 

of nuclei expressing Tlr4 compared to neuronal cells, suggesting that it is primarily non-

neuronal cells that respond directly to LPS. Further research would be needed to 

experimentally test whether astrocytes, neurons, and other brain cell types can respond 

directly to LPS in mouse hippocampal OBSCs or if they require microglia to initiate the 

inflammatory signalling cascade.   

Looking at the functional pathways of the upregulated neuronal DEGs revealed that most 

terms were related to inflammatory pathways. This is comparable to other studies that have 

found an upregulation of inflammatory genes and pathways in neurons after LPS 

exposure262,263. The paper by Baxter et al.262 explored the effect of LPS in the brain using a 

mixed-species RNA-seq approach consisting of a co-culture of purified neurons, astrocytes, 

and microglia from mouse, human, and rat, respectively. Individual cell-type transcriptomes 

could then be profiled using species-specific sorting of bulk RNA-seq data. Markedly, they 

found that many of the up- and downregulated LPS-induced DEGs in astrocytes and neurons 

were dependent on the presence of microglia262. However, they also showed that in turn, 

neurons and astrocytes act in combination to promote microglial homeostatic signalling in 

response to LPS via secreted factors such as transforming growth factor β2 (Tgf-β2). My data 

showed an LPS-induced increase in microglial expression of Tgfbr1 which encodes a receptor 

for Tgf-β2. This opens the possibility that similar feedback mechanisms could function in 

mouse hippocampal OBSCs for astrocytes and neurons to regulate microglial signalling 

following immune activation. Notably, two previously discussed papers that carried out RNA-

sequencing in glial and neuronal cells in the brain in response to LPS did not perform 

enrichment analyses on the neuronal DEGs250,260. Thus, this work offers a novel, unbiased 
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characterisation of transcriptional changes in various neuronal populations following an 

inflammatory challenge in the presence of other brain cell types from the same sample and 

belonging to the same species.  

As this project is focused on understanding links between immune modulation and seizure 

mechanisms, I wanted to examine whether LPS induced changes in neurons that may mediate 

changes in excitability. I found that only 5 out of the 608 putative excitability genes were 

differentially expressed in the neuronal clusters. These included Slc13a3, S100a6, S100a11, 

S100a13, and Npy2r which were all upregulated in one or more of the neuronal clusters. As 

previously mentioned, not all genes in the curated list of potential excitability genes necessarily 

mediate neuronal excitability as relatively broad search terms were used to obtain the set of 

genes. This appeared to potentially be the case with these 5 genes as few neurotransmission-

related terms were found to be enriched for the set of 5 putative excitability DEGs. I did 

nonetheless do some manual searching of these genes to see if there was literature 

suggesting a role for these genes in mediating neuronal function. I found that Slc13a3, which 

was upregulated in the excitatory neuron cluster, is a sodium-dependent dicarboxylate 

transporter that is involved in the transmembrane transport of the tricarboxylic acid (TCA) cycle 

intermediate, succinate264. To my knowledge, there is no literature implicating Slc13a3 in 

altering neuronal excitability. However, neurons rely on extracellular sources of TCA cycle 

intermediates to replenish their intracellular neurotransmitter pools264, and thus there is a 

possibility that Slc13a3 could have an indirect effect on neurotransmission. This would still 

need to be tested. On the other hand, the S100 genes belong to a family of the genes which 

encode EF-hand calcium binding proteins and are known to play roles in buffering intracellular 

Ca2+ and modulating protein phosphorylation265,266. Additionally, S100 proteins have been 

found to function as cytokines and bind with different immune-related receptors including TLR4 

and receptor for advanced glycation end-products (RAGE) which themselves bind to different 

pathogen associated molecular patterns (PAMPs) including LPS266–268. The binding of S100 

proteins to these receptors activates a diverse set of pro-inflammatory signalling cascades. 

This is likely the main function explaining the upregulation of these genes in neurons 

secondary to LPS exposure. Individual roles for some of the S100 proteins have also been 

studied. In my dataset, S100a6 was upregulated in the excitatory neurons, dentate gyrus cells, 

and inhibitory neurons. Upregulations of S100A6 have been reported in models of Alzheimer’s 

disease and several other neurodegenerative conditions, as well as in sclerotic hippocampi of 

epilepsy patients269. Furthermore, increased levels of S100A6 mRNA have been reported 

following induced seizures in mouse models of epilepsy, and this upregulation was correlated 

with neurodegeneration269. In contrast, S100A11 and S100A13 have both been found to 

protect against neuronal apoptosis in ischemic stroke270,271, suggesting a potential 
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neuroprotective function of these genes in response to LPS. There is no research indicating 

that S100a11 or S100a13 directly influences neuronal excitability. The Npy2r gene was also 

found to be upregulated in my dataset in response to LPS. NPY2R is a receptor for 

neuropeptide Y (NPY) and has been shown to inhibit the release of glutamate at CA3-CA1 

pyramidal neuron synapses in rats by reducing pre-synaptic Ca2+ levels 272. There are also 

reports of NPY inhibiting excitatory neurotransmission as well as having neuroprotective 

effects in a model of temporal lobe epilepsy273. While this is somewhat counterintuitive to the 

narrative of neuroinflammation potentially increasing neuronal excitability, there are some 

reports of pro-inflammatory molecules having an inhibitory effect in rodent brain slices157,160,161. 

It is therefore possible that Npy2r represents a gene that could mediate excitability changes 

in response to 24-hour LPS exposure, but this would need to be demonstrated 

electrophysiologically.  

In addition to examining the expression of excitability genes, I performed an enrichment 

analysis on the neuronal DEGs to see if any enriched pathways were related to 

neurotransmission. The dentate gyrus cells were found to downregulate phosphorylation and 

kinase activity in response to LPS. While this is not directly linked to excitability, 

phosphorylation of receptors and ion channels is known to mediate synaptic function and thus 

this could be a potential way in which LPS affects neuronal function 274–278. In addition, there 

was one upregulated pathway in inhibitory neurons termed “Purinergic nucleotide receptor 

signalling pathway”. I found no other significantly enriched terms for the neuronal DEGs that 

were related to neuronal excitability, synaptic activity, or neurotransmission. Thus, while a few 

putative DEGs and pathways were identified that could potentially mediate neuronal 

excitability in response to LPS, overall, 24-hour exposure to LPS in mouse hippocampal 

OBSCs had remarkably little effect on gene expression typically associated with changes in 

neuronal network excitability.  

There are only a few studies that have investigated how changes in RNA or protein levels in 

the brain in response to LPS are associated with changes in neuronal excitability. 

Papageorgiou et al.279 exposed rat hippocampal slice cultures to LPS for 72 hours and 

reported an increase in proinflammatory cytokines such as IL-1β, TNF-α, and IL-6 but no major 

changes in excitability nor any major neurotoxic effects when LPS was added by itself. My 

results seem to reproduce this, showing increases in inflammatory-related transcription in 

response to LPS but no distinct changes in the expression of genes that may mediate neuronal 

excitability. On the other hand, a study by Klawonn et al.280 demonstrated that microglial 

activation, induced by 1 hour of systemic LPS administration in mice, resulted in an increase 

in the levels of IL-6 mRNA, and that this increase in IL-6 transcription was necessary for the 

negative affective state that followed LPS exposure. Markedly, the observed negative affective 
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state was accompanied with a decrease in firing rate of striatal neurons, providing indirect 

evidence that increased transcription of IL-6 alters excitability of neurons in the striatum281. 

Accompanying the decrease in excitability was a reduction in the membrane resistance and 

an increase in the fast after-hyperpolarisation, leading the authors to propose that an 

upregulation or increased opening of K+ channels could be responsible281. However, the 

delayed rectifying K+ channels which are the most likely K+ channels responsible for these 

effects, did not show significantly altered mRNA levels in response to LPS281. This is an 

important finding in relation to my own work as it highlights that an inflammatory challenge can 

mediate neuronal excitability without necessarily altering the levels of expression of the 

implicated ion channels or receptors. Instead, it is possible that the gating properties of the ion 

channels may have been altered through structural or biochemical changes such as 

phosphorylation of subunits277,278. Another research group found an increase in excitatory 

neurotransmission in primary cultures of mouse hippocampal neurons in response to LPS

which was dependent on TLR4 signalling without the levels of TLR4 protein changing between 

the control and LPS condition60. This is worth noting considering that I too found no statistically 

significant changes in the expression levels of Tlr4 mRNA across the different clusters 

secondary to LPS exposure. In this way, these studies illustrate that it is possible for changes 

in neuronal excitability to occur in response to LPS without all implicated molecules 

necessarily changing in their levels of expression.  

4.4 Taenia crassiceps had little effect on gene expression when compared 

to control conditions.  

The snRNAseq analysis comparing the T. crassiceps homogenate to control conditions 

revealed very few changes in gene expression across the different clusters. Although there 

were more downregulated genes, there were no enriched pathways associated with these 

genes. On the other hand, the upregulated DEGs in response to the homogenate were 

associated with several metabolic terms such as cellular polysaccharide and lipid catabolic 

processes. It is interesting to observe an upregulation of carbohydrate and lipid metabolism in 

response to the Taenia homogenate as Taenia cysticerci are known to absorb and consume 

large quantities of host substrates including glucose, fatty acids, and proteins which they 

metabolise using various energetic pathways to survive and develop in the brain282–285. 

Targeting larval metabolic pathways is in fact one of the ways in which anti-parasitic drugs are 

known to have their effect 282–286. The upregulation of Aoah in host cells could be a potential 

way in which Taenia larvae manipulate host carbohydrate and lipid production to obtain 

sufficient in energy for their survival and growth. This is not improbable considering the 

relatively simple genomes and limited biosynthetic capabilities of cestodes286. However, this 

is very much speculation, and should be deemed as such especially considering that the 
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enriched catabolic pathways in question were associated with only a single gene which was 

differentially expressed in only one neuronal sub-population.  

In addition to these findings, I noted that the Taenia homogenate resulted in a downregulation 

of the Substance P receptor in microglia. This is an interesting finding as Substance P has 

previously been implicated in NCC seizurogenesis57. Early-stage granuloma extracts 

associated with dying T. crassiceps larvae from wild-type rodents with the precursor for 

Substance P have been found to trigger seizures when injected intrahippocampally into 

another rat or mouse and this effect was dependent on the presence of Substance P receptors 

in the animal receiving the injection57. Furthermore, in the same model system, Substance P 

signalling was found to contribute to the release of pro-inflammatory cytokines58. The Tacr1 

gene, which was downregulated in my dataset, encodes the tachykinin receptor 1 (also known 

as neurokinin-1 receptor) and is the receptor that Substance P binds to in the CNS. Activation 

of the neurokinin-1 receptor by Substance P in human microglial and astrocyte primary 

cultures has been found to augment inflammatory and/or neurotoxic responses by these 

cells287. Considering that our Taenia homogenate was primarily made from larvae that were 

frozen at a viable stage and appears to block pro-inflammatory activity288,  I have theorised 

that treatment with this whole-cyst homogenate reflects the viable cyst stage of NCC. This 

would align with the observed downregulation of the Tacr1 gene in microglia which could even 

represent a possible mechanism by which the T. crassiceps homogenate partially suppresses 

pro-inflammatory activity. Furthermore, this fits with the report that there are few seizures and 

symptoms during the viable cyst stage of NCC as the receptors for Substance P could be 

actively downregulated during this stage by viable Taenia larval cysts in the brain. Again, this 

remains to be demonstrated experimentally. It was also worth noting that the Lamp5 

interneurons had the greatest percentage of nuclei expressing the Tacr1 gene, suggesting 

that the main effects of Substance P may occur through the Lamp5 cells. In addition to the 

Substance P receptor, I examined the expression of the gene encoding the precursor for 

Substance P, Tac1. Counter to what might be predicted from previous reports of the effects of 

T. crassiceps granulomatous extracts in the brain57,58, Tac1 was not differentially expressed

between the control and Hom conditions. This can potentially be attributed to the other studies 

using granulomatous extracts from dying T. crassiceps larvae, while this research utilised a 

homogenate made from viable T. crassiceps larvae which may have a different effect on 

Substance P production.  
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4.5 Taenia crassiceps demonstrated ubiquitous immunosuppressive 

transcriptional changes when added to LPS. 

To better appreciate the full effects of the T. crassiceps homogenate, I looked at how the 

addition of the homogenate affected cell-type-specific gene expression in the presence of a 

pro-inflammatory stimulant, namely, LPS. This DE analysis was done by running a pairwise 

comparison between the LPS (baseline) group and the LPS+Hom (treated) group. The 

analysis revealed broad global downregulations of pro-inflammatory genes and upregulations 

of anti-inflammatory genes following the addition of the T. crassiceps homogenate to LPS. 

The homogenate appeared to block/counteract the effect of LPS with many of the exact same 

genes and pathways that were upregulated or downregulated by LPS being found to act in the 

opposite direction when the homogenate was added to LPS. In this way, the transcriptional 

data very much corroborated the immunosuppressive effects we were expecting to see based 

on previous observations in the model system using ELISAs and immunohistochemistry. 

However, I now had the advantage of being able to decipher which cell types and gene 

networks the Taenia homogenate may be acting on to suppress the induction of inflammation 

by LPS. Although transcriptional changes were seen in all cell types, the astrocytes, OPCs, 

and microglia had the largest numbers of DEGs. This was especially true for the astrocytes 

which had as many as 525 downregulated genes and 207 upregulated genes. Microglia were 

also found to have fewer DEGs than astrocytes but both microglia and astrocytes showed the 

same trend to each other with a larger number of downregulated genes compared to 

upregulated genes in response to the homogenate being added to LPS. The large 

transcriptional responses to both pro-inflammatory and immunosuppressive stimuli in 

astrocytes suggests that they may play an important part in amplifying immunomodulatory 

signals in the brain.  

Extensive research into the immunological effects of Taenia larvae has demonstrated that 

both T. solium and T. crassiceps infection are associated with mixed Th1 and Th2 responses 

in hosts178,289,290. The induction of the Th2 response appears to be permissive to the survival 

of the parasite and is therefore considered as an immunoregulatory strategy that the cestodes 

use to survive in host organisms178,289. The Taenia-induced Th2 immune responses is 

characterised by the secretion of high levels of anti-inflammatory cytokines including 

interleukin-4 (IL-4), IL-1, IL-6, interleukin-9, interleukin-10 (IL-10), interleukin-25, interleukin-

33, and TGF-β178,289. This anti-inflammatory milieu is accompanied with cellular and humoral 

immune responses including high levels of CD4+ T lymphocytes becoming alternatively 

activated into Th2 and T regulatory subsets, as well as an increase in immunoglobulin G1- 

and IgE-producing B cells, eosinophilia, basophilia, and mast cells178,289,291. It is an established 

notion that most of these alterations in the cellular inflammatory response and leukocyte 
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activation occur in response to Taenia larvae releasing excretory/secretory antigens which 

have immunoregulatory properties291. In addition to this, histological and immunological 

analysis of craniotomy specimens containing T. solium cysts surrounded by granulomas from 

NCC patients have found the presence of plasma cells, B and T lymphocytes, macrophages, 

and mast cells to be associated with degenerating or calcified larval cysts190,290. Additionally, 

various cytokines were associated with dying larval cysts, including the Th1 cytokines IFN-γ, 

IL-18, and TGFβ and the Th2 cytokines IL-4, IL-13, and IL-10190,290. In summary, viable Taenia 

larvae induce a Th2 immune response in hosts to survive, while the host’s Th1 immune 

response predominates the degenerating cyst stages. Presumably, this induction of the Th2 

response requires Taenia larval modulation of lymphocytes directly and not via modulation of 

antigen presenting cells such as microglia. My justification for this is that in my model, T. 

crassiceps homogenate alone did not induce classic IL-4-mediated alternative activation in 

microglia, with no changes in gene expression associated with the M2 phenotype (Mao-A, 

CD36, Dusp1)292. Placing my findings in the context of these immunological studies, I 

hypothesise that treatment with our lab’s T. crassiceps whole-cyst homogenate mimics what 

might be seen in the brain during the vesicular/viable cyst stages of NCC. My data provides 

support that extracts of Taenia larvae can prevent pro-inflammatory responses across all main 

resident brain cell types. Importantly, this research was done ex vivo, indicating that this 

immunosuppressive activity can occur without requiring infiltrating peripheral immune cells.  

It is intriguing to speculate whether Taenia larvae elicit specific effects on different cell types 

in the brain or if, instead, LPS triggers cell-type-specific transcriptional changes, and the 

Taenia homogenate simply acts upstream on receptors such as TLR4 to block LPS from 

having its effect. The latter scenario seems most plausible considering that the homogenate 

appeared to have almost no effect on gene expression when compared to control conditions, 

suggesting that it is not actively downregulating pro-inflammatory genes or upregulating anti-

inflammatory genes so much as blocking LPS from having its effect. This hypothesis is further 

substantiated by the wide-spread way in which the homogenate counteracted the effects of 

LPS across multiple genes and multiple cell types. It seems more likely, therefore, that such 

global opposing changes in gene expression would have their target upstream at a particular 

receptor that LPS acts on or a few pathways downstream of the initial site where LPS has its 

effect rather than the homogenate acting at numerous downstream targets of different cell 

types.  However, the homogenate did not perfectly counteract the effects of LPS as we can 

see the trend was for the average expression levels of genes in the LPS+Hom condition to fall 

somewhere between what is seen in the control and LPS conditions, implying that the 

homogenate can partially restore gene expression levels back to control levels when it is 

added to LPS but not entirely. This could be explained by the homogenate competing with 
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LPS for binding to TLR4 or a related upstream receptor, and while mostly outcompeting LPS, 

there may be instances where LPS is still able to bind such that its effects are not completely 

blocked by the homogenate (See Figure 4.1 for an outline of LPS initial targets and signalling 

pathways). Alternatively, LPS may act on other receptors that the homogenate does not block, 

which would account for some effects of LPS still occurring despite the presence of the 

homogenate. Looking at the LPS signalling pathways that have previously been 

described246,293,294 (See Figure 4.1 for a visual representation), I propose that the T. crassiceps 

homogenate acts at the level of the receptor for TLR4 and potentially other toll-like receptors 

but that there are some LPS receptors it fails to block or only blocks partially.   

Of course, in NCC there is not a single pro-inflammatory stimulant such as LPS acting but 

rather the host’s immune response at play which could have multiple targets other than the 

pathways that LPS activates. However, as discussed in the introduction, TLR4 polymorphisms 

have been implicated not only in susceptibility to NCC infection but also susceptibility to 

symptomatic NCC33. The authors of this study proposed that, in cases of symptomatic NCC, 

TLR4 variants may play a role in driving an immune response towards the Th1 phenotype, 

and that this could contribute to seizures33. Thus, there is evidence to suggest that at least a 

component of the host’s immune responses to Taenia larvae likely acts through toll-like 

receptor signalling pathways including TLR4. My data further supports this by showing that in 

the presence of an inflammatory stimulant, material from mostly viable Taenia larvae 

suppresses several TLR4 downstream signalling cascades in the brain. Moreover, both Cd14 

and Lbp which encode proteins that assist with binding LPS to TLR4 were upregulated in 

astrocytes and/or microglia in response to LPS. In contrast, these genes were downregulated 

between the LPS vs LPS+Hom groups, suggesting that the Taenia homogenate may interfere 

with the LPS-induced upregulation of these two genes, thereby impeding the binding of LPS 

to TLR4.  
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Figure 4.1 Mechanisms of molecular response to LPS (Taken from Figure 2 Skrzypczak-

Wiercioch et al.246, accessed March 2023). LPS binds several receptors and binding proteins, including

LPS-binding protein (LBP), CD14, Toll like receptor 4 (TLR4), TRPA1, TRPV1, TRPV4, TRPM3, and TRPM8. 

Downstream of the TLR4 signalling cascade are the My88-dependent (Left) and My88-independent (Right) 

pathways. Together, these pathways lead to changes in inflammatory gene expression including the expression of 

various cytokines and chemokines as well as changes in the expression of type I interferon genes such as IFN-γ. 

4.5 Taenia crassiceps had minimal effects on neuronal excitability genes 

when added to LPS.  

I also decided to explore gene expression changes in the neuronal clusters between the LPS 

and LPS+Hom groups. Each of the neuronal clusters had more downregulated DEGs than 

upregulated DEGs for the LPS versus LPS+Hom DE comparison. The downregulated DEGs 

were associated with various inflammatory functions, suggesting that the immunosuppressive 

activity of the homogenate also affects neurons. In addition to this, I found that the addition of 

the homogenate to LPS had a statistically significant effect on the neuronal expression of 9 

genes that belonged to my curated list of excitability genes. An enrichment analysis of these 

9 excitability DEGs revealed an increase in GABAergic transmission by the dentate gyrus cells 

and a decrease in glutamatergic transmission by the excitatory neurons as well as changes 

associated with in sodium, calcium, and potassium transport. It is interesting to note that there 
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was an upregulation of GABAergic activity and a downregulation of glutamatergic activity, 

suggesting overall inhibitory effects of the homogenate in the presence of LPS. This fits well 

with the immunosuppressive effects of the homogenate which we hypothesised might play a 

role in seizure suppressing activity. However, as I have shown that LPS by itself had very little 

effect on neuronal excitability genes, it remains somewhat of a puzzle to understand how the 

homogenate would mediate the expression of genes involved in neuronal excitability. These 

findings are especially challenging to interpret considering that none of the differentially 

expressed excitability genes between the LPS vs LPS+Hom conditions were significantly 

differentially expressed in the control versus LPS or the control versus Hom comparisons. This 

implies that these differentially expressed excitability genes reflect neither the homogenate 

counteracting the effects of LPS nor an intrinsic effect of the homogenate alone. Either these 

identified DEGs are a spurious result (i.e., a false positive) or they are genes that are 

differentially expressed specifically when both the homogenate and LPS act in combination. 

This idea could be tested as we would expect that if LPS and the T. crassiceps homogenate 

acting together (rather than either one by itself) results in changes in the expression of these 

excitability genes, then the same excitability genes that are differentially expressed between 

the LPS versus LPS+Hom condition should also be differentially expressed between the 

control and LPS+Hom condition. This idea was thus refuted by the finding that the LPS vs 

LPS+Hom excitability DEGs were not differentially expressed in the control vs LPS+Hom 

condition. In this way, the analysis of the LPS vs LPS+Hom excitability DEGs showed little 

comparability to the effects of either LPS alone, the homogenate alone, or LPS and the 

homogenate acting together. Therefore, the biological significance of these results becomes 

hard to decipher, and caution is warranted in over-interpreting these results. Moreover, the 

vast majority of genes from the list of excitability genes were not significantly differentially 

expressed in neurons in response to the conditions where the Taenia homogenate was 

present (i.e., LPS versus LPS+Hom; controls versus Hom; and control versus LPS+Hom). 

Thus, it appears that the T. crassiceps homogenate has only minor effects on the transcription 

of genes that may mediate excitability. All in all, the snRNAseq findings for our Taenia 

homogenate treatments is purportedly comparable to a viable cestode model of NCC. In the 

presence of LPS, the homogenate demonstrated immunosuppressive activity most likely 

through the blockade of the TLR4 signalling pathway. In addition, the relative scarcity of 

convincing changes in excitability-related gene expression in response to the homogenate, or 

at most a slight shift towards inhibitory signalling, suggests that the main transcriptional 

signalling in neurons required for their normal functioning is conserved in the presence of the 

viable T. crassiceps homogenate whether alone or together with an inflammatory challenge.  
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4.6 LPS had no effect on the intrinsic electrical properties of pyramidal 

neurons.  

The snRNAseq findings indicated that there were no major changes in excitability-related 

transcription in neurons following LPS exposure except for a few genes that could potentially 

mediate neurotransmission. These results were corroborated by the whole-cell patch-clamp 

data which found no changes in the intrinsic electrical properties of pyramidal neurons in 

response to 24-hour LPS treatment relative to control conditions. This suggests that short-

term LPS exposure has little effect on the fundamental functioning of neurons ex vivo. As 

outlined in the introduction, there are numerous studies that have experimentally investigated 

the effects of LPS or other inflammatory challenges on neuronal excitability or seizure-related 

activity in the brain. Based on the experimental set-up used and main findings, these studies 

can be divided into categories to determine which studies are best to compare my results to. 

The first category of study includes those that have used a pro-convulsant agent to induce 

seizures and found that pro-inflammatory stimuli or immune activation can either 

exacerbate108,110,111,115–126,133–139 or impede seizure activity and/or seizure 

susceptibility155,156,165,295. Most of these papers have found support for a role of inflammation 

in augmenting seizure activity but do not definitively show that inflammation alone is sufficient 

to alter network excitability or trigger seizures108,110,111,115–126,133–139. The second category of 

study consists of papers demonstrating a capacity for some components of the immune 

response to induce seizure-like activity without requiring pro-convulsant stimuli145,151,152. Then 

there are studies showing that immune activation by itself increases neuronal excitability but 

does not necessarily elicit seizure-like events by itself60,152. Finally, there are studies showing 

that certain inflammatory mediators either inhibit neuronal excitability or have no effect on 

neuronal function157,160,161,279.  

My experimental setup is best compared to the studies investigating the effects of 

inflammation alone on seizure activity or neuronal excitability.  It is interesting to compare to 

studies that reported an increase in seizure activity or neuronal excitability as this is what I 

had initially predicted I might see. Two studies performed in vivo intracortical or 

intrahippocampal injections of either LPS or components of the complement system in rats 

and demonstrated that these pro-inflammatory stimuli elicited focal epileptiform discharges 

and/or seizures145,146. A key difference between these two studies and my own is that I was 

working with ex vivo hippocampal brain slices that lack adaptive immune responses. There is 

some support that adaptive immune responses, including the infiltration of leukocytes and 

serum albumin associated with BBB breakdown can play an important role in the relationship 

between inflammation and seizureogenesis296. Thus, the differences between my own 
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negative results and the findings of these two studies could potentially be attributed to a lack 

of adaptive immunity in my model system.  

Nonetheless, there have also been several in vitro studies showing effects of LPS on seizure 

activity and neuronal excitability. Both Gullo et al.152 and Giansante et al.60 carried out work in 

primary cultures of mixed neuron, astrocyte, and microglial cells from mice and used in vitro 

multi-electrode arrays to measure reverberating activity of hundreds of neurons after LPS 

exposure152. Gullo et al.152 found that approximately 5 hours of LPS exposure resulted in a net 

increase in the average number of spikes elicited which was reminiscent of seizure-like 

activity152, while Giansante et al.60 also demonstrated network hyperexcitability after 48 hours 

of LPS exposure. The preparation and recording methods of these studies are very different 

to my own, including the preparation of primary cultures that involved a tissue dissociation 

prior to culturing the cells as well as the use of multi-electrode arrays which record the field 

potential electrical activity from the extracellular space of a population of neurons. In contrast, 

I took recordings from individual neurons in intact organotypic brain slices using whole-cell 

patch-clamp electrophysiology. Consequently, while they were looking at overall excitability of 

the tissue in response to LPS, I was examining the effect of LPS on the intrinsic functioning of 

neurons, making it difficult to compare the two types of experiments.  

However, Giansante et al.60 did in fact also carry out patch-clamp experiments at 24, 48, 72, 

and 96 hours after LPS exposure to measure its effect on evoked excitatory and inhibitory 

postsynaptic currents (eEPSCs/eIPSCs) of hippocampal neurons. They reported that longer 

exposure to LPS resulted in a twofold increase in the eEPSC amplitude which was mostly 

absent when the cultures were only exposed to LPS for 5 mins 60. No effect of LPS was found 

on eIPSC amplitude60. Additionally, the effect of LPS on excitatory neurotransmission was 

found to be dependent on TLR4 and the expression of L-type voltage-gated Ca21 channels 

at pre-synaptic terminals60. In support of these findings, Gao et al.151 observed an increase in 

the amplitude of eEPSCs after 30 minutes of LPS exposure in acute mouse hippocampal 

slices but no effect on eIPSCs. Additionally, they found that LPS exposure increased the 

frequency of epileptiform discharges and spikes per burst induced by administration of 4-AP 

added to Mg2+-free artificial cerebrospinal fluid151. Similarly, Pascual et al.153  bath applied LPS 

to mouse acute hippocampal slices while taking whole-cell patch-clamp recordings. 

Interestingly, they observed an increase in the frequency of spontaneous EPSCs but no 

change in their amplitude, which differs to the two previous studies60,152. On the other hand, 

as with the two previous studies, Pascual et al.153 also reported no effect on inhibitory 

neurotransmission in response to LPS153. Furthermore, the effect on EPSC frequency was 

found to be dependent on AMPAergic transmission, the presence of TLR4, as well as the 

purinergic receptor P2Y1R located on astrocytes153. Importantly, these three studies all 



84 

measured synaptic transmission and used various pharmacological blocks to isolate EPSCs 

and IPSCs mediated by different receptors and channels60,151,153. In contrast, I only looked at 

the intrinsic electrical properties of neurons in response to LPS but did not measure any 

synaptic properties. This is a major gap that could explain why I did not observe any changes 

in excitability in my setup. Future work can look to address this by exploring the effect of 24-

hour LPS exposure on excitatory and inhibitory postsynaptic currents in mouse hippocampal 

OBSCs.  

On the other hand, the paper by Hellstrom et al.157 examined the effect of several day exposure 

to LPS on the intrinsic electrical properties of CA1 pyramidal neurons in rat hippocampal 

OBSCs. They reported that chronic exposure to LPS resulted in neurons having a significantly 

lower membrane resistance, a more elevated action potential threshold, and a slower 

frequency of action potential discharge compared to control slices exposed to regular growth 

media157. Additionally, the study found that the amplitude of inhibitory postsynaptic GABAergic 

potentials, but not excitatory glutamatergic postsynaptic potentials was significantly larger 

following chronic LPS exposure157. These results stand in contrast to the previous studies as 

they suggest that chronic LPS exposure modifies the intrinsic electrical properties of neurons 

and synaptic activity in such a way as to increase inhibitory neurotransmission157. There are a 

few differences in my model system compared to the Hellstrom et al.157 paper, including that I 

used postnatal day 6-8 mice, whilst they used postnatal day 8-10 rats; I exposed brain slices 

to 10 ng/ml LPS for 24 hours, whereas they treated brain slices with 100 ng/ml LPS for 7 days; 

and finally, they also recorded changes in post-synaptic potentials, whilst I only measured the 

intrinsic electrical properties of cells. It is possible that factors such as species, age of the 

animal, dose, and period of exposure to LPS could also result in differences in neuronal 

responses to the treatment. On the other hand, Papageogriou et al.279 found that LPS by itself 

had very little effects on neuronal excitability in rat hippocampal OBSCs but that exposure to 

IFN-γ together with LPS resulted in considerable neuronal dysfunction and death. This finding 

suggests that under some conditions, LPS alone may not be sufficient to alter excitability, but 

that the combination of immune mediators can play an important role in the effect that an 

inflammatory challenge has on brain function. My own work suggests that 24-hour exposure 

to 10 ng/ml of LPS in mouse hippocampal OBSCs does not affect the intrinsic excitability of 

pyramidal neurons.  

These results serve as an important reminder that neuronal networks may be able to maintain 

normal function in the face of short-term innate immune activation. It is interesting that this 

narrative of the brain’s resilience to inflammation is not prevalent in the literature, with most 

studies demonstrating how innate and adaptive immune responses can be detrimental to 

neuronal survival and/or alter neuronal function60,145,146,151–153,157,245,246,251,261. This may in part 
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be attributed to a publication bias towards studies that have found some effect of immune 

signalling in altering neuronal excitability and/or seizure activity. However, this is not to say 

that inflammation does not cause damage when unchecked nor to say that it does not play a 

role in seizure processes. It is evident from the sheer volume of literature available that there 

are numerous mechanisms by which neuroinflammation can contribute to seizures and 

epileptogenic processes. However, few studies have be able to produce models of epilepsy 

in which seizures are generated by inflammation in the absence of pharmacological 

interventions that facilitate epileptiform discharges. While there are examples of this145,146,152, 

the scarcity of such a model system suggests that the conditions required for immune 

mediators to trigger seizures are specific and multifactorial. For example, the ability of an 

inflammatory challenge to alter neuronal excitability and/or trigger seizures may, in many 

cases, require involvement of the adaptive immune system or other precipitating conditions to 

be met such as dose, timing, developmental age, and choice of immune mediator(s).  

4.7 The Taenia crassiceps homogenate had no effect on the intrinsic 

electrical properties of pyramidal neurons.  

To explore whether Taenia larvae modulate neuronal excitability, I also performed whole-cell 

patch-clamp experiments on brain slices exposed to the T. crassiceps homogenate by itself 

and in the presence of LPS. I showed that neither of these treatments resulted in significant 

differences in the intrinsic electrical properties of pyramidal neurons when compared to control 

conditions, LPS, or to each other. These results corroborated the snRNAseq data in which 

there were few convincing changes in the expression of genes that might mediate neuronal 

excitability. There is limited research that has experimentally explored the electrophysiological 

effects of Taenia larvae on brain tissue. As described earlier, one research group has 

demonstrated that the release of Substance P from granulomas associated with dying T. 

crassiceps larvae has a seizurogenic effect in mice and rats injected intracranially with the 

granuloma extracts 55–57. Some differences between this research and my own is that these 

studies were carried out in vivo and used observation and electroencephalogram monitoring 

to record seizure activity55–57. Additionally, while the early-stage granuloma extracts were 

found to contain parasite remnants, they did not test the effects of larvae directly on the brain 

without the presence of the granulomas. To my knowledge, there is only one other study 

published by members of the Raimondo lab and colleagues that explored electrophysiological 

effects of the T. crassiceps larvae using whole-cell patch-clamp196. They were able to 

demonstrate that AChEs derived from heat-activated secretory/excretory extracts of T. 

crassiceps larvae have sufficient activity to break down ACh at a concentration which induces 

changes in neuronal signalling196. In particular, the study involved puffing ACh directly onto 

neurons along with either heat-inactivated or heat-activated extracts of the T. crassiceps 
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homogenate shown to contain AChE196. They found that depolarisations and action potentials 

triggered when ACh was puffed together with heat-inactive T. crassiceps extracts were 

abolished when this was swapped for heat-activated extracts196. While these results do not 

show a direct effect of the T. crassiceps extracts altering neuronal excitability by themself, 

they do provide support that certain heat-labile components of T. crassiceps larvae have the 

potential to alter neurotransmission in the presence of relevant neurotransmitter signalling 

such as cholinergic signalling196. Markedly, the effect that they observed was suggestive of 

acute inhibitory activity by the heat-activated Taenia secretory/extracts which supports our 

hypothesis that the T. crassiceps homogenate which has immunosuppressive activity may 

have inhibitory effects on neurons. However, my data indicated that longer exposure to the T. 

crassiceps homogenate did not have any inhibitory effect on fundamental neuronal properties 

when acting alone or together with LPS. Arguably, this finding still aligns with the proposition 

that our whole-cyst homogenate represents the viable cestode stage of NCC. When both LPS 

and the T. crassiceps homogenate were administered, there were no effects on neuronal 

function, implying that neurons can maintain normal function despite being exposed to these 

mediators. This may reflect what happens in the brain of asymptomatic NCC patients: rather 

than Taenia larvae actively exerting chronic inhibitory or seizure-suppressing effects on 

neurons, it may simply be the absence of mediators that would increase excitability, such as 

Substance P, which accounts for the lack of neuronal excitability changes and scarcity of 

seizures during the vesicular stage of the disease. My data suggests that viable Taenia larvae 

drive immunosuppressive activity by blocking key inflammatory pathways in the brain which 

may allow them to survive in the viable state for some time. At a later point, when cysts start 

to degenerate, Substance P or other mediators which were not released during the viable 

cestode stage may begin to modify neuronal excitability and contribute to the onset of 

seizures. This project has therefore provided some possible insights into brain function during 

the asymptomatic stage of NCC during which the host immune response is generally 

suppressed. To gain more insight into the exact mechanisms by which seizures might occur 

in NCC, similar whole-cell patch-clamp experiments can be performed but instead use 

dead/dying T. crassiceps larvae and associated granulomas as described by Robinson et al.57. 

4.8 Limitations and directions for future work 

There are various limitations to consider about this research project. Firstly, there are some 

considerations regarding the model system for both immune activation and Taenia infection. 

The hippocampal OBSCs are an ex vivo preparation which lacks adaptive immunity and 

associated invasion of peripheral immune cells with possible accompanying changes in BBB 

permeability as well as albumin extravasation297. Thus, it is possible that certain changes in 

gene expression or even neuronal excitability would be seen in vivo in response to LPS or the 
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Taenia larvae that we do not see in ex vivo conditions. Nonetheless, this ex vivo preparation 

offers its own advantage in providing a reduced system to isolate the effects of the innate 

immune response in response to these immunoregulatory stimuli. Another limitation of the 

model system is that it is only from one region in the brain, and therefore does not represent 

transcriptional and electrophysiological changes that occur across other parts of the brain 

following exposure to LPS or Taenia larvae. Arguably, focusing on just one brain region may 

be valuable as it reduces variability across samples and in turn increases the power of the 

analysis when it comes to understanding the effects of the treatments on transcription and 

neuronal excitability. Furthermore, the hippocampus is a well-established brain area for 

modelling epileptogenesis, and therefore was an appropriate region to focus on for this 

study298. Nevertheless, it is likely that different brain regions would have different responses 

to these treatments. For example, a specific subset of neurons in the hypothalamus have been 

shown to control fever and changes in appetite in response to LPS260. Additionally, the age 

and sex of the animals used in the experiments is also a factor worth considering, as there is 

evidence that treatment with LPS has varied effects on inflammatory transcription in the brain 

depending on the developmental period during which the exposure took place as well as the 

sex of the animal144,299.   

Other considerations include the agents used to model immune activation and Taenia 

infection. To stimulate immune activation, I chose to work with LPS as this is a commonly used 

mediator to activate an inflammatory response in the brain and other tissues246. However, it is 

worth acknowledging that exposure to LPS represents only one form of immune activation as 

there are other ways of evoking immune responses such using other PAMPs or DAMPs or by 

using pro-inflammatory cytokines such as TNF-α and IL-1β300. As a result, some of the findings 

could present differently in the presence of a different inflammatory stimulant. Likewise, to 

model Taenia infection in the brain, I chose to work with a homogenate made from T. 

crassiceps larvae. While several studies have provided support for T. crassiceps being very 

similar to T. solium174–176,301, there are some differences between these two cestodes, 

including their natural life cycle as well as enzymatic activity which are important to keep in 

mind when using T. crassiceps to model human NCC as not all effects of T. crassiceps will 

necessarily extrapolate to T. solium185,196. Nonetheless, as there is reasonable similarity 

between these two cestodes, the insights gained from research on T. crassiceps can add to 

our knowledge and understanding about possible pathophysiological changes in NCC whilst 

avoiding some of the challenges involved in obtaining and working with T. solium. In addition 

to the species used, the viability of the Taenia larvae is a crucial aspect of the design as it will 

determine which stage of NCC is likely being modelled. Our whole-cyst Taenia larval 

homogenate was prepared from T. crassiceps larvae that were mostly viable at the point of 
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freezing. This, as well as the data demonstrating robust immunosuppressive activity and no 

effect on excitability of neurons, indicates that the homogenate likely models the early, viable 

stage of NCC during which patients are usually asymptomatic. Treating tissue with this T. 

crassiceps homogenate has provided some further understandings about how viable Taenia 

larvae modulate the host immune response in the brain. However, to understand mechanisms 

underlying seizure occurrence in NCC, it may be worth replicating some of these experiments 

with dead or dying granulomas associated with T. crassiceps larvae, as previously 

described56,57.  

Additionally, with regards to modelling neuroinflammation and Taenia infection in the brain, 

the dose and timing of exposure to LPS and the Taenia larval homogenate are variables that 

could mediate both transcriptional and electrophysiological responses to these agents. There 

has been quite a lot of heterogeneity in studies in terms of the concentrations of LPS used to 

incite an inflammatory challenge in the brain. Interestingly, several of the papers that found 

changes in excitatory neurotransmission in response to LPS used different concentrations of 

LPS and different periods of exposure but found similar results60,151,153. However, the study 

using the longest period of exposure found the opposite effect, reporting an increase in 

inhibitory neurotransmission which suggests that chronicity could determine the effect that 

molecules such as LPS have on neuronal excitability157. Both immune activation and Taenia 

infection are phenomena that occur over months to years in human patients. This chronic 

alteration in the brain’s immune response may be a key component of the effect of these 

stimuli on neuronal network function. While it is not possible or feasible to model such long 

periods in culture, the 24-hour exposure was chosen to simulate slightly longer exposure times 

that would allow for changes in gene expression to occur. Nonetheless, it very possible that 

certain changes which occur over much longer time periods in NCC patients or patients with 

chronic inflammatory conditions that lead to epilepsy would not be reproduced in our model 

system.   

Other limitations of this work relate to the snRNAseq experiments. For the transcriptional 

component of this study, I was specifically measuring levels of nuclear transcript in response 

to the different treatment conditions. Importantly, mRNA levels can change after transcripts 

get exported into the cytoplasm and transported to distal part of the cell such as the dendrites 

and axons due to RNA degradation and other regulatory processes302,303. As a result, any 

changes to mRNA levels occurring after translocation out of the nucleus in response to LPS 

or to the T. crassiceps homogenate would not have been detected. Furthermore, the 

snRNAseq platform that we used is not sensitive to splicing events which have previously 

been shown to take place in response to LPS exposure250,304. This is also a level of 

transcriptional regulation that Taenia larvae may modify which could be studied in future work. 
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Another limitation of looking at transcriptional changes is that post-translational modifications 

can occur to modify protein function which would not be reflected when measuring levels of 

mRNA305. This is especially relevant when it comes to molecular changes that may mediate 

excitability of neurons as some of the main changes that alter neuronal function are structural 

or biochemical changes to receptors and ion channels such as the phosphorylation of different 

neurotransmitter receptors which can modify their conductance or permeability to different 

ions274–276. My snRNAseq data indicated some changes in phosphorylation activity in response 

to LPS. However, whether this is linked to synaptic function would need to be studied further. 

While there are limitations of using a transcriptional approach to interpret changes in 

excitability, it is worth emphasising that this high-throughput transcriptional method offers the 

key advantage of being able to sequence essentially all relevant genes across all cell types, 

thereby enabling a relatively unbiased overview of the main molecular pathways that change 

in response to a treatment of interest203. In this way, any transcriptional changes occurring 

within different cell types can be used to generate new hypotheses about which genes 

networks are involved in regulating a cell’s response to LPS or T. crassiceps larvae. However, 

functional studies with specific protein targets may be required to understand other regulatory 

effects of LPS and the homogenate, and this is particularly applicable for identifying alterations 

in synaptic properties and the excitability of neurons. Lastly, the label transfer method, which 

was used in conjunction with other approaches to annotate the snRNAseq clusters, may have 

been limited by the decision to improve computational efficiency by excluding nuclei from the 

Allen reference dataset that expressed more than 7500 genes. Arguably, this decision was 

justified in that, even with the high-performance computing facilities, it would not have been 

computationally feasible to use the Allen reference dataset in the analysis without first 

processing it to be smaller. Furthermore, as there was relatively good consensus between the 

annotations obtained using this method and other approaches, it is unlikely that the chosen 

filtering step significantly compromised the annotations obtained using the Label Transfer 

approach.  

In addition, there were some limitations inherent to the whole-cell patch-clamp experiments 

that I carried out. For one, I only recorded from pyramidal neurons in the CA1 and CA3 areas 

of the hippocampus. It is possible that other neuronal populations such as various inhibitory 

neuronal sub-types or neurons in the dentate gyrus may respond to LPS or to the Taenia 

homogenate. However, once again, this comes down to the weigh up between gathering more 

information across different cell types versus introducing unwanted variability in the data. 

Choosing to record from diverse cell types would come with the challenge of acquiring 

sufficient cells to be sampled per cell type to be able to trust that any observed effects are a 

result of the treatment group rather than variation affected by the relative cell type 
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representation in each treatment group. As the set of conditions and technicality required to 

obtain even a single successful patch-clamp recording from a neuron can be very finicky and 

time-intensive, obtaining a large enough sample size can be difficult. In the case of my 

experimental design, this was heightened by the fact that there were four different treatment 

groups that each required a sufficient number of recordings from different cells. Thus, the 

choice to only focus on pyramidal neurons was justified by the decision to prioritise having a 

large enough number of datapoints per treatment group that would allow me to be confident 

in any effects observed. Another limitation of my electrophysiology experiments that I have 

mentioned prior to this is that only the intrinsic electrical properties of neurons were measured, 

but other relevant measures of neuronal excitability such as excitatory and inhibitory post-

synaptic currents/potentials as well as bursting activity or seizure-like events were not 

examined. Several studies have found effects of LPS on synaptic properties of neurons and/or 

on the overall excitability of brain tissue60,151,153,157. Therefore, exploring these other measures 

of neuronal excitability in response to LPS and the Taenia larval homogenate in mouse 

hippocampal OBSCs would strengthen the existing analysis.  

4.9 Conclusion 

In summary, this project provides support that innate immune activation drives large 

transcriptional changes across all major brain cell types. The main transcriptional changes 

were associated with genes known to mediate inflammatory regulatory networks. Remarkably, 

very few changes were observed in the expression of genes that may mediate neuronal 

excitability. This was corroborated by whole-cell patch-clamp data showing no changes in the 

intrinsic electrical properties of neurons in response to short-term innate immune activation. 

In addition to this, Taenia larvae demonstrated a capacity to prevent the upregulation of 

proinflammatory transcriptional activity in the presence of LPS. The extent of this 

immunosuppression and associated downregulated pathways suggests that the T. crassiceps 

homogenate may exert its immunosuppressive effect by blocking the TLR4 signalling 

pathway. Few convincing changes in the expression of neuronal excitability genes were seen 

in response to the T. crassiceps homogenate. Additionally, the whole-cell patch-clamp 

experiments indicated no effect of the T. crassiceps homogenate on the intrinsic electrical 

properties of pyramidal neurons. Overall, it is proposed that the effects of the whole-cyst T. 

crassiceps homogenate best reflects what might be seen during the viable cyst stage of NCC, 

characterised by suppression of the host immune response but normal neuronal function 

remaining intact.  
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