
	 1	

 
 
 

Brain imaging and activation using MRI 

and magnetic particles 
 

 

Yichao Yu 
 

 

Submitted for the degree of  

Doctor of Philosophy in Biomedical Imaging 

 

 

October 2017 

 

 

 

 

 

Centre for Advanced Biomedical Imaging (CABI),  

Division of Medicine, University College London (UCL) 



	 2	

Declaration 

I, Yichao Yu, confirm that the work presented in this thesis is my own. Where 

information has been derived from other sources, I confirm that this has been 

indicated in the thesis. This work is based on research conducted by me 

between September 2011 and October 2017 at University College London, UK.  



	 3	

Abstract 

In recent years, a wave of technologies that seek to probe neural structure and 

function with reduced disturbance to the integrity of the system have emerged, 

including magnetic resonance imaging (MRI) and optogenetics, both of which 

enable researchers to investigate the brain while preserving its intactness to an 

unprecedented extent. This thesis presents a series of studies along these two 

lines, including MRI brain phenotyping and the development of a novel brain 

stimulation technique. 

 

Firstly, high-resolution MRI was combined with advanced image analysis 

techniques to examine how pathology impacts the volume of brain regions. The 

aim was to develop a high-throughput screen for neuroanatomical abnormalities 

in mouse models. A protocol optimised for fixed brains and improved to allow 

simultaneous scan of multiple samples was applied to two disease models and 

an injury model. In the first disease model, brain structural changes associated 

with adenosine deaminase deficiency were identified, and these findings were 

consistent with previous anecdotal observations in human patients. The latter 

two studies, however, were hampered by artefacts and therefore inconclusive. 

 

Next, a technology allowing remote stimulation of brain cells using a magnetic 

field was developed. It was demonstrated that the mechanosensitive astrocytes, 

when decorated with iron oxide particles, could be stimulated upon the 

application of a magnetic field both in vitro and in vivo. While targeted astroglial 

stimulation was achieved in tissue cultures, further work is needed to 

investigate the specificity of the in vivo manipulations. 

 

These brain imaging and activation technologies show promise as useful tools 

for studying a whole, comparatively less compromised brain: the MRI technique 

could enable brain structural changes in disease and injury models to be 

identified with relative ease, and the remote control technology could allow 

astroglial function to be studied in a minimally invasive fashion. 
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Impact Statement 

The work presented in this thesis would help further our understanding of brain 

disease and function. Microscopic MRI in conjunction with advanced image 

analysis techniques is a powerful tool for detecting structural abnormalities in 

the brain of small animals such as mice, which are widely used to recreate the 

conditions of many diseases and injuries that threaten human health. Here, it is 

applied to mouse models of two genetic disorders and a physical injury, whose 

effects on the brain are not well understood. It was found that ADA deficiency, a 

genetic condition that severely harms the immune system, also have 

deleterious effects on the brain, and the areas that are affected most were 

identified. These findings could help explain the cognitive and behavioural 

impairments seen in human patients, and may ultimately lead to better therapy 

and patient care. Moreover, technical improvements were made, including a 

new MRI mouse brain atlas and a device for imaging multiple brain samples at 

the same time. In particular, high-quality brain atlases are critical for automatic 

and semi-automatic brain image analysis, and the one presented here, which 

includes three time points, will be useful to researchers in a wide range of fields 

such as neuroimaging, phenotyping, machine learning and so on. Besides 

microscopic MRI, this thesis also presents the development of a novel 

technology for stimulating brain cells with magnetic force in a remote and 

targeted fashion that is less invasive than existing techniques like optogenetics. 

The cells of interest here are astrocytes, which are a type of glial cells involved 

in many vital processes such as the regulation of respiration rate and sleep. 

The ability to precisely manipulate their activity would allow their roles in various 

brain functions to be better understood. Moreover, this technology can be used 

as a method for exerting controlled mechanical cues, which are highly important 

in many developmental and physiological processes. As a result, there could be 

potential applications in regenerative medicine, tissue engineering and more.  
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General Introduction 

In 1774, a German doctor named Franz Anton Mesmer (1734-1815), having 

exhausted conventional methods of the day yet produced no relief for a 28-

year-old woman suffering from chronic and complicated psychological 

symptoms, decided to experiment with an unusual treatment: he attached 

magnets to the patient’s feet and chest and managed to bring forth a violent 

pain travelling across her body (Lanska and Lanska, 2007). Interpreting this as 

an encouraging sign, Mesmer continued with the procedure, until eventually he 

was able to induce in the patient a powerful sensation of a fluid gushing out of 

the body and carrying the illness away, after which her condition rapidly 

improved to the point of complete cure (Pintar and Lynn, 2008). Eager to 

provide some theoretical underpinning for this seemingly miraculous healing 

technique, Mesmer formulated the concept of “animal magnetism”: he claimed 

that the human body is, like the sea, under the gravitational influence of planets, 

for it is brimming with an invisible “magnetic fluid” that is “tidal” in nature; if the 

flow and ebb of this fluid are somehow adversely affected, illness arises, and 

one can restore order and harmony by channelling “magnetic streams” to the 

patient from an external source, which, as Mesmer quickly discovered, did not 

have to be actual magnets at all, because an elaborate sequence of hand touch 

and gestures alone would suffice to trigger the so-called “crisis” in his patients 

(Pintar and Lynn, 2008). In an age when painful and often terrifying medical 

procedures such as bloodletting and blistering were the norm, the appeal of 

Mesmer’s non-invasive yet apparently effective approach was immense, and 

not surprisingly, the rise of mesmerism, as his therapeutic system came to be 

known, was fast and its impact considerable (Pintar and Lynn, 2008). 

 

From today’s perspective, Mesmer was unwittingly exploiting the power of 

suggestion, and indeed, his practice is often regarded as the inadvertent 

precursor of modern hypnotherapy. On the other hand, his theory of animal 

magnetism, a strange concoction of overly extrapolated Newtonian physics and 

imaginatively invented magnetism, never gained a foothold in the medical and 

scientific mainstream: even during his life time, it was poorly received by most 
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doctors and scientists and eventually dismissed by an investigation led by 

Benjamin Franklin and others in 1784 (Lanska and Lanska, 2007). Interestingly 

though, Mesmer’s ill-informed faith in magnetism as a somewhat magical 

phenomenon that can be taken advantage of to help with human health, 

especially in a non-invasive way, is not entirely misplaced – after all, thanks to 

advances in our understanding of magnetism, today we have magnetic 

resonance imaging (MRI) that enables us to visualise detailed anatomy and 

function of internal organs without putting the body under the knife, as well as a 

multitude of magnetic particles that are becoming ever more useful in 

biomedical research and clinical care. 

 

This thesis presents developments of these two technologies for new 

applications. The first five chapters are concerned with the use of MRI for 

morphometric phenotyping of the brain in mouse models of human disease and 

injury. Chapter 1 and Chapter 2 explain why MRI has been used to study the 

brain anatomy of mouse models and cover three main topics, which are mouse 

genetics, the physics underlying MRI, and image analysis techniques. They 

serve as an introduction to the three MRI studies of mouse brain morphology 

described in Chapter 3, Chapter 4 and Chapter 5. Then in Chapter 6, the 

research tools which have been developed in recent years to enable targeted 

control of cell activity are reviewed and it provides a background for Chapter 7 

which details the design and testing of a novel technique for remotely 

stimulating brain cells using magnetic force. 
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Chapter 1  
Mouse as a model animal 

1.1. Introduction 
This chapter first reviews the advantages of using the laboratory mouse (Mus 

musculus) to model human diseases and injuries, paying particular attention to 

the availability of an array of techniques for modifying the mouse genome, and 

then discusses the recent trend in mouse genetics research, with an emphasis 

on the demand for and development of high-throughput phenotyping pipelines. 

 

Disorders of the brain are a major threat to the wellbeing of individuals and a 

heavy economic burden on society as a whole: globally, they surpass both 

cardiovascular diseases and cancer in terms of their negative impact on human 

health (World Health Organization, 2008); and in the UK, the cost associated 

with them is estimated to be €134 billion per annum based on 2010 values 

(Fineberg et al., 2013). A key step towards mitigating this problem is to better 

understand the mechanisms of brain disorders, as it will form the basis for 

developing better diagnostic tools and more effective treatments. 

 

Researchers wishing to investigate pathologies of the brain can study human 

patients directly, but they often have to face multiple obstacles such as limited 

availability of subjects, restricted choices of investigative tools, and 

considerable inter-subject genetic and environmental heterogeneity which may 

confound results. An alternative is to use animal models, which can confer 

valuable advantages because with them, usually a more abundant supply of 

subjects and a wider range of research methods are available, and more control 

over the genetic and environmental factors is achievable. In many fields of 

biomedical research the laboratory mouse is the preferred mammalian model, 

for a number of economic, historical and scientific reasons. 

 

1.2. Husbandry 
It is relatively easy and cheap to breed and maintain a large colony of mice. 

Their generation time is short: gestation is about 3 weeks, followed by 3 to 4 

weeks of suckling, and sexual maturity is reached 5 to 6 weeks after weaning, 
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adding up to approximately 12 weeks in total (The Jackson Laboratory, 2007). 

Mean litter size varies from strain to strain, but typically lies in the range of 3 to 

7 pups for common strains (The Jackson Laboratory, 2007). Mice also breed 

well in captivity, are sociable allowing cage sharing between individuals, and 

weighing 30 g on average, are among the smallest mammals, making them 

cost-effective to house (Hartwell et al., 2011). 

 

1.3. History and utility 
Mice have had a long history of being at the forefront of scientific research, in 

particular genetics, therefore a wealth of knowledge, experience and resources 

have been accumulated, making them a powerful model system.  

 

After Mendel’s work on peas was rediscovered in 1900, a question that 

immediately arose was whether his laws of heredity apply to animals too. Mice 

won the heart of many pioneering geneticists at the time because, apart from 

the logistic reasons already mentioned, a good number of fancy types were 

available. The interest in mice as pets dates back at least to 18th century Japan 

(Tokuda, 1935) and gradually spread to Europe and the USA (Keeler, 1931 

p.16). The strain-specific traits of these fancy mice, such as distinct coat colours 

and patterns, unusual behaviours (for example a tendency to run in circles, also 

known as “waltzing”), and variable disease susceptibilities became obvious 

targets for early geneticists to study. The French biologist Lucien Cuénot was 

among the first of them and he investigated the inheritance of coat colour by 

crossing wild mice with albinos and assessing their progeny (Cuénot, 1902; 

Hickman and Cairns, 2003). In the USA at Harvard University, William E. Castle 

started working on mammalian genetics around the same time and trained 

many of the leading geneticists of the following generation (Snell and Reed, 

1993). Rodent breeder Abbie Lathrop was an important figure in the nascent 

field as well: in 1908 she found tumours on some of her mice, and after sending 

them to Leo Loeb for verification, the two developed a fruitful collaboration that 

examined the occurrence of mammary tumours in different strains (Shimkin, 

1975). Others like E. E. Tyzzer and C. C. Little, a student of Castle’s, also 

conducted some early work on the inheritance of susceptibility to tumour 

transplants in certain mouse hybrids, and cancer emerged as a main theme of 

the first 50 years of mouse genetics research (Paigen, 2003a). C. C. Little was 
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also instrumental in establishing many of the classic inbred mouse strains, 

including the first one called DBA, which was started in 1909 (Beck et al., 2000), 

and the presently most used strain called C57BL/6, which can be traced back to 

mouse 57 in a colony originally supplied by Lathrop and raised by Little during 

his doctoral training with Castle (Engber, 2011).  

 

Inbred mice are created by mating brother with sister or parent with offspring for 

no less than 20 generations so that on average at least 98.6% of the loci are 

homozygous and individuals of the same strain are virtually genetically identical 

(Beck et al., 2000). As such, they provide a defined genetic background, which 

helps researchers design and conduct experiments in a more controlled 

manner. Moreover, the sheer number of inbred strains that have come to be, 

which at the time of writing amounts to 1286 in the Mouse Phenome Database 

at the Jackson Laboratory alone (Mouse Phenome Database, 2015), and the 

remarkable variation in many phenotypes between inbred strains, which is said 

to often outstrip that of the entire human population, represent a rich and 

valuable resource to be mined (Beck et al., 2000; Paigen, 2003b). 

 

Another great advantage of working with mice is the capacity for creating 

genetically modified strains. After the molecular era was ushered in by major 

discoveries between 1940 and 1965 (Morange, 2009), a prominent theme in 

biomedical research has been to elucidate the function of genes, not least 

because many diseases, including those of the brain, are caused by genetic 

mutations or influenced by genetic risk factors. This enterprise called for 

capabilities to alter gene sequence and/or expression in model organisms, and 

to address this need, researchers working in the field of mammalian genetics 

developed a host of powerful techniques for modifying the mouse genome 

(Paigen, 2003b). These essential innovations will be discussed in detail in 

Section 1.5. 

 

Finally, the sequencing of the mouse genome is also a key landmark in mouse 

genetics: the draft, which contains about 96% of the sequence of the C57BL/6J 

strain’s euchromatic genome excluding chromosome Y, was published in 2002 

(Mouse Genome Sequencing Consortium et al., 2002), one year after the draft 

sequence of the human genome became public (International Human Genome 
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Sequencing Consortium, 2001). Since then, as sequencing technologies 

continue to improve in throughput and fall in cost, the genomes of 17 more 

inbred strains have been sequenced (Keane et al., 2011). With the complete 

sequence of the genome available, it is now possible to identify and investigate 

every mouse gene (The International Mouse Knockout Consortium, 2007). 

Furthermore, comparisons between different genomes can be made to yield 

insight into various important matters, such as the degree of similarity between 

the genetic make-up of mice and humans (Mouse Genome Sequencing 

Consortium et al., 2002) and the evolutionary history of inbred strains (Takada 

et al., 2013). In fact, genomics, the study of whole genomes with high-

throughput sequencing, microarray, bioinformatics and many other 

technologies, has grown into a field in its own right, and holds great promise for 

advancing our understanding of complex diseases as well as making 

personalized medicine a reality. In the context of mouse genetics, the genomic 

sequences of wild-type strains provide a reference for the investigation of 

genetic variations in disease models.  As an example, genome analysis can be 

performed on mouse models of cancer to aid in the discovery of genes that 

contribute to tumorigenesis (McIntyre et al., 2012). 

 

1.4. Mouse-human similarity 
Besides affordable upkeep and genetic tractability, what also underlies the 

popularity of mice is the high degree of similarity between mouse and human 

biology. The 2002 mouse genome report revealed that over 99% of mouse 

genes have a human homologue, and about 93.3% of the mouse genome and 

90.2% of the human genome show conserved synteny (Mouse Genome 

Sequencing Consortium et al., 2002). Even before the genomic data were 

available, it had long been known that all mammals share their basic anatomy 

and physiology, thus mice have also been routinely used for studies about 

physical injuries such as nerve damage (Inserra et al., 1998; Irintchev, 2011) 

and pain (Mogil, 2009).  

 

1.5. Genetically modified mice 
There are a wide range of methods for modifying the mouse genome, and they 

roughly fall into two groups. One group is useful for the classical strategy known 

as forward genetics, which is driven by the identification of interesting 
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phenotypes caused by unknown mutations and aims to uncover the underlying 

genotype. The other group can be thought of as tools for an approach called 

reverse genetics: the starting point is a known gene, and the goal is to 

understand its functional role, typically by altering its sequence and/or 

expression and then observing the phenotypic effects. 

 

1.5.1. Random mutagenesis 

The phenotype-driven approach has been a mainstay in genetics ever since its 

very early days. Initially, it was adopted because only spontaneous mutations 

and techniques that generate random genetic modifications were available. 

However, it remains popular today, especially for creating models of human 

disorders, as no a priori assumptions about the genetic basis of the disorder in 

question need to be made (Acevedo-Arozena et al., 2008).  

 

1.5.1.1. X-ray 

One of the earliest mutagenising agents used by researchers was X-rays, 

whose deleterious effect on the mammalian reproductive system was first 

reported by Albers-Schönberg (1903), not long after it was discovered in 1895. 

This awareness not only motivated the development of safety measures for the 

medical use of X-radiation, but also prompted geneticists to explore it as a tool 

for generating mutants. Early attempts to induce heritable mutations in mice 

with X-ray treatment were conducted by H. J. Bagg and C. C. Little (1924) and 

interest in this technique remained high in the next few decades. During the 

1950s and 1960s, husband and wife W. L. Russell and Liane Brauch Russell at 

the Oak Ridge National Laboratory, USA carried out a series of mutagenesis 

experiments to investigate the effect of radiations on mutation rate in mice, and 

they discovered that higher dose rate led to higher number of mutations per 

locus per gamete (Russell et al., 1958). A recent re-analysis of the data 

acquired over this period revealed that dose rate mainly influences the 

frequency of large lesions such as deletions at multiple loci (Russell and 

Hunsicker, 2012). Radiation can also cause chromosomal translocation (Snell 

et al., 1934), and drastic changes like these which usually affect multiple genes 

limit the usefulness of X-ray mutagenesis in the context of studying gene 

function. 
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1.5.1.2. ENU 

A chemical called N-ethyl-N-nitrosourea (ENU) emerged as a better alternative 

for  mutagenising mice. ENU is an artificially synthesised compound (Shibuya 

and Morimoto, 1993). When tested by W. L. Russell and colleagues (1979), its 

potency at causing mutations in mice was found to surpass not only other well 

known chemical mutagens but also 600 R of acute X-irradiation. More 

importantly, ENU treatment predominantly produces point mutations that can 

occur in most part of the mouse genome, thus is capable of generating a rich 

palette of phenotypes which are ideal for the forward genetics approach 

(Acevedo-Arozena et al., 2008).  

 

ENU is a direct alkylating agent which can transfer its ethyl group to reactive 

sites that have been identified in all four types of nucleobases, and an ethylated 

base can be mistaken for a different identity during DNA replication, thereby 

causing mispairing and eventually, after two rounds of replication, a single base 

pair substitution (Noveroske et al., 2000). ENU is usually administered to adult 

male mice via intraperitoneal (i.p.) injection. The optimal dose and regime that 

maximise the mutagenic effectiveness of ENU while preserving the recipients’ 

fertility and health to an adequate degree have been determined for many 

mouse strains (Hitotsumachi et al., 1985; Justice et al., 2000; Weber et al., 

2000). Mutations in spermatogonial stem cells, which are responsible for 

spermatogenesis, are inheritable. Although the potency of ENU means that it 

will likely induce multiple point mutations of functional consequences across the 

genome, estimated to be 31 in an F1 progeny of an ENU-treated male and an 

untreated female (Quwailid et al., 2004; Keays et al., 2006), the probability of 

two occurring in the same gene is low (Keays et al., 2006). In practice, it can be 

seen from a meta-analysis of the ENU studies prior to 2007 that in 74.4% of the 

cases, a single mutation in the coding region of a single gene underlies the 

mutant phenotype identified in phenotype-driven screens (Barbaric et al., 2007). 

 

It should be noted that ENU can occasionally cause mutations other than a 

substitution: out of the 101 ENU-mutagenised genes compiled by Barbaric et al. 

(2007), one contains an insertion and four contain a deletion. Also, ENU has a 

strong tendency to act on A/T base pairs. The percentage of A/T changes (A/T 

to T/A, A/T to C/G, and A/T to G/C) that can be derived from various reports 
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ranges from 87% (Justice et al., 1999), to 65.4% (Takahasi et al., 2007), to 

67.7% (Barbaric et al., 2007), whereas G/C to C/G transversion is especially 

rare, accounting for a mere 3% (Justice et al., 1999), 0.8% (Takahasi et al., 

2007), or 1.0% (Barbaric et al., 2007) of the ENU-induced mutations. However, 

despite such bias, the potential of ENU to generate novel mutants is yet to be 

exhausted. 

 

1.5.1.3. Gene trapping 

Another important method for random mutagenesis is gene trapping, which 

involves inserting a vector into the genome of mouse embryonic stem (ES) cells 

via retroviral infection or electroporation as a means of disrupting the 

transcription of genes (Stanford et al., 2001).  

 

A typical gene-trap vector is composed of a splice acceptor, a selectable marker 

gene, and a polyadenylation (polyA) signal. When such a vector is inserted into 

an intron of a gene that is being actively transcribed, the polyA signal acts to 

terminate the transcription prematurely, thereby producing a null mutation, and 

during pre-mRNA processing, the intronic segment demarcated by its own 

splice donor site and the splice acceptor site of the vector will be removed, 

creating a fusion transcript of the upstream coding sequence of the endogenous 

gene and the marker gene. The protein product of this mature mRNA will then 

enable the cells harbouring it to be selected. Because of the absence of a 

promoter in the vector itself, insertion in intergenic regions, which is not 

mutagenic, will not lead to marker gene expression, therefore a high hit rate can 

be achieved.  

 

The first gene-trap vector applied to mouse ES cells was designed by Gossler 

and co-workers (1989). It contained lacZ, which encodes β-galactosidase, as a 

promoterless reporter gene and neo, which encodes NeoR, as a selectable 

marker gene driven by an autonomous promoter. The reporter gene enabled 

the expression pattern of the mutated gene to be visualised, providing valuable 

additional information about the gene. However, as neo was constitutively 

expressed, a high percentage of selected cells contained intergenic insertions. 

Later the β-galactosidase-NeoR (β-geo) fusion marker was developed (Friedrich 

and Soriano, 1991) and became widely used in the typical vector design 
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described above. The limitation of this type of vectors is that they cannot trap 

genes that are not expressed in ES cells. One way to circumvent this problem is 

to modify the original vector of Gossler et al. (1989) by replacing the polyA 

signal of neo with a splice donor signal (Niwa et al., 1993). This means that a 

polyA signal from an endogenous gene is required for the generation of stable 

neo mRNA, thus only insertions inside genes would produce NeoR-positive 

cells. 

 

Compared to ENU mutagenesis, the main advantage of gene trapping is that 

the trap vector provides a molecular landmark that allows the mutated gene to 

be easily cloned with methods like rapid amplification of cDNA ends (RACE). 

However, by virtue of its design, gene trapping tends to produce null alleles, 

while ENU treatment is able to generate an allelic series of mutations of 

potentially different functional consequences for a single gene.  

 

1.5.2. Gene-driven methods 

It was not possible to modify the mouse genome in a molecularly defined way 

until the 1980s, but since then, such methods have revolutionised mammalian 

genetics and become pillars of modern biomedical research.  

 

1.5.2.1. Transgenesis 

The first breakthrough was the demonstration that a vector carrying a transgene 

can be incorporated into the mouse genome by directly injecting it into one 

pronucleus of a mouse zygote and the transgenic mice thus made can transmit 

the exogenous gene to their offspring (Gordon et al., 1980; Brinster et al., 1981; 

Costantini and Lacy, 1981; Gordon and Ruddle, 1981; Harbers et al., 1981; 

Wagner et al., 1981). The study by Wagner and co-workers (1981) who 

successfully inserted a rabbit β-globin gene into the mouse genome was the 

first to show that the foreign DNA was not only integrated into the host genome 

but also expressed, raising the possibility of studying the function or malfunction 

of human genes and their products in mice.  

 

This technique is relatively simple and fast to implement (Ittner and Götz, 2007) 

compared to the gene targeting techniques developed later. It has been of great 

importance to the study of major neurodegenerative diseases such as 
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Alzheimer’s disease, amyotrophic lateral sclerosis (ALS), and Huntington’s 

disease (Price et al., 1998), because the familial forms of these diseases are 

genetically dominant and inserting a mutant gene can recapitulate disease 

characteristics such as a build-up of insoluble protein aggregates in the brain. 

However, transgenesis via pronuclear injection has several limitations: the site 

of insertion, the integrity of the transgene, and the copy number cannot be 

controlled. As a result, the expression of the transgene can either be silenced or 

excessive depending on the local chromatin environment (Pedram et al., 2006) 

and the number of copies integrated (Garrick et al., 1998). In addition, 

transgenesis cannot be used to model recessive diseases because the two 

mouse copies of the gene of interest remain functional. Lastly, the insertion 

events may disrupt the function of endogenous genes. Recently, an integrase-

mediated method has been developed to enable site-specific, single-copy 

transgenesis via pronuclear injection (Tasic et al., 2011).  

 

1.5.2.2. Gene targeting 

The 1980s also saw the development of a gene targeting method which takes 

advantage of the process of homologous recombination and allows an 

endogenous gene to be altered in mice (Paigen, 2003b; Hall et al., 2009).  

 

The success of this method resulted from the convergence of two lines of work. 

One consists of efforts to isolate ES cells from mouse blastocysts to establish 

pluripotent cell lines in culture (Evans and Kaufman, 1981; Martin, 1981) and 

the usage of these ES cells to create chimeras, by first injecting them into 

blastocysts harvested from mice with a different coat colour, and then 

implanting the modified blastocysts in foster mothers to gestate (Bradley et al., 

1984). It was found that the germ line was derived from the introduced ES cells 

in 20% of the chimeric mice as their offspring inherited the genome of the ES 

cells (Bradley et al., 1984), presenting an opportunity to create genetically 

modified mice by manipulating the ES cells while they are in culture. The full 

potential of this opportunity became exploitable after it was found that an 

endogenous gene of a mammalian cell could be replaced at its chromosomal 

locus via homologous recombination by exogenous DNA whose sequence is 

sufficiently similar. This was first demonstrated in a number of cell lines (Lin et 
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al., 1985; Smithies et al., 1985), and then in mouse ES cells (Doetschman et 

al., 1987; Thomas and Capecchi, 1987).  

 

With the necessary technical capabilities in place, three groups created the first 

batch of gene-targeted mice in 1989 and 1990 (Koller et al., 1989; Thompson et 

al., 1989; Thomas and Capecchi, 1990). This technique is immensely powerful 

because it allows virtually any gene in the mouse genome to be altered as 

desired: depending on the sequence of the DNA construct used to transform 

the ES cells, a specific mutation can be “knocked in” the genome, or if the 

construct encodes a truncated, non-functional protein, the recombination event 

will effectively “knock out” the endogenous gene, causing a loss of function. The 

effects of the change on mouse biology can then be studied to throw light on 

the function of the gene. In recognition of the significance of this method, 

Capecchi, Evans and Smithies were awarded the 2007 Nobel Prize in 

Physiology or Medicine. Notably, although rats are also popular as a model 

animal, only recently has it become possible to derive ES cells from rat 

blastocysts (Buehr et al., 2008), thus mice assumed dominance and continue to 

do so. 

 

1.5.2.3. Cre/loxP system 

After the basic principles of transgenic and gene targeting techniques were laid 

down, sophistication quickly grew. One major development was the Cre/loxP 

system (Nagy, 2000).  

 

Cre is a recombinase discovered in P1 bacteriophage (Hamilton and Abremski, 

1984) and it catalyses recombination between two of its so-called loxP 

recognition sites. When a genomic DNA sequence is flanked by loxP sites, 

making it a “floxed” sequence, the action of Cre will result in the deletion of this 

sequence, although integration and inversion of a sequence are also possible 

with different configurations of the loxP sites. To make use of this system, one 

would introduce the cre gene into a mouse line and the DNA construct 

containing the loxP sites into another, so that crossing the two triggers the 

recombination event in the offspring.  
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This framework affords researchers the scope to cleverly design the DNA 

constructs for more control over the modification of the genome. Selectivity can 

be achieved by including in the Cre construct an appropriate promoter that will 

limit the expression of Cre, and therefore the recombination event, to specific 

tissue types or developmental stages. For example, tissue-specific expression 

of a transgene was demonstrated in the first two studies reporting Cre use in 

mice (Lakso et al., 1992; Orban et al., 1992), and in recent years, the Cre/loxP 

system and the similar Flp/FRT system (Wigley et al., 1994) have been used to 

generate conditional knockout mice on a large scale (Skarnes et al., 2011). In 

addition, Cre itself can also be modified to make its activity inducible. For 

example, Cre was fused to a mutated ligand-binding domain of the human 

estrogen receptor (ER) to create the Cre-ERT recombinase (Feil et al., 1996). In 

the absence of the ligand tamoxifen, Cre-ERT was retained in the cytosol, but 

after the administration of tamoxifen, ligand-bound Cre-ERT translocated into 

the nucleus and triggered loxP site-specific recombination.  

 

1.5.2.4. Tetracycline-controlled transcriptional regulation systems 

Besides the Cre/loxP technology, it is also possible to achieve inducible genetic 

modification through the tetracycline-controlled transcriptional regulation 

system, which has two variants. In the “Tet-Off” design, the gene of interest is 

put under the control of the tet operator (tetO) sequence and can be switched 

off upon administration of tetracycline or its derivative doxycycline (Gossen and 

Bujard, 1992; Furth et al., 1994). To set this up, the gene for the tetracycline-

controlled transactivator (tTA) also needs to be introduced into the genome. In 

the absence of tetracycline or doxycycline, tTA binds to tetO and leads to 

transcription of the target gene, whereas the presence of the drug causes tTA 

to dissociate from tetO and aborts gene transcription. In the “Tet-On” design, 

the reverse tTA is utilised, which does not bind or binds weakly to tetO in the 

absence of tetracycline or doxycycline, and administration of the drug activates 

the target gene (Gossen et al., 1995). The biggest advantage of this system is 

that the modulation of gene expression is reversible. 

  

1.5.2.5. RNA interference 

One can also “knock down” or silence the expression of a gene at the post-

transcriptional stage. RNA interference (RNAi) is the phenomenon of small RNA 
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molecules and specialised proteins forming complexes that bind to homologous 

mRNAs and silence them by promoting RNA degradation and translational 

inhibition (Wilson and Doudna, 2013). It is an endogenous mechanism that 

plays a role in the regulation of gene expression, defense against viral infection, 

and so on. Double-stranded RNAs (dsRNAs), which are processed into small 

interfering RNAs (siRNAs) once injected into cells, were first found to be an 

effective tool for repressing gene expression in the nematode Caenorhabditis 

elegans (Fire et al., 1998) and then in other organisms including mice (Svoboda 

et al., 2000; Wianny and Zernicka-Goetz, 2000; McCaffrey et al., 2002). Later, 

stable RNAi in vitro as well as in vivo was achieved in mice by integrating DNA 

sequences coding for short hairpin RNAs (shRNAs) into the genome via 

retroviral transduction (Hemann et al., 2003; Rubinson et al., 2003), and there 

have been continual improvements by combining it with the Cre/loxP system 

(Ventura et al., 2004), the tetracycline-controlled system (Dickins et al., 2005, 

2007; Seibler et al., 2007) and the Flp/FRT system and fluorescent reporters 

(Premsrirut et al., 2011). RNAi is also a reversible process, and compared to 

targeted gene knockout via homologous recombination, it is less expensive and 

faster to implement. 

 

1.5.2.6. Genome editing 

Although gene targeting via homologous recombination can alter the genome in 

a precise manner, it is an expensive, labour-intensive and time-consuming 

process which can cost upwards of $12,000 and take about 1 year to generate 

a homozygous knockout line (Hall et al., 2009). The main hurdle is the creation 

of ES cell clones with the desired genetic modification because the 

recombination event is rare: data from multiple studies targeting the same gene 

indicate that only one in every 5 × 107 to 5 × 106 treated cells was successfully 

modified (Capecchi, 1989). The low efficiency of this technique limits its 

application to fast-breeding species such as rodents in the laboratory and 

makes any use in the clinic unlikely. 

 

Very recently, a new technology called CRISPR-Cas9 that can achieve facile, 

site-specific genome editing has exploded onto the scene (Barrangou and 

Marraffini, 2014; Doudna and Charpentier, 2014; Hsu et al., 2014; Sander and 

Joung, 2014). CRISPR (clustered regularly interspaced short palindromic 
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repeats) is naturally found in the genome of many bacterial and archaeal 

species and contains an array of direct repeats interspaced by variable 

sequences known as spacers. The CRISPR array is typically preceded by a 

cluster of CRISPR-associated (Cas) genes, which encode endonucleases that 

use a RNA guide sequence derived from the CRISPR array to home in on a 

DNA target before introducing a double-strand break (DSB) at that site. The 

CRISPR-Cas system confers adaptive immunity to its hosts: for instance, upon 

bacteriophage infection, bacterial species such as Streptococcus thermophilus 

can acquire a short sequence of the invading DNA and integrate it into the 

CRISPR array as a spacer through a not yet fully understood mechanism 

involving Cas1 and Cas2; after the CRISPR array is transcribed, the precursor 

CRISPR RNA (pre-crRNA) is processed into individual CRISPR RNAs 

(crRNAs), each of which consists of a spacer and a repeat and forms a complex 

with a Cas protein or multiple Cas proteins; as a result, if the same phage 

infects again, its DNA would be recognised and cleaved by Cas proteins 

bearing the appropriate crRNA.  

 

Taking advantage of its capacity for targeted DNA binding and cleavage, the 

CRISPR-Cas system has been turned into a powerful tool for precision genome 

engineering. There are three types of CRISPR-Cas systems (Makarova et al., 

2011): while the type I and type III systems mediate crRNA-directed DNA break 

through a large complex of Cas proteins, only a single protein, Cas9, is involved 

in the targeting and nucleolytic activity of the type II system, making it much 

easier to implement as a genome editing tool. But, in contrast to the type I and 

type III systems which are guided by a single crRNA, the type II system requires 

a RNA duplex made of a crRNA and a trans-activating crRNA (tracrRNA). The 

tracrRNA, which is encoded upstream of the type II CRISPR-Cas locus, binds to 

the repeat sequence of the pre-crRNA and mature tracrRNA:crRNA duplexes 

are generated in a process involving Cas9 and RNase III (Deltcheva et al., 

2011). It has been shown that, a single guide RNA (sgRNA) that is a fusion of a 

crRNA and a tracrRNA can also direct Cas9 activity (Jinek et al., 2012). As DNA 

recognition by Cas9 is dictated by the crRNA, by programming the sequence of 

the crRNA spacer, Cas9 can be targeted to a chosen site in the genome. There 

is, however, one additional requirement: the DNA target site, called a 

protospacer, must be flanked at its 3’ end by a protospacer adjacent motif 
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(PAM) (Deveau et al., 2008), a specific sequence that is the initial binding site 

for Cas9 (Sternberg et al., 2014). Previous work with other types of nucleases 

has shown that, once the DSB takes place, the endogenous DNA repair 

mechanisms will be activated, presenting opportunities for genetic modification: 

a precise change can be brought about by introducing an exogenous repair 

template, which will trigger the homology-directed repair (HDR) pathway and 

lead to a recombination event (Bibikova et al., 2001, 2003); on the other hand, 

in the absence of repair templates, the error-prone non-homologous end-joining 

(NHEJ) pathway will be recruited, which can result in insertions or deletions 

(Bibikova et al., 2002). 

 

The potential of the CRISPR-Cas9 system as a genome editing tool was first 

explored by Jinek et al. (2012) who demonstrated site-specific cleavage of 

plasmids by Cas9 under the direction of either a tracrRNA:crRNA duplex or a 

sgRNA. In 2013, three studies reported successful genome editing with this 

technology in human cells (Cong et al., 2013; Jinek et al., 2013; Mali et al., 

2013). Since then, the CRISPR-Cas9 system has been rapidly developed for a 

diverse range of applications. One area that is expected to be significantly 

impacted is the generation of animal models, which effectively becomes a one-

step process with the CRISPR-Cas9 system: a mutant animal can be produced 

simply by injecting Cas9 mRNAs and sgRNAs into a zygote (Li et al., 2013b; 

Wang et al., 2013; Yang et al., 2013; Niu et al., 2014). Not only is this 

procedure much faster than conventional gene targeting methods – mice 

carrying multiple mutations could be generated within 4 weeks (Wang et al., 

2013) – it also enables mammals other than rodents, such as monkeys (Niu et 

al., 2014), to become genetically tractable. Moreover, Cas9 can be modified to 

create tools for transcriptional modulation. For instance, when the 

endonuclease activity of Cas9 is inactivated but its capacity for RNA-guided 

DNA recognition left intact, it can be used to repress transcription (Qi et al., 

2013). This so-called CRISPR interference (CRISPRi) system is analogous to 

RNAi, but unlike RNAi which suffers from considerable off-target effects, 

CRISPRi has been shown to be highly specific (Qi et al., 2013). The catalytically 

inactive Cas9 can also be fused to an effector protein to achieve more robust 

transcription repression or activation (Bikard et al., 2013; Gilbert et al., 2013). 

Lastly, there is the exciting possibility of using the CRISPR-Cas9 system as a 
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therapeutic agent, especially for monogenic recessive disorders due to loss-of-

function mutations, such as cystic fibrosis and sickle-cell anemia (Hsu et al., 

2014). It has just been demonstrated that Cas9 could be directed by specifically 

programmed sgRNAs to correct disease-causing mutations and the associated 

phenotypes in mice (Yin et al., 2014) and rats (Yoshimi et al., 2014). Of course 

the safety and ethical concerns about the CRISPR-Cas9 system will need to be 

addressed before it could be utilised for therapeutic purposes in humans, but 

this technology looks set to play a major role in shaping the future of medicine 

as well as that of many other fields. 

 

1.6. Phenotyping pipelines 
With all these tools and the complete sequence of the mouse genome at their 

disposal, it was not long before researchers sought to scale up and speed up 

the study of mammalian genes by way of large-scale collaborative projects. 

 

Such efforts were spearheaded by various mutagenesis programmes. Notably, 

several large-scale, genome-wide ENU mutagenesis projects have been carried 

out (de Angelis et al., 2000; Nolan et al., 2000; Clark et al., 2004; Sakuraba et 

al., 2005). As an example, the programme at MRC Harwell, UK produced 

26,047 F1 mice and the number of mutants among them was projected to be 

about 500 (Nolan et al., 2000). One of the studies described in this thesis 

(Chapter 5) used mutant mice derived from MRC Harwell’s ENU archive. 

Besides, owing to the utility of knockout mice, once the mouse genome was 

sequenced, there was a consensus that an international endeavour should be 

initiated to systematically mutate all protein-coding genes in the mouse 

genome, numbering ~25,000 in total (Guénet, 2005; Eppig et al., 2012). To this 

end, the International Mouse Knockout Consortium (IMKC), an umbrella for 

multiple regional programmes in Europe and North America, was formed (The 

International Mouse Knockout Consortium, 2007). It set out a plan to create 

comprehensive resources of knockout mutations in ES cells, including 22,000 

conditional trapped alleles (~14,000 minus inter-project overlap) and 15,000 

conditional targeted alleles, by 2010. As of February 2012, targeted and/or 

trapped alleles have been produced for 17,473 unique protein-coding genes in 

ES cells and 1,709 mutant mouse lines have been established from the ES 

cells (Bradley et al., 2012).  
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Whether forward or reverse, genetic studies are all critically dependent upon 

the availability of methods that can detect and characterise mutant phenotypes. 

In order to cope with the volume of mutant strains generated in large-scale 

mutagenesis programmes, it has become crucial to devise broad-based, high-

throughput phenotyping pipelines for initial screens. 

 

The ENU mutagenesis programme at MRC Harwell employed a set of screens 

to discover novel mutants (Nolan et al., 2000): at birth, pre-weaning, and 

weaning, all F1 mice were assessed for highly visible morphological anomalies 

such as gross deformities of bones, tail and extremities, as well as behavioural 

and colouring abnormalities; at five weeks of age, 51% of F1 mice went on to be 

entered into the SHIRPA (SmithKline Beecham, Harwell, Imperial College, 

Royal London Hospital, phenotype assessment) protocol (Rogers et al., 1997), 

which involves a battery of mainly behavioural tests for muscle and lower motor 

neuron function, spinocerebellar function, sensory function, neuropsychiatric 

function, and autonomic function; then at six weeks, two more behavioural 

testing protocols, for assessing motor function and psychiatric disorders 

respectively, were conducted on a large proportion of SHIRPA-tested mice; and 

finally, at 8-12 weeks, blood from a selection of mice underwent clinical 

chemistry screens. A total of 1,089 mice with phenotypic anomalies were 

identified. Of them, 339 were selected for inheritance testing and 126 were 

found to carry an inheritable dominant mutant phenotype. Other ENU 

programmes implemented phenotyping pipelines with different emphases, 

which reflect the research interest of the host institutions (de Angelis et al., 

2000; Clark et al., 2004). 

 

On the reverse side of genetic research, as the IMKC’s mission steadily 

progressed, it became widely agreed that a standardised, broad-based, and 

high-throughput phenotyping pipeline should be established and applied to all 

knockout mutants so as to map the genome-wide connections between genes 

and biological functions, namely to uncover which genes contribute to a 

particular biological function and which biological functions a particular gene is 

involved in. Hence, after the bulk of IMKC’s task was completed, it expanded 

into the International Mouse Phenotyping Consortium (IMPC), which undertook 
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to utilise the null allele resources created by IMKC and phenotype 20,000 

knockout mouse strains with a comprehensive primary pipeline over the period 

between 2011-2021 (Brown and Moore, 2012). The main pipeline for adults 

includes in-life tests between 9-16 weeks of age, weekly body weights from 4 to 

16 weeks, and various terminal tests at 16 weeks. Dysmorphology is to be 

screened at the beginning of the pipeline. In case the knockout is homozygous 

lethal, a strategy for embryonic phenotyping was also designed with a focus on 

determining the time of lethality and imaging the gross morphology. As of 2014, 

about 1,000 knockout strains have been phenotyped (Editorial, 2014). 

 

1.7. Conclusion 
Mouse has long been the model organism of choice for mammalian genetics 

because of its affordable upkeep and genetic tractability. These advantages, 

together with its similarity to humans, have led to increasingly ambitious 

research programmes and initiatives that hope to understand human biology 

and diseases by studying the function of mouse genes. High-throughput 

phenotyping capabilities are integral to these efforts. 
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Chapter 2  
MRI as a phenotyping tool 

2.1. Introduction 
This chapter presents the basic principles of MRI and its application as a tool for 

characterising brain morphology. 

 

In biological sciences, the word “morphology” refers to either the study of the 

form of organisms, or a particular form. It is often used interchangeably with 

“anatomy” and in the second sense with “structure”. Morphology is one of the 

most important elements of the phenotype of a biological entity, because very 

often, it is highly sensitive to experimental manipulations, tightly linked with 

function, and relatively easy to assess. Therefore the starting point of 

biomedical research is often the investigation of morphology, as is the case in 

all the phenotyping pipelines described in Section 1.6. Neuroscience is no 

exception and numerous studies have shown that both normal experiences and 

pathologies can have an impact on brain morphology. For example, licensed 

London taxi drivers were found to have not only larger posterior hippocampi 

than general control subjects (Maguire et al., 2000) but also more grey matter in 

those regions than London bus drivers (Maguire et al., 2006). Also, it has long 

been known that patients with advanced Alzheimer’s disease exhibit severe 

cerebral atrophy (Hubbard and Anderson, 1981; Arai et al., 1983). 

 

The study of brain anatomy presents certain challenges. One is access. Before 

the advent of modern imaging techniques, essentially it was only possible to 

reveal the internal structural organisation of the brain through post-mortem 

histology, which involves sectioning the brain, applying one or several suitable 

stains and examining the slices sequentially, most often with an optical 

microscope. However, sectioning can cause deformation of brain regions; the 

procedure is labour-intensive and error-prone, so usually only a selection of 

slices are examined, leaving gaps in between; and with this distortion and loss 

of information, plus the fact that the three-dimensional (3D) structures are 

reduced to two-dimensional (2D) slices, it can be difficult to determine shape, 

volume and other morphological characteristics. The invention of MRI proved to 
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be a great gift for neuroscience for many reasons. With respect to structural 

studies, MRI allows imaging of the whole brain, and the images are inherently 

three-dimensional therefore ideal for morphological analysis. But the challenge 

does not stop at data acquisition. Brain is also infamous for its complexity, as it 

consists of numerous functionally specialised regions which are also highly 

interconnected. Thus it is a daunting task to delineate and annotate individual 

structures within a single brain image and compare different images. To this 

end, many computational methods have been and are continually being 

developed, allowing automatic or semi-automatic analysis of magnetic 

resonance (MR) images of the brain. 

 

A general introduction of MRI will be given next, followed by an account of a 

particular variant called MR microscopy that is a main focus of this thesis. Then 

in Section 2.4, a class of registration-based image analysis techniques are 

described. 

 

2.2. Basic principles of MRI 
The fundamental feature of MRI is the combined usage of three types of 

magnetic field, including the homogeneous static field, the field gradients, and 

the oscillating field of the electromagnetic radiation, to energise susceptible 

atomic nuclei at their resonant frequency in a spatially discriminative way, so 

that, as they return to equilibrium, the motion of the excited nuclei’s net 

magnetisation can be detected and used to construct images. 

 

2.2.1. A brief history of MRI 

Being the fruit of decades of interdisciplinary endeavour, MRI has a long, 

complex and somewhat contested history (Anonymous, 2003; Ai et al., 2012).  

 

The underlying physical phenomenon known as nuclear magnetic resonance  

(NMR), which is the ability of certain atomic nuclei to absorb and re-emit 

electromagnetic radiation of a specific frequency when placed in an external 

magnetic field, was first described by Isidor Isaac Rabi (1938, 1939) who 

studied molecular beams. Then in 1946, Felix Bloch and Edward M. Purcell 

independently developed methods to measure NMR in non-gaseous samples 
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(Bloch, 1946; Purcell et al., 1946), laying the foundation for NMR spectroscopy, 

which has been used to analyse organic compounds to this day.  

 

The idea of creating a medical imaging system using the same principles 

emerged in the 1970s. Raymond V. Damadian was a pioneer in this general 

effort as he discovered that malignant tumours were different from normal 

tissues in their NMR properties (Damadian, 1971), but it was Paul C. Lauterbur 

and Peter Mansfield who made the key suggestion of using magnetic field 

gradients to localise NMR signals and probe spatial information (Lauterbur, 

1973; Mansfield and Grannell, 1973). Following the conceptualization of MRI 

(then known as NMR imaging), a race to produce the first image of the human 

body ensued. Damadian’s lab produced an axial image of the human thorax 

without using gradients in July 1977. It was composed of 116 individual 

measurements and took over 4 hours to complete (see Hentschel, 2014 p.195–

196). In the same year, Mansfield published a cross-sectional image of the 

human finger in a paper that was first submitted in June 1976 (Mansfield and 

Maudsley, 1977), and also proposed a fast imaging protocol (Mansfield, 1977) 

that came to be known as echo-planar imaging (EPI) and is the basis of modern 

diffusion imaging and functional MRI (fMRI). In 1978, with a gradient-utilising 

system and his fast sequence, Mansfield produced an axial image of his own 

abdomen in only 40 minutes (see Hentschel, 2014 p.195). Controversy arose 

when Lauterbur and Mansfield but not Damadian received the Nobel Prize in 

Physiology or Medicine in 2003 (Anonymous, 2003). 

 

Other significant developments include the proposal for phase and frequency 

encoding by Richard Ernst (Kumar et al., 1975) and its initial realization in the 

form of spin-warp imaging (Edelstein et al., 1980), the emergence of diffusion 

imaging techniques (Wesbey et al., 1984a, 1984b; Le Bihan et al., 1986) and 

fMRI (Ogawa et al., 1990), and many more, all together giving birth to an ever 

evolving field today. 

 

2.2.2. Generation of the MR signal 

Both protons and neutrons, the particles that are collectively known as nucleons 

and make up an atomic nucleus, exhibit a quantum mechanical property called 

spin. It is a form of angular momentum, in addition to orbital angular 
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momentum. When paired with a particle of its own kind in a nucleus, the spin of 

a nucleon is cancelled out, therefore nuclei with an even number of protons and 

even number of neutrons do not possess an overall spin, whereas nuclei with 

other types of nucleon combinations do. Examples of nuclei with a non-zero 

spin are 1H, 13C, 19F, 23Na and 31P. A nucleon also has an intrinsic magnetic 

moment, which is closely linked to its spin by a value called the gyromagnetic 

ratio, as will be discussed soon. Common atomic nuclei such as 1H and 13C 

have a positive gyromagnetic ratio, meaning that the magnetic moment is 

parallel to the spin angular momentum. 

 

Terms like angular momentum and magnetic moment are borrowed from 

classical mechanics, and in the context of MRI, a classical description of the 

interactions between atomic nuclei and magnetic field is simpler and sufficiently 

accurate (Levitt, 2001), therefore will be presented here. Moreover, MRI is 

mostly concerned with the nucleus of the hydrogen atom, which exists in large 

quantities in biological tissues. Thus, the hydrogen atom’s nucleus, which is just 

a single proton, will be discussed hereafter.  

 

Because a proton has a magnetic moment (µ), it will respond to the application 

of an external magnetic field (B0). This response, due to the spin angular 

momentum (J) of the proton, is analogous to that of a spinning gyroscope under 

the influence of a gravitational field, and it is known as precession: the spin 

polarisation axis rotates clockwise around the direction of B0 in such a way that 

a cone is traced upon the completion of one revolution (Figure 1A).  

 

 
Figure 1. The precession of a proton’s spin polarisation axis around an external magnetic 

field (B0). 

Except some special cases (B), the spin polarisation axis of most protons will trace a cone (A). 

Adapted from Levitt (2001).  
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The angle of the cone depends on the initial orientation of the spin: in extreme 

cases, spins already parallel or antiparallel to B0 will not change their 

polarisation axes, and those perpendicular to the field will trace a flat disc 

(Figure 1B). 

 

The magnetic moment of a precessing proton is directly proportional to its spin 

angular momentum.  

 
𝝁 = 𝛾𝑱                                                                   (1) 

 

Here γ is the gyromagnetic ratio. For protons, γ is experimentally determined to 

be 2.68 × 108 rad s-1 T-1. It can also be expressed as γ, which is equal to γ/2π 

(42.57 MHz T-1). The gyromagnetic ratio also relates the angular frequency at 

which a proton precesses (ω0) to B0. 

 

𝝎𝟎 = 𝛾𝑩𝟎                                                                (2) 

 

This is the Larmor equation, which shows that the value of ω0, called the 

precessional frequency or Larmor frequency, depends on the strength of the 

external magnetic field. 

 

For a collection of protons at thermal equilibrium, meaning that there are 

approximately an equal number of spins pointing along and against a particular 

direction and the total magnetic moment is near zero, the application of a 

homogeneous B0 field would not change the net magnetisation (M) of the 

system if each proton is influenced by B0 alone. This is because, despite the 

precessional motion of the protons, the distribution of their spin polarisation 

axes would still be isotropic. However, any given proton is affected by many 

other magnetic fields, such as those of the electrons and other nuclei close by, 

and the thermal motion of particles means that these additional sources are 

constantly varying, thus there is a fluctuation in the magnitude and direction of 

the local field experienced by each proton. As the local field fluctuates, the 

angle at which the spin precesses around B0 would also change continuously. 

However, it is more probable for the spin to be oriented along B0 than against it, 

because the less the proton’s magnetic moment deviates from B0, the lower its 
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magnetic energy would be. Over time, a new thermal equilibrium would be 

established, where the distribution of spin polarisation axes is anisotropic and 

the system gains an M along B0. 

 

The magnitude of M increases as the magnitude of B0 increases and 

temperature decreases. For a single proton, the difference in magnetic energy 

(ΔE) between two extreme states, namely being parallel and antiparallel to B0, 

is given by the following equation: 

 

Δ𝐸 = ℏ𝜔!                                                                (3) 

 

where ħ is the Planck constant over 2π. 

 

When a system of protons that are at equilibrium inside a homogeneous B0, 

which usually defines the z-axis by convention, receives a pulse of 

electromagnetic radiation of the Larmor frequency (B1), the new field would lie 

in the transverse x-y plane and rotates around B0 at the Larmor frequency. 

Under the influence of B1, M would start precessing about B0 and moving 

towards the x-y plane at the same time, resulting in a spiral motion. In a 

reference frame that rotates clockwise around B0 at the Larmor frequency, B1 is 

stationary, and if it defines the x’-axis of the rotating frame, M’s motion is simply 

tipping towards the y’-axis along the shortest path (Figure 2).  

 

 
Figure 2. The tipping of the net magnetisation (M) towards the transverse plane following a 

pulse of electromagnetic radiation of the Larmor frequency.  

The axes are of the reference frame that rotates about the static main field B0 at the Larmor 

frequency. The excitation pulse is a magnetic field in the x’-y’ plane (B1). M precesses in the 

plane orthogonal to B1 until the pulse ends. 
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A pulse that flips the direction of M by 90° is known as a 90° excitation pulse. 

As duration of the pulse increases, the flip angle increases, until M returns to its 

original position and starts the cycle again – essentially, M would precess about 

B1 in the y’-z plane until the end of the pulse. 

 

After the cessation of the excitation pulse, the spin system will start returning to 

equilibrium, a process known as relaxation. M can be broken down into a 

longitudinal component, Mz, and a transverse component, Mxy. In MRI, only Mxy 

is measured by detecting the voltage it induces in a receiver coil. Immediately 

after the end of the pulse, all excited protons are said to be in phase as they all 

precess at the Larmor frequency, and Mxy, the vector sum of the transverse 

components of all magnetic moments in the system, precesses around B0 and 

causes the induced voltage in the receiver coil to vary in the time domain at the 

same frequency. Then, because the local magnetic fields experienced by 

individual protons are different, they will start to precess at different frequencies. 

This is known as dephasing, which leads to an approximately exponential 

decay of Mxy, and the resulting signal has the characteristic form known as free 

induction decay (FID) (Figure 3). The loss of phase coherence happens for a 

number of reasons. One is the interactions between particles at the atomic and 

molecular levels, leading to fluctuations in the local magnetic field experienced 

by each spin, as discussed above. This component is termed “spin-spin 

relaxation” and is associated with a time constant called T2 (Figure 3). In 

realistic situations, the local field differences can be exacerbated by 

inhomogeneities in B0, susceptibility effects, and so on, and the faster decay of 

the FID signal caused by the combined effects of all contributors to dephasing 

has a time constant called T2* (Figure 3). Another process that happens as the 

system returns to equilibrium is the regrowth of Mz, which is known as 

longitudinal relaxation or spin-lattice relaxation. Here the term “lattice” is a 

vestige of the early days of NMR, when the main focus was on solid samples 

(Levitt, 2001). Longitudinal relaxation is a much lengthier process associated 

with the time constant T1. 
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Figure 3. Free induction decay (FID) signal showing T2* decay and an illustration of the 

slower T2 decay. 

 

For a typical scanner with a B0 of 1.5 T, the Larmor frequency of protons is 

63.86 MHz, which is in the radio frequency (RF) range. Radiations associated 

with MRI are all in the RF range, and a RF coil is used to both excite the spins 

and receive the signal in most modern scanners. 

 

2.2.3. Spatial encoding  

The FID signal from a spin system in a homogeneous magnetic field contains 

no spatial information. In order to image a sample, spatial encoding is essential 

and achieved through the use of magnetic field gradients. An MRI scanner is 

equipped with a set of gradient coils that can introduce a gradient, which is a 

linear variation in the magnitude of B0, along any direction, and during a typical 

scan, a series of RF pulses and magnetic field gradients, which comprise a so-

called pulse sequence, would be executed repeatedly. 

 

For 2D scans, the starting point is slice selection (SS), namely limiting excitation 

to a thin slice of the sample by applying a RF pulse and a slice selection 

gradient (GSS) at the same time. Because 𝝎𝟎 = 𝛾𝑩𝟎, switching on GSS in the z 

direction, for example, would make the Larmor frequency of the spins vary 

along the z-axis. As a result, a RF pulse containing a narrow range of 

frequencies would only excite protons situated within a transverse slice of the 

sample (Figure 4A), allowing a z position to be assigned to any signal 

recovered.  
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Figure 4. Spatial encoding in MRI.  

Excitation is restricted to a slice by applying a z-gradient (A). During phase encoding (B-D), a y-

gradient is used to dephase the excited protons, which can be rephased with either a 180° 

pulse (E-G), producing a spin echo (M), or with a gradient of the opposite polarity (H-J), 

producing a gradient echo (N). During frequency encoding (K-L), a x-gradient is applied. As 

data is sampled while this gradient is on, frequency information is encoded. TE, echo time. 
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In-plane spatial encoding, however, is more complicated. The first step is phase 

encoding (PE). Immediately after excitation, all of the protons in the selected 

slice are in phase (Figure 4B). When a gradient is applied along one of the 

transverse axes, for instance the y-axis, protons at different y positions would 

start to precess at different frequencies, resulting in dephasing over time (Figure 

4B-D). When the gradient is switched off, all the spins will precess at a uniform 

Larmor frequency again, however the accumulated phase shift as a function of 

position along the y-axis is retained. Such a gradient is called a phase-encoding 

gradient (GPE) as it introduces systematic phase changes into the system. 

During the scan, GPE would be varied by a regular step each time before data 

acquisition occurs, so that the dephasing effects of a range of GPE amplitudes 

on the signal would be recorded. An undesired consequence of applying a 

dephasing gradient is the accelerated decay of signal. To recover what is 

known as an echo of the initial FID, spins need to be brought into phase again, 

and this can be achieved in two ways. Firstly, a 180° pulse can be applied with 

a GSS to reverse the direction of phase change of all spins (Figure 4E). This 

means that the protons will come back into phase again (Figure 4E-G), 

producing a spin echo (Figure 4M). Alternatively, a gradient that is opposite in 

polarity to GPE can be used to rephase the protons (Figure 4H-J), and this 

would produce a gradient echo (Figure 4N). The interval between the initial 

excitation pulse and the peak of the echo is called the echo time (TE). The 

illustrations in Figure 4E-J are highly exaggerated for clarity: in reality, 

completely restoring phase coherence would not only defeat the point of phase 

encoding, but is also impossible, because the decay of signal due to spin-spin 

relaxation is irreversible. While a 180° pulse can reverse the dephasing caused 

by other factors, meaning that a spin echo is governed by T2 (Figure 4M), a 

gradient echo is constrained by T2* decay (Figure 4N). After rephasing, the 

gradient would normally remain on to dephase the spins again, creating a 

symmetrical echo (Figure 4M-N). After phase encoding, a frequency encoding 

gradient (GFE) is applied along the other transverse axis – the x-axis in this case 

(Figure 4K-L). Under the influence of GFE, the precessional frequency of protons 

will vary along the x-axis. As the echo is sampled while GFE is on, the effect of 

the spins’ frequency variation is contained in the data acquired, hence the name 

frequency encoding (FE). 
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2.2.4. Data acquisition 

The echo signal is sampled at a series of time points (Figure 5A) and this line of 

data is entered into a row of a matrix known as the k-space (Figure 5B). To 

gather more information and fill the k-space, the same excitation pulse is 

repeatedly fired and the amplitude of GPE is systematically varied each time 

(Figure 5C). Essentially what is being measured is the occurrence of a range of 

spatial frequencies within the slice, which can be converted into an image of 

positional information with a 2D Fourier transform (Figure 5D-E). 

 

 
Figure 5. From echo to image. 

	
2.2.5. Pulse sequences 

Basic spin echo and gradient echo pulse sequences are shown in Figure 6A-B. 

Important parameters for both sequences include repetition time (TR) and TE, 

which will be discussed in more detail in Section 2.2.6. Several other things 

warrant further comment. Firstly, gradient echo sequences usually utilise a flip 

angle smaller than 90°, allowing faster recovery of Mz and shorter scan time. 

Secondly, the effectiveness of a gradient is determined by its amplitude and 

duration. On a pulse sequence diagram, this is represented by the area of the 

gradient lobe. Thirdly, unless it is coupled with a 180° excitation pulse, GSS will 

cause phase dispersion among the excited spins, therefore immediately after it 

is turned off, a rephasing lobe that is opposite in polarity and has half the area 

of the initial lobe is applied along the SS direction. As for the combination of GSS 

and a 180° pulse, the transverse phase incoherence accumulated during the 

first half of the pulse is cancelled by the second half, thus no rephasing lobe is 
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needed. Lastly, the readout lobe along the FE direction is preceded by an 

opposite dephasing lobe with half the area. This can be understood in terms of 

k-space trajectories (Figure 6C). Right after the delivery of the excitation pulse 

(point a in Figure 6B & C), the signal is at the centre of the k-space, where it 

has the highest possible value. The application of GPE will move it in the vertical 

direction, while the dephasing lobe of GFE will move it to the left, and the 

combined use of both will result in a diagonal path (a to b in Figure 6C). During 

the readout lobe of GFE, a row of the k-space is filled from left to right (b to c in 

Figure 6B & C). 

	

 
Figure 6. Basic pulse sequences. 

A-B. Diagrams for basic spin echo and gradient echo sequences. Data acquisition (DA) only 

occurs when the readout lobe of GFE is on, but the whole evolution of the signal is shown. C. 

The k-space trajectory for the gradient applications shown in Panel B. Adapted from McRobbie 

et al. (2006). 

 

Spatial encoding can also be done in 3D. In this case, a thick slab is selected, 

and while GPE is on, an extra phase-encoding gradient is applied along the SS 

direction (Figure 7). With 3D encoding, more of the sample is excited, therefore 

there is more signal and less noise. But this increased signal to noise ratio 

(SNR) typically comes at the cost of a longer acquisition time, so the SNR per 

unit time is often similar between 2D and 3D sequences (Johnson et al., 1999). 

Though the relative merits of 2D and 3D sequences vary from case to case, 3D 

encoding does have advantages when high resolution images are wanted 

(Johnson et al., 1999). This is because longer RF pulses are required for 

thinner slice selection. When a large volume is to be imaged at a very high 

resolution, 2D sequences would necessitate a long RF pulse, which can 
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drastically reduce their SNR per unit time. The length of the RF pulse for a 3D 

sequence, on the other hand, is independent of the desired resolution. In 

addition, 2D imaging faces the problem of slice cross-talk, which arises because 

the slice profiles generated by RF pulses are not perfectly rectangular, and 

adjacent slices can interfere with each other, resulting in artifacts and loss of 

contrast. Although this can be solved by leaving gaps between slices or 

selecting slices in an interleaved manner, 3D imaging avoids this issue 

altogether. 

 

 
Figure 7. A 3D gradient echo sequence. 

 

2.2.6. Weighting and contrast 

MRI is highly versatile. By manipulating the pulse sequence and its parameters, 

a wide variety of imaging and measurements can be performed. The most 

important parameters are TR, which is the duration of a sequence of pulse and 

gradient applications before it is repeated again, and TE, which is the time 

interval between the first excitation pulse and data acquisition within one TR. 

 

The value of T1, T2, T2*, or proton density varies in different types of biological 

tissues. For example, in the brain, T1 of the gre y matter differs from that of the 

white matter (Steinhoff et al., 2001), and so does T2 (Pfefferbaum et al., 1999). 

This is illustrated in Figure 8A. By setting TR and TE appropriately, a certain 

contrast can be revealed in the acquired image. For example, to maximise the 

T1 contrast between two types of tissues, a short TR is used so that T1 recovery 

is stopped when the magnitude of their Mz differs the most (Figure 8B). This 

means that when the next RF pulse hits, the initial magnitude of Mxy will be 

correspondingly dissimilar between the tissues of interest, and a short TE is 

used to capture this difference (Figure 8B). On the other hand, to create T2-

weighted images, a long TR is required to minimise T1 effects, and a long TE is 

used so that the signal is sampled when the difference in Mxy is maximum 
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(Figure 8C). T2 weighting can only be achieved with a spin echo sequence, as a 

gradient echo sequence with a long TR and a long TE produces a T2*-weighted 

image. When both T1 and T2 effects are minimised with a long TR and a short 

TE, the contrast will depend on proton density. 

 

 
Figure 8. Generation of image contrast. 

A. One source of image contrast in MRI is the difference in T1 and T2 between different types of 

tissues. The values for the grey matter (GM) and white matter (WM) of the human brain are 

illustrated here as an example (Pfefferbaum et al., 1999; Steinhoff et al., 2001). M0 is the 

magnitude of Mxy immediately after a 90° pulse. The decay of Mxy and the recovery of Mz are 

described by the solution to the Bloch equations. In this case, 𝑀!" 𝑡 = 𝑀!exp (−𝑡/𝑇!) and 

𝑀! 𝑡 = 𝑀!(1 − exp (−𝑡/𝑇!)) . B-C. Different weightings of the image can be achieved by 

adjusting TR and TE of the pulse sequence. 



	 49	

It is possible to modify the T1 and T2 values of biological tissues with contrast 

agents. Before the mechanism of contrast agents is discussed, it is worth 

pointing out that, all substances are capable of interacting with a magnetic field, 

which arises from the motion of charged particles and the magnetic moments of 

elementary particles. Depending on how a substance interacts with an external 

magnetic field, it can be classified as exhibiting a certain type of magnetism. 

Diamagnetic materials are those that develop a magnetic moment that opposes 

the applied magnetic field, while paramagnetic and superparamagnetic 

materials would be magnetised in the same direction as the external field. In 

contrast to these three which show induced magnetism, ferromagnetic materials 

have a non-zero magnetic moment even in the absence of an external field. A 

useful measure of the magnetic property of a substance is its magnetic 

susceptibility (χ), which is the ratio of the magnetisation of the substance to the 

applied magnetic field. Diamagnetic materials have negative susceptibilities, 

and most biological tissues are weakly diamagnetic. Paramagnetic, 

superparamagnetic and ferromagnetic substances, on the other hand, have 

positive susceptibilities, with increasing value in that order. The fundamental 

distinction is that, while all materials with a positive magnetic susceptibility have 

one or more unpaired electrons in one or more of their atomic or molecular 

orbitals, diamagnetic materials have none. 

 

Common contrast agents used in MRI include complexes containing 

paramagnetic metal ions such as gadolinium (Gd3+) and manganese (Mn2+), 

and superparamagnetic iron oxide nanoparticles (SPIONs). All of them create 

magnetic field inhomogeneities in their vicinity and shorten the T1 and T2 values 

of nearby nuclei, though to different degrees. Take Gd3+-based contrast agents 

as an example (Caravan et al., 1999). Free Gd3+ ions are toxic, therefore they 

are used in the form of a complex with a chelating agent. When Gd3+ chelates 

are administered to a tissue, the relaxation rates, which are the inverse of the 

relaxation times, can be calculated as the following: 

 

𝑅! = 1/𝑇! 

𝑅! = 1/𝑇! 

𝑅!!"# = 𝑅!! + 𝑅!! 

𝑅!!"# = 𝑅!! + 𝑅!!                                                          (4) 
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Here “obs”, “t”, and “c” refer to observed, tissue, and contrast agent relaxation 

rates, respectively. Also, 

 

𝑅!! = 𝑟![𝐺𝑑!!] 

𝑅!! = 𝑟! 𝐺𝑑!!                                                            (5)	

 

where r1 and r2 are the relaxivities of Gd3+, which reflect how R1 and R2 of a 

solution respectively change as a function of the concentration of Gd3+. 

Because the r1 and r2 of a Gd3+ chelate are similar in value but the R1 of tissues 

like brain parenchyma are much smaller than their R2, the increase in R1obs 

would be much more substantial than the R2obs increase. Therefore, at an 

appropriate dose, Gd3+ chelates would predominantly reduce T1 but leave T2 by 

and large unchanged, resulting in signal enhancement in T1-weighted images. 

Faster longitudinal relaxation also means that TR can be reduced to speed up 

image acquisition. 

 

While Gd3+ chelates are usually used for signal enhancement, leading to 

hyperintensity in the image, SPIONs would cause signal loss and hypointensity. 

This is because SPIONs, due to their much larger magnetic susceptibilities, 

produce greater field inhomogeneities and accelerate the transverse relaxation 

of the spins around them considerably. 

 

The effects of a contrast agent also depend on the chemical environment, 

tissue compartmentalisation, and other factors. Overall, the use of contrast 

agents in MRI is comparable to staining in the context of optical microscopy 

(Johnson et al., 2002b; Cleary et al., 2011b). 

 

2.3. MR microscopy 
MR microscopy (also known as MR histology, microscopic MRI, microMRI, or 

µMRI) refers to the type of MRI that produces images with a resolution less than 

100 µm in one or more dimensions (Benveniste and Blackband, 2002; Driehuys 

et al., 2008). The possibility of capturing microscopic details with MRI was 

already being contemplated in the early 1980s (Mansfield and Morris, 1982; 

Blackband et al., 1999) and the desire to image small animals such as rodents 
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for preclinical research gave great impetus to this idea. Early successes 

emerged in 1986, when a series of studies reported sub-millimeter imaging of 

rat brain (Johnson et al., 1986) and thorax (Hedlund et al., 1986), chick embryo 

(Bone et al., 1986), plant stem (Eccles and Callaghan, 1986), and frog ovum 

(Aguayo et al., 1986). The field quickly grew and many novel developments 

followed. 

 

A major consequence of increasing the resolution was the corresponding drop 

in the amount of signal per “volume pixel” (voxel). To attain adequate SNR per 

unit time, it was necessary to implement hardware improvements like increased 

magnetic field strength, more sensitive RF coils, and more powerful gradient 

coils (Benveniste and Blackband, 2002; Driehuys et al., 2008), all of which have 

been happening thanks to the ever growing prowess in scanner engineering 

and manufacturing. On the “software” side of things, the refinement of pulse 

sequences was also important for enhancing the feasibility of MR microscopy 

(Johnson et al., 1987; Suddarth and Johnson, 1991) and eliminating artefacts 

(Sharp et al., 1993). Besides SNR, the quality of MR images also depends on 

the contrast to noise ratio (CNR). Gd3+-based contrast agents have been 

routinely used to enhance contrast in MR microscopy studies, especially those 

involving ex vivo specimens. The widely adopted practice of using contrast 

agent-doped formalin or PFA solution for perfusion fixation was introduced by 

G. Allan Johnson’s group, firstly in embryonic studies (Smith et al., 1994) and 

then in neuroimaging studies (Benveniste et al., 2000). This not only helped 

reduce scan time but also enabled exquisite anatomical details to be revealed, 

such as the different layers of the hippocampus (Benveniste et al., 2000). 

 

Another challenge that faces high-resolution MRI is the analysis of the acquired 

images. Measurements like length, area and volume are often desired in 

morphometry – the quantitative study of morphology. To make such 

measurements, one can manually mark out the qualified voxels when the image 

is visualised using an image processing programme. Such programmes would 

usually include functionalities like thresholding and auto-tracing, which can 

sometimes help speed things up. However, when dealing with complex high-

resolution images, tracing a feature can entail going through hundreds of slices 

in a single image and repeating it for a dozen images, thus the labour is non-
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trivial. Besides, drawing by hand is inherently subjective, therefore the results 

may suffer from experimenter bias. Also, manual delineation can be inadequate 

for tasks like comparing a subregion of a feature between different images, 

because there may not be clear boundaries separating the subregion from the 

rest. These problems are especially acute when it comes to neuroimaging data, 

hence there has been a strong incentive for developing methods to analyse 

brain MR images automatically or semi-automatically. A class of methods based 

on image registration have been particularly successful and they will be 

introduced next. 

 

2.4. Registration-based brain morphometry 
2.4.1. An introduction to image registration 

Registration is the process of matching one image (the source or floating 

image) to another (the target or reference image) by way of spatial 

transformation, so that in both of them, corresponding features or landmarks 

can be found at the same coordinates. It is an essential task in biomedical 

imaging because one often wishes to make use of images acquired from 

different modalities, different subjects, or the same modality, same subject but 

at different times. For instance, in order to locate cancerous tissue, track 

therapeutic agents and so on, a modality that can reveal or trace a target with 

high sensitivity and specificity but lacks anatomical details, such as positron 

emission tomography (PET) and single photon emission computerised 

tomography (SPECT), can be complemented by an MRI or X-ray computerised 

tomography (CT) scan. Unless the two modalities are conducted by a single 

machine like a SPECT/CT or PET/CT scanner, the two types of images will 

have to be registered together before they become useful. Also, when images 

taken from different subjects or those of a single subject but obtained at 

different time points need to be compared with each other, registering them to a 

common space will allow powerful, image-wide statistical analyses to be carried 

out. 

 

Because the challenges of image registration vary from one case to another, 

many techniques have been developed over the years, requiring various 

amounts of user interaction (Brown, 1992; van den Elsen et al., 1993; Gholipour 

et al., 2007). In general, an automatic registration algorithm would compute a 
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transformation based on a set of arguments and rules, apply it to the floating 

image, compare the transformed image to the reference image using a 

similarity measure, decide the outcome against certain preset criteria, and 

either stop or continue to the next iteration depending on whether the criteria 

have been met. Thus such a registration method is characterised by what type 

of transformation it utilises, how it searches for the values that specify and 

improve the transformation, and which similarity measure it relies on. 

 

Transformations can be classified according to the degree of the elasticity they 

permit (van den Elsen et al., 1993). Four types are illustrated in Figure 9. Rigid 

transformation preserves the distance between any two points, allowing 

translation, rotation and reflection of the image. Affine transformation occurs 

when any straight line in the original image can be mapped onto a straight line 

in the transformed image, and the parallelism between lines is preserved. The 

effects of an affine transformation includes not only translation, rotation and 

reflection, but also scaling and shearing. Projective transformation also maps a 

straight line onto a straight line, but the parallelism may not be retained in the 

transformed image. These three types of transformations can be defined by a 

relatively few number of parameters, and it should be noted that rigid 

transformations are a subset of affine transformations, which in turn are a 

subset of projective transformations. 

 

 
Figure 9. Different types of transformations.  

Adapted from van den Elsen et al. (1993). 

 

Lastly, a transformation is non-rigid when a straight line in the original image is 

mapped onto a curve in the transformed image. Non-rigid transformation gives 
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rise to local deformations in the image and can be produced in many ways 

(Crum et al., 2004).  

 

One important method uses splines. A spline is a piecewise continuous curve 

that is composed of different segments, each of which is defined by a different 

polynomial. The points at which different segments join are called knots, and by 

imposing certain continuity requirements at knots, the smoothness of the curve 

can be ensured. To determine the coefficients of the polynomials, one can 

construct and solve a linear system of equations using the continuity constraints 

and a set of points called control points that the curve is expected to interpolate 

(i.e. pass through) or approximate (i.e. travel near). In other words, with a 

spline, a curve can be defined by a number of control points, and the shape of 

the curve can be modified by moving the control points, thus providing a means 

for transformation. It should be noted that other factors can also affect the 

shape of the curve, including the positions of the knots, collectively known as 

the knot vector, and the order of the spline, determined by the polynomial with 

the highest order. A particular class of splines called the B-splines are widely 

used for non-rigid transformation (Rueckert et al., 1999; Modat et al., 2010) 

because they have the attractive property that the effect of moving one control 

point is limited to the vicinity of that point. This enables the production of local 

deformations and makes B-splines computationally efficient. A B-spline with 

one knot vector can model a curve upon a set of control points in a 2D plane. 

To generate a smooth surface or volume from a mesh of control points in a 3D 

space, one has to take the tensor product of two or three one-dimensional (1D) 

B-splines respectively.  

 

Apart from splines, non-rigid transformation has also been achieved by 

modelling the image as a viscous fluid (Christensen et al., 1996) or using a 

linear combination of 3D discrete cosine transform basis functions (Ashburner 

and Friston, 1999). 

 

In order to arrive at the optimal transformation, a search algorithm is employed 

to iteratively update the transformation and test it with a similarity measure. 

Many well developed optimisation schemes can be readily borrowed from 
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mathematics such as Powell’s method (Ourselin et al., 2000), gradient descent 

(Rueckert et al., 1999), and so on.  

 

Several similarity measures are commonly used in image registration, including 

the sum of squared differences, correlation coefficient, correlation ratio, mutual 

information, and normalised mutual information (Crum et al., 2004). The sum of 

squared differences and correlation coefficient are simple measures of 

similarity. While the former assumes that, after registration, the floating and 

reference images are identical except for Gaussian noise, the latter assumes 

that the intensities of corresponding points in the two images have a linear 

relationship. These two are usually used for mono-modal registration. The 

correlation ratio and mutual information, on the other hand, are suitable for 

multi-modal registration, which involves images with much less similar intensity 

patterns. The correlation ratio assumes that intensities of corresponding points 

in the floating and reference images are functionally related, while mutual 

information is an even more general measure, which makes no assumption 

about the nature of the relationship between the intensity patterns of the 

images. Because mutual information is the similarity measure used in works 

described in this thesis, it will be explained in more detail. 

 

A concept that originated in information theory, mutual information measures 

the interdependence between two random variables. In other words, it 

quantifies how much information can be obtained about one variable through 

the other. In the context of image registration, mutual information is defined in 

terms of entropies of the intensity distribution: 

 

𝑀𝐼 = 𝐻! + 𝐻! − 𝐻!"                                                      (6) 

 

where MI is mutual information, 𝐻! and 𝐻! are the marginal entropies of the 

reference and floating images respectively, and 𝐻!" is the joint entropy. Entropy 

here can be understood as either the amount of information an image contains 

or the uncertainty about the intensity distribution of an image: if most of the 

points in an image have the same intensity, it contains very little information, the 

uncertainty about the intensity of any given point is low, and the image has a 

low entropy value; conversely, an image in which many intensities occur with 
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more or less equal frequencies has a high entropy value (Pluim et al., 2003). 𝐻! 

and 𝐻! are calculated as follows: 

 

𝐻! = − 𝑝!𝑙𝑜𝑔𝑝!
!

 

𝐻! = − 𝑞!𝑙𝑜𝑔𝑞!
!

                                                      (7) 

 

where 𝑝! is the probability of intensity 𝑖 occurring in the reference image and 𝑞! 

is the probability of intensity 𝑗 occurring in the floating image. The joint entropy 

is given by: 

 

𝐻!" = − 𝑝!"𝑙𝑜𝑔𝑝!"
!,!

                                                    (8) 

 

where 𝑝!" is the probability of intensity 𝑖 from the reference image and intensity 𝑗 

from the floating image occurring at the same location. A low 𝐻!" means that 

the probability of finding a given intensity pair at the same place in both images 

is high, therefore when the joint entropy is minimised, the two images should be 

registered (Pluim et al., 2003). Sometimes when the size of the overlap 

between two images is small, mutual information can increase with increasing 

misregistration. This problem can be mitigated by using normalised mutual 

information (NMI) as the similarity measure (Studholme et al., 1999). NMI is 

given by: 

 

𝑁𝑀𝐼 =
𝐻! + 𝐻!
𝐻!"

                                                         (9) 

 

The selection of the similarity measure should be based on the nature of the 

registration problem at hand, as different similarity measures have been found 

to show superior robustness in different registration tasks (Penney et al., 1998; 

Roche et al., 1998; Holden et al., 2000). 
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2.4.2. Deformation-based, tensor-based and voxel-based morphometry 

Enabled by image registration capabilities, it became possible to compare 

whole brain images and detect local differences between two groups. Three 

related methods are particularly useful: deformation-based morphometry 

(DBM), tensor-based morphometry (TBM), and voxel-based morphometry 

(VBM)  (Wright et al., 1995; Ashburner et al., 1998; Ashburner and Friston, 

2000). 

 

DBM and TBM both make use of the deformation field that is generated during 

non-rigid registration. The general idea is that, since the deformation field 

contains information about how the voxels in the floating image should be 

displaced and changed in size in order to achieve spatial alignment with the 

reference image, comparisons can be made between deformation fields to infer 

about position, shape and size when all images of interest are registered to the 

same reference. DBM is concerned with the displacement of features, while 

TBM uses tensors derived from the deformation field to compute local size 

changes (Ashburner and Friston, 2000). A general procedure for TBM, which is 

of main interest here, is illustrated in Figure 10.  

 

 
Figure 10. Illustration of tensor-based morphometry (TBM). 

Step 1, all images are affinely registered to a common target. Step 2, the mean image created 

by averaging all affinely aligned images serves as the target for non-rigid registration. Step 3, 

deformation fields from the non-rigid registration are used to compute tensors, the Jacobian 

determinants of which are in turn subjected to voxelwise statistical testing.  
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All the images are first brought into rough spatial alignment via affine 

registration. Then they are averaged to create a mean image which will serve 

as the reference for non-rigid registration, during which a deformation field is 

produced for each image. The deformation field is a vector field, and by 

calculating the gradient at a given voxel, a Jacobian matrix can be obtained. 

The Jacobian matrix is a tensor which describes how this voxel has been 

deformed during the non-rigid transformation, and the determinant of this matrix 

indicates the relative volumetric change of this particular voxel as a result of the 

mapping. Thus, by calculating the Jacobian determinant for every voxel in all of 

the deformation fields and comparing them using a statistical test in a voxelwise 

fashion, local volumetric differences can be detected. 

 

The statistical test is usually performed using the general linear model (GLM) 

for its flexibility (Kiebel and Holmes, 2003). The GLM is a framework that can 

accommodate various statistical procedures, including the t test which 

compares the means of two groups of data, analysis of variance (ANOVA) 

which also tests the difference in means but allows the effect of multiple factors 

and their interactions to be investigated, linear regression which models the 

relationship between a predictor variable and a dependent variable, and 

multiple linear regression which evaluates the respective contributions of 

several predictor variables to the explanation of the variation in one dependent 

variable. In fact, the GLM is a generalisation of multiple linear regression as it 

can include multiple dependent variables. The GLM can be expressed in matrix 

notation as: 

 

𝒀 = 𝑿𝜷+ 𝝐                                                            (10) 

 

Here, 𝑿 is an m×n maxtrix called the design matrix, each column of which 

represents a predictor variable; 𝒀 is an m×p matrix that contains m values for 

each of the p dependent variables; 𝜷 is an n×p matrix that contains p columns, 

each of which corresponds to a dependent variable, and within one column, 

there are n regression coefficients, each of which represents the relative 

explanatory power of a particular predictor variable; and 𝝐 is an m×p matrix 

containing the errors, also known as residuals, which represent the variation in 

the dependent variables that is unexplained by the predictor variables. The 
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regression coefficients can be estimated using the ordinary least squares 

method, which minimises the sum of squared residuals. An example GLM with 

one dependent variable is illustrated in Figure 11.  

 

 
Figure 11. General linear model.  

A graphic illustration of the model 𝒀 = 𝛽!𝑿𝟎 + 𝛽!𝑿𝟏 + 𝛽!𝑿𝟐 + 𝛽!𝑿𝟑 + 𝛽!𝑿𝟒 + 𝝐, where 𝒀 is the 

dependent variable, 𝑿𝟎  is a dummy variable, 𝑿𝟏 , 𝑿𝟐  and 𝑿𝟑  are three categorical predictor 

variables, 𝑿𝟒 is a continuous covariate, 𝛽! to 𝛽! are regression coefficients, and 𝝐 is the error 

term. Numerical values are represented in grey scale.  

 

After the regression coefficients are obtained, a statistical test can be 

conducted using an appropriate contrast, which is a matrix that specifies the 

nature of the test. For instance, in Figure 11, if 𝒀  contains the Jacobian 

determinants gathered from a particular position of every brain image in a 

study, 𝑿𝟏 , 𝑿𝟐  and 𝑿𝟑  represent group 1, 2 and 3 which have different 

genotypes, and 𝑿𝟒 is a covariate which contains the total volume of each brain, 

then an F test that assesses whether the means of the three groups are equal 

could be performed using the contrast 𝐶 = 0 1
0 0

−1
1

0 0
−1 0 , while the 

contrast 𝐶 = 0 1 −1 0 0  would run a t test that evaluates whether the 

mean Jacobian determinants of group 1 and 2 are equal at this position. The 

ability to remove, or “covary out”, the effects of confounding or uninteresting 

factors is a highly desirable feature of the GLM. In the example just given, 

which is effectively an analysis of covariance (ANCOVA), by including the total 

brain volume as a covariate, a significant inter-group difference in Jacobian 

determinants would reflect a local volumetric difference over and above any 

variation in total brain size. 
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In contrast to DBM and TBM, VBM uses the transformed images themselves to 

make inferences about grey matter concentration in relation to certain factors of 

interest (Ashburner and Friston, 2000). Following image registration, the grey 

matter is segmented out and smoothed by convolving with an isotropic 

Gaussian kernel. In an MR image of the brain, voxels belonging to the same 

tissue type tend to have intensities that cluster around a certain value and 

different tissues types form different clusters, therefore the intensity of a voxel is 

related to its identity. After the segmented grey matter is smoothed, the value of 

each voxel would reflect the intensity values of its neighbours, therefore it can 

be seen as a measure of grey matter concentration. Then using the GLM, one 

can test whether a certain factor has a significant effect on grey matter 

concentration as well as other hypotheses. 

 

2.4.3. Brain parcellation 

Registration methods can also be used to automatically annotate unlabelled 

brain images. This requires the availability of an atlas which consists of a high 

quality template MR image and expertly segmented labels of brain structures 

(Figure 12).  

 

The template would first be registered to the target image, and then the 

transformation is used to map the labels of the atlas into the target image 

space. This is known as segmentation propagation (Calmon and Roberts, 2000; 

Heckemann et al., 2006; Zhuang et al., 2010; Cleary et al., 2011a). When 

multiple atlases are used, several label sets are generated, which can be fused 

into one using algorithms such as simultaneous truth and performance level 

estimation (STAPLE) (Warfield et al., 2004) and similarity and truth estimation 

for propagated segmentations (STEPS) (Cardoso et al., 2013). The multi-atlas 

approach (Figure 12) has been shown to improve accuracy (Ma et al., 2014). 

 

Besides improvements in parcellation algorithms, there have also been 

continued efforts to create brain atlases for non-human animals including 

mouse (Kovacević et al., 2005; Ma et al., 2005, 2008; Chan et al., 2007; Dorr et 

al., 2008; Petiet et al., 2008; Purger et al., 2009; Chuang et al., 2011; Jiang and 

Johnson, 2011), rat (Calabrese et al., 2013; Papp et al., 2014) and pig (Saikali 

et al., 2010). 
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Figure 12. Brain parcellation using multi-atlas label fusion.  

An atlas consists of a template and a set of brain structural labels. When multiple atlases are 

available, each template is first registered to the target image and the transformation is then 

used to propagate the associated label set into the target image space. After all the label sets 

are transformed, they are fused together to provide a final set with improved accuracy. 

 

Brain parcellation allows the volumes of individual brain structures to be 

estimated and compared between groups. This as an assessment of 

morphology at the mesoscopic level is complementary to TBM which examines 

microscopic details. Moreover, segmenting the images prepares them for 

further analyses that are structure-specific. One example is the evaluation of 

cortical thickness, which will be discussed next. 

 

2.4.4. Cortical thickness analysis 

In humans, the thickness of the cerebral cortex is impacted by 

neurodegenerative diseases such as Alzheimer’s disease (Reiman and Jagust, 

2012), psychiatric disorders such as schizophrenia (Kuperberg et al., 2003) and 

bipolar disorder (Oertel-Knöchel et al., 2015), as well as many other conditions 

like attention deficit hyperactivity disorder (ADHD) (Langevin et al., 2015) and 

chronic nerve damage (Taylor et al., 2009). As a result, it is a measure that is of 

great interest to many researchers.  
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A popular software package for measuring cortical thickness across a whole 

human brain is FreeSurfer (http://surfer.nmr.mgh.harvard.edu/), which was first 

developed about 15 years ago (Dale et al., 1999; Fischl et al., 1999b, 1999a; 

Fischl and Dale, 2000). When using it to measure cortical thickness, the starting 

point is the construction of two surfaces, the boundary between pia mater and 

grey matter (PM/GM) and the boundary between grey matter and white matter 

(GM/WM). The GM/WM boundary is computed first by classifying all white 

matter voxels and refining the surface formed by them. Then the GM/WM 

boundary is deformed outward to locate the PM/GM boundary. For each point 

on one boundary surface, the point on the other surface that is closest to it is 

found, and vice versa. The two distances thus obtained for a given point are 

then averaged to give the thickness. 

 

Another approach is to model the cortical volume as a scalar field (ψ) that is 

analogous to an electrostatic field and describes it using Laplace’s equation 

(Jones et al., 2000). Two distinct potential values would be assigned to the 

bounding surfaces: for instance, ψ = ψ1 at the GM/WM boundary and ψ = ψ2 at 

the PM/GM boundary. Then assuming ψ varies smoothly between the two 

boundaries which is the case for distance between cortical surfaces, Laplace’s 

equation can be solved to give any number of nonintersecting equipotential 

surfaces that will divide the volume into layers (Figure 13).  

 

 
Figure 13. Cortical thickness analysis using Laplace’s equation.  

Adapted from Jones et al. (2000). 
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This enables a normalised gradient field, which is effectively a unit vector field, 

to be computed for ψ, and field lines, also known as streamlines, can in turn be 

constructed. The streamlines start from one boundary surface, traverse every 

equipotential surface in a perpendicular manner by following the direction of the 

unit vectors, and arrive at the other boundary (Figure 13), hence the path length 

of the streamlines can serve as a measure of cortical thickness. Because of the 

mathematical properties of Laplace’s equation, every point, whether it is on the 

boundary surfaces or between them, has a unique streamline associated with it. 

Therefore a unique value can be assigned to each voxel in the cortex, which is 

equal to the path length of the streamline passing through it. Then, after all the 

images containing the cortical thickness measurements are transformed into a 

common space using deformation fields obtained from the registration step, 

voxelwise analysis can be performed. 

 

2.5. A screen of brain morphology based on MR microscopy and TBM 
MR microscopy combined with advanced image analysis techniques such as 

TBM is capable of examining the morphology of whole brains and detecting 

local differences between groups. Thus it is very useful for initial, explorative 

studies of animal models with suspected neurological conditions induced by 

experimental manipulations, genetic or otherwise. 

 

Although the IMPC did not include MRI in its phenotyping pipeline, citing limited 

access to scanner facilities across its member institutions as the primary reason 

(Brown and Moore, 2012), high resolution MRI has been advocated as a key 

modality for imaging murine morphology, including whole embryos (Schneider 

and Bhattacharya, 2004; Dickinson, 2006; Kulandavelu et al., 2006; Turnbull 

and Mori, 2007; Tobita et al., 2010; Nieman et al., 2011; Powell and Wilson, 

2012), whole adults (Johnson et al., 2002b, 2002a), the brain (Johnson et al., 

1997, 2007, Benveniste and Blackband, 2002, 2006; Bulte et al., 2002; 

Benveniste et al., 2007) and the heart (Smith, 2001; Liu et al., 2013). In the 

domain of embryonic and cardiovascular imaging, MRI faces competition from 

other 3D techniques such as ultrasound biomicroscopy (UBM), high resolution 

episcopic microscopy (HREM), optical projection tomography (OPT), and 

microCT (Dickinson, 2006; Kulandavelu et al., 2006; Turnbull and Mori, 2007; 

Henkelman, 2010; Tobita et al., 2010; Nieman et al., 2011; Powell and Wilson, 
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2012; Liu et al., 2013). But when it comes to the characterisation of 

neuroanatomy, MRI is the preferred choice, and so far, the combined use of MR 

microscopy and registration-based morphometric analyses has successfully 

uncovered structural changes in the brain in a number of mouse models of 

human disease.  

 

In particular, an impressive body of work has come out of the Mouse Imaging 

Centre in Hospital for Sick Children, Toronto, Canada, directed by R. Mark 

Henkelman (Bock et al., 2006; Nieman et al., 2006; Lau et al., 2008; Lerch et 

al., 2008; Ellegood et al., 2010, 2014; Badhwar et al., 2013; Raznahan et al., 

2013; Szulc et al., 2013; Steadman et al., 2014). As an example, using ex vivo 

MR microscopy and TBM, a study of the fragile X knockout mouse, which is a 

model of the Fragile X Syndrome, has found significant volume decreases in 

two nuclei of the cerebellum in the mutants compared to wild-type controls, and 

when these regions were subjected to immunohistochemistry, a decrease in 

NeuN staining, indicating a decrease in the proportion of neurons, and an 

increase in glial fibrillary acidic protein (GFAP) staining, indicating an increase 

in the proportion of astrocytes, were found, which could explain the volumetric 

changes (Ellegood et al., 2010). In another study, Gbx2 conditional knockout 

mice were investigated with longitudinal in vivo MRI and ex vivo MR microscopy 

(Szulc et al., 2013). TBM analysis of the in vivo data detected both known and 

new morphological phenotypes, while ex vivo images revealed more subtle 

differences. Other groups have applied MR microscopy and image registration 

to the study of mouse models of Alzheimer’s disease (Maheswaran et al., 2009; 

Hébert et al., 2013), Huntington’s disease (Sawiak et al., 2009, 2013; Zhang et 

al., 2010b), and more (Badea et al., 2007b, 2009; Parnell et al., 2009; 

Raznahan et al., 2013). In addition to disease models, MR microscopy has also 

been used to study neuroplasticity induced by learning (Lerch et al., 2011; 

Scholz et al., 2015). For example, after mice were trained in different versions 

of the Morris water maze for 5 days, ex vivo MR microscopy and brain 

parcellation analysis revealed an increase in either hippocampal volume (3.1%) 

or striatal volume (1.9%), reflecting the cognitive demand of the task (Lerch et 

al., 2011). Results from TBM agreed with this finding and the alterations were 

explained by cellular morphological changes of neuronal processes based on 

evidence from immunostaining.  
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This study is very interesting because it demonstrates that, even when ex vivo 

samples are used, high resolution MRI and advanced image analysis are still 

sensitive enough to pick up subtle structural differences. Whether to perform 

MR microscopy in vivo or ex vivo is an important point to consider. Non-invasive 

in vivo imaging is one of the biggest advantages of MRI, but it may not always 

be the best option for anatomical studies (Benveniste and Blackband, 2002; 

Driehuys et al., 2008). Firstly, there are severe limits on the duration of a single 

scan session for a live animal, because long periods under anaesthesia can 

have unwelcome effects on the animal’s welfare and health. Such concerns 

obviously do not apply to postmortem specimens. As a result, ex vivo scans can 

last much longer, allowing greater numbers of signal averages (NSA), which in 

turn improve SNR. Besides, in vivo imaging is also troubled by motion artefacts, 

whereas ex vivo MRI is not. Lastly, in the central nervous system (CNS), the 

process of formalin fixation alone has been found to enhance CNR (Buonanno 

et al., 1982; Pattany et al., 1997; Benveniste and Blackband, 2002) and 

contrast agents can be added to the fixative to further improve the delineation of 

fine anatomical details (Benveniste et al., 2000). Overall, it is much easier to 

achieve a high SNR and a high CNR with ex vivo MR microscopy. But this 

convenience does come with a catch: fixation is known to cause tissue 

shrinkage, which can be problematic for morphometry. However, in two studies 

that explicitly compared volumetric measurements obtained from in vivo and ex 

vivo images of the same animals, it was found that, despite a decrease in total 

brain volume and the sizes of individual structures after fixation, the between-

group differences observed in the in vivo data were largely retained in the ex 

vivo data except for the lateral ventricles (Zhang et al., 2010b), and in vivo and 

ex vivo volumetric measurements were significantly correlated (Vernon et al., 

2011). Therefore, valid morphometric findings can be obtained from 

postmortem specimens. Moreover, after exploring the sources of variability in 

both in vivo and ex vivo mouse brain MRI and running statistical simulations, 

Lerch et al. (2012) recommended ex vivo over in vivo imaging when longitudinal 

data are not needed to address the research question and changes in the 

relative volume, namely the volume of brain structures normalised by the total 

brain volume, are of primary interest. Hence, when MR microscopy is used as 
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an initial screen for interesting phenotypes, ex vivo imaging would be more 

appropriate. 

 

Another issue that requires attention is throughput. McConville et al. (2005) 

pointed out that for MRI projects, there is a tradeoff between resolution, 

sensitivity and throughput. As small animal MRI demands high resolution and 

sensitivity, it is a significant challenge to achieve adequate throughput. But 

opportunities to boost efficiency do exist at every stage of an MRI study 

(McConville et al., 2005). Hardware improvement such as higher field strength 

and better RF and gradient coils is one possibility, because with increased SNR 

comes reduced scan time. A particularly interesting strategy is to image multiple 

samples or animals simultaneously. Henkelman’s group has been developing 

arrayed systems where multiple RF coils are fitted into a single gradient coil and 

a single magnet bore since 2003 (Bock et al., 2003; Dazai et al., 2004, 2011; 

Nieman et al., 2005; Spring et al., 2007) and two of their newest arrays 

respectively allow up to 7 live mice and 16 ex vivo brain samples to be imaged 

at the same time (Dazai et al., 2011). Because each animal or sample has its 

own transmit-and-receive coil and independent acquisition electronics, it is as if 

they are scanned individually. Another group made a system of multiple 

gradients coils and multiple RF coils for a single 1.5 T magnet bore and used it 

to image 8 fixed mouse embryos or 4 fixed human embryos simultaneously 

(Matsuda et al., 2003). Providing an individual RF coil for each animal or 

sample is conducive to high SNR, but it requires the construction of specialised 

equipment, thus cannot be easily implemented. A different approach is simply 

to use a single RF coil and put multiple animals or samples in it. For example, 

Xu et al. (2003) produced a solenoid coil fitted with three shelves and used it to 

image 13 mice in vivo in a 1.5 T clinical scanner. Also, Schneider et al. (2004) 

embedded up to 32 fixed mouse embryos in 1% agarose contained in a tube 

and imaged them using a birdcage coil with an inner diameter of 28 mm.  

 

Given a set of hardware, gain in throughput could also come from optimisation 

of the animal preparation procedure and the pulse sequence. At UCL Centre for 

Advanced Biomedical Imaging (CABI), London, UK where work in this thesis 

was conducted, Jon O. Cleary and Francesca C. Norris led the initial efforts to 

develop phenotyping capabilities using MR microscopy (Cleary et al., 2009, 
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2011b, 2011a; Cleary, 2011; Norris et al., 2012a, 2012b). Of particular 

relevance to this thesis, Cleary investigated a number of factors that affect SNR 

and the GM/WM contrast in adult mouse brain images obtained with ex vivo MR 

microscopy, and produced an optimised protocol (Cleary, 2011; Cleary et al., 

2011b). He first compared perfusion fixation with immersion fixation: one group 

of animals were transcardially perfused with saline followed by 10% buffered 

formal saline containing a Gd3+-based contrast agent (Gd-doped fixative), then 

their brains were extracted from the skull and immersed in Gd-doped fixative, 

while the other group of animals were simply culled and their extracted brains 

were then immersed in Gd-doped fixative. After 1 week and 2 weeks in the 

fixative, no significant difference in T1 or T2* measurements in the cerebral 

cortex, the cerebellum and the whole brain was found between the perfusion-

fixed group and the immersion-fixed one. It was noticed that the extraction 

procedure damaged the brain, therefore in-skull brain samples were 

subsequently investigated. Following perfusion fixation, the in-skull brains were 

repeatedly imaged after spending 1, 2, 3 and 5 weeks in the fixative. It was 

found that T2* values in both the cortex and the thalamus-midbrain reached a 

minimum at 3 weeks (mean ± standard deviation [S.D.] = 3.6 ± 0.3 ms for cortex 

and 2.9 ± 0.2 ms for thalamus-midbrain), while T1 values kept falling throughout 

the period (mean ± S.D. = 42 ± 2 ms for cortex and 48 ± 2 ms for thalamus-

midbrain at 5 weeks). Using these measurements, the following parameters 

which would produce the highest SNR and the highest contrast between cortex 

and corpus callosum in a 3 h scan were estimated for a T2*-weighted 3D 

gradient echo sequence: TR = 17 ms, TE = ~3.4 ms, flip angle = 47°, NSA = 6. 

They were then tested experimentally varying TE from 3.8 ms to 7 ms. SNR 

decreased with increasing TE, but cortex/corpus callosum contrast was the 

highest when TE = 4 ms. Therefore a TE of 4 ms was chosen. Finally, to assess 

whether a longer time in the fixative could be of benefit, new perfusion-fixed in-

skull brains were post-fixed for 9 weeks, and compared to those immersed in 

the fixative for 5 weeks, T2* values in both cortex and thalamus-midbrain did not 

change much while T1 values in these two regions decreased further and 

became more similar to each other. As a uniform T1 value across the brain 

would help T2*-weighting, 9 weeks of post-fixation were decided to be better 

and the flip angle was adjusted to be 52°. The optimised protocol produced 

images with fine details: sublayers of the hippocampus and the cerebellum are 
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clearly visible and many nuclei and white matter tracts can be recognised. 

Moreover, when these MR images were compared with histological sections 

stained for hematoxylin and eosin, neurofilament, or calbindin, there is a good 

correlation. 

 

2.6. Conclusion 
MR microscopy is a type of MRI that has been developed for high-resolution 

structural imaging. The detailed brain images obtained with this technique are 

amenable to registration-based image analyses such as TBM, which can reveal 

inter-group morphological differences across the whole brain. Therefore MR 

microscopy can be used to screen for neuroanatomical abnormalities in mouse 

models of human disease and injury.  
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Chapter 3  
Brain morphometry in a mouse model of ADA deficiency 
using MR microscopy 

3.1. Introduction 
Three mouse models were studied with MR microscopy and various image 

analysis techniques described in the last chapter. The first one is an adenosine 

deaminase (ADA) knockout line that is a model of ADA deficiency (Blackburn et 

al., 1998). A previous human patient study using MRI and CT reported volume 

losses in the basal ganglia and the thalamus in a single subject (Nofech-Mozes 

et al., 2007), and the goal of the project was to ascertain, in a more systematic 

manner, whether the animal model displays similar neuroanatomical 

phenotypes. The second was a mouse model of sciatic nerve injury. Structural 

changes in the brain have been detected in a human cohort who have had 

peripheral nerve injury for at least one and a half years (Taylor et al., 2009), and 

this project was set up to test whether unilateral sciatic nerve transection can 

impact the brain in the short term as well. Lastly, a mutant line carrying an ENU-

induced point mutation in each of the alleles of the TAR DNA binding protein 

(Tardbp) gene, which encodes TDP-43, was investigated. TDP-43 is a poorly 

understood protein that is implicated in both frontotemporal dementia (FTD) and 

ALS (Neumann et al., 2006). Behavioural screens revealed subtle motor 

defects in these mutants (Ricketts, 2012; Ricketts et al., 2014), which may stem 

from abnormalities in the brain, therefore it was hoped that morphometric 

studies with MR microscopy may provide clues for further research.  

 

In this chapter, brain morphometry of the ADA-deficient mice is described. ADA 

is an enzyme responsible for metabolizing adenosine and deoxyadenosine to 

inosine and deoxyinosine respectively (Hershfield and Mitchell, 1995). It is 

ubiquitously expressed but found at the highest levels in the thymus (Hershfield 

and Mitchell, 1995). When ADA activity is deficient as a result of null mutations 

in the ADA gene, deoxyadenosine is converted to deoxyadenosine triphosphate 

(dATP), which would build up to toxic levels in multiple tissues and systems 

(Montiel-Equihua et al., 2012). The intracellular accumulation of dATP is 

particularly pronounced in thymic lymphocytes, causing the development, 
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viability and function of this crucial component of the immune system to be 

impaired (Montiel-Equihua et al., 2012). Consequently ADA deficiency gives 

rise to approximately 20% of all cases of severe combined immunodeficiency 

(SCID) (Hershfield and Mitchell, 1995). With a compromised immune system, 

SCID patients are vulnerable to recurrent life-threatening infections and the 

majority of them present symptoms including pneumonitis, diarrhea, and failure 

to thrive in the first months of life (Booth et al., 2012). However, unlike other 

forms of SCID, patients lacking ADA also present non-immunological 

abnormalities in bones (Cederbaum et al., 1976; Ratech et al., 1985), kidney 

(Ratech et al., 1985), adrenal gland (Ratech et al., 1985), liver (Bollinger et al., 

1996), lungs (Booth et al., 2012), and brain (Nofech-Mozes et al., 2007). 

 

Treatments for ADA deficiency include hematopoietic stem cell transplant 

(HSCT), enzyme replacement therapy (ERT), and gene therapy (Montiel-

Equihua et al., 2012). HSCT relies on the availability of suitable donors, while 

ERT using PEGylated bovine ADA (PEG-ADA) is very costly and cannot 

prevent a decline in immune function in the long term, so both have their 

limitations (Montiel-Equihua et al., 2012). Gene therapy is a promising 

alternative, and the basic strategy is to isolate hematopoietic stem cells (HSCs) 

from the bone marrow of the patient, introduce a functional copy of the ADA 

gene into the cells using a viral vector, and then infuse the modified cells back 

into the patient. Four clinical trials have been conducted since the 1990s 

(Blaese et al., 1995; Aiuti et al., 2002a, 2002b, 2009, Gaspar et al., 2006, 2011; 

Candotti et al., 2012) and encouraging results of patients showing metabolic 

detoxification and functional immune recovery, therefore no longer depending 

on PEG-ADA, have been reported (Aiuti et al., 2002a, 2002b, 2009, Gaspar et 

al., 2006, 2011; Candotti et al., 2012). Even though no adverse effect of the 

gene therapy procedure itself has been seen in these trials, which all used γ-

retroviral (gRV) vectors, the small sample sizes may have hidden the risk of 

insertional mutagenesis due to the integration of the viral vector. Indeed, in 

clinical trials of gRV-mediated autologous HSC gene therapy for other types of 

immunodeficiency, preferential targeting of potential oncogenes by the viral 

vector (Ott et al., 2006; Boztug et al., 2010; Stein et al., 2010) and actual 

incidents of leukaemogenesis (Hacein-Bey-Abina et al., 2003, 2008; Howe et 

al., 2008) have been observed. Concern about the safety of gRV vectors has 
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motivated the exploration of other vector designs, such as a recombinant 

adeno-associated viral (rAAV) vector, which predominantly exists as episomes 

in host cells and poses a low risk of insertional mutagenesis (Silver et al., 2011), 

and a self-inactivating (SIN) lentiviral (LV) vector, which does not have the HIV 

long terminal repeat (LTR), allowing transgene expression to be controlled by 

an internal promoter with minimal or no enhancer activity (Carbonaro et al., 

2014b). 

 

In addition to patient studies, investigations of a ADA-deficient mouse model 

have also been carried out. The mouse model was generated with a two-stage 

genetic engineering strategy (Blackburn et al., 1998). Firstly homologous 

recombination-mediated gene targeting was performed to insert a neo marker 

gene in exon 5 of the ADA gene, resulting in knockout mutants that die in late 

fetal development due to severe liver damage (Wakamiya et al., 1995). Then a 

construct containing a fragment of the murine ADA complementary DNA 

(cDNA) and a trophoblast regulatory element is introduced into the knockout 

mice via transgenesis and acts to restore ADA expression to the placenta, 

thereby circumventing perinatal lethality and producing postnatal mice that are 

ADA-deficient (Blackburn et al., 1995). These mice exhibit many of the 

symptoms seen in ADA-deficient patients, including severe lymphopenia, 

combined immunodeficiency, and non-immunological defects in lung, bone, and 

kidney (Blackburn et al., 1998). They usually die within 3 weeks after birth 

(Blackburn et al., 1998). This mouse model has been used to study the effects 

of ADA deficiency on thymocytes (Apasov et al., 2000, 2001), lymphocytes 

(Apasov et al., 2001; Sauer et al., 2012), the gastrointestinal tract (Xu and 

Kellems, 2000), and skeletal features (Sauer et al., 2009), as well as to test 

therapies (Blackburn et al., 2000; Carbonaro et al., 2006, 2008, 2012, 2014a, 

2014b; Silver et al., 2011). Notably, the efficacy of new gene therapies using 

rAAV (Silver et al., 2011) and SIN LV (Carbonaro et al., 2014b) vectors has 

recently been demonstrated preclinically. When a rAAV vector carrying the 

human ADA (hADA) gene was packaged in serotype 9 capsids and injected 

intravenously into ADA-deficient mice, efficient gene transfer was detected in 

numerous tissues, resulting in progressive lymphocyte reconstitution over 90 

days (Silver et al., 2011). In the study by Carbonaro et al. (2014b), bone 

marrow lineage negative (Lin-) cells were harvested from ADA-/- mice, enriched, 
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transduced by LV vectors expressing hADA under the control of elongation 

factor 1α short (EFS), and intravenously injected into ADA-deficient mice. It was 

found that the LV EFS ADA was capable of effective gene transfer and 

expression, rescued lethality in ADA-/- mice, promoted immune recovery and 

metabolic detoxification, and showed significantly lower insertional mutagenesis 

potential than gRVs. 

 

Even though much research effort has gone into the aetiology and treatment of 

ADA deficiency, the neurological aspect of the disease is not well understood, 

despite it having a major negative impact on patients’ quality of life. An early 

case study of a four-month-old girl with ADA deficiency reported markedly 

reduced head circumference and severe sensorimotor defects including 

nystagmus, head lag, spasticity and athetoid movements (Hirschhorn et al., 

1980). Treatment with ERT rapidly ameliorated her gross neurological 

symptoms, but an abnormality in fine motor coordination was still present at 24 

months of age. Since then, formal cognitive and behavioural assessments have 

been conducted in several cohorts of ADA-deficient patients after they received 

HSCT (Rogers et al., 2001; Hönig et al., 2007; Titman et al., 2008). The study 

by Rogers et al. (2001) and its follow-up (Titman et al., 2008) found that, ADA-

deficient SCID patients who have survived after HSCT had significantly lower IQ 

scores and worse emotional and behavioural function than both the general 

population and other HSCT-treated patients with severe congenital 

immunodeficiencies. Similarly, Hönig et al. (2007) reported that 6 of 12 long-

term surviving patients after HSCT presented significant learning disabilities and 

other CNS complications. It is thought that the metabolic disturbance caused by 

ADA deficiency is the main factor underlying the poor neuropsychological 

outcome, because: firstly, work on chicken embryos has shown that adenosine 

and deoxyadenosine are neurotoxins (Wakade et al., 1995b, 1995a; Zhao et al., 

1999); secondly, a study of 2 ADA-deficient patients revealed that HSCT did not 

completely correct metabolic defects (Hirschhorn et al., 1981); thirdly, in 11 

ADA-deficient patients, there was a significant inverse correlation between 

erythrocyte dATP levels at the time of diagnosis and their IQ scores after HSCT 

treatment (Rogers et al., 2001); and lastly, when other factors including age at 

transplantation, type of conditioning, hospitalisation experience, socioeconomic 

status, and family background were accounted for, diagnosis of ADA deficiency 
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as opposed to other forms of severe congenital immunodeficiencies was still a 

significant predictor of worse IQ scores as well as exacerbated emotional and 

behavioural difficulties (Titman et al., 2008). In spite of well-documented 

neurological manifestations of ADA deficiency, direct investigations of the 

patient brain are sparse and the findings so far are inconsistent. Hönig et al. 

(2007) conducted ultrasound, MRI, and CT scans on 3, 1, and 2 of their patients 

respectively after HSCT, but did not identify any brain abnormalities except in 

one patient who had suffered from bacterial meningitis prior to transplantation. 

In contrast, the study by Nofech-Mozes et al. (2007) using CT and MRI reported 

dilation of the ventricles and pericerebral fluid spaces in 2 ADA-deficient 

patients before HSCT, and cystic changes, calcification and volume loss in the 

basal ganglia and the ventral thalami in another patient a few months after he 

received HSCT. 

 

The sporadic nature of these neuroimaging data and a complete lack of such 

information about the animal model mean that currently there is no clear 

understanding of ADA deficiency’s impact on the brain. In this study, we aim to 

characterise how ADA deficiency and the correction thereof affect murine 

neuroanatomy using ex vivo MR microscopy and image analysis techniques 

including tensor-based morphometry (TBM) and brain parcellation. It was 

discovered that, at postnatal day 9 (P9), there was no discernable size 

difference between the brain structures of knockout mutants and those of wild-

type mice, but at postnatal day 18 (P18), extensive damage was evident: the 

total brain volume of ADA-/- mice was significantly smaller than ADA+/+ controls, 

and structures including caudate putamen (part of basal ganglia), thalamus, 

amygdala, and hippocampus were particularly affected as they exhibited 

disproportionately severe volume losses. Interestingly, the shrinkages we saw 

in the caudate putamen and the thalamus are consistent with what was 

previously observed in a human patient study (Nofech-Mozes et al., 2007). We 

also compared the brains of ADA-deficient mice that had received SIN LT-

mediated gene therapy and the brains of age-matched wild-type controls, and 

no significant morphometric difference was detected, suggesting that this 

treatment might have rescued the neurological symptoms of the disease. 
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3.2. Materials and Methods 
3.2.1. Ethics statement 

Animal procedures and housing were in accordance with UK Home Office 

animal welfare legislation and approved by the local ethics committee at UCL 

Institute of Child Health. 

 
3.2.2. Animals, gene therapy and brain fixation 

The ADA colony (FVB; 129-Adatm1Mw Tg(PLADA)4118Rkmb/J) maintained at 

UCL Institute of Child Health was purchased from the Jackson Laboratory (Bar 

Harbor, USA). ADA+/+ and ADA-/- mice were generated by mating heterozygous 

(ADA+/-) females and males. 

 

Three cohorts were studied: one consisted of ADA-/- mutants (male, n = 9, two 

were excluded from analysis due to the presence of conspicuous image 

artefacts) and ADA+/+ controls (male, n = 9) at P9; another was comprised of  

ADA-/- mutants (male, n = 5) and ADA+/+ controls (male, n = 5) at P18; and 

lastly, 6 female ADA-/- mice (107-171 days old) that had received gene therapy 

were compared with 5 age-matched wild-type females (108-173 days old).  

 

Gene therapy using the vector LV EFS ADA was described previously 

(Carbonaro et al., 2014b). Briefly, the viral vector was constructed by inserting a 

condon-optimised hADA cDNA sequence linked with an EFS fragment into 

ClaI/SalI sites in the pCCLsincpptW1.6hWasp-WPRE backbone, packaged in 

HEK293T cells by triple transfection of the packaging plasmids pMD.G2 (VSV-G 

envelope) and pCMVΔ8.91 (gag-pol plasmid) with the corresponding viral 

construct, and harvested 48-72 h after transfection. Bone marrow cells were 

collected by flushing tibias, femora, and pelvis of age-matched male donor 

ADA-/- mice, and bone marrow Lin- cells were enriched and preactivated for 24 

h, before the LV EFS ADA vectors were added to the medium to transduce the 

cells. After 16-24 hours of incubation with the viral particles, cells were injected 

via the tail vein into 4-12-week-old sublethally irradiated female ADA-/- recipients 

at a dose of 5×105 cells/mouse. The gene therapy cohort received ERT with 

weekly i.p. injection of PEG-ADA at 1000 units/kg until 4 weeks after 

transplantation. 
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When the mice reached the appropriate age, they were culled with an overdose 

of sodium pentobarbital and decapitated. The skin, muscles, lower jaw, tongue, 

nasal bones and zygomatic arches of the head were then removed, leaving the 

brain in an intact cranium. These samples were immersion-fixed in phosphate 

buffered solution (PBS) containing 4% (w/v) paraformaldehyde (PFA) and 8 mM 

gadolinium diethylenetriamine penta-acetic acid (Gd-DTPA, Magnevist®, Bayer-

Schering Pharma, UK) at 4°C for 9 weeks, in accordance with the protocol by 

Cleary et al. (2011b). 

 

3.2.3. MR microscopy 

Samples were prepared for imaging according to the protocol by Cleary et al. 

(2011b): a single brain was wrapped in gauze so that it could be fixed in 

position in a 21 ml syringe, which was then filled with proton-free Fomblin 

perfluoropolyether (type PFS-1, Solvay Solexis S.p.A., Italy) to avoid 

susceptibility artefacts at sample-air interface; the sample was allowed to 

equilibrate for at least 2 h at room temperature, and air bubbles were dislocated 

by gentle tapping of the syringe and removed. 

 

MRI was performed on a 9.4 T VNMRS horizontal bore system (Agilent 

Technologies, USA) and a 26 mm quadrature birdcage coil (RAPID Biomedical 

GmbH, Germany). A 3D gradient-echo sequence, which has been optimised to 

give high SNR and histology-like anatomical delineation (Cleary et al., 2011b), 

was used: TR = 17 ms, TE = 4.54 ms, flip angle = 51°, NSA = 6, Field of View 

(FOV) = 20.48 mm × 13.04 mm × 13.04 mm, matrix size = 512 × 326 × 326. 

Scan time was 3 h and the images have an isotropic resolution of 40 µm.  

 

3.2.4. Tensor-based morphometry 

The brain images were first analysed with TBM. To facilitate registration 

accuracy, there were three preprocessing steps: automatic orientation to a 

standard atlas space by identifying the principal axes of the brain image and 

then aligning them with the axes of the space (Powell et al., 2016), correction of 

intensity non-uniformity using N4ITK (Tustison et al., 2010), and intensity 

normalisation to a range between 0 and 1 (Nyúl and Udupa, 1999; Nyúl et al., 

2000).  
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After preprocessing, a multi-iteration group-wise registration was performed to 

align anatomically equivalent voxels between brain images. The first step was 

randomly choosing an image as the reference and rigidly registering all images 

to it. Then 4 iterations of symmetric affine registration (12 degrees of freedom) 

were carried out, using a block-matching algorithm (Ourselin et al., 2000), 

followed by 12-15 iterations of non-rigid registration using a symmetric free-form 

deformation model based on B-splines (Rueckert et al., 1999; Modat et al., 

2010), with constraints on the final control point spacing (5 voxels) and a 

penalty term for bending energy (0.005). The similarity measure was normalised 

mutual information. After each iteration, all registered images were averaged to 

create a mean, which would serve as the reference for the subsequent iteration. 

This group-wise approach can minimise the bias that may be introduced by the 

initial reference image. 

 

Deformation fields from the final round of non-rigid registration were used to 

calculate the Jacobian determinant for each voxel, which indicates the relative 

expansion or contraction of a given voxel as a result of the transformation, and 

subsequently the natural logarithm of the Jacobian determinant was computed. 

The resultant logarithmic maps of Jacobian determinants were smoothed with a 

3D Gaussian kernel (full width at half maximum [FWHM] = 0.05 mm), in order to 

remedy the remaining registration inaccuracy and render the values more 

normally distributed. 

 

Before statistical tests, the total brain volume (TBV) was obtained for each 

image through segmentation propagation (see Section 3.2.5). Then voxelwise 

two-tailed t tests was performed using the following GLM: 

 

𝒀 = 𝛽!𝑿𝟎 + 𝛽!𝑿𝟏 + 𝛽!𝑿𝟐 + 𝛽!𝑿𝟑 + 𝝐                                    (11) 

 

where 𝑿𝟎  is a dummy variable, 𝑿𝟏  represents the ADA-/- genotype, 𝑿𝟐 

represents the ADA+/+ genotype, 𝑿𝟑 represents the TBV covariate, and 𝝐 is the 

error term. False discovery rate (FDR) correction at q = 0.05 was used to 

control for type I errors due to the multiple comparisons problem. 
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3.2.5. Brain parcellation 

Brain parcellation was carried out to segment the brain images into individual 

structures, the volumes of which could then be compared between groups.  

 

Two publicly available ex vivo mouse brain atlases were used (Ma et al., 2005; 

Dorr et al., 2008). The Ma et al. 2005 atlas collection contains 10 templates, 

which are T2*-weighted 3D gradient-echo images of 12 to 14-week old brains. 

No contrast agent was used, and the brains were taken out of the skulls before 

being imaged. Each template is segmented into 20 structures. The Dorr et al. 

2008 atlas consists of a single template that is the average of 40 T2-weighted, 

3D fast spin-echo images of 12-week old brains. The brains were fixed in the 

presence of a gadolinium-based contrast agent and not removed from the 

skulls. The template is segmented into 62 structures.  

 

To perform brain parcellation, the template of an atlas was first registered to the 

target image, yielding a spatial transformation that could then be used to 

propagate the brain structure labels of the atlas into the target image space. 

When the Ma et al. 2005 atlas collection was used, a multi-atlas approach (Ma 

et al., 2014) was employed: all 10 sets of brain structure labels were 

propagated into the image space of a given target and a fused final set was 

produced using the STEPS algorithm (Cardoso et al., 2013). Brain parcellation 

was performed either directly on individual images or on the mean image of a 

cohort. In the latter case, the label set for the mean image was subsequently 

propagated back to the original individual images. This was done by first 

computing the inverse of the affine and non-rigid transformations that each of 

the brain images had undergone, and then applying the inverse transforms to 

the label set for the mean image. Structure labels were also manually adjusted 

using Amira for Life Sciences (FEI) according to a histological mouse brain atlas 

(Franklin and Paxinos, 2007) to improve parcellation accuracy. 

 

For the purpose of determining TBV, the brain structure labels were merged 

together to create a whole brain mask. The number of voxels contained in each 

brain mask was multiplied by the volume of a single voxel to give TBV. 
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3.3. Results 
3.3.1. Accuracy of registration 

The accuracy of registration was evaluated both qualitatively and quantitatively. 

First, it could be seen that, as the registration process progressed, the mean 

image gradually sharpened – a sign of increasingly improved match between 

the transformed images. As an example, Figure 14A shows a sagittal slice of 

the mean image of the gene therapy cohort at 4 different stages of the 

registration process. The change in the mean image was also quantified by 

calculating the sum of squared differences (SSD) between a given mean image 

and its predecessor. As shown in Figure 14B, bar the occasional uptick, SSD 

was small and changed little after threes rounds of non-rigid registration, 

indicating that not much improvement was gained after this point and the 

optimal result with the given algorithms and input arguments was attained.   

 

 
Figure 14. Improvement of registration.  
A. The mean image sharpened as the registration process progressed. Images are from the 

gene therapy cohort. B. The sum of squared differences, which quantifies how much the mean 

image has changed from one iteration to the next, approached zero as more iterations of 

registration were performed. The spikes at iteration 6 are due to the switch from affine to non-

rigid registration. 

 

3.3.2. Total brain volume 

Total brain volume of the ADA-/- mice was found to be significantly smaller than 

that of the wild-type mice at P18 but not at P9 (Figure 15). When ADA 

expression in ADA-/- mice was rescued by gene therapy, they grew to have 
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brains that were statistically indistinguishable in size from the brains of age-

matched wild-type controls (Figure 15). 

 

 
Figure 15. The influence of ADA deficiency, age, and gene therapy on total brain volume. 

*, p < 0.05 for two-tailed t test. N.S., not significant. Data shown as mean ± standard error of 

mean (S.E.M.). 

 

3.3.3. Local neuroanatomical changes 

TBM was performed to uncover local volumetric differences that are not 

explained by the variation in overall brain size. 

 

Comparison of P9 brains of ADA-/- and ADA+/+ mice revealed no significant 

structural difference (Figure 16A).  

 

However, extensive changes had occurred by P18. Five example sections 

overlaid with their corresponding statistical maps are shown in Figure 16B. 

Notably, disproportionate bilateral volume losses in the ventral caudate 

putamen (Figure 16B, a), thalamus (Figure 16B, b & c), amygdala (Figure 16B, 

b & c), and ventral hippocampus (Figure 16B, d) were detected in P18 knockout 

mice compared with controls. Large parts of the cerebral cortex showed relative 

expansion, indicating that these regions were less impacted by the overall 

underdevelopment.  

 

Further investigation of another group of ADA-deficient mice which had 

received LV gene therapy did not find any significant morphometric difference 

between their brains and those of age-matched wild-type controls (Figure 16C), 

indicating that, because of the treatment, these animals might have had much 

milder or even no neurological defects. 
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Figure 16. TBM results of the ADA deficiency study.  

Four coronal sections of the brain are shown for each of the three cohorts. The colour-coded t-

statistics are overlaid upon the mean image. Positive t-statistics indicate relative expansion in 

the knockouts compared to wild-type controls, whereas negative values indicate relative 

shrinkage. Only voxels that are significant after an FDR correction at q = 0.05 are shown. For 

the key to the abbreviations in Panel B, see Table 1.	
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Abbreviation Structure Name Abbreviation Structure Name 
7n Facial Nerve LS Lateral Septum 
ac Anterior Commissure MB Midbrain 
Acb Nucleus Accumbens Medulla Medulla 
Amg Amygdala ml Medial Lemniscus 

BFB Basal Forebrain mlf Medial Longitudinal 
Fasciculus 

BNST Bed Nucleus of Stria 
Terminalis Mmb Mammilary Bodies 

CB Cerebellum MS Medial Septum 
CbCx Cerebral Cortex mt Mammilothalamic Tract 
cbp Cerebellar Peduncle Olf Olfactory Bulb 

cc & ec Corpus Callosum and 
External Capsule opt Optic Tract 

cp Cerebral Peduncle PAG Periaqueductal Grey 
CPu Caudate Putamen pc Posterior Commissure 
fi Fimbria Pn Pontine Nucleus 
fr Fasciculus Retroflexus Pons Pons 
fx Fornix Pr-PaS Pre-Para Subiculum 
GP Globus Pallidus py Pyramidal Tract 
hbc Habenular Commissure SC Superior Colliculi 
Hi Hippocampus sm Stria Medullaris 
Hy Hypothalamus st Stria Terminalis 
ic Internal Capsule Th Thalamus 
IC Inferior Colliculi Tu Olfactory Tubercle 
IP Interpeduncular Nucleus v Ventricles 
lo Lateral Olfactory Tract 		 		

Table 1. Abbreviations of brain structure names. 

 

3.3.4. Volumes of segmented brain structures 

In order to compare the volume of individual structures, brain images were 

parcellated. Initially, segmentation was performed on individual images of the 

P18 cohort using the Ma et al. 2005 atlas collection and a multi-atlas approach. 

The results were unsatisfactory, because large areas of non-brain tissue were 

labelled (Figure 17A). This was corrected when the analysis was run again 

following skull stripping, but other conspicuous inaccuracies arose such as an 

incursion of the caudate putamen label into the cerebral cortex, overestimation 

of the globus pallidus, underestimation of the hypothalamus, and so on (Figure 

17B). Similar problems were seen when the mean image of the P18 cohort was 

segmented using the same method (Figure 17C). In contrast to the Ma et al. 

2005 atlas collection, which contains images of brains that had been taken out 

of the skull and fixed without using any contrast agent, the Dorr et al. 2008 atlas 
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was made using in-skull brains that were fixed in the presence of a contrast 

agent - a preparation protocol that was more similar to ours. Thus the Dorr et al. 

2008 atlas was tried next. The P18 mean image was parcellated first without 

(Figure 17D) and then with skull stripping (Figure 17E). Both, however, 

produced results that were riddled with gross errors. As a last resort, manual 

improvement of the segmentation was performed (Figure 17F). 

 

 
Figure 17. Brain parcellation for the P18 cohort.  

Arrows and rectangles highlight places of gross labelling error. Panel A and B show a coronal 

section of a single brain, while Panel C to F show a coronal section of the mean image. Some 

labels in Panel D to F were merged so that these maps have the same number of structures as 

those in Panel A to C. For the key to the abbreviations, see Table 1. 

 

This refined set of labels for the mean image, which will be referred to as the 

“P18 atlas” hereafter, is presented in more detail in Figure 18A. Labels for 

individual images of the P18 cohort were derived from this atlas and structure 

volumes were subsequently computed (Table 2 & Table 3). Consistent with 

TBM results, caudate putamen, amygdala, and hippocampus were found to be 

significantly smaller as a percentage of the TBV in the knockout mice, and 

cerebral cortex has a significantly larger normalised volume in these animals 

(Figure 18B). It has to be pointed out that the differences in caudate putamen, 

amygdala and cerebral cortex are only significant when uncorrected for multiple 

comparisons. In addition, the normalised volumes of superior colliculi and 
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midbrain were found to be significantly larger in the ADA-deficient mice than 

wild type ones (Figure 18B). This also agrees with the TBM analysis as both 

structures contained regions of expansion in the ADA-/- brains relative to 

controls (data not shown). 

 

 
Figure 18. Brain parcellation results for the P18 cohort. 

A. The manually improved segmentation of the mean image. Panel d, ventral view of a 3D 

representation of the labels. Panel e, dorsal view when cerebral cortex, corpus callosum, 

external capsule, olfactory bulb, and ventricles are removed. All scale bars are 1 mm. B. 
Normalised volumes of 6 structures that are of particular interest. Data shown as mean ± S.E.M. 

*, p < 0.05 for two-tailed t-test. **, p < 0.01 for two-tailed t-test. #, adjusted p < 0.05 after FDR 

correction at q = 0.05. 

 

The new atlas was next used to segment the mean images of the P9 and gene 

therapy cohorts. It could be seen that, compared to labels generated from the 
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Ma et al. 2005 and Dorr et al. 2008 atlases, the segmentation produced by the 

P18 atlas is in general more accurate (Figure 19A). However, some notable 

errors were still found, such as the overestimation of the cerebellum for the P9 

cohort mean image (Figure 19A, c), the overestimation of the hippocampus for 

the gene therapy cohort mean image (Figure 19A, g), and the mislabeling of a 

number of white matter tracts (data not shown). These were corrected 

manually.  

 

Using the refined maps (the “P9 atlas” and the “GT atlas”) as the ground truth, 

parcellation accuracy for a particular label in a given automatically generated 

map could be quantified as the ratio between the number of matched voxels 

and the number of mismatched voxels between the two maps. The labels 

produced by the P18 atlas were invariably more accurate than those produced 

by the other two atlases (Figure 19B).  

 

The manually improved labels for the mean images were then propagated back 

to the individual images and structure volumes were compared between groups 

(Table 2 & Table 3). In both the P9 and the gene therapy cohorts, only one or a 

few small structures were found to have significantly different volumes and 

none of them survived the FDR correction. 
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Figure 19. Brain parcellation for the P9 and gene therapy cohorts. 
A. Example sections showing parcellation results obtained using different atlases. White arrows 

indicate gross inaccuracies. For colour map, see Figure 17. B. Parcellation accuracy for each 

structure. Accuracy is the number of matched voxels divided by the number of mismatched 

voxels between the automatically generated and manually improved labels. 
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St
ru

ct
ur

es
 Volume (mm3) 

P9 Cohort P18 Cohort Gene Therapy Cohort 
KO 

mean 
WT 

mean p adj 
p 

KO 
mean 

WT 
mean p adj 

p 
LV 

mean 
WT 

mean p adj 
p 

Hi 19.13 19.26 0.882 0.993 22.41 25.70 0.000 0.005 24.71 23.99 0.583 0.795 
Medulla 20.98 21.09 0.818 0.993 25.34 26.50 0.115 0.272 30.24 31.59 0.109 0.458 
Pons 13.64 13.77 0.650 0.993 15.11 16.26 0.005 0.051 20.68 21.01 0.510 0.766 
ac 1.54 1.52 0.907 0.993 0.91 1.15 0.007 0.057 1.47 1.60 0.216 0.463 
Amg 9.82 10.15 0.158 0.993 10.37 14.25 0.000 0.005 11.67 11.46 0.676 0.843 
ic 1.55 1.54 0.923 0.993 1.99 2.18 0.629 0.693 2.38 2.81 0.005 0.239 
IC 4.67 4.63 0.819 0.993 4.58 4.70 0.185 0.305 5.09 5.32 0.303 0.546 
CPu 11.94 12.14 0.697 0.993 14.93 17.47 0.011 0.065 18.36 18.70 0.544 0.771 
Hy 12.94 12.93 0.977 0.993 11.74 12.21 0.113 0.272 11.65 11.79 0.737 0.854 
v 3.24 3.31 0.509 0.993 3.22 3.58 0.178 0.305 3.28 3.35 0.549 0.771 
SC 9.03 9.27 0.319 0.993 8.16 8.32 0.535 0.617 8.33 8.67 0.162 0.463 
Olf 19.40 20.11 0.391 0.993 23.63 25.22 0.037 0.127 28.87 30.27 0.066 0.458 
Th 15.58 15.99 0.345 0.993 15.35 17.30 0.029 0.127 17.57 17.83 0.624 0.822 
CbCx 104.97 106.30 0.666 0.993 130.37 133.12 0.631 0.693 125.73 126.92 0.740 0.854 
GP 1.70 1.76 0.663 0.993 1.81 2.08 0.063 0.176 2.44 2.48 0.639 0.822 
PAG 6.05 5.96 0.841 0.993 4.91 5.33 0.012 0.065 5.04 5.00 0.784 0.883 
cc & ec 8.82 9.46 0.141 0.993 6.28 9.47 0.008 0.057 12.46 12.61 0.858 0.919 
CB 37.11 38.68 0.472 0.993 53.30 57.23 0.094 0.248 68.18 71.26 0.132 0.458 
LS 1.94 2.08 0.027 0.993 2.37 2.58 0.046 0.148 2.38 2.36 0.914 0.935 
BFB 5.17 5.48 0.359 0.993 5.13 5.68 0.147 0.287 5.29 5.63 0.142 0.458 
MS 1.61 1.68 0.247 0.993 1.27 1.34 0.342 0.475 1.32 1.39 0.320 0.553 
MB 10.85 10.85 0.993 0.993 11.62 11.95 0.330 0.475 12.76 13.27 0.199 0.463 
fi 1.49 1.52 0.684 0.993 1.90 2.21 0.220 0.341 2.92 3.04 0.469 0.729 
sm 0.25 0.26 0.422 0.993 0.34 0.38 0.037 0.127 0.42 0.46 0.122 0.458 
Acb 2.53 2.64 0.490 0.993 3.16 3.42 0.416 0.535 4.23 4.27 0.808 0.886 
BNST 1.48 1.51 0.514 0.993 1.19 1.28 0.135 0.287 1.27 1.27 0.974 0.974 
fx 0.44 0.45 0.554 0.993 0.37 0.38 0.405 0.535 0.48 0.55 0.108 0.458 
st 0.34 0.33 0.884 0.993 0.47 0.53 0.492 0.583 0.50 0.54 0.072 0.458 
opt 0.55 0.57 0.688 0.993 0.71 0.79 0.170 0.305 1.50 1.67 0.064 0.458 
cp 1.04 1.03 0.714 0.993 1.37 1.44 0.439 0.549 1.95 2.21 0.025 0.458 
mt 0.24 0.25 0.289 0.993 0.21 0.20 0.750 0.772 0.23 0.25 0.203 0.463 
Mmb 0.61 0.63 0.648 0.993 0.47 0.51 0.062 0.176 0.72 0.70 0.280 0.546 
fr 0.17 0.18 0.280 0.993 0.21 0.19 0.124 0.279 0.24 0.26 0.136 0.458 
Tu 2.24 2.23 0.952 0.993 2.72 2.90 0.190 0.305 3.57 3.42 0.178 0.463 
lo 0.97 0.96 0.902 0.993 1.17 1.31 0.158 0.297 1.40 1.48 0.291 0.546 
IP 0.22 0.21 0.525 0.993 0.20 0.25 0.014 0.068 0.30 0.30 0.891 0.932 
py 0.71 0.74 0.570 0.993 1.22 1.24 0.755 0.772 1.57 1.76 0.202 0.463 
pc 0.17 0.17 0.707 0.993 0.16 0.14 0.142 0.287 0.14 0.14 0.693 0.843 
cbp 2.32 2.37 0.481 0.993 2.53 2.78 0.032 0.127 3.60 3.93 0.109 0.458 
Pn 0.64 0.66 0.304 0.993 0.83 0.88 0.235 0.352 0.96 1.05 0.207 0.463 
7n 0.11 0.11 0.645 0.993 0.14 0.15 0.492 0.583 0.28 0.33 0.119 0.458 
mlf 0.74 0.74 0.971 0.993 0.78 0.83 0.676 0.724 0.98 1.18 0.332 0.553 
ml 0.96 0.92 0.292 0.993 0.83 0.81 0.348 0.475 0.82 0.93 0.047 0.458 
hbc 0.02 0.03 0.156 0.993 0.02 0.02 0.958 0.958 0.02 0.02 0.470 0.729 
Pr-PaS 4.07 4.07 0.986 0.993 1.84 2.07 0.001 0.009 2.51 2.59 0.253 0.517 

Table 2. Comparing absolute volumes of brain structures (ADA deficiency study). 
KO, ADA-/- group. WT, ADA+/+ group. LV, ADA-/- group treated with lentiviral gene therapy. p, p 

value of two-sample, two-tailed t-test. adj p, p value after FDR correction at q = 0.05. 
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St
ru

ct
ur

e Normalised Volume (% of Total Brain Volume) 
P9 Cohort P18 Cohort Gene Therapy Cohort 

KO 
mean 

WT 
mean p adj 

p 
KO 

mean 
WT 

mean p adj 
p 

LV 
mean 

WT 
mean p adj 

p 
Hi 5.62 5.49 0.364 0.979 5.64 6.01 0.002 0.027 5.47 5.20 0.124 0.373 
Medulla 6.05 6.02 0.824 0.979 6.37 6.19 0.014 0.070 6.71 6.84 0.150 0.397 
Pons 3.92 3.93 0.909 0.979 3.80 3.80 0.994 0.994 4.60 4.55 0.708 0.797 
ac 0.41 0.43 0.663 0.979 0.23 0.27 0.048 0.165 0.33 0.35 0.209 0.445 
Amg 2.86 2.90 0.214 0.979 2.61 3.34 0.007 0.065 2.59 2.48 0.111 0.373 
ic 0.43 0.44 0.698 0.979 0.50 0.50 0.935 0.994 0.53 0.61 0.001 0.065 
IC 1.32 1.32 0.949 0.979 1.15 1.10 0.129 0.342 1.13 1.15 0.319 0.543 
CPu 3.54 3.46 0.481 0.979 3.75 4.08 0.022 0.089 4.08 4.05 0.643 0.761 
Hy 3.70 3.69 0.961 0.979 2.96 2.86 0.429 0.838 2.58 2.55 0.447 0.628 
v 0.94 0.94 0.927 0.979 0.81 0.83 0.501 0.902 0.73 0.73 0.855 0.874 
SC 2.61 2.65 0.580 0.979 2.05 1.94 0.002 0.027 1.85 1.88 0.090 0.373 
Olf 5.71 5.73 0.840 0.979 5.95 5.89 0.707 0.986 6.41 6.56 0.117 0.373 
Th 4.53 4.56 0.692 0.979 3.86 4.04 0.098 0.275 3.90 3.86 0.429 0.623 
CbCx 30.61 30.32 0.297 0.979 32.79 31.05 0.014 0.070 27.92 27.48 0.141 0.395 
GP 0.50 0.50 0.911 0.979 0.45 0.49 0.264 0.659 0.54 0.54 0.762 0.834 
PAG 1.82 1.70 0.236 0.979 1.24 1.24 0.723 0.986 1.12 1.08 0.217 0.445 
cc & ec 2.57 2.70 0.246 0.979 1.57 2.20 0.007 0.065 2.76 2.73 0.797 0.834 
CB 10.70 11.03 0.322 0.979 13.40 13.36 0.807 0.994 15.14 15.44 0.238 0.447 
LS 0.57 0.59 0.228 0.979 0.60 0.60 0.585 0.925 0.53 0.51 0.385 0.578 
BFB 1.48 1.56 0.249 0.979 1.29 1.33 0.717 0.986 1.17 1.22 0.078 0.373 
MS 0.46 0.48 0.291 0.979 0.32 0.32 0.867 0.994 0.29 0.30 0.581 0.707 
MB 3.14 3.10 0.452 0.979 2.92 2.79 0.001 0.027 2.83 2.88 0.294 0.529 
fi 0.43 0.43 0.979 0.979 0.48 0.51 0.402 0.822 0.65 0.66 0.677 0.781 
sm 0.07 0.07 0.424 0.979 0.09 0.09 0.490 0.902 0.09 0.10 0.109 0.373 
Acb 0.76 0.75 0.793 0.979 0.79 0.79 0.991 0.994 0.94 0.93 0.526 0.677 
BNST 0.42 0.43 0.447 0.979 0.30 0.30 0.979 0.994 0.28 0.28 0.476 0.649 
fx 0.13 0.13 0.646 0.979 0.09 0.09 0.617 0.925 0.11 0.12 0.112 0.373 
st 0.09 0.10 0.894 0.979 0.12 0.12 0.793 0.994 0.11 0.12 0.066 0.373 
opt 0.15 0.16 0.480 0.979 0.18 0.19 0.555 0.925 0.33 0.36 0.039 0.373 
cp 0.30 0.29 0.754 0.979 0.34 0.34 0.583 0.925 0.43 0.48 0.003 0.065 
mt 0.07 0.07 0.495 0.979 0.05 0.05 0.052 0.168 0.05 0.06 0.213 0.445 
Mmb 0.18 0.18 0.730 0.979 0.12 0.12 0.806 0.994 0.16 0.15 0.215 0.445 
fr 0.05 0.05 0.162 0.979 0.05 0.04 0.024 0.091 0.05 0.06 0.160 0.400 
Tu 0.68 0.64 0.392 0.979 0.68 0.68 0.889 0.994 0.80 0.74 0.100 0.373 
lo 0.28 0.27 0.304 0.979 0.29 0.31 0.386 0.822 0.31 0.32 0.383 0.578 
IP 0.06 0.06 0.694 0.979 0.05 0.06 0.021 0.089 0.07 0.07 0.497 0.658 
py 0.21 0.21 0.653 0.979 0.31 0.29 0.316 0.742 0.35 0.38 0.236 0.447 
pc 0.05 0.05 0.363 0.979 0.04 0.03 0.077 0.231 0.03 0.03 0.941 0.941 
cbp 0.67 0.68 0.888 0.979 0.64 0.65 0.330 0.742 0.80 0.85 0.051 0.373 
Pn 0.19 0.19 0.921 0.979 0.21 0.21 0.864 0.994 0.21 0.23 0.326 0.543 
7n 0.03 0.03 0.447 0.979 0.03 0.03 0.871 0.994 0.06 0.07 0.107 0.373 
mlf 0.22 0.21 0.502 0.979 0.19 0.19 0.965 0.994 0.22 0.26 0.369 0.578 
ml 0.27 0.26 0.150 0.979 0.21 0.19 0.014 0.070 0.18 0.20 0.035 0.373 
hbc 0.01 0.01 0.155 0.979 0.00 0.00 0.600 0.925 0.00 0.00 0.543 0.679 
Pr-PaS 1.18 1.16 0.549 0.979 0.46 0.48 0.009 0.070 0.56 0.56 0.795 0.834 

Table 3. Comparing normalised volumes of brain structures (ADA deficiency study). 
KO, ADA-/- group. WT, ADA+/+ group. LV, ADA-/- group treated with lentiviral gene therapy. p, p 

value of two-sample, two-tailed t-test. adj p, p value after FDR correction at q = 0.05. 
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3.4. Discussion 
High-resolution ex vivo MRI combined with advanced computational image 

analysis is a powerful method for investigating brain structural changes (Cleary 

et al., 2011b; Lerch et al., 2011). Here we applied it to a mouse model of a 

genetic disease, the neuroanatomical manifestations of which have never been 

examined before.  

 

TBM was performed on three cohorts of brain images. Of particular interest, 

analysis of the P18 cohort revealed that, beyond an overall underdevelopment 

of the brain, there were exaggerated volume losses in the caudate putamen 

and the thalamus, mirroring a previous finding in one human patient (Nofech-

Mozes et al., 2007). As the first systematic investigation of the effects of ADA 

deficiency on brain structure volumes, our result adds much more weight to that 

anecdotal report. Additional regions that showed disproportionate volume 

reductions, including the amygdala and the hippocampus, were also identified. 

In contrast to P18 ADA-/- brains, P9 ADA-/- brains were free of structural 

abnormalities. This is likely due to the particular design of the animal model: 

during gestation, the animals received functional ADA from the placenta, and 

they only became ADA-deficient after birth, therefore at P9, the disease might 

not have had enough time to do detectable damage yet. It was also found that, 

when ADA-/- mice that had received SIN LV-mediated gene therapy were 

compared with age-matched wild-type controls, no morphometric difference was 

detected. This is encouraging as it showed that, in addition to immunological 

reconstitution which has been demonstrated before (Carbonaro et al., 2014b), 

this gene therapy using a novel LV vector also prevented the development of 

neuroanatomical defects in its recipients. 

 

To complement TBM, brain parcellation was carried out as well. This has posed 

much difficulty. All of the publicly available T2- and T2*-weighted MRI atlases of 

ex vivo mouse brains were produced using samples that had been post-fixed 

either in the absence of a contrast agent (Kovacević et al., 2005; Ma et al., 

2005), or in the presence of a Gd-based contrast agent, but for a short period of 

time, which is typically 12 to 48 h (Badea et al., 2007a; Johnson et al., 2010; 

Chuang et al., 2011), with the longest being 1-3 weeks (Dorr et al., 2008). In 

contrast, our samples were immersed in a fixative containing 8 mM Gd-DTPA 
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for 9 weeks. This much lengthier fixation duration was bound to have given rise 

to a different penetration pattern of the contrast agent, leading to considerably 

different image contrasts, which could explain the poor quality of the labels that 

were automatically generated using the already available atlases. As a result, 

extensive manual correction was necessary to accurately segment the first set 

of images, the P18 cohort. Moreover, our data contained three age groups, two 

of which were neonates. Most of the ex vivo mouse brain atlases are based on 

adult samples. One notable exception is the atlas for the developing mouse 

brain produced by Chuang and coworkers (2011). It covers a wide age span, 

including P7, P21 and adults, but unfortunately, only labels for the adult brains 

were available from the authors’ website, and attempts to request labels for 

other age groups were unsuccessful. When our own P18 atlas was used to 

parcellate the mean images of the other two cohorts, even though it 

outperformed other atlases we tried, a few major errors still occurred, thus 

manual improvement was needed again. One of main differences between 

images of the three age groups is the contrast of white matter tracts. Fibre 

bundles such as fornix, external capsule, stria medullaris, mammilothalamic 

tract and fasciculus retroflexus are clearly visible in the mean image of the gene 

therapy cohort, but are harder to distinguish in the P18 mean image and harder 

still to make out in the P9 mean image. This diminution of contrast was probably 

caused by a lesser degree of myelination in immature brains. In the report by 

Chuang and colleagues (2011), it was evident that structural MR images of P7, 

P21 and P60 ex vivo brains also showed appreciable contrast differences, and 

the authors likewise resorted to manual segmentation. 

 

After brain parcellation, structure volumes were computed and compared 

between groups. The results are consistent with those from the TBM analysis. 

At P18, the hippocampus had a significantly smaller normalised volume in the 

ADA-/- brains than in the ADA+/+ ones. This was also true for the caudate 

putamen and the amygdala, but to a lesser degree of significance, and the 

thalamus did not differ in normalised size as a whole. This is probably because 

the sub-regions of accelerated atrophy in the caudate putamen, the amygdala 

and the thalamus were small relative to the sizes of the whole structures. In 

contrast to the P18 brains, within the P9 and the gene therapy cohorts, none of 
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aforementioned structures were found to have a significantly different absolute 

or normalised volume between knockout and wild-type animals. 

 

Combined together, our results identified parts of the hippocampus, the caudate 

putamen, the amygdala and the thalamus as being particularly vulnerable to the 

disease mechanisms of ADA deficiency. Previous human studies reported 

pronounced cognitive, emotional and behavioural deficits in ADA-deficient 

patients, who had significantly lower IQ scores than the population average as 

well as patients with other forms of SCID (Titman et al., 2008), exhibited marked 

learning disabilities (Hönig et al., 2007), and fell in the abnormal range on a 

scale that measured social, emotional and behavioural functions, with particular 

problems in the domains of peer relationship and hyperactivity (Rogers et al., 

2001; Hönig et al., 2007). A variety of sensorimotor abnormalities have also 

been observed in some of the patients (Hirschhorn et al., 1981; Hönig et al., 

2007). It is well established that the hippocampus is vital for several forms of 

memory and learning (Burgess et al., 2002; Simons and Spiers, 2003; 

Eichenbaum et al., 2007), the amygdala is an important centre of emotional 

processing (Sergerie et al., 2008), the caudate putamen is involved in 

regulating habitual and goal-directed behaviour through inhibitory mechanisms 

(Grahn et al., 2008; Jahanshahi et al., 2015), and the thalamus is responsible 

for relaying information between subcortical regions and the cerebral cortex. 

Notably, volume loss in the caudate nucleus is one of the most replicated 

findings in neuroimaging studies of patients with ADHD (Seidman et al., 2005; 

Nakao et al., 2011), the hallmark of which is hyperactivity. Moreover, the 

striatum, which is caudate putamen plus ventral striatum, as well as the 

amygdala are implicated in social behaviour (Adolphs, 2009; Báez-Mendoza 

and Schultz, 2013), and the thalamus has been suggested to play an active role 

in functions such as attention and emotion (Ward, 2013). Therefore, impairment 

of the structures identified in our study could potentially explain the neurological 

symptoms that have been observed in the ADA-deficient patients. 

 

Several directions for future research can be pursued. Firstly, it would be of 

great interest to measure dATP levels in different regions of the P18 ADA-/- 

brains. If cells in the hippocampus, the caudate putamen, the amygdala and the 

thalamus were found to contain a higher level of dATP than, for instance, cells 
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in the cerebral cortex, then our results would be further validated and the 

underlying disease mechanisms would be better understood. Secondly, having 

established that SIN LV-mediated gene therapy was able to prevent 

neuroanatomical abnormalities in ADA-deficient mice, other therapies could be 

tested for their efficacy in this respect as well, which would be very useful 

information for the clinicians. Such future studies should include diffusion MRI 

techniques such as diffusion tensor imaging (DTI), as they are better at 

delineating white matter tracts in neonatal mouse brains than conventional 

structural MRI (Chuang et al., 2011), and would allow easier and more accurate 

segmentation when combined with T2- or T2*-weighted images. Lastly, a formal 

neuroimaging study of ADA-deficient patients could be carried out to investigate 

whether they indeed exhibit the predicted structural changes in the brain. 

 

3.5. Conclusion 
In this study, MR microscopy followed by TBM and brain parcellation analysis 

revealed pathological structural changes in the brain of the ADA knockout mice. 

The abnormalities resemble those that have been previously observed in an 

ADA-deficient human patient, suggesting that they may be a common feature of 

the disease. Moreover, no defect was detected in the brains of mice that had 

received gene therapy, providing preliminary evidence for this treatment’s 

preventive effects on the neurological symptoms of ADA deficiency. These 

findings not only provide guidance for further research, but also demonstrate 

the power of MR microscopy as an initial screen for neuroanatomical 

abnormalities. 

 

3.6. Contributions 
G.K., H.B.G. and M.F.L. designed study; H.B.G. provided mice; L.Z. prepared 

brain samples; Y.Y. and G.K. performed MRI; Y.Y. performed image analysis, 

using scripts by N.M.P., D.M. and Y.Y. and programmes developed by M.M., 

M.J.C. and S.O. For full names, please see Acknowledgements.  
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Chapter 4  
Brain morphometry in a mouse model of sciatic nerve 
injury using MR microscopy 

4.1. Introduction 
In contrast to the last chapter which reports the impact of a genetic modification 

on brain morphology, the second MR microscopy study is concerned with 

plastic changes following traumatic injury to a peripheral nerve.  

 

Peripheral nerve injury is a morbid condition that can result in sensorimotor 

deficits and pain even after surgical repair (Lundborg, 2003; Davis et al., 2011), 

and these pathologies can have a profound impact on the patients’ quality of life 

(Bailey et al., 2009; Chemnitz et al., 2013b). Apart from peripheral pathology at 

the site of injury that poses difficulties for axon regeneration and reinnervation, 

maladaptive plasticity in the CNS is thought to largely underlie the poor 

functional recovery and neuropathic pain (Lundborg, 2003; Navarro et al., 

2007). Also, peripheral nerve repair generally produces a better functional 

outcome in children than in adults, and this disparity is believed to have a 

central origin (Lundborg and Rosén, 2001; Chemnitz et al., 2013a). Thus it is 

important to understand changes in the CNS following a peripheral nerve injury. 

 

Many animal models have been set up to study peripheral nerve injuries 

(Dowdall et al., 2005; Sorkin and Yaksh, 2009). Partial nerve injuries, such as 

spared nerve injury (SNI) (Decosterd and Woolf, 2000) and partial sciatic nerve 

ligation (PSNL) (Seltzer et al., 1990), are neuropathic pain models, while 

axotomy injuries, such as sciatic nerve transection, forepaw denervation, and 

infraorbital nerve cut, are models of sensorimotor deficits. Through 

microelectrode recordings in the primary somatosensory cortex (S1), it is well 

established that axotomy causes reorganisation of the somatotopic map 

(Dykes, 1984; Chen et al., 2002; Kaas, 2002), which happens within a few days 

(Wall and Cusick, 1984; Cusick et al., 1990). Recent fMRI studies have also 

demonstrated rapid change in activation pattern in S1 following axotomy (Pelled 

et al., 2007, 2009, Li et al., 2011, 2013a; Han et al., 2013), as early as 60 

minutes after forepaw denervation (Han et al., 2013).  
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However, relatively few studies have investigated the structural basis of these 

rapid functional plastic changes. It is generally thought that deafferentation 

unmasks or disinhibits pre-existing connections in the deprived brain region, 

which are responsible for the immediate somatotopic reorganisation, and in the 

subacute and chronic phases, structural changes will occur and be consolidated 

(Chen et al., 2002; Davis et al., 2011). Indeed, human MRI studies have shown 

that chronic axotomy is associated with structural changes. In subjects with 

unilateral limb amputation for at least 9 months, there was a decrease in 

thalamic grey matter volume compared to healthy controls (Draganski et al., 

2006), and in subjects with right median and/or ulnar nerve transection followed 

by surgical repair for at least 1.5 years, there was a reduction in thickness in 

several cortical regions including S1 (Taylor et al., 2009). However, structural 

changes at a cellular level do happen very quickly after axotomy. It was 

reported that by 7 days following transection of median and radial nerves in rat, 

the border between forepaw and lower jaw representations in S1 had shifted in 

position and neurons around the original and new borders had modified their 

dendritic arbors (Hickmott and Steen, 2005). Furthermore, 1 week after 

infraorbital nerve transection in mouse, the number of axon fibres projecting 

onto a single relay neuron in the ventral posteromedial thalamic nucleus was 

found to increase from one to up to four (Takeuchi et al., 2012).  

 

As discussed in Section 2.5, ex vivo MR microscopy combined with TBM and 

brain parcellation analysis has been shown to be able to reveal structural 

changes in the brain resulting from neuronal remodelling (Lerch et al., 2011). 

Therefore we hypothesised that the rapid cellular remodelling events in the 

CNS following peripheral axotomy may cause early MRI-detectable 

morphometric changes in the mouse brain, and set out to investigate it at the 

time point of 7 days post-injury. In addition, because Taylor and colleagues 

(2009) reported cortical thinning in human patients with peripheral nerve 

injuries, we investigated the effect of sciatic nerve transection on cortical 

thickness in our mouse model as well. 
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4.2. Materials and Methods 
4.2.1. Ethics statement 

All procedures and experiments involving animals were carried out under 

Licence from the UK Home Office, in accordance with the Animals (Scientific 

Procedures) Act, 1986 and following ethical approval from UCL Institute of 

Neurology.	

	
4.2.2. Animals, surgery and brain fixation 

C57BL/6 female mice (8 weeks of age at the time of surgery) were purchased 

from Harlan Laboratories UK and allowed to acclimatise for 7 days. For animals 

in the axotomy group (n = 8), sciatic nerve on the right hand side was exposed 

and transected at mid-thigh level. The proximal stump was tied back to prevent 

regeneration. For animals in the control group (n = 8), the right sciatic nerve 

was exposed but not cut. All surgical procedures were carried out under aseptic 

conditions and following wound closure, animals were returned to standard 

housing conditions (22°C, 12 h light/dark cycle, and ad libitum access to food 

and water) and their recovery was monitored. 

 

Seven days after surgery, mice were terminally anaesthetised with an overdose 

of sodium pentobarbital and perfusion-fixed. After the chest of the animal was 

opened, the needle from the perfusion machine was pierced into the left 

ventricle of the heart and an initial flush of 15–20 mL of 0.9% (9 g/L) saline at a 

flow rate of 3 mL/min was given. Following complete exsanguination, animals 

were perfused with 50 mL of PBS containing 4% (40 g/L) dissolved PFA and 8 

mM Gd-DTPA at a flow rate of 3 mL/min. After perfusion, mice were 

decapitated, and the head was trimmed as described in Section 3.2.2. Then the 

in-skull brain was post-fixed in Gd-doped PFA solution at 4°C for 9 weeks. 

 

4.2.3. Multiple-brain imaging using a syringe insert 

In order to streamline the imaging procedure devised by Cleary et al. (2011b), a 

syringe insert which is compatible with a 50 mL syringe and can hold 3 brain 

samples was designed using the computer aided design (CAD) software 

AutoCAD® (AutoDesk®, USA). A side view and a bottom view of the design are 

presented in Figure 20A & B. The syringe insert was manufactured with Fine 

Polyamide (PA 2200) on an Formiga P100 plastic laser-sintering system (EOS 
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Electro Optical Systems Ltd., UK) at a layer thickness of 100 µm. A photograph 

of the made product is shown in Figure 20C. To prepare samples for scanning, 

three thin tubes of different lengths, all filled with 1% (w/v) agarose gel 

containing 8 mM Gd-DTPA were inserted into the three marker holders (Figure 

20A, c) of the syringe insert, so that samples could be identified by the length of 

the agarose tube adjacent to them in the acquired image; then three brains 

were taken out of the fixative, washed with PBS, and blotted dry with a paper 

towel, before they were slotted into the space under each flap of the syringe 

insert (Figure 20A, a). The whole syringe insert was then inserted into a 50 mL 

plastic syringe, and immersed in Fomblin. Samples were allowed to equilibrate 

for at least 2 h at room temperature, and then air bubbles were dislocated and 

maneuvered out of the syringe insert through the holes at the top (Figure 20A, 

b). Figure 20D is a photograph of a fully prepared sample which is ready to go 

into the scanner. The use of the syringe insert simplified the preparation step as 

the samples could be easily fixed in position and no longer needed to be 

wrapped in gauze, which could often make trapped air bubbles hard to remove.  

 

 
Figure 20. Syringe insert for multiple-brain imaging.  

A. Side view of the CAD drawing of the syringe insert that allows simultaneous imaging of three 

brains instead of one. a, a flap that confines the sample in place; b, one of three holes that allow 

air bubbles to escape; c, one of the 3 holders of agarose markers for telling samples apart in the 

acquired image. B. Bottom view. C. Photograph of the syringe insert. D. A finished setup ready 

to be scanned. 
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The same 9.4 T scanner, but this time with a 33 mm quadrature birdcage coil 

(RAPID Biomedical GmbH, Germany), and the same 3D gradient-echo 

sequence, but with a larger FOV (typically 32 mm × 25.6 mm × 25.6 mm) and 

matrix size (typically 800 × 640 × 640), were used to acquire images with an 

isotropic resolution of 40 µm. The average acquisition time is 11.3 h, and the 

scans were all done overnight. 

 

4.2.4. Image analysis 

Before images were analysed, it was noticed that many of them contained 

unusual hyperintense voxels between the cranium and brain tissue (Figure 

21D). They are called the hyperintense rim artefact by Cahill et al. (2012). As 

these artefacts occur sporadically at different positions in different brain images, 

they interfere with the registration process. Therefore a brain mask was 

manually drawn for each image using a histological mouse brain atlas (Franklin 

and Paxinos, 2007) as a guide. Within the brain, the hyperintense voxels 

attributable to ventricles were segmented, and the hyperintense artefacts 

outside the brain were also labelled (Figure 21E). Then the value of all non-

brain voxels was made zero (Figure 21F). The hyperintense rim artefact is 

discussed in more detail in Section 4.4. 

 

 
Figure 21. Manual brain masking.  

Brain, the ventricles within the brain, and the hyperintense voxels around the brain are manually 

segmented, followed by the removal of all non-brain voxels from the images. A-C. An artefact-

free image. D-F. An image with pronounced peri-brain hyperintense voxels. Arrows in Panel D 

point to a typical hyperintense rim artefact. 
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After the brain images were isolated, TBM was carried out with 1 iteration of 

rigid registration, 4 iterations of affine registration, 12 iterations of non-rigid 

registration, and a GLM containing three predictor variables: the axotomy 

treatment, the sham operation treatment, and the TBV covariate. 

 

Brain parcellation was performed on the mean image using the GT atlas 

produced during the ADA deficiency study (see Section 3.3.4) and then the 

labels were propagated back to the individual images, allowing structure 

volumes to be calculated and compared between groups. 

 

Cortical thickness was computed as follows. Based on labels generated from 

brain parcellation, the olfactory bulb was combined with background non-brain 

regions to determine the outer boundary of the cortex, while all the other non-

cortical regions were grouped in a sub-cortical region to determine the inner 

boundary of the cortex. Then cortical thickness was calculated using Laplace’s 

equation as described in Section 2.4.4 (Jones et al., 2000). All of the images 

containing cortical thickness measurements were then mapped into the mean 

image space using corresponding deformation fields generated in the final 

round of non-rigid registration, followed by voxelwise statistical testing using the 

same GLM as in TBM except that the dependent variable is cortical thickness 

and there was no covariate. 

	
4.3. Results 
TBM analysis with FDR correction at q = 0.05 did not detect any local 

volumetric difference between the axotomy group and the sham-operated 

controls (Figure 22A, right). Results at a much more liberal threshold of p < 0.01 

are shown for illustrative purposes (Figure 22A, left). 

 

For brain parcellation analysis (Figure 22B), none of the 45 segmented 

structures was significantly different in their absolute or normalised volume 

between the two groups (Table 4). 

 

Lastly, no significant inter-group thickness difference was found in the cerebral 

cortex. The thickness values are illustrated in Figure 22C. 
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Figure 22. Image analysis for the unilateral sciatic nerve transection study.  

A. TBM results. An example coronal section is shown. The statistical map at p < 0.01 (left 

panel) is shown for illustrative purposes. No significant difference was found with FDR 

correction at q = 0.05 (right panel). B. Brain parcellation. An example coronal section overlaid 

with colour-coded labels is shown. For the key to the abbreviations, see Table 1. C. Three 

sections of the cortical thickness map for a brain from the axotomy group are shown. Voxelwise 

statistics revealed no difference between the two groups.  
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St
ru

ct
ur

e Absolute Volume (mm3) Normalised Volume (%) 

Axotomy Sham 
p adj 

p 

Axotomy Sham 
p adj 

p mean S.E.M. mean S.E.M. mean S.E.M. mean S.E.M. 
Hi 23.71 0.24 23.66 0.30 0.90 0.95 5.46 0.10 5.52 0.04 0.57 1.00 
Medulla 26.45 0.69 25.25 0.54 0.19 0.95 6.08 0.08 5.89 0.07 0.12 1.00 
Pons 17.48 0.49 17.27 0.45 0.75 0.95 4.02 0.06 4.03 0.07 0.90 1.00 
ac 0.92 0.09 0.85 0.05 0.53 0.95 0.21 0.02 0.20 0.01 0.58 1.00 
Amg 11.65 0.13 11.34 0.15 0.14 0.95 2.68 0.02 2.65 0.02 0.24 1.00 
ic 1.93 0.14 1.92 0.10 0.96 0.98 0.44 0.03 0.45 0.02 0.86 1.00 
IC 5.27 0.14 5.20 0.11 0.70 0.95 1.21 0.02 1.21 0.02 0.91 1.00 
CPu 18.11 0.39 17.82 0.27 0.55 0.95 4.16 0.03 4.16 0.03 0.94 1.00 
Hy 8.79 0.10 8.52 0.15 0.14 0.95 2.02 0.02 1.99 0.04 0.42 1.00 
v 3.16 0.13 3.01 0.11 0.40 0.95 0.73 0.03 0.70 0.02 0.57 1.00 
SC 8.45 0.15 8.38 0.16 0.76 0.95 1.94 0.01 1.96 0.01 0.55 1.00 
Olf 31.08 0.36 30.75 0.47 0.58 0.95 7.15 0.05 7.18 0.06 0.76 1.00 
Th 20.97 0.31 20.83 0.35 0.77 0.95 4.82 0.04 4.86 0.05 0.57 1.00 
CbCx 131.36 1.96 130.70 1.60 0.80 0.95 30.22 0.21 30.51 0.17 0.30 1.00 
GP 2.68 0.08 2.65 0.08 0.81 0.95 0.61 0.01 0.62 0.01 0.86 1.00 
PAG 4.50 0.05 4.46 0.09 0.74 0.95 1.04 0.02 1.04 0.01 0.81 1.00 
cc & ec 12.56 0.52 12.12 0.42 0.52 0.95 2.88 0.08 2.83 0.08 0.63 1.00 
CB 52.46 0.86 51.59 1.02 0.52 0.95 12.07 0.07 12.04 0.11 0.82 1.00 
LS 2.38 0.12 2.49 0.08 0.47 0.95 0.55 0.03 0.58 0.02 0.43 1.00 
BFB 4.09 0.03 4.01 0.09 0.41 0.95 0.94 0.02 0.94 0.02 0.75 1.00 
MS 0.83 0.09 0.81 0.07 0.86 0.95 0.19 0.02 0.19 0.01 0.97 1.00 
MB 12.91 0.19 12.72 0.21 0.52 0.95 2.97 0.01 2.97 0.02 0.98 1.00 
fi 3.20 0.14 3.12 0.13 0.67 0.95 0.74 0.02 0.73 0.03 0.84 1.00 
sm 0.42 0.03 0.41 0.02 0.70 0.95 0.10 0.01 0.10 0.00 0.83 1.00 
Acb 5.38 0.18 5.24 0.15 0.56 0.95 1.24 0.06 1.23 0.04 0.82 1.00 
BNST 1.30 0.06 1.22 0.02 0.30 0.95 0.30 0.01 0.29 0.01 0.37 1.00 
fx 0.40 0.07 0.36 0.03 0.61 0.95 0.09 0.02 0.08 0.01 0.66 1.00 
st 0.74 0.02 0.75 0.03 0.90 0.95 0.17 0.00 0.17 0.00 0.57 1.00 
opt 1.39 0.05 1.33 0.04 0.41 0.95 0.32 0.01 0.31 0.01 0.53 1.00 
cp 1.59 0.07 1.56 0.05 0.72 0.95 0.36 0.01 0.36 0.01 0.93 1.00 
mt 0.21 0.01 0.21 0.01 0.80 0.95 0.05 0.00 0.05 0.00 0.93 1.00 
Mmb 0.57 0.03 0.58 0.03 0.83 0.95 0.13 0.00 0.13 0.00 0.56 1.00 
fr 0.18 0.02 0.19 0.01 0.79 0.95 0.04 0.00 0.04 0.00 0.62 1.00 
Tu 3.59 0.07 3.55 0.06 0.66 0.95 0.82 0.01 0.83 0.01 0.85 1.00 
lo 1.41 0.03 1.35 0.05 0.24 0.95 0.33 0.01 0.31 0.01 0.47 1.00 
IP 0.28 0.02 0.28 0.01 0.77 0.95 0.06 0.00 0.07 0.00 0.56 1.00 
py 1.73 0.08 1.60 0.06 0.21 0.95 0.40 0.02 0.37 0.01 0.27 1.00 
pc 0.14 0.01 0.15 0.01 0.89 0.95 0.03 0.00 0.03 0.00 0.75 1.00 
cbp 3.78 0.04 3.63 0.06 0.06 0.95 0.87 0.01 0.85 0.01 0.08 1.00 
Pn 0.43 0.02 0.41 0.02 0.64 0.95 0.10 0.00 0.10 0.00 0.74 1.00 
7n 0.48 0.01 0.47 0.02 0.73 0.95 0.11 0.00 0.11 0.01 0.96 1.00 
mlf 2.58 0.06 2.53 0.07 0.59 0.95 0.59 0.02 0.59 0.02 0.89 1.00 
ml 0.75 0.05 0.75 0.03 0.99 0.99 0.17 0.01 0.17 0.01 0.79 1.00 
hbc 0.01 0.00 0.01 0.00 0.86 0.95 0.00 0.00 0.00 0.00 0.92 1.00 
Pr-PaS 2.50 0.02 2.47 0.05 0.51 0.95 0.58 0.01 0.58 0.01 1.00 1.00 

Table 4. Comparing volumes of brain structures (sciatic nerve injury study). 
p, p value of two-sample, two-tailed t-test. adj p, p value after FDR correction at q = 0.05. 
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4.4. Discussion 
Neither TBM, brain parcellation, nor cortical thickness analysis revealed any 

neuroanatomical difference between the axotomy group and the sham group 

one week after unilateral sciatic nerve transection. However, our results are not 

conclusive because a confounding factor, which is the presence of the 

hyperintense rim artefact, is at play.  

 

4.4.1. Absence of MRI-detectable early structural change 

The lack of early structural change in the brain following peripheral nerve injury 

has been noted in a longitudinal study that followed rats with SNI using MRI: a 

local volumetric decrease in the prefrontal cortex was found 19 weeks post-SNI 

but not before (Seminowicz et al., 2009). Although SNI is different from axotomy 

models, as pain is the main driver of plasticity, this report, together with our 

results, suggest that early neuronal remodelling following peripheral nerve injury 

(Hickmott and Steen, 2005; Metz et al., 2009; Kim and Nabekura, 2011; 

Takeuchi et al., 2012) does not manifest itself as volumetric changes detectable 

by structural MRI combined with TBM.  

 

It is also possible that there were some genuine, but undetected differences, 

which were below the sensitivity of the technique. Recently it was shown that 

registration accuracy is influenced by the size and compactness of structures 

(van Eede et al., 2013). For example, when a 5% atrophy was introduced into a 

particular structure, it could not be recovered as a statistically significant 

difference if the structure is smaller than 1 mm3. 

 

4.4.2. Hyperintense rim artefact 

The hyperintense rim artefact was found in many of the images acquired for this 

study. Cahill et al. (2012) investigated the origin of this artefact and concluded 

that the primary cause was the use of PFA solution made from PFA powder for 

perfusion fixation. They argued that undissolved PFA particles, which are hard 

to remove even with filtration, can block capillaries during perfusion and lead to 

leakage or rupture of the vessels and a consequent escape of fluid which will 

migrate and accumulate beneath the dura mater (Cahill et al., 2012). This could 
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explain the presence of the hyperintense rim artefact in our images because, 

although the flow rate we employed was not high (3 mL/min), we did use PFA 

solution reconstituted from powder.  

 

To understand this problem better, quantitative evaluation of the artefact was 

carried out. The hyperintense rim artefact was manually labelled in all 16 

images. When the relationship between TBV and the size of the hyperintense 

rim was explored, a significant negative correlation was found (p < 0.001, 

Figure 23A): the smaller the brain is, the bigger the artefact is. This lends 

support to the hypothesis that the accumulation of the fluid affects brain volume, 

which is problematic for morphometry. It was also a common occurrence: 

before the paper by Cahill et al. (2012) was published, a lot of the mouse brains 

imaged in CABI were perfusion-fixed with reconstituted PFA solution (“powder 

PFA”), and as Figure 23B shows, the artefact is prevalent in these images. 

 

 
Figure 23. Evaluation of the hyperintense rim artefact.  

A. In images obtained for the unilateral sciatic nerve transection study, there is a significant 

negative correlation between the size of the hyperintense rim artefact and the total brain 

volume. B. The prevalence of the hyperintense rim artefact in seven ex vivo MR microscopy 

studies conducted in CABI. In Study 1, Study 2, the sciatic nerve injury study (Sciatic) and 

Study 3, PFA solution made from PFA powder (powder PFA) was used for perfusion fixation, 

whereas in Study 4-6, commercial premade PFA solution (liquid PFA) was used. 

 

However, it should be noted that the severity of the artefact is moderate. The 

hyperintense rim takes up on average 2.81% of the intracranial space (range = 

1.07%-4.61%, S.D. = 1.24%). The worst case in our data is 4.61% (Figure 
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21D), far lower than the most extreme one reported by Cahill and colleagues 

(2012), which is a 22% decrease in total brain volume. Also, the size of the 

hyperintense rim is not significantly different between the axotomy and the 

control group (p = 0.35), and neither is brain volume between the two groups (p 

= 0.46). Hence the artefact does not affect one group more than the other. 

Nevertheless, the artefact does represent an appreciable confounder in this 

study. As a result, no firm conclusion can be drawn. 

 

To eliminate this artefact, Cahill et al. (2012) recommended using ready-made 

PFA solutions from commercial suppliers (“liquid PFA”) and a low flow rate. 

Since 2012, sample preparation in CABI was done using premade buffered 4% 

formaldehyde aqueous solution (VWR BVBA, Belgium), and dramatic 

improvement was seen (Figure 23B), attesting to the use of “powder PFA” as 

the root of the problem. However, bizarrely, and rather unfortunately, when we 

recently tried to prepare 12 more samples for this study using liquid PFA and a 

low flow rate (3 mL/min), 50% of the images again contained highly visible rim 

artefacts. It is noteworthy that images of the immersion-fixed brains in the ADA 

deficiency study were completely artefact-free, and even without perfusion 

fixation, 9 weeks were enough to allow adequate penetration of the contrast 

agent into the in-skull brains, hence future studies should perhaps utilise 

immersion fixation alone. 

 

4.4.3. Multiple-sample imaging 

MR microscopy has great potential as a screening tool to be incorporated into 

large-scale phenotyping programmes because it is non-destructive, powerful in 

uncovering anatomical details, and well poised to take advantage of automatic 

image analysis techniques. However, the long scanning time required for 

acquiring high-quality MR images makes throughput a limitation. One way to 

increase throughput is to image multiple samples at the same time. Special RF 

coil arrays have been built for multiple-mouse imaging (Bock et al., 2003; 

Matsuda et al., 2003; Dazai et al., 2011), however the cost and expertise 

required for implementation could be a hindrance. The syringe insert described 

here represents a low-cost, quick-to-implement method to improve work flow: 

even though there was no reduction in acquisition time (11.3 h for three-brain 

imaging versus 9 h for sequentially imaging three brains), the syringe insert 
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simplified the sample preparation procedure and allowed scanner downtime 

during the night to be utilised. It takes advantage of 3D printing technologies 

that are becoming increasingly available nowadays, and can be readily adapted 

for use with any coil and scanner. 

 

4.4.4. DTI 

MRI is highly versatile and many researchers are now taking a multi-parametric 

approach where several MRI techniques are used together to increase the 

investigative power of the experimental protocol. Those who study disorders of 

the brain readily adopt this strategy, in order to increase the chance of 

identifying a useful biomarker (Kiefer et al., 2009). What is often included in the 

list is diffusion MRI. DTI, which is a type of diffusion MRI, is a powerful tool for 

probing brain microstructure, and a recent study has reported a significant 

change in DTI measurements in the posterior parts of the hippocampus after 

rats underwent only 2 hours of training in a spatial navigation task (Sagi et al., 

2012). Thus incorporating DTI into the imaging protocol could be very beneficial 

for future studies. 

 

4.5. Conclusion 
In this study of the early effects of peripheral nerve transection on the CNS 

using MR microscopy, a multiple-brain imaging protocol was implemented to 

simplify the workflow. No structural difference was detected between the brains 

of injured and sham-operated animals, although the validity of this finding is 

uncertain because of the presence of an artefact in the images. 

 

4.6. Contributions 
Y.Y., E.M.C.F. and M.F.L. designed study; L.G. provided mice; J.B.B. 

performed nerve transection and prepared brain samples; Y.Y. acquired 

images; Y.Y. performed image analysis, using scripts by N.M.P., D.M., and Y.Y. 

and programmes developed by M.M., M.J.C. and S.O. For full names, please 

see Acknowledgements. 
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Chapter 5  
Brain morphometry in mice with TDP-43 mutations 

5.1. Introduction 
This chapter describes the final MR microscopy study, which aimed to 

investigate the brain structures of mice carrying a point mutation in each of the 

two alleles of Tardbp, which encodes TDP-43. 

 

TDP-43 is a ubiquitously expressed but poorly understood DNA- and RNA-

binding protein that usually resides in the nucleus (Neumann et al., 2006). It has 

become a focus for research since it was linked to neurodegenerative diseases, 

in particular ALS. ALS is primarily a disease of motor neuron degeneration. It is 

notorious for its heterogeneity in many respects (Ravits and La Spada, 2009): 

the site of disease onset, although usually focal, can be either the spinal cord in 

the spinal form which accounts for 2/3 of the cases, or the brain stem in the 

bulbar form which accounts for the rest; the rate of disease progression, usually 

assessed by the loss of motor functions, is slow in some patients but fast in 

others; the mix of signs of upper motor neuron waste and lower motor neuron 

waste are different between individuals; and varied degrees of cognitive 

impairment is also found (Van Damme and Robberecht, 2009), with up to 50% 

of the patients showing frontal executive dysfunction or language impairment 

and 5% meeting the clinical criteria for FTD. Besides symptomatic non-

uniformity, there is also much variability in the aetiology of ALS: over 90% of the 

cases of ALS are sporadic with unknown causes, while in the rest 5-10%, the 

disease is familial (Rothstein, 2009). 

 

TDP-43 was implicated in ALS because it was identified as the major 

component of the ubiquitinated inclusions found in motor neurons of ALS 

patients (Neumann et al., 2006) and mutations in Tardbp were subsequently 

mapped in familial ALS (fALS) pedigrees (Gitcho et al., 2008; Kabashi et al., 

2008; Sreedharan et al., 2008; Van Deerlin et al., 2008). TDP-43 mutations 

have also been demonstrated in sporadic ALS (sALS) patients (Kabashi et al., 

2008; Sreedharan et al., 2008), hence they could be a potential gateway to a 

better understanding of the vast majority of ALS cases. Furthermore, TDP-43 
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makes up the intracellular inclusions found in the grey matter of FTD patients 

(Neumann et al., 2006), pointing to a common underlying pathogenic process 

between ALS and FTD. 

 

Other genes have also been associated with ALS. The main ones include 

Cu/Zn superoxide dismutase (SOD1) which encodes SOD1, a cytoplasmic 

enzyme responsible for the conversion of superoxide anions into hydrogen 

peroxide (Rosen et al., 1993), and fused in sarcoma/translated in liposarcoma 

(FUS/TLS) which encodes FUS/TLS, a protein possessing RNA-binding 

properties (Kwiatkowski Jr. et al., 2009; Vance et al., 2009). SOD1 mutations 

are the most common, responsible for about 20% of fALS cases, whereas 

mutations in TDP-43 or FUS/TLS are relatively rare, each found in less than 5% 

of fALS pedigrees (Van Damme and Robberecht, 2009). The identification of 

these genes has prompted the making of animal models of fALS, particularly 

those that carry SOD1 and TDP-43 mutations (Joyce et al., 2011).  

 

Imaging techniques, especially MRI, have been extensively explored for ALS 

biomarkers in recent years, with no confirmed success yet but great promise 

(Turner et al., 2009). The majority of the neuroimaging work on ALS has so far 

been studies on patients and almost all preclinical imaging has been done on 

SOD1 rodent models (Evans et al., 2011). Due to the growing interest in TDP-

43, our colleagues at the MRC Harwell screened their ENU DNA archive 

(http://www.har.mrc.ac.uk/services/archiving-distribution/enu-dna-archive) for 

mutations in all coding Tardbp exons, and three were identified (Ricketts, 2012; 

Ricketts et al., 2014), including a C to T base mutation, which was predicted to 

cause a Q101X (glutamine to stop codon) change and a truncated TDP-43 

protein, and an A to G base mutation, which was predicted to cause a K160R 

(lysine to arginine) change in the first RNA recognition motif, a domain 

necessary and sufficient for RNA-binding (Buratti et al., 2001; Giordana et al., 

2010). Breeding schemes were designed to produce mutants with a C57BL/6J 

background, and lines including Tardbp+/Q101X, TardbpQ101X/Q101X, Tardbp+/K160R, 

TardbpK160R/K160R, and the compound heterozygous mutant, TardbpQ101X/K160R, 

were produced (Ricketts, 2012; Ricketts et al., 2014).  
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The Q101X mutation was found to be homozygous embryonic lethal, while 

heterozygous Tardbp+/Q101X, with a normal level of wild-type Tardbp transcripts, 

can survive to adulthood (Ricketts, 2012; Ricketts et al., 2014). Tardbp+/Q101X 

mice were put through a battery of behavioural tests that assessed gait, limb 

grasping, body tone and so on. Gait was evaluated in a SHIRPA arena (Rogers 

et al., 1997; Ricketts, 2012). Limb grasping, meaning that, when the mouse is 

suspended by its tail, the hindlimbs are not fully splaying out and the front paws 

are grasping each other, is an abnormal behaviour, in contrast to the extension 

of limbs and digits on paws seen in wild-type mice. Body tone was assessed by 

feeling the muscular tone around the pelvic region and lower thorax. An 

abnormal gait was observed in over 20% of Tardbp+/Q101X mice at a mean age 

of 67 weeks (Ricketts, 2012), the limb grasping behaviour was seen in 60% of 

Tardbp+/Q101X females with an average onset age of 61 weeks (Ricketts et al., 

2014), and a softer abdominal body tone was recorded in over 80% of tested 

Tardbp+/Q101X mice, with an average onset age of 32 weeks in females (Ricketts 

et al., 2014). Abnormal gait, limp grasping, and softer body tone were also 

detected in TardbpQ101X/K160R mice, and noticeably, they presented these 

defects at an earlier age than   mice (Ricketts, 2012).  

 

The underlying causes of these phenotypes are unclear: grip strength and 

activity tests showed that Tardbp+/Q101X mice had normal muscular force, and no 

evidence of abnormality was found in the neuromuscular junctions of several 

abdominal muscles (Ricketts, 2012). Therefore, the origin of these phenotypes 

was suspected to be in the CNS. Furthermore, cognitive assessments including 

light-dark box and black-white alley tests revealed anxiety and lower 

emotionality phenotypes in TardbpQ101X/K160R mice (Ricketts, 2012). To 

investigate the possible impact of these mutations on brain structure, ex vivo 

MR microscopy and TBM were performed on TardbpQ101X/K160R and Tardbp+/+ 

mice. 

 

5.2. Materials and Methods 
Mice were bred and maintained by MRC Harwell and UCL Institute of 

Neurology. Animal housing and procedures were in accordance with the 

Animals (Scientific Procedures) Act, 1986 and approved by the local ethical 

review panels. 
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Brains from 10 TardbpQ101X/K160R mice and 10 Tardbp+/+ mice aged between 26 

to 34 weeks were prepared and scanned in the same way as those for the 

unilateral sciatic nerve transection study. The acquired images were analysed 

with a TBM run that consisted of 1 iteration of rigid registration, 4 iterations of 

affine registration, and 15 iterations of non-rigid registration. Statistical analysis 

was performed using a GLM containing 3 predictor variables: the 

TardbpQ101X/K160R genotype, the Tardbp+/+ genotype, and the TBV covariate. 

 

5.3. Results 
The images were again found to be affected by the hyperintense rim artefact. 

After skull stripping, TBM analysis revealed four clusters of voxels that are 

significantly different in volume after FDR correction at q = 0.05 (Figure 24, 

magenta arrows). However, all of the clusters are exceedingly small (less than 

100 voxels, or 6.4×10-5 mm3), therefore the primary finding was that, almost no 

significant volumetric difference existed between TardbpQ101X/K160R and wild-

type brains. 

 

 
Figure 24. TBM results of the TDP-43 mutation study.  

The colour-coded t-statistics are overlaid upon the mean image. Positive t-statistics indicate 

relative expansion in the TardbpQ101X/K160R brains compared to wild-type controls, whereas 

negative values indicate relative shrinkage. The four small clusters of voxels (magenta arrows) 

that are significant after FDR correction at q = 0.05 are shown.  

 

5.4. Discussion and Conclusion 
This project was carried out concurrently with the sciatic nerve injury study. As 

efforts to eliminate the hyperintense rim artefact in that study (Section 4.4.2) 

were not successful, this work was not pursued further. 
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5.5. Contributions 
E.M.C.F., A.A.A., and M.F.L. designed study; A.A.A. provided mice and 

prepared brain samples; Y.Y. acquired images; Y.Y. performed image analysis, 

using scripts by N.M.P., D.M., and Y.Y. and programmes developed by M.M., 

M.J.C. and S.O. For full names, please see Acknowledgements. 
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Chapter 6  
Targeted control of cell activity  

6.1. Introduction 
An essential task of neuroscience is to correlate brain structure with function – 

in other words, to work out what does what and how. While the previous 

chapters are concerned with the use of MRI to characterise neuroanatomy, the 

next two chapters will describe the development of a novel technique that can 

potentially help with elucidating the functional roles of astrocytes, a type of glial 

cells, in their native environment. Like MRI, it also makes use of magnetism, but 

in a more straightforward way: iron oxide particles are attached to the cell 

membranes of astrocytes, followed by the application of a magnetic field, in 

order to exert a force on these mechanosensitive cells and evoke signalling 

events; by observing the effects of these induced activities, the functional role of 

the excited cells can then be deduced. Before the design and testing of this cell 

stimulation method are described in Chapter 7, this chapter reviews recent 

developments in cell control technologies to provide a background. In the 

interest of continuity, it is placed here rather than being grouped with other 

introductory chapters at the beginning of the thesis. 

 

It has long been known that different regions of the brain are specialised in 

different functions, a notion that was first brought to the fore by Franz Joseph 

Gall (1758-1828), a Viennese physician who believed that the mind consists of 

distinct faculties, each of which has a separate seat or “organ” in the brain, and 

the mental idiosyncrasies of a person are determined by the relative sizes of 

these “organs” (Kanwisher, 2010). Based on these ideas that would seem 

insightful today, Gall further conjectured that the geometry of the “organs”, 

therefore a person’s mental propensities, could be discerned from the shape of 

his or her skull and founded the now discredited doctrine of phrenology. At the 

time, both the concept of functional localisation in the brain and the practice of 

phrenology were highly controversial, but serious scientific and medical interest 

in the latter had waned by the mid-19th century, while the former became a 

lasting theme of research till this day.  
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Initial evidence of functional specialisation came from patients with brain 

lesions. The earliest reported case was Phineas P. Gage (1823-1860), who, 

having survived an accident during which an iron bar pierced through his head 

and destroyed his left frontal lobe, was observed to exhibit some acute 

personality changes (Harlow, 1869). Much stronger evidence surfaced when 

Paul Broca (1824-1880) identified lesions in the left posterior inferior frontal 

gyrus, which became known as Broca’s area, in a cohort of aphasic patients 

who had deficits in language production but not comprehension, and Broca 

suggested that this part of the brain is “the seat of the faculty of articulated 

language” (Broca, 1861). Another famous case is the patient H.M. (Henry G. 

Molaison, 1926-2008), who received bilateral medial temporal lobe resection as 

a treatment for epilepsy and developed profound disorders in declarative 

memory (Scoville and Milner, 1957) while retaining much of his motor learning 

abilities (Corkin, 1968). To augment the findings in patients, numerous animal 

experiments where the investigators would have much better control over the 

position and the extent of the lesion have also been carried out – in memory 

research for instance (Save and Poucet, 2009; Aggleton, 2010). 

 

In addition to lesion studies, another approach to exploring the link between 

structure and function in the CNS is to stimulate the brain and observe the 

effects. Gustav Fritsch and Edvard Hitzig, two German physicians, were the first 

to conduct such experiments. In 1870, they used platinum wires connected to a 

battery to stimulate the cerebral cortex of dogs, and discovered that electric 

current applied to the anterior cortex would induce a muscle twitch or spasm in 

the contralateral side of the body and there was a reliable correspondence 

between the site of the stimulation in the cortex and the site of muscle 

movement in the body (Fritsch and Hitzig, 1870; Gross, 2007) – they had 

discovered the primary motor cortex. Following this work, similar experiments 

were carried out in both animals and humans (Pogliano, 2012), and the famed 

neurosurgeon Wilder Penfield (1891-1976) produced detailed functional maps 

of the primary somatosensory and motor cortices after performing electrical 

stimulation studies using platinum electrodes in 163 locally anaesthetised, fully 

conscious patients during surgical procedures for epilepsy (Penfield and 

Boldrey, 1937; Penfield and Rasmussen, 1950; Penfield and Jasper, 1954).  
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Since then, electrical stimulation using microelectrodes (microstimulation) has 

been widely used to study the neural circuitry in vivo, providing evidence for the 

varied involvements of different brain regions in perception and behaviour 

(Histed et al., 2013). A good example is the visual cortex. In the primary visual 

cortex (V1), microstimulation at a single point caused human patients to report 

the sensation of seeing a small spot of white light, termed a phosphene, and the 

retinotopic mapping between stimulation sites in V1 and positions of the 

phosphenes in the visual field agreed with findings from patients with war 

wounds (Brindley and Lewin, 1968). Further down in the dorsal visual stream, in 

the middle temporal visual area, neurons respond selectively to directions and 

speeds, and experiments in rhesus monkeys showed that stimulation of middle 

temporal neurons with a particular directional sensitivity biased the subjects’ 

perceptual decisions in favour of these cells’ preference in a noisy, near-

threshold task that required the animals to report the overall direction of motion 

of a collection of dots (Salzman et al., 1992). Similar results were also obtained 

from visual areas that respond to even more complex information: the 

inferotemporal cortex contains neurons that are selectively responsive to faces, 

and it was found that monkeys were more likely to report seeing a face in a 

noisy image when the visual stimulus was coupled with microstimulation of the 

face-selective cells (Afraz et al., 2006). Many other brain regions have been 

investigated with microstimulation experiments, and the ability to alter the 

activity of cells in a live animal has proved to be extremely helpful in furthering 

our understanding of the nervous system (Histed et al., 2013). 

 

Compared with lesion studies, electrical microstimulation allows greater 

temporal and spatial precision, and its effects are reversible. However, it falls 

short of the increasing demand for targeting sophistication because all 

electrically excitable cells around the electrode tip are affected by its discharge 

at the same time. In recent years, a number of techniques have emerged to 

address this need for more targeted control of cell activity in a live animal, with 

optogenetics being the leading example. They will be introduced in this chapter 

to contextualise our efforts to develop a technique for remotely and specifically 

stimulating astrocytes using magnetic force. 
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6.2. Optogenetics 
Optogenetics is the targeting of exogenous light-responsive transmembrane 

proteins to the cells of interest using genetic methods, for the purpose of 

rendering a certain activity of these cells amenable to manipulation by light 

delivery (Deisseroth, 2011; Fenno et al., 2011). It has been a cause of great 

excitement in the field of neuroscience because its core application, namely 

giving researchers control over neuronal firing in a live animal with excellent cell 

type specificity and temporal precision, allows powerful functional analysis of 

neural networks. After its conceptualization in the first two studies (Zemelman et 

al., 2002; Boyden et al., 2005), optogenetics quickly took the biomedical 

research community by storm and was named as the “Method of the Year 

2010” by the journal Nature Methods (Editorial, 2011). The high utility of this 

innovation arises from several factors: it is a widely applicable single-

component system; there are a growing range of optogenetic tools to select 

from for different applications; it is targetable to a genetically defined cell 

population; and it operates on a millisecond timescale. 

 

6.2.1. Opsins 

The proteins used for optogenetics are opsins, which are a family of seven-

transmembrane, light-responsive proteins encoded by opsin genes. There are 

two types of opsins: type I opsins are ion channels found in prokaryotes, algae, 

and fungi, while type II opsins, which are G-protein-coupled receptors (GPCRs), 

are utilised by animals for vision, circadian rhythm and so on. Both types 

require a cofactor called retinal to function, and the retinal-bound form is called 

rhodopsin; but this is not a concern for optogenetics as retinal is present at 

sufficient levels in mammalian brains as well as many other vertebrate tissues.  

 

Type I microbial opsins are the preferred tools for controlling neuronal spiking 

because they are one-component systems whose action directly alters the 

membrane potential of neurons. Two types of microbial opsins are usually used: 

channelrhodopsins such as Channelrhodopsin-2 (ChR2) utilised by Boyden et 

al. (2005) are nonspecific cation channels that depolarise neurons upon 

opening, while halorhodopsins such as NpHR conduct chloride ions and 

hyperpolarise the neuronal membrane upon illumination (Gradinaru et al., 

2008). Thus it is possible to both stimulate and inhibit neurons with 
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optogenetics. As for type II opsins, although initially used by Zemelman et al. 

(2002) to confer phototransduction to rat hippocampal neurons, now they tend 

to serve as tools for biochemical control by virtue of their GPCR properties. For 

instance the so-called “optoXRs”, which are engineered mammalian rhodopsins 

whose intracellular loops have been replaced with those of adrenergic 

receptors, can be used to activate either the alpha-1 or beta-2 adrenergic 

signalling pathway and modulate neuronal spiking (Airan et al., 2009).  

 

Since 2005, much engineering effort has been dedicated to the improvement of 

opsins. For instance, it has been found that, in order to prevent the intracellular 

accumulation of virally introduced opsin and enhance its trafficking to the 

membrane, an endoplasmic reticulum-export motif can be fused to the C 

terminus of the protein (Gradinaru et al., 2010). Also, the substitution of the 

counterion residue E123 to either threonine or alanine in ChR2 can reduce its 

open state lifetime and desensitisation, making it possible to drive faster and 

more sustained spike trains in neurons (Gunaydin et al., 2010). Moreover, new 

optogenetic tools are continually being developed, either by mutating existing 

ones (Berndt et al., 2009) or searching for novel ones with genomic screens 

(Zhang et al., 2008; Chuong et al., 2014). Hence optogenetics are both robust 

and multipurpose.   

 

6.2.2. Strategies for opsin expression 

To introduce the opsin gene into the cells of interest, there are a number of 

strategies (Zhang et al., 2010a).  

 

The most common method is to use viral vectors, such as the lentivirus, the 

adeno-associated virus (AAV), and the herpes simplex virus 1 (HSV-1). Both 

lentiviral and AAV vectors can incorporate specific promoters to achieve cell 

type targeting. However, because of the limitation on the genetic payload length 

in viral expression systems, only promoter fragments that are small, specific, 

and strong may be used.  

 

Alternatively, opsin can be introduced into the mouse genome via transgenesis 

or knock-in technologies, which allow much larger promoter fragments to be 

used. So far, several ChR2-expressing transgenic lines (Arenkiel et al., 2007; 
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Hägglund et al., 2010; Thyagarajan et al., 2010) and a ChR2-expressing knock-

in line (Kätzel et al., 2011) have been established. Theoretically, opsin can be 

targeted to any cell type identifiable by a molecular marker via transgenesis or 

knock-in technologies, however the cost, time and effort associated with the 

creation, validation and maintenance of these mouse lines are considerable.  

 

The viral and transgenic approaches have also been combined into a Cre-

dependent AAV expression system, where the design of the viral vector is such 

that opsin expression requires the presence of Cre (Atasoy et al., 2008; Sohal 

et al., 2009; Tsai et al., 2009). This means that by limiting the expression of Cre 

to a particular cell type or developmental stage using a large chromosomal 

regulatory sequence in the driver mice, highly specific opsin expression can be 

obtained in their offspring with the virally transduced line.  

 

Lastly, spatial specificity also comes from the location of viral vector injection 

and the location of light delivery. For instance, instead of direct viral 

transduction of a brain region, opsin can be expressed in an upstream, spatially 

separated area containing projection neurons that send axon fibres to the target 

region, which can then be studied by illuminating the axons (Gradinaru et al., 

2007). This projection targeting strategy is helpful when the region of interest 

lacks known molecular markers. It can be facilitated by viruses that are capable 

of retrograde gene delivery, such as HSV-1 (Zhang et al., 2010a). 

 

6.2.3. Light delivery systems 

A light delivery system is required to drive opsin activation. For in vitro 

experiments, the source of light ranges from mercury arc lamps, lasers to light-

emitting diodes (LEDs) (Fenno et al., 2011), while in vivo, either lasers or LEDs 

have been used, but because light is poor at penetrating tissue, optical fibres 

need to be inserted into the brain through chronically implanted cannulae to 

deliver light to the transduced tissue. The fibre optic cables can be combined 

with electrodes to create “optrodes”, which enables simultaneous optical control 

and electrophysiological recording of neuronal activity (Gradinaru et al., 2007; 

Zhang et al., 2009; Wang et al., 2010; Cardin, 2012). There has also been 

some effort to develop wireless systems (Iwai et al., 2011; Wentz et al., 2011; 

Montgomery et al., 2015), although they are not widely adopted. Because the 
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open state lifetime of microbial opsins are in the millisecond range (Gunaydin et 

al., 2010) and the light-delivery devices can produce pulses at a corresponding 

frequency, the timescale of optogenetic operations is consistent with that of 

natural neuronal activities. 

 

6.2.4. Advantages and limitations 

Optogenetics is evidently a powerful research tool that offers many advantages 

over preceding lesion and electrical stimulation techniques, including cell type 

specificity, fast temporal dynamics, bidirectional control, and wide applicability - 

so far its utility has been successfully demonstrated in Caenorhabditis elegans, 

Drosophila, zebrafish, mice, rats and primates (Fenno et al., 2011). However, 

there is one major drawback: the requirement for the insertion of optic fibres into 

the brain in most of its applications makes it very invasive. Although a red-

shifted cruxhalorhodopsin called Jaws has been developed recently, which can 

be reached by red illumination up to 3 mm below the surface of the brain across 

an intact skull, and in vivo non-invasive optical inhibition in mice has been 

demonstrated (Chuong et al., 2014), there is no equivalent that drives excitation 

and a penetration of 3 mm still limits its application to surface brain structures in 

animals bigger than mice, such as rats. Another criticism is that the expression 

of exogenous proteins, especially at high levels, may lead to non-physiological 

activities and have adverse effects on the cells (Häusser, 2014). For example, 

long-term expression of ChR2 has been found to induce abnormal axonal 

morphology and targeting in the cerebral cortex of rats (Miyashita et al., 2013). 

Therefore, there have been parallel lines of research efforts that aim to develop 

techniques for controlling cell activity with “switches” other than light. 

 

6.3. Thermogenetics 
Analogous to optogenetics, thermogenetics combines genetic targeting of 

temperature-sensitive ion channels with a mechanism of heating or cooling to 

effect a change in cell activity (Bernstein et al., 2012).  

 

6.3.1. Applications in Drosophila 

Early work was conducted in Drosophila. One of the first thermogenetic tools is 

the Shibirets1 protein, which is encoded by a mutant allele of the Drosophila 

gene shibire. Compared to the wild-type Shibire, which is a GTPase dynamin 
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involved in endocytosis, Shibirets1 is a dominant form that becomes 

dysfunctional at temperatures above ~29°C (Koenig and Ikeda, 1989). As a 

result, when Shibirets1 is overexpressed in neurons, raising the temperature 

could reversibly abolish synaptic vesicle recycling and inhibit neuronal activity 

(Kitamoto, 2001). However, the disruption of endocytosis affects many 

processes other than synaptic transmission, therefore it may have complex and 

undesirable effects on the cells.  

 

Several thermoTRPs, which belong to the transient receptor potential (TRP) 

family of ion channels, subsequently emerged as attractive alternatives 

because, like opsins, they are single-component systems that can directly alter 

the membrane potential of neurons. The thermoTRPs are non-selective cation 

channels that include the heat-activated TRPV1, TRPV2, TRPV3 and TRPV4 

and the cold-activated TRPM8 and TRPA1 (Dhaka et al., 2006). So far, TRPM8 

(Peabody et al., 2009) and TRPA1 (Hamada et al., 2008; Krashes et al., 2009; 

Pulver et al., 2009; Carrillo et al., 2010; Kohatsu et al., 2011; von Philipsborn et 

al., 2011) have been used for thermogenetics in Drosophila. For instance, in 

one study, by expressing TRPA1 in different components of the neural circuitry 

that underlies the courtship acts of male Drosophila and observing the flies’ 

behaviour upon TRPA1 activation, the authors were able to identify the neurons 

that trigger courtship (Kohatsu et al., 2011). Using similar methods, another 

study identified the cellular substrates for the different steps in the production of 

the courtship song in the Drosophila male (von Philipsborn et al., 2011). These 

works exemplify the power of thermogenetics in the functional dissection of 

neural circuitry. 

 

6.3.2. Applications in mammals 

Because flies are small in size, thermoTRPs can be activated by changing the 

ambient temperature. This is not feasible in mammals. In the five studies that 

explored the application of thermogenetics in mammalian systems (Huang et 

al., 2010; Stanley et al., 2012, 2015, 2016; Chen et al., 2015), TRPV1 channels 

were used and the temperature change was brought about by exogenous 

magnetic nanoparticles (MNPs) (Huang et al., 2010; Stanley et al., 2012; Chen 

et al., 2015) or genetically encoded ferritin proteins (Stanley et al., 2012, 2015, 
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2016), both of which can dissipate heat via hysteretic power loss when placed 

in a RF alternating magnetic field (AMF).  

 

In the first of this series of studies, Huang et al. (2010) performed in vitro tests 

on both HEK293 cells and rat hippocampal neurons. In both cases, the cells 

were transfected with plasmids encoding TRPV1 and through different means, 

they were also made to present biotin on their surface. The MNPs used in this 

study were manganese ferrite (MnFe2O4) nanoparticles (diameter = 6 nm), and 

they were conjugated with streptavidin, which binds strongly to biotin. It was 

shown that when MNP-decorated HEK293 cells were exposed to a RF AMF of 

40 MHz, 8.4 G for 30 s, cytosolic calcium concentration started to rise at ~15 s 

after the onset of the stimulus, while the controls did not show any calcium 

influx, and RF field triggered action potentials in the MNP-decorated neurons 

after ~45 s of continuous application, during which the membrane temperature 

increased from 30°C to 43°C.  

 

In the next study by Stanley et al. (2012), an engineered TRPV1 channel with 

an extracellular His epitope tag (TRPV1His) and iron oxide nanoparticles in the 

form of MNPs (diameter = 20 nm) or ferritin proteins were employed. It was first 

shown that, after HEK293T cells were transfected with a Ca2+-dependent 

human insulin plasmid and a TRPV1His-encoding plasmid, incubation with 

MNPs coated with antibodies against His (anti-His) to target them directly to the 

TRPV1His channels combined with treatment with a RF field (465 kHz, 5 mT) for 

1 h resulted in a significant increase in proinsulin release and insulin gene 

expression. Then, PC12 cells that had been transduced with two retroviral 

vectors encoding TRPV1His and the Ca2+-dependent human insulin construct 

respectively were injected subcutaneously into the flanks of nude mice to form 

tumours, and it was found that subsequent to the injection of particles – but not 

PBS – into the tumour, RF field application led to a significant decrease in blood 

glucose and a significant increase in plasma insulin in the mice. Lastly, in vitro 

evidence for RF field-induced opening of TRPV1 channels through genetically 

encoded ferritin proteins was presented. Ferritins are iron-storage proteins 

typically consisting of 24 subunits assembled into an almost spherical shell 

(Arosio et al., 2009), which are about 12.5 nm in diameter and capable of 

accommodating up to 4500 Fe atoms in the form of a superparamagnetic 
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ferrihydrite core about 5 nm in size (Mann, 2001). In eukaryotes, there are often 

two major ferritin genes, encoding ferritin heavy chain and ferritin light chain 

respectively, and in mammals, the two subunit types assemble in different 

proportions to create numerous ferritin isoforms (Arosio et al., 2009). Stanley et 

al. (2012) demonstrated that, after HEK293T cells were transfected with 

plasmids encoding a wild-type TRPV1, the Ca2+-dependent human insulin 

construct, and a fusion protein composed of a ferritin light chain, a flexible linker 

region and a ferritin heavy chain, treatment with a RF field significantly 

increased proinsulin release and insulin gene expression. This study presented 

a mammalian in vivo application for thermogenetics, and notably, in HEK283T 

cells expressing TRPV1His and decorated with 20 nm MNPs, a significant 

increase in intracellular Ca2+ concentration occurred after about 10 s of RF field 

exposure.  

 

Three years later, in their follow-up study, Stanley and colleagues (2015) 

focused on the in vivo utility of genetically encoded ferritin. They tested three 

different vector designs: the first encoded TRPV1, a 2A sequence, and a fusion 

protein consisting of a ferritin heavy chain, a flexible linker region, and a ferritin 

light chain (TRPV1/ferritin); the second encoded TRPV1, a 2A sequence, and 

the ferritin chimera with an added myristoylation signal directing it to the cell 

membrane (TRPV1/myrferritin); and the third encoded a modified TRPV1 with 

an anti-GFP antibody fused to its N-terminal, a 2A sequence, and the ferritin 

chimera with GFP fused to its N-terminal, resulting in tethering of the GFP-

tagged ferritin to the anti-GFP-tagged TRPV1 at the cell membrane (anti-GFP-

TRPV1/GFP-ferritin). After in vitro  experiments demonstrated the superiority of 

TRPV1/myrferritin and anti-GFP-TRPV1/GFP-ferritin over TRPV1/ferritin in 

terms of inducing Ca2+-dependent insulin expression upon exposure to a RF 

field (465 kHz, 32 or 29 mT), only the first two were tested subsequently. In the 

first set of in vivo experiments, mesenchymal stem cells (MSCs) transduced 

with a Ca2+-dependent human insulin construct and a vector encoding 

TRPV1/myrferritin or anti-GFP-TRPV1/GFP-ferritin were implanted into the 

flanks of mice, and treatment with a RF field led to significant increases in 

insulin gene expression in implanted cells and insulin concentration in plasma 

after 1 h, as well as lower blood glucose levels than that in control mice over the 

course of the hour. Then an adenoviral vector was used to enable expression of 
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the constructs in the liver, and similar results were obtained. Lastly, weekly tests 

showed that RF field treatment was able to lower blood glucose in mice 

expressing anti-GFP-TRPV1/GFP-ferritin up to 6 weeks after adenoviral vector 

injection. All together, this study presented alternative strategies for in vivo 

thermogenetic control of cell activity, namely genetically encoding both the ion 

channels and the magnetic particles, and demonstrated the robustness and 

longevity of such methods. 

 

In the same year, another group reported in vivo deep brain stimulation with 

thermogenetic tools (Chen et al., 2015). The authors used spherical Fe3O4 

MNPs 22 nm in diameter that are not conjugated to any antibody, a lentiviral 

vector carrying a TRPV1 transgene under the control of the excitatory neuronal 

promoter CamKIIα, and a low-frequency AMF (500 kHz, 15 kA/m). Firstly it was 

shown that their chosen materials and parameters were able to trigger a rise in 

intracellular calcium concentration in HEK293FT cells after ~10 s of AMF 

application and action potentials in cultured hippocampal neurons after ~5 s of 

AMF application. Then, TRPV1-encoding vectors were injected into the ventral 

tegmental areas of mice, and it was found that, 4 weeks later, injection of MNPs 

into the same locations followed immediately by exposure to AMF for 20 min 

induced neuronal excitation, quantified by the expression of the immediate early 

gene c-fos, in regions around the MNP injection sites. Notably, 1 month after 

MNP injection, AMF application was still able to increase c-fos expression, not 

only at the MNP injection site, but also in the medial prefrontal cortex and the 

nucleus accumbens, both of which are targets of ventral tegmental projection. 

Thus, this study showed that chronic stimulation of deep brain regions can be 

achieved with thermogenetic tools. 

 

Finally, Stanley et al. (2016) also demonstrated the feasibility of modulating 

neuronal activity with a RF field after the cells were transduced with viral vectors 

that allowed co-expression of TRPV1 channels and ferritin proteins. First, they 

injected an adenoviral vector encoding Cre-dependent anti-GFP-TRPV1/GFP-

ferritin unilaterally into the ventromedial hypothalamus of glucokinase-Cre mice, 

which express Cre in glucose-sensing neurons, and found that exposure of 

these mice to a RF field (465 kHz) for 30 min not only significantly increased 

blood glucose compared with that in untreated glucokinase-Cre mice, but also 
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significantly decreased plasma insulin, increased plasma glucagon, and 

increased the expression of glucose-6-phosphatase (a hepatic gluconeogenic 

enzyme) compared with those seen in WT mice, which received the same 

injections but do not express Cre. Opposite effects on all of these 

measurements (except plasma glucagon which was not significantly affected) 

were induced by RF field treatment when vectors encoding Cre-dependent anti-

GFP-TRPV1mutant/GFP-ferritin were used, where TRPV1mutant denotes a 

modified TRPV1 channel that conducts inward Cl- current and acts to inhibit 

neurons. Therefore, it is possible to achieve bidirectional control of neuronal 

activity with thermogenetics. Notably, when intracellular Ca2+ was monitored in 

a hypothalamic N38 cell line stably expressing anti-GFP-TRPV1/GFP-ferritin, 

most cells (>90%) showed a response, defined as a 20% increase in 

fluorescence, at more than 5 s after the onset of the RF field. 

 

6.3.3. Advantages and limitations 

Compared with optogenetics, the thermogenetic approach in mammals utilises 

RF AMFs which can penetrate into deep tissue without substantial attenuation, 

making it a much less invasive method capable of remote control. However, it 

operates over timescales of seconds, thus its temporal resolution is poor 

compared to optogenetics which can drive neuronal activity with millisecond 

precision (Boyden et al., 2005; Gunaydin et al., 2010). Moreover, in common 

with optogenetics, thermogenetic methods also require the introduction of 

foreign proteins into the cells of interest. 

 

6.4. Mechanical magnetic actuation 
Magnetic particles are very versatile tools that have numerous applications in 

both biomedical research and clinical care (Pankhurst et al., 2003, 2009). Apart 

from their uses as contrast agents in MRI and a converter of AMF into heat in 

thermogenetics or hyperthermia therapies, magnetic particles can also act as 

mechanical actuators when they are placed in a non-uniform magnetic field, 

because the force they experience can be transmitted to other entities. Like 

thermogenetics, mechanical magnetic actuation is not obstructed by biological 

tissue: magnetic fields can reach MNPs situated deep inside an organ to 

execute “action at a distance”, offering distinct advantages for non-invasive in 

vivo applications. Also, most modern magnetic particles come with an easily 
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modifiable surface and can be coupled with various molecules for additional 

functionality and/or binding specificity. Lastly, mechanosensation is 

fundamental to many physiological processes, including touch and pain 

sensation, hearing and vestibular function, blood pressure control, salt and fluid 

balance, urination, tissue growth, cell volume regulation, and so on (Hamill and 

Martinac, 2001), thus myriads of protein receptors and ion channels are 

sensitive to mechanical stimuli and there are ample opportunities to remotely 

control cell activity using magnetic particles (Hughes et al., 2005; Dobson, 

2008). 

 

6.4.1. Early applications 

The use of magnetic particles and magnets to study the mechanical properties 

of cells started as early as the 1920s (Heilbronn, 1922; Seifriz, 1924) and 

continued in the following decades (Crick and Hughes, 1950; Yagi, 1961; 

Hiramoto, 1969; Sato et al., 1983, 1984; Valberg, 1984; Valberg and Albertini, 

1985; Valberg and Feldman, 1987). These studies typically involved getting the 

particles inside the cells and then manipulating them with an external magnetic 

field in order to probe the rheological properties, such as viscosity, of the 

cytoplasm.   

 

6.4.2. Particles targeted to integrin 

Since the 1990s, spherical magnetic beads which are functionalised with 

molecules that confer certain binding specificity started to be used. A frequent 

target for particle binding is integrins, which are a family of heterodimeric, 

transmembrane receptors that not only mediate cell adhesion to the 

extracellular matrix (ECM) and counter-receptors on adjacent cells, but also 

form links with the cytoskeleton and play important roles in intracellular 

signalling (Hynes, 2002). Wang et al. (1993) used magnetic microbeads coated 

with an integrin-binding peptide to investigate whether these receptors 

transduce external mechanical stimuli to the cytoskeleton. It was found that 

when particles targeted to integrins, but not those coated with a non-specific 

peptide, were twisted using an electromagnetic device, the cytoskeleton 

stiffened, and this response was reduced when either the binding of the 

particles was blocked by a competitive peptide or when the integrity of actin 

microfilament lattice, which is part of the cytoskeleton, was pharmacologically 
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disrupted. These findings showed that integrins are mechanoreceptors that 

transmit force to the cytoskeleton, and subsequent studies using similar 

techniques by groups led by the same researchers (Wang and Ingber, 1994, 

1995; Goldmann et al., 1998; Alenghat et al., 2000; Fabry et al., 2001b; Wang 

et al., 2001; Fabry et al., 2001a, 2003; Hu et al., 2003; Matthews et al., 2004b, 

2006) as well as other laboratories (Bausch et al., 1998, 2001; Fass and Odde, 

2003; Fischer et al., 2005) further investigated the involvement of integrins in 

cell mechanics.  

 

This actuation method has also been frequently used in studies of mechanically 

triggered signalling events, such as a rise in intracellular Ca2+ concentration 

([Ca2+]i) (Glogauer et al., 1995; Pommerenke et al., 1996; Niggel et al., 2000; 

Alenghat et al., 2004; Matthews et al., 2006; Balasubramanian et al., 2007; 

Hughes et al., 2007), activation of the cyclic AMP signalling cascade (Meyer et 

al., 2000), and activation of the tyrosine kinase Src (Na et al., 2008). Typically, 

integrin-binding magnetic particles several micrometers in size were attached to 

the cells and then actuated by devices capable of generating a high magnetic 

field gradient to produce a force in the piconewton (Pommerenke et al., 1996; 

Matthews et al., 2006; Balasubramanian et al., 2007; Hughes et al., 2007) or 

nanonewton (Matthews et al., 2006) range and a stress from several pascal 

(Pommerenke et al., 1996; Meyer et al., 2000; Na et al., 2008) to tens of pascal 

(Glogauer et al., 1995; Na et al., 2008), resulting in the deformation of the 

cytoskeleton (Hu et al., 2003; Na et al., 2008) and the subsequent activation of 

signalling events. Interestingly, even when the particles were already 

internalised by the cells, at 48 h or longer after initial particle attachment, 

magnetic actuation was still able to elevate [Ca2+]i (Hughes et al., 2007). 

 

Finally, there has been much interest in exploring the utility of this actuation 

method in the context of tissue engineering and regenerative medicine (Connell 

et al., 2015; Santos et al., 2015). One prominent theme was to provide cells 

with mechanical cues in order to promote biosynthesis, differentiation and 

proliferation. For example, one group showed that stimulating primary 

osteoblasts, bone marrow stromal cells, or bone marrow-derived MSCs with a 

time-varying magnetic force via integrin-binding particles for 0.5-1 h a day over 

a period of 1-4 weeks led to the upregulation of bone-related genes and 
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increased production of mineralised bone matrix or the components thereof, 

such as collagen and calcium minerals (Cartmell et al., 2002; Dobson et al., 

2006; Kanczler et al., 2010; Hu et al., 2013; Henstock et al., 2014). Another 

group reported that, in MSCs, various signalling pathways and markers of 

differentiation could be modulated by 15 minutes of mechanical stress created 

by a magnetic field acting on integrin-binding particles (Kasten et al., 2010; 

Müller et al., 2013). Other than providing environmental cues, magnetic 

actuation is also very useful for cell patterning. For instance, when cells were 

decorated with integrin-binding magnetic particles (Polte et al., 2007) or when 

the substrate was coated with integrin-binding magnetic liposomes (Ito et al., 

2005, 2007), one could bring about and maintain cell attachment to the 

substrate by simply placing a permanent magnet below it, and cell detachment 

from the substrate, provided that the substrate was non-adhesive, could be 

effected by removing the magnet, allowing anchorage-dependent cells to 

undergo apoptosis (Polte et al., 2007) or entire cell sheets to be easily 

harvested (Ito et al., 2005, 2007). Moreover, by creating locally raised gradients 

in the magnetic field, cells could be patterned into microarrays (Polte et al., 

2007) or letter shapes (Ito et al., 2007). 

 

6.4.3. Particles targeted to TREK-1 

Another protein that has received attention for its potential as a target for 

mechanical magnetic actuation is the TWIK-related potassium channel 1 

(TREK-1) (Dobson, 2008). a dimeric, two-pore domain K+ channel that is highly 

expressed in the brain, conducts an outward K+ leak current at rest, and can be 

activated by mechanical stimuli, intracellular acidosis and warm temperature 

(Honoré, 2007).  

 

In one in vitro study that is reminiscent of the optogenetic and thermogenetic 

approach, COS-7 cells were transfected with a TREK-1 channel that has been 

genetically modified to contain a His repeat in its extracellular loop, and 

magnetic particles ranging from 250 nm to 2.7 µm in diameter were conjugated 

with anti-His antibodies to target them to the mutant TREK-1 channels (Hughes 

et al., 2008). When particle-decorated cells were placed in a magnetic field of 

approximately 80 mT with a gradient of approximately 5.5 T/m, small and 

transient increases in mean outward current were observed in some cells.  
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The same group has also tried to promote the differentiation of bone marrow 

stromal cells or MSCs by mechanically stressing endogenous TREK-1 channels 

(Sura et al., 2007; Kanczler et al., 2010; Henstock et al., 2014). MNPs were 

coupled with a specific antibody directed against an intracellular epitope of 

TREK-1, and coated with a cationic liposome-forming compound to aid particle 

internalisation by the cells. It was found that exposure of the particle-carrying 

cells to a time-varying magnetic field (1Hz) for 1 h a day over 1-3 weeks led to 

enhanced expression of bone- and cartilage-related genes and increased 

production of proteoglycans and collagens (Sura et al., 2007; Kanczler et al., 

2010). When cells containing TREK-1-binding MNPs were encapsulated in 

alginate/chitosan capsules, implanted subcutaneously in mice, and magnetically 

stimulated for 3 weeks, elevated proteoglycan and collagen synthesis was 

observed (Kanczler et al., 2010). Similarly, when MSCs with internalised TREK-

1-binding MNPs were implanted into an ex vivo chick fetal femur osteogenesis 

model or collagen hydrogels, magnetic actuation for 2-4 weeks was found to 

promote mineralisation (Henstock et al., 2014). 

 

6.4.4. Particles targeted to various signalling proteins 

Mechanical magnetic actuation has also been used to control and/or interrogate 

many other signalling pathways in cultured cells, including Fc receptor 

signalling (Mannix et al., 2008), Tie2 receptor signalling (Lee et al., 2010), TrkB 

signalling (Steketee et al., 2011), death receptor 4 signalling (Cho et al., 2012), 

epidermal growth factor receptor (EGFR) signalling (Bharde et al., 2013), 

Ran/RCC1 signalling (Hoffmann et al., 2013), Rac-GTPase signalling (Etoc et 

al., 2013), Notch signalling (Seo et al., 2016), and E-cadherin signalling (Seo et 

al., 2016). In these studies, MNPs, which are superparamagnetic and can be 

spatially manipulated with subcellular precision using a suitably designed 

magnetic field, were targeted to the signalling molecules of interest and 

magnetically actuated to induce the clustering of transmembrane receptors 

(Mannix et al., 2008; Lee et al., 2010; Cho et al., 2012; Bharde et al., 2013; Seo 

et al., 2016), the aggregation of intracellular proteins (Hoffmann et al., 2013), or 

the translocation of intracellular proteins (Etoc et al., 2013).  
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Notably, one group developed Zinc-doped iron oxide MNPs (Lee et al., 2010; 

Cho et al., 2012; Seo et al., 2016) which have a higher saturation magnetisation 

and magnetic susceptibility than typical iron oxide MNPs (Lee et al., 2010) and, 

when manufactured to have a mean size of 50 nm, can deliver forces in the 

piconewton range (Seo et al., 2016). When transmembrane receptors were 

tagged with these MNPs, monovalent binding between particles and receptors 

and the formation of clusters upon exposure to a magnetic field were shown 

with both electron microscopy and fluorescence microscopy (Lee et al., 2010; 

Cho et al., 2012; Seo et al., 2016). The study by Seo et al. (2016) specifically 

compared their monovalent MNPs (50 nm in diameter) with the multivalent 

M280 Dynabeads (2.8 µm in diameter), and it was found that the attachment of 

the microbeads alone led to changes of cell surface structure, decreased 

receptor diffusion, and activation of downstream events, whereas labelling cells 

with the nanoparticles produced no such perturbations. The same study also 

demonstrated that, by adjusting the density of MNP labelling and the magnitude 

of the force on the MNPs, the effects of mechanically loading single receptors 

could be distinguished from those of receptor oligomerisation. For instance, it 

was shown that, application of a strong pulling force (9 pN per particle) to 

individual Notch receptors in cells sparsely labelled with MNPs was sufficient to 

cause activation, but receptor clustering alone, produced by a weak force (1 pN 

per particle) on cells densely labelled with MNPs, did not lead to activation. 

 

6.4.5. Particles targeted to TRP channels  

Two groups recently reported remote control of cell activity via mechanical 

magnetic actuation of exogenous TRP channels (Stanley et al., 2015, 2016; 

Wheeler et al., 2016). 

 

Stanley and colleagues (2015, 2016), who, in addition to demonstrating heat-

induced activation of the genetically encoded anti-GFP-TRPV1/GFP-ferritin with 

a RF AMF, also tested whether this complex could be activated with a static 

magnetic field that would exert a mechanical force on ferritin.  

 

In the first study (Stanley et al., 2015), the authors showed that, in HEK cells 

expressing anti-GFP-TRPV1/GFP-ferritin, application of a magnetic force (> 10 

pN) with a solenoid magnetic microneedle elicited a rise in [Ca2+]i, at ~10 s after 
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the onset of the magnetic field. Then, applying a static magnetic field with a 

permanent magnet for 5 s every 2 min for 1 h was found to induce significantly 

increased proinsulin release from HEK cells transfected with vectors encoding 

anti-GFP-TRPV1/GFP-ferritin and the Ca2+-dependent insulin construct, in 

comparison to transfected cells not exposed to the magnet. When the same 

stimulation regime was applied to mice injected with adenoviral vectors 

encoding the same two constructs, elevations of plasma insulin over time and 

lower blood glucose compared with that in mice not exposed to the magnet 

were observed. 

 

In the second study (Stanley et al., 2016), in vitro tests on N38 cells expressing 

anti-GFP-TRPV1/GFP-ferritin showed that, application of a permanent magnet 

(exerting a field of 130 mT or 280 mT) for 5 s elicited an inward current and a 

rise in [Ca2+]i. On the other hand, in N38 cells expressing anti-GFP-

TRPV1mutant/GFP-ferritin, magnet application for 5 s induced an outward current 

and an increase in intracellular Cl- concentration. The currents were activated at 

~10 s after the onset of the magnetic field in both cases, and the [Ca2+]i 

responses were only detected in cells at 20 s or longer after the stimulus onset. 

Next, brain slices containing neurons that expressed anti-GFP-TRPV1/GFP-

ferritin or anti-GFP-TRPV1mutant/GFP-ferritin were used, and it was shown that 

applying the magnet for 5 s to the former increased membrane potential and 

firing rate, while magnet application to the latter decreased membrane potential 

and firing rate. Interestingly, in these experiments, neuronal stimulation or 

inhibition was evident within ~2 s of the onset of magnet application. Lastly, an 

MRI machine was utilised to exert a magnetic field (0.5-1 T) for in vivo 

behavioural tests, and it was found that, during a 20 min period of magnet 

treatment, mice expressing anti-GFP-TRPV1/GFP-ferritin in their glucose-

sensing neurons significantly increased their food intake, whereas a significant 

reduction in food intake was seen in mice expressing anti-GFP-

TRPV1mutant/GFP-ferritin in their glucose-sensing neurons. 

 

Similarly, Wheeler et al. (2016) created a genetic construct encoding a fusion 

protein dubbed “Magneto2.0” that consisted of a truncated TRPV4 C-terminus, 

a fusion protein composed of a ferritin light chain and a ferritin heavy chain, and 

a cell membrane trafficking signal. When HEK293 cells expressed this 
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construct, application of a 50 mT magnetic field using an electromagnet was 

able to induce an immediate increase in [Ca2+]i, which could be abolished by the 

TRP pore blocker ruthenium red or the TRPV4 inhibitor GSK205. The authors 

also noted that the continued rise in [Ca2+]i beyond the initial influx from 

extracellular space was caused by calcium release from intracellular stores, 

because this secondary response was absent if the intracellular calcium stores 

had been depleted by thapsigargin. Then, performing electrophysiological 

recordings on brain slices from mice that had received bilateral injections of viral 

vectors allowing expression of Magneto2.0 in the excitatory neurons in the 

medial entorhinal cortices, the authors found that application of a ~50 mT 

magnetic field using a permanent magnet elicited action potentials that were 

highly similar to those evoked by a 300 pA depolarising current and absent if 

the slices had been incubated with GSK205 for 10 min. Noticeably, action 

potentials were triggered within 1 s of the onset of the magnetic stimulus. After 

validating the efficacy of Magneto2.0 in vitro, the authors went on to test it in 

live animals. First, it was demonstrated in zebrafish larvae that a 50 mT 

magnetic field via a permanent magnet was able to elicit calcium responses in 

Magneto2.0-expressing Rohon-Beard neurons, and a 500 mT magnetic field 

produced by two permanent magnets spaced 6 mm apart could significantly 

increase the frequency of a coiling behaviour associated with these neurons. 

Next, in mice expressing Cre under control of the dopamine receptor D1 (D1R) 

promoter, Magneto2.0 was expressed in approximately half of the medium 

spiny neurons in the striatum following injection of a Cre-dependent viral vector. 

Three weeks after the injection, extracellular single-unit recordings with tetrode 

microdrives were performed in freely behaving animals placed in a magnetised 

chamber (50-250 mT), and it was found that the firing rate of slow-spiking, 

putative D1R+ medium spiny neurons increased by over 40% on average, while 

the firing rate of fast-spiking, putative D1R- GABAergic interneurons remained 

unchanged. Lastly, behavioural tests were carried out on mice unilaterally 

expressing Magneto2.0 in their D1R+ striatal neurons, which have been 

implicated in reward conditioning. When these mice were subjected to a real-

time place preference assay where they could choose between a magnetised 

arm (50-250 mT) and an unmagnetised one, a significant preference for the 

magnetised arm was observed, while wild-type mice displayed no preference. A 
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lack of preference was also seen in Magneto2.0-expressing mice when neither 

arm was magnetised. 

 

6.4.6. Particles without binding specificity 

In contrast to the approaches of Stanley et al. (2016) and Wheeler et al. (2016), 

one group explored the possibility of stimulating genetically unmodified neurons 

with forces generated by magnets acting on magnetic particles (Tay et al., 

2016, 2018; Tay and Di Carlo, 2017). Using primary cultures of neurons and 

magnetic particles functionalised with either starch, chitosan or thiol – thus 

having no binding specificity – it was demonstrated that acute mechanical 

magnetic stimulation was able to elevate [Ca2+]i (Tay et al., 2016, 2018; Tay 

and Di Carlo, 2017), and chronic stimulation, meaning 30 min per day for 4 

days, led to a significant down-regulation of N-type calcium channel expression 

in cortical neurons (Tay and Di Carlo, 2017) and Piezo2 expression in dorsal 

root ganglion neurons (Tay et al., 2018). Using various pharmacological agents, 

the authors also showed that the mechanically activated [Ca2+]i transients in 

cortical neurons were Ca2+ influx from the extracellular space rather than 

release from intracellular stores (Tay and Di Carlo, 2017), and  largely mediated 

by N-type calcium channels (Tay et al., 2016; Tay and Di Carlo, 2017), whereas 

in dorsal root ganglion neurons, N-type calcium channels as well as Piezo1 

contributed nothing or very little to the mechanically stimulated [Ca2+]i spikes, 

which were likely conducted by Piezo2 and TRPV4 channels (Tay et al., 2018). 

Notably, a skewed sigmoidal relationship was found between magnetic force 

magnitude and calcium response size, and about 200 pN was required to 

produce an approximately 20% increase in fluorescence intensity of the calcium 

indicator (Tay and Di Carlo, 2017).  

 
6.4.7. Iron-sulfur cluster assembly protein 

Lastly, there have been attempts to utilise iron-sulfur cluster assembly 1 

(ISCA1) as an actuator for magnetogenetic control of neuronal activity.  

 

ISCA1 is a nuclear-encoded mitochondrial protein that is essential for the 

biogenesis of Fe-S clusters (Beilschmidt et al., 2017), which are versatile 

cofactors critically involved in many biochemical and cellular processes such as 

electron transfer, catalysis, and sensing of ambient conditions (Lill, 2009). 
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ISCA1 and its homologue ISCA2 participate in the late stages of Fe-S cluster 

production: both can accept a Fe2S2 cluster from a transfer protein (Banci et al., 

2014), and upon forming a ISCA-1/ISCA2 heterodimer, can facilitate the 

assembly of a Fe4S4 cluster (Brancaccio et al., 2014).  

 

Recently, a Peking University-based group led by Can Xie nominated ISCA1 as 

a candidate sensor that plays a role in animal magnetoreception (Qin et al., 

2016). The authors identified ISCA1 in an in silico screen of the Drosophila 

melanogaster genome for iron-binding proteins expressed in the brain or eyes 

but not associated with the cell membrane, followed by experimental validation 

of expression in the head and stable interaction with Drosophila cryptochrome, 

a light-dependent magnetoreceptor that is sensitive to the inclination of the 

geomagnetic field but insensitive to absolute polarity and has homologues in 

many animals, most notably migratory birds (Dodson et al., 2013; Hore and 

Mouritsen, 2016). Qin et al. (2016) went on to investigate the structure of a 

complex formed between pigeon ISCA1 and pigeon cryptochrome via a 

biochemical co-purification procedure, and based on electron microscopy 

evidence and computational modelling suggested that the complex is a rod-like 

ISCA1 polymer core with multiple cryptochromes docked onto it. Lastly, the 

authors showed that the ISCA1-cryptochrome complex has an intrinsic 

magnetic moment, and proposed that such a complex could exist naturally and 

act as a biocompass. 

 

While Xie’s laboratory was going through the peer review process for their 

paper, a Tsinghua University-based group that collaborated with them tested 

whether ISCA1 alone could be used to achieve magnetogenetic control of cell 

activity and rushed to publish the findings (Long et al., 2015), apparently to 

Xie’s dismay and in violation of a collaboration agreement between the two 

laboratories (Cyranoski, 2015). The Tsinghua University group led by Sheng-Jia 

Zhang reported that, when HEK293 cells or primary rat hippocampal neurons in 

culture were made to express pigeon ISCA1, a fairly weak magnetic field (1-2.5 

mT) could induce robust elevations in [Ca2+]i. When pigeon ISCA1-expressing 

HEK293 cells were stimulated with magnetic fields of various flux densities, 

appreciable rises in [Ca2+]i could be detected when the field was as low as ~0.3 

mT. Electrophysiological recordings also showed that a magnetic field of ~2.5 
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mT was able to trigger action potentials in cultured hippocampus neurons that 

expressed exogenous ISCA1. Lastly, when muscle cells in C. elegans were 

virally transduced with an artificial ISCA1 gene based on the sequence of 

pigeon ISCA1, application of a magnetic field induced simultaneous 

contractions of body muscles and decreases in body length, and when this 

artificial gene was selectively expressed in six mechanosensory neurons of the 

nematode, stimulation with a magnetic field elicited withdrawal behaviour. 

 

Though exciting, the claim of this study is problematic. Firstly, no effort was 

made to investigate the mechanism by which magnetic actuation of ISCA1 

could induce calcium transients. Instead, the authors hypothesised that ISCA1 

might form magnetosomes and attach to the cytoskeleton or other cell 

membrane-linked filaments so that upon magnetic field application, the torque 

on ISCA1 proteins might be transmitted through the filaments to the cell 

membrane, cause membrane deformation, and open ion channels. Secondly, 

the magnetic field (1-2.5 mT) reported to have been able to induce calcium 

responses in cells through purportedly indirect mechanisms is unusually small 

in comparison to the ones used in the other two studies (tens or hundreds of 

mT) where ferritin proteins were magnetically actuated to transmit force directly 

to ion channels (Stanley et al., 2016; Wheeler et al., 2016). Thirdly and most 

importantly, Xie and colleagues later on published their own findings (Pang et 

al., 2017), which directly contradicted the results of the Long et al. (2015) paper. 

Despite testing various combinations of three cell types (HEK293 cells, primary 

hippocampal neurons, and primary dorsal root ganglion neurons), two calcium 

imaging methods (GCaMP6 and Fura-2 AM), and a number of magnetic 

stimulation regimes (different directions, 0.1-1.2 mT, different durations), Pang 

et al. (2017) did not detect any calcium response in cells expressing pigeon 

ISCA1 upon magnetic field application. Therefore, the utility of ISCA1 as a 

magnetogenetic actuator is highly dubious. 

 
6.4.8. Advantages and limitations 

While both capable of remote action, the main advantage of mechanical 

magnetic actuation over thermogenetics is its faster action. While RF AMF 

application for 5 s or longer was required to induce a rise in [Ca2+]i in cells with 

MNP-tagged TRPV1 channels (Huang et al., 2010; Stanley et al., 2012, 2016; 
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Chen et al., 2015), ostensible evidence for quicker activation of calcium 

transients by magnetic actuation of integrin-binding particles could be found in a 

few reports (Glogauer et al., 1995; Matthews et al., 2006; Balasubramanian et 

al., 2007), though the timescale was not explicitly investigated. Also, when the 

thermogenetic approach was employed, heating of MNP-tagged TRPV1 

channels for 5 s or longer was needed to trigger action potentials in cultured 

neurons (Huang et al., 2010; Chen et al., 2015), but when the MNPs tethered to 

TRPV1 channels were mechanically actuated, in vitro neuronal activation or 

inhibition occurred within 2 s (Stanley et al., 2016) or 1 s (Wheeler et al., 2016) 

of stimulus onset. Lastly, in one study that specifically examined the early 

dynamics of mechanically stimulated integrin signalling, it was found that stress 

(17.5 Pa) applied locally to a human airway smooth muscle cell in culture via 

magnetic actuation of a single integrin-binding bead was able to activate the Src 

kinase within 0.3 s (Na et al., 2008). Src binds directly to the cytoplasmic 

domain of a specific integrin subunit and becomes activated upon clustering of 

integrin receptors (Arias-Salgado et al., 2003). Interestingly, though the stress 

application was localised, the rapid Src activation occurred in multiple distant 

cytoplasmic sites, which were mostly 10-20 µm away from the bead and co-

localised with sites of microtubule deformation, suggesting that the mechanical 

signal was quickly transduced via the cytoskeleton (Na et al., 2008). 

 

Although mechanical magnetic actuation has found many uses, its application 

in neuroscience has been limited so far. The existing instances of remote 

control of brain cell activity with this approach (Long et al., 2015; Stanley et al., 

2016; Tay et al., 2016, 2018; Wheeler et al., 2016; Tay and Di Carlo, 2017) 

showcase its exciting potential, but they either suffer from a common drawback 

with optogenetics and thermogenetics, namely requiring the introduction of 

foreign proteins into the cells of interest (Long et al., 2015; Stanley et al., 2016; 

Wheeler et al., 2016), or have yet to demonstrate cell type specificity and in vivo 

feasibility (Tay et al., 2016, 2018; Tay and Di Carlo, 2017). Furthermore, the 

claims of the three studies that advanced the concept of magnetogenetics have 

been challenged by other researchers. The utility of ICSA1 as a single-

component system for magnetogenetic control of cell activity (Long et al., 2015) 

was strongly disputed by another group who could not replicate the results at all 

(Pang et al., 2017), while the ability of ferritin to open ion channels upon 
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application of a static magnetic field, as reported by Wheeler et al. (2016) and 

Stanley et al. (2015), was questioned by Meister (2016) from a theoretical 

viewpoint.  

 

In his scathing critique, Meister (2016) calculated that, given the experimental 

setup of the Wheeler et al. (2016) study, the force on a single ferritin protein is 

about 7×10-23 N (7×10-11 pN). Supposing a one-to-one relationship between 

ferritin proteins and TRPV4 channels, this force would not have been sufficient 

to open the channels as it is several orders of magnitude below what is usually 

associated with mechanotransduction. First, as mentioned above, mechanical 

magnetic actuation has so far been used to induce elevations in [Ca2+]i in a 

variety of cell types (Pommerenke et al., 1996; Matthews et al., 2006; 

Balasubramanian et al., 2007; Hughes et al., 2007; Tay et al., 2016, 2018; Tay 

and Di Carlo, 2017), and typically forces from tens to hundreds of piconewtons 

were being applied. It should be pointed out that these studies used microbeads 

or large nanoparticles, therefore monovalent binding between particles and their 

targets was unlikely, and they did not explicitly investigate the mechanical 

threshold. However, even when single channels or receptors were probed, the 

findings still indicate that forces around 1 pN were needed. For instance, the 

gating force of the mechanosensitive ion channels in the bullfrog’s auditory hair 

cells was estimated to be between 0.17-0.29 pN (Howard and Hudspeth, 1988), 

and a force of 1 pN, while able to cause MNP-tagged Notch receptors to cluster, 

was insufficient to activate them, whereas a force of 9 pN could activate 

individual Notch receptors in the absence of clustering (Seo et al., 2016). In one 

extreme case, clustering of MNP-tagged Fc receptors was successfully induced 

by a force of less than 1×10-5 pN per nanoparticle (Mannix et al., 2008), which 

is still substantially higher than what was exerted on a ferritin in the study by 

Wheeler et al. (2016) according to Meister (2016). Besides a single ferritin 

trasmitting a translational force on a single channel, Meister (2016) also 

considered three other scenarios. When assessing the possibility that two 

ferritin proteins tethered to one channel might attract or repel each other upon 

magnetisation due to dipole-dipole interactions or the possibility that the ferritin 

protein might exert a torque on the ion channel, it was suggested that these 

motions would be too small compared with the thermal energy of the system to 

have any noticeable effect. Lastly, the idea that large numbers of ferritins 
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collectively exert a mechanical stress on the cell membrane to open 

mechanosensitive ion channels was examined. Meister (2016) computed that, 

in order to exert ~2 Pa of shear stress, which according to another study was 

required to open TRPV4 channels (Soffe et al., 2015), the cell membrane 

needed to have 3×1010 ferritins per µm2, but only about 104 ferritins can be fitted 

into 1 µm2. To express this in a different way, assuming that ferritins are 

spheres with a diameter of 12.5 nm (Mann, 2001), each experiencing a force of 

7×10-11 pN, and the contact area between a ferritin and the cell membrane is 

equal to the cross-sectional area through its centre (1.2×10-4 µm2), the stress 

on the cell membrane decorated with a monolayer of ferritins, disregarding any 

favourable effects that might arise from ferritins being closely packed together, 

would be about 5.7×10-7 Pa, far below what is required. In addition, and 

perhaps unsurprisingly, Meister (2016) was equally unconvinced by the claim of 

Qin et al. (2016) that the ISCA1-cryptochrome complex could act as a 

biocompass with a permanent magnetic moment as well as the claim of Stanley 

et al. (2015) that subjecting ferritins to an AMF could generate enough heat to 

open TRPV1 channels. Taken together, “[t]hese calculations”, he concluded, 

“show that none of the biophysical schemes proposed in these articles is even 

remotely plausible”, and “[b]arring dramatic new discoveries about the structure 

of biological matter, the proposed routes to magnetogenetics, based on either 

pulling or heating a ferritin/channel complex with magnetic fields, have no 

chance of success”. Though extreme, this article did highlight a lack of 

understanding with regard to the underlying mechanisms through which the 

observed effects were achieved, and others concurred (Nimpf and Keays, 

2017). 

 

6.5. Conclusion 
In the next chapter, our effort to develop a mechanical magnetic actuation 

technique for remotely and specifically stimulating astrocytes, a type of glial 

cells in the brain, without the need to genetically alter them will be described, 

presenting evidence from detailed in vitro investigations and pilot in vivo 

experiments.  
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Chapter 7  
Remote stimulation of astrocytes with magnetic force 

7.1. Introduction 
Selective control of brain cell activity enables the role of specific cell populations 

in the function or disorder of the brain to be better understood (Bernstein et al., 

2012; Tye and Deisseroth, 2012). This can now be achieved with a number of 

technologies such as optogenetics and thermogenetics. However, optogenetics 

usually requires the insertion of optic fibres into the brain to deliver light to deep 

regions. This is not only a highly invasive procedure, but also requires the 

animal to be tethered to a laser or a power source during experiments. While 

thermogenetics allows remote control, it, like optogenetics, involves introducing 

an exogenous ion channel into the cells of interest by viral gene transfer or 

other genetic approaches.  

 

Here we propose and validate, both in vitro and in vivo, a strategy allowing 

remote and targeted stimulation of astrocytes through mechanical magnetic 

actuation. Astrocytes, the most abundant type of brain glia, are known to give 

metabolic and structural support to neuronal networks, and there is an ever 

expanding body of evidence suggesting they play a greater role in brain 

function than it was previously thought (Verkhratsky et al., 2014). For example, 

it has been shown that they are involved in the control of breathing (Gourine et 

al., 2010) as well as the regulation of sleep (Halassa et al., 2009; Blutstein and 

Haydon, 2013; Brancaccio et al., 2017). Furthermore, astrocytes can influence 

the activity of neighbouring cells, including neurons and other astrocytes, via 

the release of gliotransmitters, such as ATP (Gourine et al., 2010). Studies of 

the mechanisms and functional significance of neuroglial interactions is 

essential for our understanding of brain function, and this requires development 

of novel techniques allowing selective stimulation and inhibition of astrocytes. It 

is well known that astrocytes are highly responsive to mechanical stimuli. For 

instance, when poked by a glass micropipette, astrocytes in culture would 

release ATP (Wang et al., 2000; Coco et al., 2003) and display a sharp rise in 

[Ca2+]i (Charles et al., 1991, 1993). Therefore, we reasoned that it should be 

possible to remotely and specifically stimulate genetically unmodified astrocytes 
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by targeting iron oxide particles to their surface using an appropriate antibody 

and then applying a magnetic field to exert force, thereby deforming the cell 

membrane and triggering signalling events such as ATP release and an 

increase in [Ca2+]i. 

 

We first used collagen-coated magnetite particles and an electromagnet 

capable of exerting precise forces on magnetic particles to estimate the 

mechanical threshold for in vitro astroglial stimulation, which was about 0.2 Pa 

of shear stress. Then, guided by this information, several candidate particle 

types and a magnetic device composed of four permanent magnets were tested 

to assess their suitability for further in vivo experiments. We selected SiMAG 

particles that are 500 nm in size and demonstrated that cultured astrocytes can 

be stimulated with this device acting on SiMAG particles that are targeted to an 

extracellular epitope of GLAST, a glutamate transporter and astrocyte marker 

(Jungblut et al., 2012). Next, MRI and immunohistochemistry were performed 

on rat brains to confirm that particles were correctly injected into the rostral 

ventrolateral medulla (RVLM), which contains astrocytes that are known to 

regulate sympathetic drive through ATP signalling (Marina et al., 2011, 2013). 

Lastly, preliminary evidence for in vivo magnetic stimulation of astrocytes was 

observed in four animals: after receiving injections of antibody-coupled SiMAG 

particles into their RVLM, magnetic stimulation using the purpose-built device 

was able to evoke sympathoexcitation detected as increases in sympathetic 

nerve activity and/or arterial blood pressure, demonstrating remote stimulation 

of astrocytes in live animals using magnetic force for the first time. 

 

7.2. Materials and Methods 
7.2.1. Ethics statement 

All procedures and experiments involving animals were carried out under 

Licence from the UK Home Office, in accordance with the Animals (Scientific 

Procedures) Act, 1986. 

 

7.2.2. Iron oxide particles and ligand coupling 

Six types of magnetic iron oxide particles were used (Table 5).  
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Name iron (II,III) 
oxide  

Dynabeads® 
MyOne™ 
Carboxylic 
Acid 

micromer®-
M  

BioMag® 
Plus 
Carboxyl 

BioMag® 
Maxi 
Carboxyl 

SiMAG-
Carboxyl 

Short 
Name Fe3O4 Dynabeads micromer BioMag Plus BioMag Maxi SiMAG 

Iron 
Oxide Fe3O4 * γ-Fe2O3 b Fe3O4 * Fe3O4 * Fe3O4 * γ-Fe2O3 * 

Purity 
(%) 95 * 37 * 7-12 * > 90 * > 90 * 80 c 

Size 
(µm) < 5 * 1.05 * 5 * ~1.5 * ~3-12 * 0.5 * 

Density 
(kg/m3) 5.2E3 a 1.7E3 b 1.1E3 * 2.5E3 * 2.5E3 * 2.3E3 * 

Made 
by 

Sigma-
Aldrich 
Co. LCC. 

Invitrogen 

micromod 
Partikel-
technologie 
GmbH 

Bangs 
Laboratories, 
Inc. 

Bangs 
Laboratories, 
Inc. 

chemicell 
GmbH 

Table 5. List of iron oxide particles used. 

Purity refers to the mass fraction of iron oxide in dry solid; *, values from product data sheets; a, 

from Landfester & Ramírez (2003); b, from Fonnum et al. (2005); c, from Sieben et al. (2001). 

 

Images of the particles were acquired with scanning electron microscopy (SEM) 

and optical microscopy (Figure 25A-F). A superconducting quantum 

interference device (SQUID) was used to measure the magnetisation (M) of four 

types of particles at a series of magnetic field strengths (H) (Figure 25G-J). 

None of the magnets used in this study exerts a magnetic flux density (B) field 

bigger than 0.6 T, which corresponds to an H field of 4.8×105 A/m. Figure 25J 

shows the magnetisation of the particles when exposed to a magnetic field 

within this range. Each data set was fitted with a sigmoidal curve by solving for 

the parameters of the function 𝑓 𝑥 = 𝑏!𝑥/ 𝑏! + 𝑏!𝑥! using the nonlinear least-

squares solver “lsqcurvefit” in MatLab (The MathWorks, Inc., USA). 
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Figure 25. Characterisation of iron oxide particles. 
A-F. SEM images of Fe3O4, Dynabeads, micromer, BioMag Plus and SiMAG particles, and 

optical micrograph of BioMag Maxi particles. Scale bars indicate 1 µm unless otherwise stated. 

G. Measured magnetic moment normalised by the mass of the particle sample at various 

magnetic field strengths. H. Measured magnetic moment normalised by the mass of iron (Fe) in 

the particle sample at various magnetic field strengths. I. Particle magnetisation, namely 

magnetic moment per unit volume, versus magnetic field strength in CGS units. J. 
Magnetisation of the particles between -480,000 and 480,000 A/m, corresponding to -0.60 and 

0.60 T respectively, as well as fitted curves, are shown in SI units. 
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The particles were functionalised with either collagen or astrocyte cell surface 

antigen-1 (ACSA-1). Collagen is a major component of the extracellular matrix 

and binds to integrins, which are a family of transmembrane cell adhesion 

receptors found in all animals surveyed so far and involved in many biological 

processes (Hynes, 2002). Because of the prevalence of integrins, collagen was 

used to promote the general binding of magnetic particles to the cell membrane 

regardless of cell type. On the other hand, ACSA-1 is an antibody that binds 

specifically to an extracellular epitope of the L-glutamate/L-aspartate transporter 

(GLAST) (Jungblut et al., 2012). As only astrocytes express GLAST in the brain 

(Shigeri et al., 2004; Jungblut et al., 2012), coupling with ACSA-1 would allow 

magnetic particles to attach preferentially to these cells. 

 

Two methods of ligand coupling were employed. Collagen was directly 

adsorbed on to the particles through a procedure based on a previous study 

(Glogauer and Ferrier, 1998). It will be referred to as the “GF1998 method” 

hereafter. In contrast, functionalisation with ACSA-1 was achieved with a 

chemical reaction. Except for Fe3O4, all particles used in this study carry 

surface carboxyl groups, which, upon being activated by 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide (EDAC), can react with amino groups in 

proteins to form amide bonds. This will be called “the EDAC method”. While the 

EDAC reaction was initially performed according to instructions from each 

particle’s manufacturer, the protocols for BioMag Maxi and SiMAG particles 

were optimised to enhance ligand coupling efficiency (see Figure 43 and Figure 

45). The final protocol for each type of particles is described below. 

 

7.2.2.1. Fe3O4 with collagen 

Firstly, 20 mg of Fe3O4 particles were incubated with a mixture of 50 µL of type I 

collagen solution (3.0 mg/mL, Sigma-Aldrich Co. LCC., mligand/mparticle = 0.0075), 

200 µL of PBS (Sigma-Aldrich Co. LCC.) and 5 µL of 1 M NaOH (Fisher 

Scientific) solution at 37°C for 1 h. Then the particles were washed with 500 µL 

of PBS each time for 3 times, resuspended in 500 µL of PBS (final 

concentration: 40 mg/mL), and stored at 4°C. 
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7.2.2.2. Dynabeads with ACSA-1 

Firstly, 100 µL of Dynabeads suspension (10 mg/mL) was washed with 100 µL 

of 2-(N-Morpholino)ethanesulfonic acid (MES, Sigma-Aldrich Co. LCC.) buffer 

(25 mM, pH 6.0) each time for twice. Then the particles were resuspended in 

100 µL of cold MES buffer containing 1 mg of EDAC (VWR International Ltd.), 

which activates the carboxyl groups, and 1 mg of N-Hydroxysuccinimide (NHS, 

Sigma-Aldrich Co. LCC.), which captures the activated carboxyl group as a less 

labile intermediate. The suspension was incubated for 30 min at 4°C with 

continuous mixing, and after that, the particles were washed with 100 µL of 

MES buffer each time for twice. After removing the supernatant, 75 µL of 

ACSA-1 solution (0.1 mg/mL, Miltenyi Biotec Ltd.) and 25 µL of MES buffer 

were added to the activated particles (mligand/mparticle = 0.0075), followed by 

incubation for 30 min at room temperature in a rotator. Next, the particles were 

separated, the supernatant removed and 100 µL of 

Tris(hydroxymethyl)aminomethane (Tris, Sigma-Aldrich Co. LCC.) solution (50 

mM, pH 7.4) added to quench the activated but non-reacted carboxyl groups for 

15 min at room temperature. Finally, the particles were washed with 100 µL of 

storage solution (PBS with 1 mg/mL bovine serum albumin [BSA] and 0.5 

mg/mL sodium azide, all from Sigma-Aldrich Co. LCC.) each time for 4 times, 

resuspended in 100 µL of storage solution (final concentration: 10 mg/mL), and 

stored at 4°C. 
 

7.2.2.3. micromer with ACSA-1 

Firstly, 80 µL of micromer suspension (50 mg/mL) was washed once with 100 

µL of MES buffer (500 mM, pH 6.3). Then the particles were resuspended in 40 

µL of MES buffer, and 0.64 mg of EDAC and 1.28 mg of NHS were added to 

activate the particles for 45 min at room temperature in a rotator. After that, the 

particles were washed once with 100 µL of PBS, resuspended in a mixture of 

240 µL of ACSA-1 solution and 60 µL of PBS (mligand/mparticle = 0.006), and 

incubated for 3 h at room temperature in a rotator. Next, the particles were 

washed once with 100 µL of PBS and incubated in 32 µL of quenching solution 

(PBS with 25 mM glycine) for 30 min at room temperature. Finally, the particles 

were washed with 100 µL of PBS each time for 3 times, resuspended in 100 µL 

of storage solution (PBS with 1 mg/mL BSA and 0.5 mg/mL sodium azide, final 

concentration: 40 mg/mL), and stored at 4°C. 
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7.2.2.4. BioMag Plus with ACSA-1 

Firstly, 50 µL of BioMag Plus suspension (20 mg/mL) was washed with 500 µL 

of MES buffer (50 mM, pH 5.2) each time for 3 times. Then the particles were 

resuspended in 500 µL of MES buffer, and 1.6 mg of EDAC were added to 

activate the particles for 30 min at room temperature in a rotator. After that, the 

particles were washed with 500 µL of MES buffer each time for twice, 

resuspended in a mixture of 200 µL of ACSA-1 solution and 300 µL of MES 

buffer (mligand/mparticle = 0.02), and incubated for 16 h at room temperature in a 

rotator. Next, the particles were washed once with 500 µL of MES buffer and 

incubated in 500 µL of quenching solution (distilled water with 1 M glycine, pH 

8.0) for 30 min at room temperature in a rotator. Finally, the particles were 

washed with 500 µL of storage solution (distilled water with 0.15 M NaCl, 0.01 

M Tris, 0.001 M Ethylenediaminetetraacetic acid [EDTA], 1 mg/mL BSA, and 1 

mg/mL sodium azide, all from Sigma-Aldrich Co. LCC.) each time for 4 times, 

resuspended in 100 µL of storage solution (final concentration: 10 mg/mL), and 

stored at 4°C. 

 

7.2.2.5. BioMag Maxi with ACSA-1 

Firstly, 54 µL of BioMag Maxi suspension (18.5 mg/mL) was washed with 150 

µL of coupling buffer (distilled water with 0.15 M NaCl and 0.01 M K2HPO4, pH 

5.5) each time for 3 times. Then the particles were resuspended in 120 µL of 

coupling buffer, and 4 mg of EDAC were added to activate the particles for 10 

min at room temperature in a rotator. After that, the particles were washed once 

with 150 µL of coupling buffer, resuspended in a mixture of 50 µL of ACSA-1 

solution and 10 µL of coupling buffer (mligand/mparticle = 0.005), and incubated for 

1 h at room temperature in a rotator. Finally, the particles were washed with 150 

µL of PBS each time for 4 times, resuspended in 100 µL of PBS (final 

concentration: 10 mg/mL), and stored at 4°C. 

 

7.2.2.6. SiMAG with ACSA-1 

Firstly, 20 µL of SiMAG suspension (50 mg/mL) was washed with 100 µL of 

MES buffer (100 mM, pH 5.0) each time for twice. Then the particles were 

resuspended in 120 µL of MES buffer, and 0.5 mg of EDAC were added to 

activate the particles for 10 min at room temperature in a rotator. After that, the 
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particles were washed with 100 µL of MES buffer each time for twice, 

resuspended in a mixture of 50 µL of ACSA-1 solution and 10 µL of MES buffer 

to the particles (mligand/mparticle = 0.005s), and incubated for 2 h at room 

temperature in a rotator. Finally, the particles were washed with 100 µL of PBS 

each time for 3 times, resuspended in 100 µL of PBS (final concentration: 10 

mg/mL), and stored at 4°C. 

 

7.2.3. Ligand coupling efficiency 

Ligand coupling efficiency was determined by measuring how much of the 

ligand remained in solution after the coupling process. 

 

The concentration of collagen was quantified using the Bradford protein assay. 

The assay reagent (Thermo Scientific) was modified to contain 0.035 mg/mL 

sodium docecyl sulphate (SDS) (López et al., 1993), in order to increase the 

steepness of the collagen standard curve and help resolve smaller differences 

(Figure 26A). The procedure was as follows: first, 5 µL of test solution was 

added to 250 µL of assay reagent, and the mixture was vortexed and left at 

room temperature for 10 min; then, the mixture was vortexed again, before 100 

µL of it was taken out and added to a 96-well plate; finally, the absorbance was 

measured, typically at 595 nm. Because the available microplate reader 

(Multiskan™ FC, Thermo Scientific) did not have a 595 nm filter, absorbance 

was read at 570 nm instead. 

 

As ACSA-1 was tagged with the fluorophore phycoerythrin (PE), its 

concentration was estimated by first measuring the absorbance of the solution 

at 560 nm using a microplate reader (Varioskan LUX, Thermo Scientific) and 

then comparing the reading to a standard curve (Figure 26B). 
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Figure 26. Standard curves used to determine the concentration of collagen and ACSA-1. 

A. The addition of SDS to the Bradford protein assay reagent affected the standard curves for 

BSA and collagen in opposite ways. All curves are shifted down to begin at zero for easy 

comparison. B. ACSA-1 was tagged with PE, which absorbs maximally at 560 nm. 

 

7.2.4. Cell cultures 

Primary astrocyte cell cultures and mixed cortical cell cultures were prepared 

from cerebral cortices of male and female rat pups (postnatal day 2-5). 

 

7.2.4.1. Astrocyte cell culture 

The protocol was modified from Schildge et al. (2013). After pups were 

sacrificed by decapitation, their brains were removed and placed in ice-cold 

Hanks’ Balanced Salt Solution (HBSS, Gibco). Then the cerebral cortices were 

dissected out, cut into small pieces, and digested in HBSS containing 0.25% 

trypsin (Gibco) at 37°C for 10-15 min. The cells were pelleted by centrifugation, 

supernatant was removed, and astrocyte culture medium (Dulbecco’s Modified 

Eagle Medium [DMEM] with high glucose, GlutaMAXTM supplement, 10% heat 

inactivated fetal bovine serum [FBS], and 1% penicillin-streptomycin [10,000 

U/mL], all from Gibco) was added to inactivate trypsin. Trituration with the 

pipette tip was carried out to further dissociate the cells and the cell suspension 

was sieved through a 40 µm cell strainer (Corning Incorporated) to remove 

debris. Cells were counted and diluted before being plated onto T75 culture 

flasks (Thermo Fisher Scientific) that had been treated with a 25 µg/mL poly-D-

lysine (Merck Millipore) solution for 1 h at room temperature. Cultures were 

maintained at 37°C, 100% humidity, and 5% CO2, with medium change every 2-

3 days. After 7-8 days, when cells became confluent, the culture flasks were 

shaken on an orbital shaker at 180 rpm for 30 min and then at 210 rpm for 6 h 
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to remove microglia and oligodendrocyte precursor cells. The remaining cells 

were washed with HBSS twice, detached from the culture flasks with 0.05% 

Trypsin-EDTA (Gibco), centrifuged down, and resuspended in astrocyte culture 

medium. After counting and dilution to a desired concentration, cells were re-

plated onto poly-D-lysine-coated circular coverglasses (Gerhard Menzel GmbH, 

Germany). For early experiments, cells were plated onto coverglasses that were 

25 mm in diameter and housed in 3.5 cm tissue culture dishes (Corning 

Incorporated), while 12 mm coverglasses in 24-well plates (Corning 

Incorporated) were used later on. About 75,000 cells were usually plated onto 

one 12 mm coverglass. The cells typically reached over 90% confluence after 

another 3-4 days of culturing, and all data were acquired with cells no older 

than 21 days in vitro.  

 

Astrocyte cell cultures thus obtained have a high purity. After 11 cultures 

derived from 4 different rats were stained with an antibody for GFAP, an 

astroglial marker, and 4',6-diamidino-2-phenylindole (DAPI), which binds to 

DNA molecules hence labels all cell nuclei (see Section 7.2.11.1 for details 

about the immunocytochemistry procedure), it was found that 93.7% of the cells 

were GFAP-positive (Figure 27B). An example image used for this analysis is 

given in Figure 27A. Figure 27C shows the coexpression of GFAP and GLAST 

by cultured astrocytes.  

 

7.2.4.2. Mixed cortical cell culture 

The protocol was modified from Kivell et al. (2001). After pups were culled by 

decapitation and their cerebral cortices isolated in ice-cold Hibernate®-A 

medium (Hib-A, Gibco), the cortical tissue was cut into small pieces and 

digested in Hib-A containing 0.25% trypsin for 10 min at 37°C. Then tissue 

pieces were centrifuged down, the supernatant removed, and the pellet 

resuspended in Hib-A containing 10% FBS. After that, cells were dissociated by 

trituration, and washed once with Neurobasal®-A medium (NB-A, Gibco), 

followed by resuspension in neural cell medium (NB-A, 2% B-27® supplement 

[50X], 1% GlutaMAXTM supplement [100X], and 1% penicillin-streptomycin 

[10,000 U/mL], all from Gibco). This suspension was sieved through a 40 µm 

cell strainer and diluted, before cell concentration was quantified. Then the cell 

suspension was further diluted to a desired concentration and plated onto poly-
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D-lysine-coated 12 mm coverglasses in 24-well plates. Cultures were 

maintained at 37°C, 100% humidity, and 5% CO2. Half of the medium in each 

well was replaced 1 day later to reduce cellular debris, and medium was 

changed every 2-3 days thereafter. Cells were typically used between 7-14 

days in vitro. As can be seen in Figure 27D, mixed cortical cell cultures 

contained microtubule-associated protein 2 (MAP2)-positive neurons, GLAST-

positive astrocytes, and unidentified cells, most likely other types of glial cells. 

 

 
Figure 27. Immunofluorescent images of pure astrocyte and mixed cortical cell cultures. 

A. An image showing anti-GFAP and DAPI labelling in an astrocyte culture. B. Purity of 

astrocyte cultures determined using images such as the one in Panel A. A total of 1,338 cells 

were counted from 11 cultures derived from 4 different rats. C. An image showing coexpression 

of GFAP and GLAST by cultured astrocytes. D. An image showing anti-MAP2-labelled neurons 

and ACSA-1-labelled astrocytes as well as unlabelled cells in a mixed cortical cell culture. All 

scale bars are 20 µm. 
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7.2.5. Magnets 

7.2.5.1. Disc magnet 

A disc-shaped N42 grade NdFeB permanent magnet (disc magnet, diameter = 

25 mm, height = 10 mm, Magnet Expert Ltd., UK) was used for the first set of 

experiments (Figure 28A). Cell culture was placed above the lens of an inverted 

microscope equipped for fluorescence imaging, and to apply the magnetic field, 

the magnet was lowered towards the cells from above, generating a force 

predominantly perpendicular to the imaging plane. 

 

 
Figure 28. Initial experimental setup with a permanent magnet (A) or an electromagnet (B). 

 

7.2.5.2. Electromagnets 

Next, a number of electromagnets, which have distinct “on” and “off” states and 

need not be moved, were fabricated and trialled (Table 6 and Figure 29). First, 

a simple electromagnet (bolt magnet, Figure 29A) was made by winding copper 

wires around a bolt (Select Hardware Limited, UK). Then electromagnetic 

needles (needle 1-3) with submicron pole tip radii (Figure 29B-D) were 

produced according to the procedure described by Matthews et al. (2004a). 

Firstly, fine enamelled copper wire (50 µm in diameter, Brocott UK) was wound 

around a rod-shaped core (0.7 mm in diameter) made of Supermalloy, which is 

an alloy with a high magnetic permeability. Then the coil was enclosed in a 

plastic jacket fashioned from two microcentrifuge tubes. The jacket was 

connected to two tubes so that water could be continuously pumped through it 

to cool the coil while the electromagnet was switched on. To produce the 

submicron pole tip, two plastic rings were fitted over one end of the core outside 

the jacket, leaving a gap between them. Then this end was immersed into a 
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solution made of 8 parts of 85% phosphoric acid (Sigma-Aldrich Co. LCC.), 7 

parts of 95% sulfuric acid (Sigma-Aldrich Co. LCC.), and 5 parts of water. A 6 V 

potential was applied to etch the exposed surface between the plastic rings, 

and when it was reduced to approximately 50% of its original diameter, the 

potential was stopped, the distal plastic ring was removed, and electropolishing 

was continued at 4 V until the section distal to the point of thinning broke away. 

The wire leads of needle 1 were not adequately protected, therefore were 

quickly damaged. Needle 2, with 3,000 turns of wires, generated too much heat 

for the water cooling system to cope with, and had to be abandoned as well. 

Needle 3 proved to be the most useful. 

 

Name Bolt Needle 1 Needle 2 Needle 3 
core material Unknown Supermalloy Supermalloy Supermalloy 
core length (mm) 104 95 55 70 
core diameter (mm) 5.0 0.7 0.7 0.7 
wire material copper copper copper copper 
wire diameter (mm) 1.00 0.05 0.05 0.05 
number of turns 368 1,240 3,000 1,100 

Table 6. List of electromagnets made during early stages of the study. 

	

 
Figure 29. Photographs of the electromagnets made during early stages of the study. 

 

7.2.5.3. Yoke magnet 

One common shortfall of the disc magnet and all the early electromagnets was 

the difficulty in gauging the magnetic field experienced by the cells. When it 

became imperative to evaluate the mechanical threshold for stimulating 

astrocytes, an electromagnet that could exert a uniform and quantifiable force 

on magnetic particles within a large region was designed (Figure 30) based on 

the well-known Faraday susceptibility measuring method (Cullity and Graham, 

2008 p.80) and the report by Garber et al. (1960).  
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This magnet wields two pole pieces with a specific geometry (Figure 30A-B), 

which was determined as follows. When magnetic particles in a dilute 

suspension where agglomeration or chain formation does not occur are 

subjected to a moderate magnetic field such that the induced magnetisation in 

the particles is not saturated, the force they experience can be calculated using 

the following equation (Pankhurst et al., 2003): 

 

𝑭! =
𝑉!𝛥𝜒
µ!

𝑩 ∙ 𝜵 𝑩                                                   (12) 

 

Here 𝑉!  is the total volume of the magnetic content; 𝛥𝜒 is the difference in 

volume susceptibility between the particles and the medium; µ!  is the 

permeability of free space; and 𝑩 ∙ 𝜵  is the vector dot product magnetic field 

gradient operator that acts on the magnetic field vector 𝑩. 

 

When there is no time-varying electric fields or currents in the medium, as was 

the case for our experiments, the following identity is true (Pankhurst et al., 

2003): 

 

𝑩 ∙ 𝜵 𝑩 =
1
2𝜵 𝑩 ∙ 𝑩                                                   (13) 

 

Therefore a simpler form of the equation could also be used: 

 

𝑭! =
𝑉!𝛥𝜒
2µ!

𝜵 𝑩 ∙ 𝑩                                                    (14) 

 

According to Equation 12 and Garber et al. (1960), having a uniform magnetic 

force on a given type of particles in the electromagnet pole gap means that the 

magnetic field must fulfil the following condition: 

 

−𝐵!
𝑑𝐵!
𝑑𝑥 + 𝐵!

𝑑𝐵!
𝑑𝑦 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡                                           (15) 

 

where 𝑥 and 𝑦 are defined as in Figure 30B. As an approximation, the variations 

with respect to 𝑥 are ignored and the condition is simplified to 
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𝐵!
𝑑𝐵!
𝑑𝑦 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡                                                     (16) 

 

This yields 

 

𝐵! = 𝑎𝑦 + 𝑏                                                          (17) 

 

where 𝑎 and 𝑏 are constants.  

 

Again following Garber et al. (1960), 𝐵! in the gap is assumed to be inversely 

proportional to the gap width: 

 

𝐵! ∝
1
∆𝑥                                                                (18) 

	

with ∆𝑥 being half the gap width at level 𝑦. It follows that 

 

∆𝑥 =
𝑐

𝑎𝑦 + 𝑏                                                          (19) 

 

where 𝑐 is another constant. This formula determines the surface shape of the 

pole heads for positive values of 𝑦. For negative values of 𝑦 the geometry of the 

pole heads is given by: 

 

𝑥 = −𝑦 𝑐𝑜𝑡 60+ 𝑑!"#                                                   (20) 

 

where 𝑑!"# is half the minimum separation of the poles (at 𝑦 = 0), that is 

 

𝑑!"# = ∆𝑥 𝑦 = 0 = 𝑐 𝑏                                              (21) 

 

As a balance between maximising 𝐵! and allowing a large enough inter-pole 

region, the values eventually chosen for the constants defining the shape of the 

poles in mm were: 𝑎 = −0.25, 𝑏 = 1 and 𝑐 = 25. This gives a minimum gap 

width of 10 mm (Figure 30B). The length, width, and height of the yoke magnet 
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were decided to be 124 mm, 109 mm, and 20 mm respectively (Figure 30A), so 

that it could fit on a microscope stage. Figure 30C displays the finite element 

modelling of 𝑩 ∙ 𝜵 𝑩 in the inter-pole plane that is 10 mm above the base of the 

magnet using the Vector Fields Opera-3d v12 simulation software (Cobham 

Technical Services, UK). It shows that, within the area bound by the white 

dashed rectangle, the force experienced by a given type of particles would be 

highly uniform both in magnitude and direction when the yoke magnet is driven 

by 1 A of direct current. This force, in contrast to that created by the disc 

magnet, is in-plane and directed towards the minimum gap between the pole 

pieces.  

 

 

Figure 30. Design of the yoke magnet. 

A. Dimensions of the yoke magnet. B. Geometry of the pole pieces in more detail. C. Finite 

element modelling of the magnitude (contour plot) and direction (arrows) of (𝑩 ∙ 𝜵)𝑩 at the level 

of the inter-pole plane as shown in Panel A, when a 1 A direct current passes through the 1035-

turn coil that drives the yoke magnet. (𝑩 ∙ 𝜵)𝑩 is the vector dot product magnetic field gradient 

operator acting on the magnetic field. The dashed white rectangle indicates the area within 

which particles of a given type would experience a uniform force. 
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To make the magnet, a soft SiFe alloy (silicon core iron “B-FM”, Carpenter 

Technology Corporation, USA) was fashioned into the pole pieces, which were 

linked together by a SiFe alloy cylinder (20 mm in diameter), and then a copper 

wire was wound around the cylinder to produce the solenoid coil (1035 turns in 

10 layers). In addition, a culture chamber that can hold a 12 mm coverglass in a 

defined position with respect to the pole pieces was manufactured using Fine 

Polyamide (PA 2200) on an Formiga P100 plastic laser-sintering 3D printer 

(EOS Electro Optical Systems Ltd., UK) at a layer thickness of 100 µm. A top 

view of the magnet with a cell culture in it is shown in Figure 31A. As the gap 

between the pole pieces is too narrow for a typical microscope lens to image 

the inter-pole plane at 10 mm above base, the cell culture was placed at 2 mm 

above base for calcium imaging experiments (Figure 31B). The different parts of 

the culture chamber are illustrated in Figure 31C. 

 

To verify the designed feature of the yoke magnet, a GM08 Gauss meter (Hirst 

Magnetic Instruments ltd, UK) was used to measure the magnetic flux density 

along the midline of the inter-pole region at various input current amperages, 

and these measurements were compared with simulated values (Figure 31D). 

Initial simulations predicted that the magnitude of the 𝑩 field would increase 

linearly with the amplitude of the input current (Figure 31D, a & b). Such 

predictions agreed well with measurements when the input current was no 

bigger than 0.7 A, but at 0.8 A and above, as the measured values of the 𝑩 field 

began to plateau, likely due to magnetic saturation of the alloy that the pole 

pieces are made of, the simulations became increasingly incongruent with 

measurements (Figure 31D, a & b). It was noticed that, for each model, all the 

simulated values differ from their corresponding measurements by a very 

similar factor. When the model was adjusted by this factor, a much closer match 

with measured values was achieved (Figure 31D, c & d). Using the corrected 

models, the vector field 𝜵 𝑩 ∙ 𝑩 , which is a good predictor of the magnetic 

force field, was estimated at both 10 mm and 2 mm above base (Figure 31E). It 

can be seen that, when the culture is placed at 10 mm above base, it would 

experience a highly uniform 𝜵 𝑩 ∙ 𝑩 , even when the magnet is driven by a high 

input current, but at 2 mm above base, 𝜵 𝑩 ∙ 𝑩  within the culture location is 

much less homogeneous, and this inhomogeneity becomes worse at higher 

input currents. Nevertheless, the field is fairly uniform around the midline (within 
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the magenta ellipse in Figure 31E), especially when the magnet is driven by low 

input currents, and calcium imaging was restricted to this region. 

 

 
Figure 31. Characterisation of the yoke magnet.  

A. Top view of the yoke magnet showing the location of the cell culture. The brown ring 

represents the 0.5 mm thick wall of the culture chamber with an outer diameter of 14 mm. The 

circle inside represents a 12 mm coverglass and displays the magnetic field generated with an 
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input current of 0.9 A at 2 mm above the base. B. Side view of the experimental setup. C. The 

parts of the custom-made culture chamber that holds the cell culture at a precisely defined 

location relative to the magnet. D. Comparison of measured and simulated 𝑩 field magnitudes 

along the midline. Initial simulations of the 𝑩 field varied linearly with the input current, showing 

a good agreement with measured values between 0.3 and 0.7 A but becoming increasingly 

incongruent at 0.8 A and above (Panel a and b). Simulations for input currents of 0.8 A to 7 A 

were therefor adjusted to achieve a good match with measurements (Panel c and d). The grey 

shade indicates the portion of the midline that is within the culture location. E. Maps showing the 

simulated magnitude of 𝜵 𝑩 ∙ 𝑩  for input currents 0.3 A, 0.9 A and 7 A. The red circles indicate 

the cell culture location. The magenta dashed ellipses demarcate the region of high uniformity. 

The white arrows indicate the direction and relative magnitude of the vectors.	

 

7.2.5.4. Magnetic mangle 

To conduct magnetic stimulation of astrocytes in vivo, a device called “magnetic 

mangle” (Figure 32) was made based on the design proposed by Cugat et al. 

(1994). The magnetic mangle consists of four ring-shaped, diametrically 

magnetised, N42 grade NdFeB permanent magnets (outer diameter = 20 mm, 

inner diameter = 6 mm, height = 20 mm, Magnet Expert Ltd., UK) mounted on a 

base plate in a rectangular grid. Each magnet is driven by a stepper motor 

(SY28STH51-0674B, Changzhou Songyang Machinery & Electronics Co., Ltd., 

China) through a 40:1 worm gear. The motors are connected to a central 

control box that houses an Arduino UNO microcontroller board (Arduino AG, 

Italy) with a 4-axis stepper driver CNC shield (Protoneer.co.nz) installed with 

four stepper motor driver carriers (A4988, Pololu Corporation, USA). This 

enables all four magnets to be rotated simultaneously. An interface unit is also 

connected to the central control box, allowing users to switch between different 

preset configurations of the magnets during experiments. The central control 

box can be programmed to change the preset configurations. By switching 

between different magnet configurations, the magnetic field in the inter-magnet 

space can be drastically changed. The four configurations used in this study, as 

well as the corresponding simulations of the 𝑩 field at 10 mm above the base of 

the magnets, are illustrated in Figure 32A-D. Measurements of the magnetic 

field matched well with simulated values (Figure 32F) and simulation of 𝜵 𝑩 ∙ 𝑩  

values predicted that different configurations would produce highly different 

force fields (Figure 32G-H). Similar to the yoke magnet, the force produced on 

magnetic particles by the magnetic mangle is also by and large horizontal. 
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Figure 32. Design and characterisation of the magnetic mangle. 
A-D. Design of the magnetic mangle which consists of 4 ring-shaped, diametrically magnetised 

permanent magnets (outer diameter 20 mm, inner diameter 6 mm, height 20 mm). By switching 

between different magnet configurations, the magnetic field in the inter-magnet space could be 

drastically changed, as illustrated by the simulations of the vertical middle plane. Panel A also 

shows the spatial relationship between the magnets, Panel C also displays the name assigned 

to each magnet, and Panel D also shows the culture location (red circle) used for in vitro 

experiments. E. Upper panel: a photograph of the end product. The magnets are individually 

controlled by stepper motors. Lower panel: a schematic showing how the head of an 

anaesthetised rat would be placed inside the inter-magnet space for stimulation experiments. F. 

Measured magnetic flux density is highly comparable to simulated values along both the x- and 

y-axis as defined in Panel B. m, measurement. s, simulation. G. Maps showing the simulated 

magnitude of 𝜵 𝑩 ∙ 𝑩  in the central square for each configuration. The red circles indicate the 

cell culture location. The white arrows indicate direction and relative magnitude of the vectors. 

H. Summary statistics for 𝜵 𝑩 ∙ 𝑩  values within the red circles in Panel G. Circle, mean. Bar, 

median. Grey box, range. Error bar, S.D. 
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7.2.6. Force and shear stress quantification 

7.2.6.1. Force per unit volume of particles 

Though the vector 𝜵 𝑩 ∙ 𝑩  is useful when designing a magnet for the purpose 

of actuating magnetic particles, it is important to take into account the properties 

of the particles as well, because their magnetic susceptibility is only a constant 

at low field strengths, and as the particles approach magnetic saturation, the 

force that can be produced on them stops correlating with 𝜵 𝑩 ∙ 𝑩 . 

 

Because the force on a particle with a magnetic moment 𝒎 in a 𝑩 field is 

defined as 

 

𝑭! = 𝒎 ∙ 𝛁 𝑩                                                         (22) 
 

which is equivalent to 

 

 

𝑭! =
1
2𝛁 𝒎 ∙ 𝐁                                                        (23) 

 

as per the derivation in Section 7.2.5.3, and  

 
𝒎 = 𝑉!𝑴                                                              (24) 

𝑩 = 𝜇!𝜇!𝑯                                                             (25) 

𝜇! = 1+ 𝜒                                                             26  

 

where 𝑴  is the volumetric magnetisation of the particle, 𝜇!  is the relative 

permeability of the medium, and 𝑯 is the external magnetic field strength, the 

magnetic force on a particle can also be expressed as the following: 

 

𝑭! =
𝑉!𝜇!𝜇!
2 𝛁 𝑴 ∙𝑯                                                  (27) 

 

For a particle at a certain position where the magnetic flux density is 𝑩 in air, 

the magnetic field strength 𝑯 can be calculated using Equation 25, with 𝜇! 

being the relative permeability of air, which is about 1.000,000,37 (Cullity and 

Graham, 2008 p.16). After determining the value of 𝑯, the magnitude of the 
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particle’s magnetisation 𝑴 could be obtained from the sigmoidal curve fitted 

onto the M-H measurements (Figure 25). Lastly, when calculating 𝑭!  for 

particles in solutions using Equation 26, 𝜇! is taken as the relative permeability 

of water. The volume susceptibility of water in CGS units is -7.2183×10-7 

emu/cm3 (Auer, 1933), which is -9.0708×10-6 (dimensionless) in SI units, thus 

the relative permeability of water is about 0.999,990,93. 

 

 
Figure 33. Estimation of force exerted on a unit volume of Fe3O4, BioMag Plus, BioMag Maxi 

or SiMAG particles by the yoke magnet or the magnetic mangle. 
Circle, mean. Bar, median. Grey box, range. Error bar, S.D. 
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With all these quantities known, force per unit volume could be estimated for a 

particular type of particles actuated by a particular magnet. The results for the 

yoke magnet and the magnetic mangle are presented in Figure 33. When 

analysing data from calcium imaging experiments on astrocytes that were 

decorated with collagen-coated Fe3O4 particles and stimulated with the yoke 

magnet, the median of the force per unit volume values within the central ellipse 

of the culture location (Figure 33C) was used to calculate magnetic forces 

regardless of the exact locations of the cells within the ellipse, because the 

variation of force per unit volume with position is small.  

 

7.2.6.2. Volume of particles 

BioMag Plus and SiMAG particles were assumed to be monodisperse spheres 

with a diameter equal to the value given by the manufacturer (Table 5).  

 

Fe3O4 clusters were highly irregular, and their volumes were individually 

estimated as follows. 

 

First, the working concentration and volume of the Fe3O4 particle suspension for 

cell incubation were established to be 0.22 mg/mL and 353 µL in a well of a 24-

well plate, respectively. This produced a sparse distribution of particle clusters, 

and cells were mostly associated with single, distinct ones. 

 

Then, in bright-field micrographs, the Fe3O4 clusters attached to individual cells 

were located, and their base areas calculated using the thresholding and 

‘Analyze Particles’ functions in ImageJ (National Institutes of Health, USA). 

 

Finally, to be able to estimate the volume of a Fe3O4 cluster from its base area, 

the relationship between the two was examined using SEM. A total of 3 

cultures, which had been incubated with Fe3O4 particles and used for calcium 

imaging, were prepared for SEM. The cell cultures were first fixed with a buffer 

containing 0.1 M sodium cacodylate, 2% paraformaldehyde and 1.5% 

glutaraldehyde (pH 7.3, all from Sigma-Aldrich Co. LCC.) overnight at 3°C, and 

post-fixed with a buffer containing 0.1 M sodium cacodylate and 1% osmium 

tetroxide (Sigma-Aldrich Co. LCC.) at 3°C for 30 min. Then the cells were 

washed in 0.1 M sodium cacodylate buffer, rinsed with distilled water, 



	 157	

dehydrated in ethanol, and dried using CO2. After that, the specimens were 

mounted on aluminium stubs using carbon adhesive tabs, and coated with a 

thin layer of gold/palladium or carbon using an ion beam coater (Gatan, Inc., 

USA). All cultures were scanned at 700 times magnification with a JEOL JSM-

7401F field emission scanning electron microscope (JEOL Ltd., UK) at four 

similar positions, one in every quadrant. 

 

 
Figure 34. Using SEM to determine the relationship between the base area and volume of 

Fe3O4 clusters on cultured astrocytes. 
A. An example pair of SEM images of the same field of view, taken at different tilt angles of the 

stage. B. The topographic map generated from images in Panel A after stereoscopic 3D surface 

reconstruction and tilt correction. The colour map indicates height. NM, non-measured points. 

C. An “island” map generated from the image in Panel B after setting the height of the mean 

plane as 0 and thresholding. D. Cluster volume versus cluster base area. E. The natural 

logarithm of cluster volume and the natural logarithm of cluster base area are linearly 

correlated. F. The value of cluster volume divided by its base area has a lognormal distribution. 
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For each FOV, two images were taken at 10° and 20° tilt of the stage 

respectively (Figure 34A). Then stereoscopic 3D surface reconstruction was 

performed on each pair of images, followed by tilt correction using 

MountainsMap® SEM (Digital Surf sarl, France), producing a topographic map 

(Figure 34B). After thresholding by height, an “island” map was generated 

(Figure 34C), on which regions of interest (ROIs) were drawn and values of 

base area and volume for each Fe3O4 cluster were acquired, excluding ones 

which were obviously cellular tissue only. From this data, the relationship 

between base area and volume was inferred (Figure 34D-E) and used to 

estimate the volume of the Fe3O4 particles associated with a particular cell. 

 

7.2.6.3. Shear stress 

As the force applied by the yoke magnet on particles is by and large coplanar 

with the coverglass, cultured cells predominantly experience a shear stress at 

the points of contact with the particles, which is equal to the magnetic force 

divided by the cross-sectional area on which it acts. 

 

For BioMag Plus and SiMAG particles, the area was assumed to be the cross-

sectional area through the centre of the sphere, whereas for Fe3O4 particles, 

the area was taken to be the base area of a given cluster. 

 

7.2.7. Calcium imaging 

7.2.7.1. Dye loading and fluorescence imaging 

Cell cultures were washed twice with HBSS before being incubated in HBSS 

containing iron oxide particles for 0.5-1 h at room temperature. Then cells were 

washed twice with HBSS and incubated in HBSS containing 4 µM Fura-2 AM 

(Invitrogen) and 0.04% Pluronic F-127 (Invitrogen) for 0.5-1 h at room 

temperature in the dark, followed by another two washes with HBSS before 

imaging. Changes in [Ca2+]i were monitored in individual cells using an Olympus 

IX71 inverted microscope with an Andor CCD camera. Excitation light was 

provided by a Xenon arc lamp with the beam passing through a monochromator 

at 340 and 380 nm (Cairn Research, UK) and emitted fluorescence at 515 nm 

was registered. 
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7.2.7.2. Data analysis 

The ratio between Fura-2 fluorescence excited at 340 nm and that at 380 nm, 

which gives an accurate indication of [Ca2+]i, was first calculated. 

 

A cell was considered responsive if the maximum value reached by this 

ratiometric signal during the 20 s following the start of the stimulus was greater 

than the baseline, which was the average over the 20 s prior to stimulation, by 

more than 25% (Eifler et al., 2006). The size of each response was defined as 

the percentage difference between the baseline and the peak value of the 

response, which sometimes lay outside of the 20 s window. The time to peak, 

which was the duration between the start of the stimulus and the time when the 

response peaked, was also calculated. 

 

Cells were subjected to a series of mechanical stimuli of increasing magnitudes, 

and for a given cell, the first stimulus that triggered a response was considered 

to be the threshold. The distribution of the threshold values obtained from 

different cells was modelled by a lognormal curve by solving for the parameters 

𝐴, 𝜇 and 𝜎 of the function  

 

𝑓 𝑥 =  
𝐴

𝑥𝜎 2𝜋
exp

− 𝑙𝑛 𝑥 − 𝜇 !

2𝜎!                                      (28) 

 

using the nonlinear regression model fitting function “fitnlm” in MatLab. 

 

7.2.8. Detection of ATP release 

To determine whether an experimental manipulation was able to induce ATP 

release from cultured astrocytes, cell medium samples were collected before 

and after the stimulus was administered, and ATP concentration ([ATP]) in 

these samples was measured and compared. 

 

Cell cultures grown on 12 mm coverglasses were transferred to 3D-printed cups 

(inner diameter = 13 mm, wall thickness = 0.5 mm) and rested in culture 

medium for 1 h in the incubator. This was followed by 2 washes with HBSS and 

incubation with 265 µL of HBSS containing iron oxide particles for 1 h at room 

temperature in the dark. Next, the cup holding the culture was placed in the 
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magnet, and without any wash, 80 µL of the medium (the pre-stimulation 

sample) was withdrawn and immediately frozen on dry ice. Then cells were 

subjected to the experimental manipulation, after which another 80 µL of the 

medium (the post-stimulation sample) was collected and frozen on dry ice. 

 

[ATP] in the cell medium samples was measured using an assay (CellTiter-

Glo®, Promega Corporation, USA) based on the luciferin-luciferase reaction. 

Specifically, 20 µL of each sample as well as a series of ATP standard solutions 

(0-80 nM ATP in HBSS) were added to an opaque 384-well plate (Greiner Bio 

One International GmbH), and each of them was mixed with 20 µL of the 

luciferin-luciferase reagent. Then bioluminescence was read using an IVIS 

Lumina imaging system (PerkinElmer Inc., USA), and the photon count was 

converted to [ATP] using the standard curve.	

 

Student’s t test was performed to evaluate whether changes in extracellular 

ATP concentration ([ATP]o) were significantly different from zero, while multiple 

linear regression was carried out to investigate the effects of various factors 

including the type of ligand coupled to the particles, the magnitude of the shear 

stress applied, and the concentration of the particle suspension that cells had 

been incubated with.  

 

7.2.9. Intracranial stereotaxic injection of magnetic particles 

Male Sprague-Dawley rats were used. After a rat was anaesthetised with an i.p. 

injection of a mixture of ketamine (VetalarTM V, Pfizer, 75 mg/kg) and 

medetomidine (Domitor®, Orion Corporation, Finland, 0.5 mg/kg), the fur was 

shaved from the neck to the line between the eyes and the animal was placed 

in a stereotaxic frame (David Kopf Instruments, USA). Then a midline incision 

on the scalp was made and small cranial holes were drilled, allowing SiMAG 

particles to be injected into the rostral ventrolateral medulla (RVLM) using 

pulled glass micropipettes. The coordinates for injection (Table 7) in large rats 

(> 270 g) were based on a histological atlas of the rat brain (Paxinos and 

Watson, 1998) and a previous study (Marina et al., 2013), while the coordinates 

used for small rats (80-120g) were experimentally determined (see Section 

7.3.8). After the particles were delivered, the wound was sutured and the animal 

was given buprenorphine (Vetergesic®, Ceva Santé Animale, 0.03 mg/kg, i.p.) 
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for pain relief and atipamezole (Antisedan®, Orion Corporation, Finland, 1 

mg/kg, i.p.) to reverse anaesthesia.  

 

  Caudal distance from 
Bregma (mm) 

Lateral distance from 
Bregma (mm) 

Depth from surface 
(mm) 

Large rats (> 270 g) 

11.8 2.2 8.0 
12.5 2.0 7.7 
11.8 -2.2 8.0 
12.5 -2.0 7.7 

Small rats (80-120 g) 

10.7 1.7 8.0 
11.3 1.5 7.7 
10.7 -1.7 8.0 
11.3 -1.5 7.7 

Table 7. Stereotaxic coordinates for intracranial injections into the RVLM. 

 

7.2.10. MRI 

To ascertain the location and fate of the magnetic particles once they were 

injected into the brainstem of rats, MRI was performed on a 9.4 T VNMRS 

horizontal bore system (Agilent Technologies, USA) with a 72 mm inner 

diameter volume coil (RAPID Biomedical GmbH, Germany) for RF transmission 

and a 4-channel array head coil (RAPID Biomedical GmbH, Germany) for signal 

reception. Anaesthesia was induced with 4% isoflurane and maintained with 

1.5% isoflurane throughout the imaging sessions. Body temperature was 

maintained with a heated water bed. Physiological monitoring was provided via 

a rectal thermometer and respiratory bellows (SA Instruments, USA). A T2*-

weighted gradient-echo sequence was used: TE = 6.5 ms, TR = 2230 ms, flip 

angle = 56°, number of averages = 5, FOV = 28.8 mm × 28.8 mm, Matrix = 192 

× 192, slice thickness = 0.15 mm, interslice distance = 0 mm.  Scan time was 

35 min 40 s and the images have an isotropic resolution of 150 µm.  

 

Affine registration of the MR images was performed using a block-matching 

algorithm (Ourselin et al., 2000) and the volume of the hypointense region in 

each MR image was estimated using Amira (FEI). 
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7.2.11. Immunofluorescence 

Immunofluorescence images were acquired with a Zeiss Axio Observer Z1 

inverted microscope. Antibodies used in this study are listed in Table 8. The 

immunostaining procedures are described below. 

 
Name Concentration (mg/L) Dilution factor Made by 
rabbit anti-GFAP polyclonal 152 50 Invitrogen 

rabbit anti-MAP2 polyclonal 1000 500 Signalway Antibody 
LLC. 

Alexa Fluor® 488 donkey 
anti-rabbit 2000 1000 Invitrogen 

goat anti-TH polyclonal 200 60 Santa Cruz 
Biotechnology, Inc. 

Alexa Fluor® 647 donkey 
anti-goat 2000 1000 Invitrogen 

Table 8. List of antibodies used.  

 

7.2.11.1. Immunocytochemistry 

Cell cultures on 12 mm coverglasses in a 24-well plate were immunostained in 

the following way. First, cells were washed with 400 µL of PBS each time for 

twice and fixed with buffered 4% PFA solution (VWR Chemicals) for 10 min at 

room temperature. Then they were washed twice with PBS and incubated with 

300 µL of blocking buffer (PBS with 5% donkey serum, 0.3% TritonTM X-100, all 

from Sigma-Aldrich Co. LCC.) for 45 min at room temperature. After the 

blocking buffer was removed, 300 µL of dilution buffer (PBS with 10 mg/mL 

BSA, 1% donkey serum, 0.3% TritonTM X-100, and 0.1 mg/mL sodium azide) 

containing the primary antibody was added to the cells, followed by incubation 

at room temperature for 1 h. Next, after two washes with PBS, cells were 

incubated with 300 µL of dilution buffer containing the secondary antibody for 1 

h at room temperature in the dark. This process was repeated if staining with 

another antibody was required. When staining was done, cells were washed 

twice with PBS and incubated with 300 µL of DAPI solution (PBS with 2.86 µM 

of DAPI, Sigma-Aldrich Co. LCC.) for 5 min, followed by one wash with PBS 

and one with distilled water. Then the coverglasses were taken out of the wells, 

and after removing excess water with tissue paper and dispensing histology 

mounting medium (FluoroshieldTM, Sigma-Aldrich Co. LCC.) onto microscope 

slides, they were mounted. Finally, the edge of the coverglasses were sealed 

using clear nail varnish. 
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7.2.11.2. Immunohistochemistry 

Immunostaining of rat brainstem sections was carried out to complement MRI 

and determine where and how magnetic particles were distributed when 

injected into the brainstem. 

 

To obtain the brainstem sections, animals were terminally anaesthetised with 

pentobarbitone sodium (Pentoject®, Animalcare Ltd, UK, 60 mg/kg) and 

transcardially perfused at a flow rate of 5 mL/min with ~100 mL of saline, 

followed by ~50 mL of buffered 4% PFA solution. After that, the brains were 

extracted and post-fixed in buffered 4% PFA solution at 4°C. Then to 

cryoprotect the brains, they were immersed in PBS with 30% sucrose (Sigma-

Aldrich Co. LCC.) at 4°C for at least 2 days. Finally the brainstems were 

dissected out, and sectioned at 10-15 µm thickness using a cryostat (Leica 

CM3050 S, Leica Biosystems, Germany). 

 

Initially brainstem sections were directly mounted on microscope slides, and 

hydrophobic barriers were drawn with a liquid repellent slide marker pen to 

confine staining reagents to each section. This was found to be unsatisfactory 

as the barriers would often break during the staining process. Subsequently, 

sections were mounted on gelatin-coated 12 mm coverglasses instead, and 

staining was performed in 24-well plates using the same protocol described in 

Section 7.2.11.1. 

 

Gelatin-coated coverglasses were prepared as follows. Firstly, 5 g of gelatin 

(Sigma-Aldrich Co. LCC.) were dissolved in 1 L of deionised water which was 

heated to about 45°C. After gelatin has dissolved, 0.5 g of chromium (III) 

potassium sulfate (Fisher Scientific), which would positively charge the 

coverglasses and help negatively charged tissue sections to adhere, were 

added, and the solution was filtered. Finally, the coverglasses were immersed 

in this solution for 5 min and dried overnight. 

 

Two factors were investigated to enhance immunostaining in brainstem 

sections: antigen retrieval and incubation time with primary antibody. 
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One early batch of brains remained in the fixative for long periods of time (up to 

178 days) before being sectioned, therefore it was necessary to perform 

antigen retrieval. Two methods were tested: treatment with SDS solution and 

heat-induced epitope retrieval. The former was done by immersing the sections 

in a series of solutions in the following order: 3 changes of PBS (400 µL for 5 

min each time), 300 µL of PBS with 10 mg/mL SDS for a variable time period, 

and another 3 changes of PBS. The latter was performed as follows: firstly, the 

sections were washed with 400 µL of PBS each time for twice; then 1 mL of 

antigen retrieval buffer (PBS with 10 mM Tris, 1 mM EDTA, and 0.05% 

TWEEN® 20, pH 9.0, all from Sigma-Aldrich Co. LCC.) that has been preheated 

to 90°C was added to each section, and the plate holding the sections was 

placed just above the water level in a water bath set to 90°C to incubate for a 

variable time period; and lastly, the sections were washed with 400 µL of PBS 

each time for 3 times. It was found that treatment with SDS solution for up to 15 

min did not much improve fluorescence intensity (Figure 35A-C), while heat-

induced antigen retrieval did (Figure 35D-F). Therefore all over-fixed sections 

were heated for 10-20 min in 90°C water bath before being stained. 

 

 
Figure 35. Investigation of antigen retrieval methods for over-fixed brainstem sections. 

All scale bars are 20 µm. 

 

Later on brains were fixed for 1-8 days. To optimise the staining procedure for 

these specimens, both the length of heat-induced antigen retrieval and 
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incubation time in the primary antibody were varied (Figure 36). Because 

incubation with the primary antibody for 24 h at 4°C alone seemed sufficient 

(Figure 36D), no antigen retrieval was performed for sections of these brains. 

 

 
Figure 36. Optimisation of the immunohistochemistry procedure for normally fixed rat 

sbrainstem sections. 
RT, room temperature; 1° Ab, primary antibody. All scale bars are 20 µm. 

 

7.2.12. In vivo magnetic stimulation 

In vivo magnetic stimulation was tested in small rats (80-120g). Between 0 and 

2 days after receiving intracranial injection of magnetic particles into the RVLM, 

the animal was anaesthetised with an i.p. injection of urethane (Sigma-Aldrich 

Co. LCC., 1.3 g/kg). Then the animal was moved to the magnetic mangle, with 

its head placed in the inter-magnet space and its body axis aligned with the x-

axis (Figure 32B). As our injection sites were at the same vertical level as the 

interaural line but about 3 mm caudal to it, the animal’s head was adjusted to 

ensure that the RVLM was positioned in the central, mid-height region of the 

inter-magnet space, where the magnetic field and the force it could produce on 

various particles had been characterised. To keep the animal warm during the 

experiment, the magnetic mangle was fitted with a water bed. The femoral vein 

was cannulated so that more urethane could be administered if required (5-10 

mg i.v.), and the femoral artery was cannulated to record the arterial blood 

pressure. Then the left renal nerve was dissected retroperitoneally and its 

activity was recorded using implanted bipolar silver electrodes. After blood 
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pressure and renal nerve activity stabilised, magnetic stimulation was 

performed. 

 

7.3. Results 
7.3.1. In vitro astroglial stimulation using collagen-coated Fe3O4 particles and 

permanent disc magnet 

The first set of experiments (Figure 28A) demonstrated reliable stimulation of 

cultured astrocytes using a permanent disc-shaped magnet and collagen-

coated Fe3O4 particles. In the absence of a magnetic field, [Ca2+]i was stable in 

most cells. When the magnet was positioned ~3 mm above the cell layer, a 

coherent increase in astroglial [Ca2+]i was observed (Figure 37A). 

 

 
Figure 37. Stimulation of cultured astrocytes with a permanent magnet and collagen-coated 

Fe3O4 particles. 

A. Fura-2 ratiometric trace diagrams. The grey shade indicates S.D. B. Fluorescence image of 

cultured astrocytes overlaid with ROIs for the traces in Panel A. Scale bar indicates 20 µm. 

 

7.3.2. Trials with Dynabeads, micromer particles and various magnets 

To explore the possibility of selectively stimulating astrocytes, Dynabeads (size: 

1.05 µm, Figure 25B) and micromer particles (size: 5 µm, Figure 25C) were 

coupled with ACSA-1, an antibody that binds specifically to an extracellular 

epitope presented by astrocytes only in the brain. They were used in 

conjunction with a variety of magnets including the disc magnet and the 

electromagnets shown in Figure 29, but none of the combinations produced 

enough force to induce [Ca2+]i transients in cultured astrocytes (data not 

shown). 

 



	 167	

7.3.3. Quantification of the mechanical threshold for in vitro astroglial 

stimulation 

Prompted by unsuccessful attempts with Dynabeads and micromer particles, it 

was decided that the mechanical threshold for triggering [Ca2+]i transients in 

cultured astrocytes should be determined to guide further investigation. 

Collagen-coated Fe3O4 particles and a “yoke” electromagnet were used, 

allowing application of an adjustable and quantifiable force (Figure 31 and 

Figure 33C).  

 

To evaluate the magnetic force exerted on a particular Fe3O4 cluster, two 

variables need to be known (see Section 7.2.6 for details): the force that the 

magnet can apply on a unit volume of the Fe3O4 particles and the volume of the 

particles. The former was determined for a range of input current amplitudes 

(Figure 33C) and the latter could be estimated from the base area of a Fe3O4 

cluster (Figure 34E). 

 

Thus, quantification of the threshold force was carried out as follows. First, 

magnetic field was applied in successive 10 s bursts, increasing the input 

current to the magnet from 0.3 A to 0.9 A in 0.1 A increments (Figure 38A). This 

allowed the minimum input current required for eliciting a [Ca2+]i response in a 

given cell to be ascertained, and the corresponding value of force per unit 

particle volume could then be worked out (Figure 33C). Next, using the 

fluorescence image of the cells overlaid with the bright-field image of the 

particles (Figure 38B), the Fe3O4 cluster or clusters attached to the cell were 

identified and their volumes were estimated from their base areas (Figure 34E). 

 

Overall, the threshold amperage and the volume of the associated Fe3O4 

clusters were determined for 290 cells from 7 cultures. The minimum input 

current required to stimulate most of these cells (95.9%) fell between 0.4 and 

0.8 A (Figure 38D). It can also be seen that the stimulation of cells associated 

with smaller Fe3O4 clusters tended to require larger input currents to the magnet 

(Figure 38E). 
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Figure 38. [Ca2+]i responses of cultured astrocytes to magnetic forces of increasing strength 

generated with a custom-made “yoke” electromagnet and collagen-coated Fe3O4 particles.  

A. Fura-2 ratiometric traces derived from an example FOV. Grey shade indicates S.D. B. The 

fluorescence image (green) and the corresponding bright-field image (red) are merged together 

and overlaid with the ROIs for the traces in Panel A. bf, bright-field. col, collagen. C. The 

thresholded bright-field image showing Fe3O4 clusters that are colour-coded according to the 

minimum current required for stimulating their associated cells. D. The distribution of the 

threshold amperages determined for 290 cells. E. Relationship between the volume of the 

Fe3O4 cluster attached to a cell and the threshold amperage required to stimulate the cell. Data 

are shown as mean ± S.E.M. 

 

Based on these values, the minimum force required to stimulate each cell was 

calculated, and dividing the force on a particle cluster by its base area gave the 

threshold shear stress. Both the threshold force and threshold shear stress data 

exhibited a lognormal distribution (Figure 39A-B). The mechanical threshold for 

in vitro astroglial stimulation was determined to be 0.20 Pa of shear stress, 

which is the median of the data. Moreover, the size of each [Ca2+]i response as 

well as the time it took for the response to reach its peak were also calculated. 

Linear regression showed that response size did not correlate with the 

magnitude of the stimulus (p = 0.66, Figure 39C), but a weak negative 
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correlation existed between the time to peak and the magnitude of the stimulus 

(p = 0.045, Figure 39F), suggesting that higher shear stress tended to make 

cells respond quicker. 

 

 
Figure 39. Estimation of the mechanical threshold for in vitro astroglial stimulation.  

A-B. Both the threshold force and threshold shear stress data exhibit a lognormal distribution. 

C. The size of a response versus the magnitude of the shear stress stimulus. D. The time it took 

for a response to reach its peak versus the magnitude of the shear stress stimulus.	

 

7.3.4. Initial trials with BioMag Plus, SiMAG and BioMag Maxi particles 

Having established the shear stress threshold, BioMag Plus (nominal size 1.5 

µm) and SiMAG particles (nominal size 0.5 µm) were chosen for further 

experiments, because they have a much higher iron oxide content than 

Dynabeads and micromer particles (Table 5). After their respective M-H curves 

were obtained (Figure 25J), calculations indicated that, assuming a spherical 

shape for both types of particles, BioMag Plus particles would be able produce 

shear stresses higher than 0.20 Pa when actuated by the yoke magnet with an 



	 170	

input current of 2 A or above, whereas the shear stress that could be created 

through a SiMAG particle was far below the threshold (Figure 40A). 

 

 
Figure 40. Initial measurements of ATP release by cultured astrocytes in response to 

stimulation with the yoke magnet and various particle preparations. 

A. Theoretical predictions of the shear stress that could be generated by the yoke magnet 

through individual particles at 10 mm and 2 mm above base. Data are shown as median ± S.D. 

for values within the culture location. Ø, diameter. ht, height. B-D. Initial measurements of 

changes in [ATP]o after magnetic stimulation of astrocytes with the yoke magnet and various 

particle preparations. Data are shown as mean ± S.E.M. Particles were all used at 0.22 mg/mL. 

**, p < 0.01 for the two-tailed t test of the null hypothesis that mean change in [ATP]o equals 

zero. Panel B: n = 6 unless otherwise stated. Panel C: n = 12 unless otherwise stated. Panel D: 

n = 8 for all conditions. 
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To test these predictions, changes in [ATP]o were measured, because ATP 

release by astrocytes is not only the signalling event that we are primarily 

interested in, but also much easier and quicker to measure than changes in 

[Ca2+]i, as multiple cultures can be prepared and assessed simultaneously, 

allowing more repeats to be done. Moreover, in contrast to observing a small 

subset of cells during calcium imaging, [ATP] change in the medium reflects the 

collective response of a large cell population, thus is less susceptible to the 

spontaneous activities of individual cells and provides more definitive evidence 

of astroglial stimulation, or the lack thereof. 

 

As a positive control, collagen-coated Fe3O4 particles were used first, and a 

significant elevation in [ATP]o was seen following a 10 s magnetic field 

application at either 1 A, 2 A or 3 A, but not when the magnet was not switched 

on, or when cells had been incubated with either naked Fe3O4 particles or no 

particles at all (Figure 40B). Then BioMag Plus and SiMAG particles were 

tested, and driving the yoke magnet at either 3 A or 6 A failed to induce 

significant ATP release from astrocytes decorated with either ACSA-1-coupled 

BioMag Plus particles or ACSA-1-coupled SiMAG particles (Figure 40C). While 

the failure to stimulate astrocytes using SiMAG particles was not surprising, it 

was unexpected that there was no success with BioMag Plus particles. 

Subsequent SEM revealed that BioMag Plus particles were in fact thin discs 

(Figure 25D), and with this fact taken into account, the predicted shear stress 

output from these particles fell well below the threshold (Figure 40A). 

 

So far, cells had been prepared in a similar way as for calcium imaging. Of 

particular note, after incubation with particles for 1 h, cell cultures were washed 

twice and rested for 10 min before the stimulation experiment began. Fearing 

that the washing step might be a source of undesirable mechanical disturbance 

and the waiting period was too short, the washing step was omitted from then 

on, so that the cells would always have been rested for at least 1 h before the 

stimulation experiment. Following this modified protocol and applying the 

magnetic field at 7 A, stimulation experiments using SiMAG, BioMag Plus, or 

the much larger BioMag Maxi particles (nominal size 3-12 µm, Figure 25E), 

coupled with either collagen or ACSA-1, were carried out, but again, no 

significant change in [ATP]o was observed in any of the conditions (Figure 40D).  
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7.3.5. Troubleshooting 

It was unclear why BioMag Maxi particles, despite being very large and having 

a mass susceptibility close to that of Fe3O4 particles (Figure 25G), were not 

able to elicit ATP release from astrocytes when magnetically actuated. Three 

factors were subsequently investigated. 

 

7.3.5.1. Test sensitivity 

First it was suspected that, our method of measuring [ATP]o changes might be 

too crude to detect the amount of ATP released by the astrocytes grown on a 

small coverglass when they were only minimally stimulated. 

 

To assess the sensitivity of our method, a new set of experiments using 

collagen-coated Fe3O4 particles and the yoke magnet was carried out and a 

more finely graded series of input currents were employed. A significant 

increase in [ATP]o was only detected when an input current greater 0.7 A was 

used (Figure 41A), and testing the same cultures twice showed that, 

irrespective of the order of the stimulations, an input current of 0.8 A reliably 

induced ATP release while 0.6 A did not (Figure 41B). Later on in the study, 

stimulation with collagen-coated Fe3O4 particles and a 0.8 A input current was 

carried out on multiple occasions to assess whether the apparatus and 

materials as a whole were adequate, and significant ATP release was 

consistently detected, unless there were known issues (Figure 41C), suggesting 

that astroglial stimulation with this particular regime is both highly repeatable 

and very sensitive to perturbations. Together, these results offered strong 

evidence for 0.8 A being the minimum input current required to stimulate the 

whole cell population with collagen-coated Fe3O4 particles. 

 

This turned out to agree very well with the calcium imaging results. Because the 

volume and base area of the collagen-coated Fe3O4 clusters on cultured 

astrocytes had been investigated with SEM (Figure 34), it was possible to 

estimate how much shear stress the yoke magnet is likely to exert through 

these particles at different points of the cell culture location. With a 0.8 A input 

current, the median shear stress just surpasses 0.2 Pa (Figure 41D), which is 

consistent with the threshold values estimated from individual cells’ [Ca2+]i 
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responses as they also have a median of 0.2 Pa (Figure 39B). Therefore, the 

sensitivity of measuring ATP release as an indicator of astroglial stimulation 

was highly comparable with that of monitoring [Ca2+]i change. 

 

It was also noted that astrocytes decorated with uncoated Fe3O4 particles 

showed diminished responses to magnetic stimulation compared with those 

decorated with collagen-coated ones (p < 0.05, Figure 41E and Table 9). 

 

 
Figure 41. The sensitivity of measuring ATP release as an indicator of in vitro astroglial 

stimulation was comparable to that of measuring elevation in [Ca2+]i. 
A. The minimum current required to drive the yoke magnet in order to induce a significant ATP 

release from astrocytes decorated with collagen-coated Fe3O4 particles is 0.8 A. n = 8 for all 

conditions. B. When the same cultures were tested twice, a 0.8 A input current was able to 

induce ATP release while a 0.6 A current was not, regardless of the order of the stimulations. n 

= 16 for all conditions. C. Stimulation with collagen-coated Fe3O4 particles and a 0.8 A input 

current was later carried out on multiple occasions, and significant ATP release was 

consistently observed unless there were known issues: 5, a different imaging system; 6 & 7, 
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underpopulated cultures, very old particles, and very old ATP standard solutions; 8, 

underpopulated cultures. n = 8 for all individual occasions. In Panel A-C: data shown as mean ± 

S.E.M.; *, p < 0.05 for the two-tailed t test of the null hypothesis that mean change in [ATP]o 

equals zero; **, p < 0.01 for the same test; ***, p <0.001 for the same test; ********, p < 10-8 for 

the same test. D. Theoretical calculations indicated that, with a 0.8 A input current, the shear 

stresses through Fe3O4 particles across the whole culture had a median that is just above 0.2 

Pa. To calculate shear stress, force per unit particle volume values (Figure 33C) were 

multiplied by the median of the Fe3O4 cluster volume over base area values (0.39 µm, Figure 
34F). Data shown as median ± S.D. E. Changes in [ATP]o induced by magnetic stimulation of 

astrocytes decorated with either collagen-coated or uncoated Fe3O4 particles. Multiple linear 

regression (Table 9) showed that coating Fe3O4 particles with collagen had an effect on their 

ability to induce ATP release from astrocytes upon magnetic stimulation (p < 0.05), and the 

magnitude of the shear stresses exerted on cells was highly correlated with changes in [ATP]o 

(p < 10-7). Data shown as mean ± S.E.M. n = 8 for all conditions. All data in this figure pertain to 

stimulation at 2 mm above the base of the yoke magnet. 

 
Linear Regression Model:  

𝐴𝑇𝑃 !_𝐶ℎ𝑎𝑛𝑔𝑒 = 1 + 𝛽!(𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒_𝑇𝑦𝑝𝑒) + 𝛽!(𝑀𝑒𝑑𝑖𝑎𝑛_𝑆ℎ𝑒𝑎𝑟_𝑆𝑡𝑟𝑒𝑠𝑠) 

Model Summary 

R Squared Adjusted R Squared Standard Error of the Estimate 

0.224 0.213 1.349 
 

ANOVA 

  Sum of Squares df Mean Squares F p 

Regression 74.147 2 37.074 20.365 1.700E-8 

Residual 256.688 141 1.820   

Total 330.835 143    
	

Coefficients 

  Estimate Standard Error t p 

(Intercept) -0.008 0.231 -0.035 0.972 

Particle type -0.574 0.225 -2.554 0.012 

Median shear stress 4.078 0.697 5.849 3.306E-8 

Table 9. Multiple linear regression to predict changes in [ATP]o caused by magnetic 

stimulation based on the type of Fe3O4 particles used and the median shear stress exerted by 

the yoke magnet. 
Particle type was coded as 0 = collagen-coated Fe3O4 particles, 1 = uncoated Fe3O4 particles, 

and median shear stress was measured in Pa. 
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7.3.5.2. Particle preparation 

Next, the possibility that there was a major difference in ligand coupling 

efficiency between the methods used for preparing Fe3O4 and other particles 

was investigated. 

 

Collagen was directly adsorbed onto Fe3O4 particles using the GF1998 method 

(see Section 7.2.2.1), which mainly involved incubating particles with an 

alkaline solution containing collagen at 37°C. The coupling efficiency of this 

method turned out to be surprisingly low: only 10.1% of the collagen adhered to 

the particles (Figure 42). By changing the parameters of the GF1998 method, it 

was discovered that making the solution alkaline and incubating at 37°C in fact 

both hindered the adherence of collagen to Fe3O4 particles (Figure 42). When 

the GF1998 method was used to coat BioMag Maxi particles with collagen, the 

efficiency was similarly low (16.7%, Figure 42). 

 

 
Figure 42. The ligand coupling efficiency of the GF1998 method. 
The coupling efficiency of the GF1998 method, which involves adding NaOH to the solution and 

incubating at 37°C, was low for both Fe3O4 and BioMag Maxi particles. The efficiency was 

modestly improved when the addition of NaOH was omitted, and greatly improved when no 

NaOH was added and incubation was done at room temperature. RT, room temperature. n = 3 

for all conditions. Data shown as mean ± S.E.M. 

 

Ligand coupling for particles with surface carboxyl groups were usually done 

through a reaction mediated by EDAC. However, because collagen is adhesive, 

the efficiency of coupling it to BioMag Maxi particles was high (79.9-97.1%) 

regardless of how much EDAC was used (Figure 43A). In fact, high 

concentrations of EDAC tended to cause big lumps of particles to form, 

reducing their ability to bind to cells (Figure 43B). However, for ACSA-1, higher 

concentrations of EDAC did improve coupling efficiency (Figure 43C) and led to 
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brighter fluorescence (Figure 43D-E), with no obvious adverse effects. The 

coupling efficiency was also enhanced by an increased antibody concentration 

during incubation (Figure 43C). 

 

 
Figure 43. Efficiency of coupling collagen and ACSA-1 to BioMag Maxi particles using EDAC. 

A. The concentration of EDAC used to activate BioMag Maxi particles did not have a big 

influence on the coupling efficiency of collagen. n = 3 for all conditions. B. Example micrographs 

showing the attachment of collagen-coupled particles to astrocytes. Particles that had been 

exposed to high concentrations of EDAC were less able to bind to cells due to cross-linking 

between particles and the formation of visible clumps. C. The coupling efficiency of ACSA-1 

(Ab) improved as the concentration of EDAC and the concentration of the ligand itself 

increased. n = 1 for all conditions. D. Example fluorescence images of ACSA-1-coupled 

particles attached to astrocytes. E. Higher coupling efficiencies led to appreciable increases in 

fluorescence intensity of the particles. n = 5 for all conditions. All data are shown as mean ± 

S.E.M. and all scale bars indicate 50 µm. 
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7.3.5.3. Particle concentration and ligand type 

It was noticed that, when BioMag Maxi particles were used at 0.22 mg/mL for 

cell incubation, many cells did not have particles attached to them (Figure 43B). 

Therefore more concentrated suspensions were tried. Encouragingly, evidence 

of ATP release was observed when collagen-coated or ACSA-1-coupled 

BioMag Maxi particles were used at 0.44 mg/mL (Figure 44A), and a multiple 

linear regression (Table 10) revealed that doubling particle concentration during 

cell incubation had a significant effect on [ATP]o changes induced by the same 

stimulation regime (p < 0.05), whereas the use of ACSA-1 as opposed to 

collagen did not (p = 0.840). Magnetically triggered [Ca2+]i transients were also 

recorded in astrocytes that had been incubated with 0.66 mg/mL ACSA-1-

coupled BioMag Maxi particle suspensions (Figure 44B). 

 

 
Figure 44. The effects of BioMag Maxi concentration in the suspension used for astrocyte 

culture incubation and the type of ligand coupled to the particles. 
A. Astroglial ATP release measurements with collagen-coated or ACSA-1-coupled BioMag Maxi 

particles used at different concentrations during cell incubation ([particle]), while the stimulation 

regime was kept constant. A multiple linear regression was performed (Table 10), revealing 

that the type of ligand on the particle did not have a significant impact on changes in [ATP]o 

induced by magnetic stimulation (N.S., not significant, p = 0.840), whereas [particle] did (p < 

0.05). n = 24 for all conditions. Data shown as mean ± S.E.M. *, p < 0.05 for the two-tailed t test 

of the null hypothesis that mean change in [ATP]o equals zero; **, p < 0.01 for the same test. B. 

Calcium imaging of astrocytes with ACSA-1-coupled BioMag Maxi particles. [Particle] = 0.66 

mg/mL. The grey shade represents S.D. 
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Linear Regression Model:  

𝐴𝑇𝑃 !_𝐶ℎ𝑎𝑛𝑔𝑒 = 1 + 𝛽!(𝐿𝑖𝑔𝑎𝑛𝑑_𝑇𝑦𝑝𝑒) + 𝛽!([𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒]) 

Model Summary 

R Squared Adjusted R Squared Standard Error of the Estimate 

0.062 0.042 0.579 
 

ANOVA 

  Sum of Squares df Mean Squares F p 

Regression 2.058 2 1.029 3.070 0.051 

Residual 31.182 93 0.335   

Total 33.240 95    
	

Coefficients 

  Estimate Standard Error t p 

(Intercept) -0.363 0.196 -1.854 0.067 

Ligand type 0.024 0.118 0.202 0.840 

[Particle] 1.320 0.535 2.469 0.015 

Table 10. Multiple linear regression to predict changes in [ATP]o caused by magnetic 

stimulation based on the type of ligand that was coupled to the BioMag Maxi particles and the 

concentration of the particle suspension ([particle]) that astrocytes were incubated with. 
Ligand type was coded as 0 = ACSA-1, 1 = collagen, and [particle] was measured in mg/mL. 

 

7.3.6. In vitro astroglial stimulation using SiMAG particles 

After the relative importance of a number of factors was understood, the 

feasibility of using SiMAG particles was re-examined, because large particles 

like BioMag Maxi would be impractical for in vivo applications. 

 

First, optimal methods for coupling collagen and ACSA-1 to SiMAG particles 

were established (Figure 45). As expected, no EDAC was required to attach 

collagen to SiMAG particles (Figure 45A-B), but unlike BioMag Maxi particles, 

lower EDAC concentrations resulted in higher coupling efficiencies for ACSA-1 

(Figure 45C-E). 
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Figure 45. Optimisation of ligand coupling methods for SiMAG particles. 
A. Like BioMag Maxi particles, collagen adhered to SiMAG particles with high efficiency 

regardless of the concentration of EDAC used. n = 3 for all conditions. B. Like BioMag Maxi 

particles, exposure to high concentrations of EDAC also rendered collagen-coated SiMAG 

particles less able to bind to cells. C. Unlike BioMag Maxi particles, less ACSA-1 was coupled to 

SiMAG particles as EDAC concentration increased. n = 1 for all conditions. D. Example 

fluorescence images of ACSA-1-coupled particles attached to astrocytes. E. ACSA-1 image 

intensity decreased as coupling efficiency decreased. n = 5 for all conditions. All data are shown 

as mean ± S.E.M.  and all scale bars indicate 50 µm. 

 

Next, the effects of SiMAG particle concentration during cell incubation and the 

type of ligand coupled to them were investigated. It was found that (Figure 

46A): particle concentration (0.44 mg/mL to 0.88 mg/mL) significantly influenced 

the changes in [ATP]o induced by magnetic stimulation (p < 0.001, Table 11), 
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and collagen-coated and ACSA-1-coupled SiMAG particles performed similarly 

(p = 0.641, Table 11). ACSA-1-coupled SiMAG particles, used at 0.88 mg/mL, 

were also able to trigger [Ca2+]i transients in astrocytes when actuated by the 

yoke magnet at 7 A (Figure 46B). Thus, in spite of the substantial size 

difference, using more concentrated particle preparations benefited magnetic 

stimulation with SiMAG particles as it did with BioMag Maxi ones.  

 

Then, various control experiments were performed, and no significant changes 

in [ATP]o were detected when no particles were used, or when cells were 

decorated with ACSA-1-coupled SiMAG particles but no magnetic field was 

applied, or when SiMAG particles without any ligand were used and actuated by 

the yoke magnet at 7 A (Figure 46C). Notably, particle concentration during cell 

incubation did not affect the [ATP]o changes recorded in these control 

experiments (Figure 46C). Therefore, the positive correlation between particle 

concentration during cell incubation and the changes in [ATP]o observed 

following magnetic stimulation was not due to the mere presence of more 

particles on cells. Interestingly, it was noticed that, after 1 h of incubation and 

before any experimental procedure was performed, [ATP] in the medium 

differed dramatically depending on what type of particles were attached to the 

cells (Figure 46D): while the presence of collagen-coated SiMAG particles did 

not significantly affect [ATP]o in comparison to the no particle condition (p = 

0.869, Table 12), the use of ACSA-1-coupled SiMAG particles led to 

appreciable increases (p < 0.001, Table 12), and incubation with unmodified 

SiMAG particles caused [ATP]o to rise conspicuously (p < 10-16, Table 12). This 

pattern could be explained by the proportion of the negatively charged carboxyl 

groups that were left intact on the particle surface: when they were not modified 

at all, contact with the cells led to the largest hike in [ATP]o; when they were 

reacted with small amounts of protein to make ACSA-1-coupled particles (5 µg 

of antibody per mg of particles), slight but significant increases in [ATP]o were 

detected; and finally, when they were completely masked by large amounts of 

protein to make collagen-coated particles (50 µg of collagen per mg of 

particles), [ATP]o was not affected after particle attachment to the cells. 
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Figure 46. Stimulating cultured astrocytes with SiMAG particles and the yoke magnet. 
A. Astroglial ATP release measurements with collagen-coated or ACSA-1-coupled SiMAG 

particles used at different concentrations during cell incubation ([particle]). A multiple linear 
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regression was performed (Table 11), revealing that, again, the effect of the type of ligand on 

the particle was insignificant (N.S., p = 0.641) but [particle] did significantly influence 

magnetically stimulated changes in [ATP]o (p < 0.001). n = 24 for all conditions. B. Calcium 

imaging of astrocytes with ACSA-1-coupled SiMAG particles. [Particle] = 0.88 mg/mL. The grey 

shade represents S.D. C. [ATP]o changes measured from control experiments. n = 24 for all 

conditions. D. [ATP] in the medium after 1 h of incubation. See Table 12 for more details. 

From left to right, n = 48, 16, 24, 24, 32, 16, 32, 16, 16 and 16. E. Astroglial ATP release 

measurements at different magnitudes of shear stress through ACSA-1-coupled SiMAG 

particles. n = 16 for all conditions. F-G. ACSA-1-coupled SiMAG particles attached to GFAP-

positive astrocytes in preference to MAP2-positive neurons. Data in Panel A and C-E are shown 

as mean ± S.E.M. All scale bars in this figure indicate 20 µm.  

	
Linear Regression Model:  

𝐴𝑇𝑃 !_𝐶ℎ𝑎𝑛𝑔𝑒 = 1 + 𝛽!(𝐿𝑖𝑔𝑎𝑛𝑑_𝑇𝑦𝑝𝑒) + 𝛽!([𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒]) 

Model Summary 

R Squared Adjusted R Squared Standard Error of the Estimate 

0.077 0.064 0.715 
 

ANOVA 

  Sum of Squares df Mean Squares F p 

Regression 6.003 2 3.002 5.877 0.004 

Residual 72.016 141 0.511   

Total 78.019 143    
	

Coefficients 

  Estimate Standard Error t p 

(Intercept) -0.559 0.234 -2.384 0.018 

Ligand type -0.056 0.119 -0.467 0.641 

[Particle] 1.121 0.330 3.396 8.873E-4 

Table 11. Multiple linear regression to predict changes in [ATP]o caused by magnetic 

stimulation based on the type of ligand that was coupled to the SiMAG particles and the 

concentration of the particle suspension ([particle]) that astrocytes were incubated with. 
Ligand type was coded as 0 = ACSA-1, 1 = collagen, and [particle] was measured in mg/mL. 

 
General Linear Model:  

𝐴𝑇𝑃 ! = 1 + 𝛽!𝑋! + 𝛽!𝑋! + 𝛽!𝑋! + 𝛽!𝑋! 

Model Summary 

R Squared Adjusted R Squared Standard Error of the Estimate 

0.779 0.776 4.051 
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ANOVA 

  Sum of Squares df Mean Squares F p 

Regression 13651.094 3 4550.365 277.293 <1E-16 

Residual 3872.755 236 16.410   

Total 17523.849 239    
	

Coefficients 

  Estimate Standard Error t p 

(Intercept) 6.806 0.214 31.800 <1E-16 

X1 (SiMAG only) 15.850 0.501 31.640 <1E-16 

X2 (SiMAG + ACSA-1) -1.323 0.411 -3.220 1.465E-3 

X3 (SiMAG + collagen) -3.796 0.447 -8.496 2.228E-15 

X4 (No particle) -3.924 0.501 -7.833 1.616E-13 

 
Two-sample t tests specified by different contrasts 

 Test Name t df p 

X1 (SiMAG only) > X2 (SiMAG + ACSA-1) 23.219 236 <1E-16 

X1 (SiMAG only) > X3 (SiMAG + collagen) 25.399 236 <1E-16 

X1 (SiMAG only) > X4 (No particle) 23.913 236 <1E-16 

X2 (SiMAG + ACSA-1) > X3 (SiMAG + collagen) 3.641 236 3.342E-4 

X2 (SiMAG + ACSA-1) >  X4 (No particle) 3.516 236 5.246E-4 

X3 (SiMAG + collagen) > X4 (No particle) 0.165 236 0.869 

Table 12. General linear model to predict [ATP] in the medium based on the type of SiMAG 

particles that astrocytes were incubated with and to compare their effects. 
X1: 1 = SiMAG only, 0 = all others. X2: 1 = SiMAG + ACSA-1, 0 = all others. X3: 1 = SiMAG + 

collagen, 0 = all others. X4: 1 = No particle, 0 = all others. 

 

Besides particle concentration and ligand type, the effect of the expected 

magnitude of the shear stress applied to the astrocytes was also investigated 

by varying the input current to the yoke magnet, and it was found to be 

positively correlated with changes in [ATP]o (p<0.01, Figure 46E), providing 

further evidence of astroglial cells responding to the magnetic force.  

 

Lastly, it was demonstrated that ACSA-1-coupled SiMAG particles attached to 

astrocytes in preference to neurons (Figure 46F-G). 

 

Thus, remote and targeted stimulation of astrocytes could be achieved with 

ACSA-1-coupled SiMAG particles. 
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7.3.7. Dependence of mechanical stimulation of astrocytes on autocrine ATP 

signalling 

When conducting calcium imaging on mixed cell cultures, astrocytes could be 

labelled with ASCA-1 to distinguish them from other cells. Using collagen-

coated Fe3O4 particles, a moderate magnetic force exerted by the yoke magnet 

was able to induce [Ca2+]i elevations in both astrocytes and non-astrocytes 

(Figure 47A-B).  

 

 
Figure 47. Dependence of mechanical stimulation of astrocytes on autocrine ATP signalling. 
All cultures were incubated with 0.22 mg/mL collagen-coated Fe3O4 particles. Data in Panel G 

are shown as mean ± S.E.M. All scale bars indicate 20 µm. 
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The non-astrocytes could either be responding to the ATP released by 

astrocytes, or directly excited by the magnetic force. To understand this better, 

either apyrase, an enzyme that hydrolyses ATP, or MRS2179, an antagonist of 

purinergic P2Y1 receptors, was used to block ATP signalling. It was found that, 

when ATP signalling was hindered or abolished, astrocytes no longer 

responded to magnetic force, while other cells could still be stimulated (Figure 

47C-F), albeit showing diminished responses (Figure 47G). 

 

These results demonstrated that the [Ca2+]i transients evoked in astrocytes by 

magnetic force are downstream events of autocrine ATP signalling, and non-

astrocytic neural cells are also mechanosensitive.  

 

7.3.8. Evaluation of the magnetic mangle 

Previous experiments demonstrated that ACSA-1-coupled SiMAG particles 

could be used to stimulate cultured astrocytes. However, the absolute changes 

in [ATP]o or [Ca2+]i that were evoked by the yoke magnet acting on SiMAG 

particles were small, therefore a device capable of generating higher shear 

stresses, the magnetic mangle (Figure 32), was designed with in vivo 

experiments in mind and made.  

 

Modelling (Figure 48A) predicted that the magnetic mangle set to configuration 

ON2 or ON3 would be able to produce larger shear stresses on both Fe3O4 and 

SiMAG particles in the centre of its inter-magnet space (marked by a red circle 

in Figure 32D) than the yoke magnet could with a 7 A input current (Figure 

48B). Furthermore, Figure 48C shows how the direction of shear stress at 113 

simulated points would change when the magnet configuration is altered, while 

Figure 48D shows the number of points where the a certain configuration 

change would produce the largest direction change. As can be seen, ON3 

produces the highest shear stress magnitudes (Figure 48B), while switching 

from OFF to ON1 gives the largest direction change at most points.  

 

When in vitro experiments were preformed, it was found that stimulating 

astrocytes decorated with collagen-coated Fe3O4 particles with the magnetic 

mangle (ON2 or ON3) indeed led to greater changes in [ATP]o than stimulation 

with the yoke magnet at 7 A (Figure 48E), and there was a strong positive linear 
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relationship between the projected shear stress magnitudes and the measured 

changes in [ATP]o (p < 0.0001, Figure 48E).  

 

 
Figure 48. Stimulating astrocyte cultures with the magnetic mangle. 
A. Maps showing the simulated shear stress produced by the magnetic mangle through Fe3O4 

or SiMAG particles. The red circles indicate the cell culture location. The white arrows indicate 

the direction and relative magnitude of the vectors. B. The magnetic mangle set to ON2 or ON3 
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is predicted to produce higher shear stresses through Fe3O4 or SiMAG particles than the yoke 

magnet could at its highest settings. Data shown as median ± S.D. C. The change in shear 

stress direction at each of the simulated points within the red circle when switching from OFF to 

one of the ON configurations. D. The number of points where the change in shear stress 

direction is the largest when switching from OFF to one of the ON configurations. E. When 

collagen-coated Fe3O4 particles were used, stimulation with the magnetic mangle set to ON2 or 

ON3 resulted in greater ATP release from astrocyte cultures than that with the yoke magnet at 7 

A and 2 mm above base. n = 8 for all conditions. F. When ACSA-1-coupled SiMAG particles 

were used, stimulation of astrocytes at the culture location with the magnetic mangle set to ON3 

resulted in significant increases in [ATP]o. n = 24 for both conditions. Panel E & F: *, p < 0.05 for 

the two-tailed t test of the null hypothesis that mean change in [ATP]o equals zero; **, p < 0.01 

for the same test; ***, p < 0.001 for the same test; #, p < 0.05 for two-sample two-tailed t test. 

 

ATP release was also detected when ACSA-1-coupled SiMAG particles were 

used at 0.88 mg/mL and actuated by the magnetic mangle set to ON3, although 

these changes in [ATP]o were not statistically different from those induced by 

the yoke magnet at 7 A (Figure 48F). This might be due to the fact that, with the 

magnetic mangle set to ON3, even though the median shear stress through 

SiMAG particles at the culture location is 3.7 times higher than that exerted by 

the yoke magnet at 7 A and 10 mm above base, the absolute change is very 

small (0.079 Pa). In comparison, for Fe3O4 particles, the jump in median shear 

stress from the yoke magnet at 7 A and 2 mm above base to the magnetic 

mangle set to ON3 is 0.76 Pa. ACSA-1-coupled SiMAG particles were also 

tested at 0.44 mg/mL, and [ATP]o changes induced in these cultures by the 

magnetic mangle set to ON3 were significantly lower than those in cultures that 

had been incubated with 0.88 mg/mL particle suspensions (Figure 48F). 

 

In conclusion, although the magnetic mangle could not elicit greater responses 

from astrocytes through SiMAG particles than the yoke magnet could, it was 

nevertheless capable of inducing ATP release. Therefore it was later on used 

for in vivo magnetic stimulation experiments. 

 

7.3.9. Particle location and fate in vivo 

It is known that astrocytes in the RVLM of the brainstem are able to activate the 

tyrosine hydroxylase (TH)-expressing C1 neurons in the same region through 

ATP signalling, and produce a heightened sympathetic drive that increases 

renal sympathetic nerve activity (RSNA), arterial blood pressure (ABP) and 
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heart rate (Marina et al., 2011, 2013). Because the stimulation of these 

astrocytes have clear, well-understood physiological consequences, they were 

the focus of the in vivo experiments, which involved injecting SiMAG particles 

into the RVLM of rats, applying magnetic fields using the magnetic mangle, and 

monitoring RSNA and arterial blood pressure as surrogate measures of 

astroglial stimulation. 

 

The magnetic mangle was designed for rats no bigger than 120 g. Because 

juvenile rats have substantially different skull measurements than those on 

which common rat brain atlases are based (Paxinos et al., 1985), it was 

necessary to establish the stereotaxic coordinates of the RVLM in rats in the 

80-120 g weight bracket. First, SiMAG particles were injected into the RVLM of 

large rats (305-378 g, n = 2), and MRI was performed to obtain the reference 

images (Figure 49A). Then SiMAG particles were injected into the brainstem of 

a small rat at tentative coordinates, followed by MRI. The test image thus 

obtained was registered to the reference images for comparison, and the 

coordinates were adjusted and tried in new animals until there was a good 

match between the locations of particles in the test and reference images (see 

Figure 49B for example, n = 9 in total). The locations of the particles were 

confirmed with immunohistochemistry, which showed that the finalised injection 

sites were in the vicinity of the TH-positive C1 neurons (Figure 49F-G). 

 

In addition, 6 rats were followed for 7 days to investigate the in vivo fate of the 

ACSA-1-coupled SiMAG particles and unmodified ones. The volume of the 

hypointense region due to the presence of SiMAG particles, whether coupled to 

ACSA-1 or not, did not change drastically over the course of the week (Figure 

49C), although on average, there was a slight decrease (Figure 49D), 

suggesting that some clearing of the particles might have happened. 

 

Because in vitro experiments demonstrated that the concentration of the 

particle suspension had to be sufficiently high for enough particles to attach to 

astrocytes, 1 mg/mL suspensions were initially used. This posed difficulties as 

the glass micropipettes often became blocked during the injection process, and 

the amount of particles eventually delivered to the target site was highly 

variable (Figure 49C). Although the rats that received unmodified SiMAG 
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particles had larger hypointense regions than those that received ACSA-1-

coupled ones (Figure 49C), this was likely coincidental. 

 

It was also noted that at post-operative day (POD) 8, the injection site was 

replete with astrocytes (Figure 49E), whereas at POD 2, the injection site 

seemed devoid of GFAP-positive cells (Figure 49F-G).  

 

  
Figure 49. Location and fate of SiMAG particles after being injected into the rat brainstem.  

A-B. MR images showing the location of ACSA-1-coupled and unmodified SiMAG particles that 

had been injected into the RVLM. The image in Panel B has been affinely registered to that in 

Panel A. C. Variation of the hypointense volume caused by SiMAG particles in 6 individual rats 

over 7 days. Blue, rats that received unmodified SiMAG particles. Red, rats that received 

ACSA-1-coupled SiMAG particles. D. Mean volume of the hypointense region decreased 

slightly during the week. Error bars indicate S.E.M. E-G. Immunofluorescence images of 

brainstem sections. The coordinate overlaid on the image is the caudal distance from Bregma. 

Scale bars indicate 20 µm. 
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7.3.10. In vivo magnetic stimulation 

After the stereotaxic coordinates for injections were established, in vivo 

magnetic stimulation experiments were carried out in anaesthetised rats. 

 

A suspension of ACSA-1-coupled SiMAG particles (1 mg/mL) was injected into 

the RVLM of the animal at 4 sites (see Section 7.2.9 for coordinates), each of 

which received 1 µL. Then the head of the animal was placed in the inter-

magnet space of the magnetic mangle, and the following sequence was 

executed between one to four times: OFF > ON3 > ON1 > ON3 > OFF. 

Pronounced sympathoexcitation was observed, as evidenced by an increase in 

ABP and RSNA, and these changes could be repeatedly evoked (Figure 50A & 

B). The RSNA peaks that coincided with the magnetic field applications were 

due to the brief electrical interference from the motors of the magnetic mangle 

while they were rotating the magnets. The magnetically induced increase in 

RSNA was subsequently replicated in two more animals (Figure 50C). 

 

Because histological evidence showed that, when 1 µL of a 1 mg/mL ACSA-1-

coupled SiMAG particle suspension was injected at a single point, a big 

aggregation of particles formed, which was not conducive to the specific binding 

of particles to astrocytes (Figure 49F-G), lower concentrations were used for 

later experiments. First, 0.25 mg/mL suspensions were tried. They were 

injected at the same 4 sites, but at each site, 1 µL of the suspension was 

distributed over a distance of 0.3 mm along the height, with 0.33 µL at the point 

0.1 mm below the intended height, 0.33 µL at the intended height, and 0.33 µL 

at the point 0.1 mm above the intended height. Again, a distinct spike in ABP 

was seen following magnetic stimulation (Figure 51A). Although the magnitude 

of the rise was comparable to what was observed in the previous rat, it did not 

last as long, likely due to the reduced amount of particles that had been 

injected. Next, an even more diluted suspension (0.1 mg/mL) was tested. It was 

injected at 2 sites, one on each side, and at each site, 1 µL of the suspension 

was spread over a distance of 0.5 mm centred around the intended height, with 

0.2 µL at each point and an interval of 0.1 mm between each point. Stimulation 

using the magnetic mangle did not cause an elevation in ABP in this rat (Figure 

51B). 
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Figure 50. Sympathoexcitation in rats induced by magnetic stimulation with ACSA-1-coupled 

SiMAG particles and the magnetic mangle. 
A. Following intracranial injection of ACSA-1-coupled SiMAG particles into the RVLM, magnetic 

stimulation with the magnetic mangle repeatedly increased sympathetic nerve activity and 

arterial blood pressure in an anaesthetised rat. ABP, arterial blood pressure. I RSNA, integrated 

renal sympathetic nerve activity. Magnet on, execution of the stimulation sequence (OFF > ON3 

> ON1 > ON3 > OFF) up to 4 times. Hex, administration of hexamethonium. B. Blow-ups of the 

I RSNA trace at points a and b marked in Panel A, and the corresponding raw RSNA traces. C. 

Summary data (mean ± S.D.) for RSNA recordings in 3 rats. 

 

Thus, there was preliminary evidence that remote excitation of astrocytes in live 

animals could be achieved using SiMAG particles and the magnetic mangle, 

and about 0.25 µg or more of the particles needed to be delivered into the 

target region for our particular setup to work. 
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Figure 51. Further in vivo magnetic stimulation experiments using less concentrated ACSA-1-

coupled SiMAG particle suspensions. 
A. The elevation in ABP was successfully induced by magnetic force in a rat that received four 1 

µL injections of a 0.25 mg/mL suspension. B. No rise in ABP was seen after magnetic 

stimulation in a rat that received two 1 µL injections of a 0.1 mg/mL suspension. 

 

7.4. Discussion 
In this study we aimed to take advantage of the mechanosensitivity of 

astrocytes and develop a novel technology for remote astroglial stimulation 

using magnetic force that is generated by attaching magnetic particles to the 

cells and applying a magnetic field. Our motivation was to explore the possibility 

of an alternative strategy for brain cell stimulation that, in contrast to existing 

ones such as optogenetics and thermogenetics, does not rely on the 

introduction of foreign proteins but instead exploits the endogenous 

responsiveness of astrocytes to mechanical stimuli. 

 

7.4.1. Proof of concept 

First, we showed that robust increases in [Ca2+]i could be readily induced in 

cultured astrocytes that were decorated with collagen-coated Fe3O4 particles 

following actuation with a permanent magnet. This setup was based on several 

previous in vitro studies which used the force exerted on collagen-coated Fe3O4 

particles by a magnetic field to stretch the cell membrane of various types of 

cells, including fibroblasts (Glogauer et al., 1995; Glogauer and Ferrier, 1998; 

Ko et al., 2001), C6 glioma cells, bovine aortic endothelial cells, and astrocytes 

(Niggel et al., 2000). Though collagen-coated Fe3O4 particles are quick to 
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prepare and can easily mediate the mechanical stimulation of astrocytes in 

culture when actuated by virtually all the magnets we have tried, their very large 

size and lack of surface functional groups for modification limit their usefulness.  

 

7.4.2. Estimation of mechanical threshold for in vitro astroglial stimulation 

To work towards a method for specific stimulation of astrocytes, we tested two 

types of spherical iron oxide particles (Dynabeads® MyOne™, size 1.05 µm 

and micromer®-M, size 5 µm) with surface carboxyl groups, which allowed 

them to be functionalised with an antibody called ACSA-1 that binds specifically 

to astrocytes. However, none of the attempts with these particles and a number 

of electromagnets we fabricated succeeded in reliably evoking a rise in [Ca2+]i in 

cultured astrocytes. In order to better understand the problem, we decided to 

return to collagen-coated Fe3O4 particles and use them to determine the 

mechanical threshold for astroglial stimulation. To this end, we built an 

electromagnet with two specifically shaped pole pieces, so that the same kind 

of magnetic particles would experience a uniform force irrespective of their 

precise locations in the inter-pole gap, provided that they fall within certain 

boundaries. After we characterised this magnet and determined the magnetic 

properties of the Fe3O4 particles, we were able to estimate the minimum force 

required to stimulate an astrocyte as long as we knew the volume of the Fe3O4 

cluster attached to the cell and the smallest direct current that had to be passed 

through the coil of the magnet in order to evoke a [Ca2+]i transient in the cell. 

This in turn allowed the minimum shear stress required for stimulation to be 

calculated, which is equal to the minimum force divided by the base area of the 

cluster. Data were gathered from a total of 290 astrocytes, and the threshold 

shear stress varied between individual cells, with a median of 0.20 Pa. 

 

Both the threshold force and the threshold shear stress data displayed a 

characteristic lognormal distribution that has been frequently reported in 

investigations involving mechanical stimulation of cells (Alenghat et al., 2000; 

Fabry et al., 2001b; Roberts et al., 2001; Puig-de-Morales et al., 2004; Desprat 

et al., 2005; Balland et al., 2006; Hoffman et al., 2006; Balasubramanian et al., 

2007; Hiratsuka et al., 2009; Maloney and Van Vliet, 2011). For example, in the 

study by Alenghat and others (2000), a single magnetic bead coated with a 

specific ligand for integrin receptors was attached to a cell, and after a magnetic 
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force (180 pN) was applied to the bead, its displacement was recorded. It was 

found that bead displacement induced by a fixed force varied widely from cell to 

cell of the same type, and overall a lognormal distribution was observed. This 

was true for all of the three cell types (wild-type F9 mouse embryonic carcinoma 

cells, vinculin-deficient F9 mouse embryonic carcinoma cells, and endothelial 

cells) that were investigated, although significant differences in the shape of the 

lognormal distributions were found between the wild-type and vinculin-deficient 

F9 cells. Similarly, Fabry et al. (2001b) applied a fixed torque to magnetic 

particles attached to cultured human airway smooth muscle cells and found that 

bead displacements showed a lognormal distribution. From these results, it 

could be inferred that, to induce the same bead displacement in different cells 

of the same type, forces of wide-ranging magnitudes displaying a lognormal 

distribution would be needed. This was indeed our finding, suggesting that bead 

displacement, an indication of cell membrane deformation, that is required to 

trigger a [Ca2+]i transient could be highly uniform between different astrocytes.  

 

Mechanically stimulated elevations in [Ca2+]i are a common phenomenon that 

has been reported in many cell types, including inner ear hair cells (Ohmori, 

1988; Lumpkin and Hudspeth, 1995), astrocytes (Charles et al., 1991; Araque 

et al., 1998; Scemes et al., 1998; John et al., 1999; Niggel et al., 2000; Joseph 

et al., 2003; Suadicani et al., 2006, 2009, 2012; Bennett et al., 2006; Bowser 

and Khakh, 2007; Beckel et al., 2014; Maneshi et al., 2015), fibroblasts 

(Glogauer et al., 1995; Ko et al., 2001; Furuya et al., 2005), bone cells 

(Pommerenke et al., 1996; Adachi et al., 2003; Genetos et al., 2005; Malone et 

al., 2007), chondrocytes (D’Andrea and Vittur, 1996; Grandolfo et al., 1998; 

Guilak et al., 1999; D’Andrea et al., 2000; Roberts et al., 2001), endothelial cells 

(Niggel et al., 2000; Sasamoto et al., 2005; Matthews et al., 2006; Baratchi et 

al., 2014), smooth muscle cells (Sharma et al., 2002; Tada and Okazaki, 2006), 

kidney epithelial cells (Nauli et al., 2003; Alenghat et al., 2004; Praetorius et al., 

2005), red blood cells (Brain et al., 2004), neurons (Jacques-Fricke et al., 2006; 

Li et al., 2006; Tay et al., 2016, 2018; Tay and Di Carlo, 2017), meniscal cells 

(Eifler et al., 2006), skeletal muscle cells (Iwata et al., 2007), basophil cells 

(Mannix et al., 2008), and many more. Of all the studied surveyed, several have 

assessed the relationship between the magnitude of the mechanical stimulus 

applied and the [Ca2+]i response of the cells. For instance, Adachi et al. (2003) 
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used a glass micropipette to depress the cell membrane of osteoblasts and 

found that larger displacements of the tip were more likely to induce a [Ca2+]i 
transient in these cells. Also, when fibroblasts (Glogauer et al., 1995), basophil 

cells (Mannix et al., 2008), or neurons (Tay and Di Carlo, 2017) were tagged 

with magnetic particles and actuated with a magnet, larger forces tended to 

cause larger increases in [Ca2+]i, but only up to a point (Glogauer et al., 1995). 

This plateauing of the [Ca2+]i response was more clearly shown in five other 

studies (Sharma et al., 2002; Eifler et al., 2006; Baratchi et al., 2014; Maneshi 

et al., 2015), which subjected cells to shear stresses or forces of different 

magnitudes. Interestingly, in two of these studies, which investigated aortic 

smooth muscle cells (Sharma et al., 2002) and aortic endothelial cells (Baratchi 

et al., 2014) respectively, a big jump in the percentage of cells showing a [Ca2+]i 

transient was observed when the shear stress was raised above 0.2 Pa: in the 

former study, the proportion of responding cells increased from 59% to 84% 

when the shear stress was increased from 0.11 to 0.23 Pa; and in the latter 

one, a shear stress of 0.6 Pa elicited a [Ca2+]i transient in about 50% of the cells 

as opposed to below 10% when a shear stress of 0.2 Pa was applied. Our 

finding is in broad agreement with these reports. However, in a study of 

meniscal cells, it was found that the proportion of responding cells only became 

higher than 50% when a shear stress of 2 Pa was applied (Eifler et al., 2006). 

And of direct relevance to our study, Maneshi et al. (2015) recently reported 

that a 10 ms shear stress pulse higher than 1.15 Pa was required to induce 

[Ca2+]i transients in cultured rat astrocytes. The reasons for this discrepancy 

could be manifold. First, the duration and the rise time of the pulse were both 

important factors (Maneshi et al., 2015), as sub-threshold shear stress pulses 

were able to trigger [Ca2+]i responses when applied for longer (for instance, 

1.15 Pa pulses with a duration of 1000 ms), and pulses with shorter rise times 

enhanced responses. We used 10 s pulses with an unknown rise time, which 

could potentially account for the lower threshold observed. Another important 

difference is that fluid flow applies the shear stress to the entire apical surface 

of the cultured cells, whereas the stress resulting from pulling magnetic particles 

is much more localised. Moreover, the density of cell adhesion promoting agent 

on the substrate is known to affect the morphology of cultured cells (Wang and 

Ingber, 1994; Moshayedi et al., 2010) as well as their rheological properties like 

stiffness (Wang and Ingber, 1994). We treated the coverglasses with a 25 
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µg/mL poly-D-lysine solution, whereas the coverglasses used in the study by 

Maneshi et al. (2015) were coated with an unspecified amount of fibronectin. 

This might also partly explain the difference between our findings. Lastly, both a 

previous study (Akita et al., 2011) and our own data (Figure 47) demonstrated 

that mechanically stimulated elevations in astroglial [Ca2+]i depend on the 

autocrine action of ATP. When fluid flow is used as the stimulus, some of the 

ATP released by the cells may have been washed away before having an 

effect, leading to dampened responses and an overestimation of the threshold.   

 

To fully resolve these complexities, further investigations have to be carried out, 

preferably with a magnet that is microscope-compatible like the yoke magnet, 

but can generate enough force to excite cultured astrocytes with single 

spherical magnetic beads, so that more accurate force and stress estimations 

could be achieved. One advantage of magnetic actuation over fluid flow is that, 

by varying the amount of beads on the cells, the stress applied can be either 

highly localised or global. It is also possible to directly map the strain field by 

tracking the displacements of the beads (Bausch et al., 1998). However, this is 

beyond the scope of the current study and needs to be addressed in future 

experiments. 

 

7.4.3. Studying cell mechanics with magnetic particles and magnets 

Magnetic particles and magnets have long been used to study the mechanical 

properties of cells. For instance, one method for investigating the viscoelastic 

properties of the cytoplasm was to introduce magnetic particles into the cells of 

interest, either by pushing or through phagocytosis, and then apply a magnetic 

field to set the particles in motion, which would be measured and analysed to 

give estimates of various rheological parameters (Seifriz, 1924; Crick and 

Hughes, 1950; Yagi, 1961; Hiramoto, 1969; Sato et al., 1983, 1984; Valberg, 

1984; Valberg and Albertini, 1985; Valberg and Feldman, 1987; Möller et al., 

1997; Bausch et al., 1999). Also, numerous studies have examined how 

mechanical stress to transmembrane receptors such as integrin influenced the 

organisation of the cytoskeleton by magnetically actuating iron oxide particles 

targeted specifically to the extracellular domain of such proteins (Wang et al., 

1993; Wang and Ingber, 1994; Pommerenke et al., 1996; Bausch et al., 1998, 

2001; Goldmann et al., 1998; Alenghat et al., 2000; Meyer et al., 2000; Fabry et 
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al., 2001b; Fass and Odde, 2003; Matthews et al., 2004b, 2006; Fischer et al., 

2005; Balasubramanian et al., 2007).  

 

These previous studies very often utilised a magnet equipped with a sharp pole 

piece (Hiramoto, 1969; Pommerenke et al., 1996; Bausch et al., 1998, 1999, 

2001; Alenghat et al., 2000; Fass and Odde, 2003; Matthews et al., 2004b, 

2006, 2004a; Fischer et al., 2005; Balasubramanian et al., 2007; Kasten et al., 

2010), enabling a steep magnetic field gradient to be generated near the tip. 

The advantage of such a design was that large forces, from tens of 

piconewtons on a Dynabead 2.8 µm in diameter (Pommerenke et al., 1996) to 

hundreds or even thousands of piconewtons on a Dynabead 4.5 µm in diameter 

(Bausch et al., 1998; Alenghat et al., 2000; Fass and Odde, 2003; Matthews et 

al., 2004b, 2006; Fischer et al., 2005; Balasubramanian et al., 2007), could be 

generated. However, to achieve such forces, the particle has to be very close to 

the tip of the pole piece, typically within 100 µm, and the magnitude of the force 

varies dramatically with the particle’s distance to the tip. This means that only 

those in the immediate vicinity of the pole tip would be affected, and the precise 

location of a particle needs to be known in order to determine the force on it. 

We did fabricate several electromagnetic needles according to the method by 

Matthews and colleagues (2004a), but did not have much success with them, 

even when they were used to actuate micromer particles that are very similar to 

4.5 µm Dynabeads. This was probably because the tips were not sharp enough, 

not placed close enough to the particles during the experiments, or a 

combination of both. We then pursued an alternative magnet design and made 

the yoke magnet, which produces a uniform force on a particle regardless of its 

location, and as a result we were able to gather data from all the cells and 

particles in a large field of view, which was usually 320 µm by 320 µm but could 

potentially be much larger. 

 

It is also worth mentioning that a common approach to gauging force exerted on 

a spherical particle with the radius 𝑅 by a magnet is to use the device to pull the 

particle through a solution with a suitable and known viscosity 𝜂, record its 

velocity 𝑣, and then calculate the force according to Stokes’ law: 𝐹 = 6𝜋𝜂𝑅𝑣 

(Bausch et al., 1998, 1999; Alenghat et al., 2000; Fass and Odde, 2003; 

Fischer et al., 2005; Matthews et al., 2006; Balasubramanian et al., 2007; Polte 
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et al., 2007). Given that the particles have a uniform and known size 

distribution, this allows force to be calculated from one set of measurements, 

namely the motion of the particles in a viscous solution, and by using the same 

solution, accurate comparisons can be made between different types of 

particles. However, Stokes’ law only applies to spherical particles. Since the 

Fe3O4, BioMag and SiMAG particles we used were all irregularly shaped and 

had a non-uniform size distribution, this approach could not be employed. 

Instead, we calculated force and shear stress from the density and purity values 

for the particles either given by the manufacturer or found in the literature, and 

three sets of measurements, which were the B field generated by the magnet, 

the M-H curve of the particles, and the size of the particles. With regard to force 

and shear stress threshold calculations, the density and purity of the Fe3O4 

particles, which were not directly measured, and their volumes, which were 

indirectly estimated from their base areas, could be important sources of error.  

 

7.4.4. In vitro astroglial stimulation using antibody-coupled particles 

Having established the mechanical threshold for in vitro astroglial stimulation, 

we went on to test a number of iron oxide particles with surface functional 

groups allowing conjugation with the astrocyte-targeting antibody ACSA-1. 

 

We demonstrated that the relatively small SiMAG particles (500 nm in size), 

when coupled with ACSA-1, selectively bound to astrocytes and could be used 

to trigger signalling events such as ATP release and increase in [Ca2+]i. 

Noticeably, we found that particles coupled with ACSA-1 performed as well as 

those coated with collagen, despite the marked differences between their 

targets: GLAST, which presents the antigen for ACSA-1, has no reported 

involvement in mechanotransduction as far as we know, whereas integrins, the 

receptors for collagen, are well known for their roles in transmitting external 

mechanical signals to the cytoskeleton (Changede and Sheetz, 2016; Sun et 

al., 2016). This suggests that the target proteins’ mechanical properties per se 

are of little importance for our purpose and the deformation of the cell 

membrane lipid bilayer by the magnetic force was likely the key event that 

initiated the signalling cascade. Consequently, our strategy for selective control 

of cell activity is readily applicable to other cell types as long as there are 

specific surface antigens to target magnetic particles to. 
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For this set of experiments, we primarily measured changes in extracellular 

[ATP], because ATP is an important gliotransmitter capable of modulating 

synaptic strength and neuronal activities (Gourine et al., 2010; Chen et al., 

2013; Lee et al., 2013). Furthermore, it appears that ATP plays an important 

role in the signalling pathway underlying the mechanosensitivity of astrocytes. 

There is evidence that pannexin1, which forms high-conductance, ATP-

permeable channels, acts as a conduit for ATP release by astrocytes in 

response to mechanosensory stimulation (Suadicani et al., 2012; Beckel et al., 

2014). The released ATP can then act in an autocrine and paracrine manner on 

P2X7 receptors, which are purinergic non-selective cation channels, leading to 

[Ca2+]i responses in the origin cells and their neighbours (Suadicani et al., 2006, 

2009, 2012; Beckel et al., 2014). There is also evidence that P2X7 receptor and 

pannexin1 channel may form a complex, and prolonged activation of P2X7 

receptor opens pannexin1 pores (Pelegrin and Surprenant, 2006; Locovei et al., 

2007; Iglesias et al., 2008, 2009), which provides a mechanism for amplified 

ATP release and propagation of calcium waves. Although pannexin1 channels 

have been demonstrated to be intrinsically mechanosensitive by single channel 

patch-clamp experiments (Bao et al., 2004), it is still unclear whether they are 

directly responsible for sensing membrane stretch in astrocytes. Also, a Ca2+-

dependent vesicular pathway for ATP release (Coco et al., 2003) and 

intercellular Ca2+ signalling through gap junction channels (Bennett et al., 2006) 

are likely to be at work as well during the mechanical stimulation of astrocytes, 

although the vesicular release of ATP may play a more significant role than gap 

junctions in the propagation of intercellular calcium waves (Bowser and Khakh, 

2007).  

 

7.4.5. In vivo magnetic stimulation of astrocytes using the magnetic mangle 

To conduct in vivo magnetic stimulation experiments, we made a device called 

the magnetic mangle that is compatible with small rats (<120 g). Simulation as 

well as experimental testing showed that this device was able to exert an 

adequate amount of shear stress through SiMAG particles. We found through 

longitudinal MRI that, over the course of 7 days, the hypointense region in the 

MR images, due to the presence of injected SiMAG particles, only decreased 

slightly in size, demonstrating that most of the particles remained at their 
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injection sites within this time period. In one of the magnetogenetic studies 

(Chen et al., 2015), it was reported that injected iron oxide particles were still 

functional after a month.  

 

Using the magnetic mangle and ACSA-1-coupled SiMAG particles, we 

successfully induced increases in sympathetic nerve activity and arterial blood 

pressure in anaesthetised rats. To our best knowledge, these are the first 

demonstration of in vivo astroglial stimulation using magnetic force. Further 

research is needed to investigate whether the magnetic force was selectively 

applied to the astrocytes. A key experiment would to be to apply 

pharmacological agents that disrupt or abolish ATP signalling, such as apyrase 

and MRS2179, and observe whether they would block sympathoexcitation. 

 

7.5. Conclusion 
In summary, this chapter describes a novel method for remotely stimulating 

astrocytes with limited associated changes in their physiology and environment, 

making this a useful approach for researchers interested in mechanosensitive 

cells and/or potential applications of mechanical actuation.  

 

We have demonstrated that cultured astrocytes can be stimulated remotely 

using iron oxide particles and an externally generated inhomogeneous 

magnetic field, displaying spikes in [Ca2+]i and release of ATP. In addition, we 

obtained preliminary evidence that magnetic actuation of iron oxide particles 

injected into the living brain could stimulate physiological responses that are 

attributable to the excitation of astrocytes. This remote control method does not 

require introduction of foreign proteins as it targets an endogenous signalling 

pathway in astrocytes, making it less invasive than alternative existing methods. 

  

7.6. Contributions 
Y.Y., M.F.L., and A.V.G. designed study; Y.Y., C.P., V.K., and P.A. performed 

calcium imaging; A.G.P. and Q.A.P. designed yoke magnet; C.P. and Q.A.P. 

designed magnetic mangle; Y.Y. and C.P. performed magnetic field 

simulations; P.S. performed SQUID measurements; Y.Y., C.P., and M.T. 

performed scanning electron microscopy; Y.Y. and N.M. performed intracranial 

injection of particles and in vivo magnetic stimulation experiments; Y.Y. made 
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electromagnetic needles, and performed ATP release measurements, 

optimisation of particle preparation protocols, immunostaining, MRI, and all data 

analysis.  
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General Conclusion 

Magnetism has been successfully exploited to develop powerful tools for 

biomedical research, and two of the most prominent examples, namely MRI and 

magnetic particles, were explored for novel applications in this thesis. First, in 

order to realise as well as to capitalise on the promise of mouse models of 

human diseases and injury, continued development of phenotyping capabilities 

that are intended as initial screens for brain morphological abnormalities was 

carried out, relying on MR microscopy and advanced image analysis techniques 

as the core methods. In a mouse model whose neuroanatomy was previously 

unexplored, interesting phenotypes were identified, and an improvement in 

sample preparation was implemented, resulting in a simplified workflow. Then, 

inspired by a recent surge in cell manipulation technologies that allow more 

powerful functional analysis of neural circuits, efforts to develop a simpler and 

less invasive method for remote and targeted stimulation of brain cells were 

made, demonstrating in vitro feasibility as well as preliminary in vivo success. It 

is hoped that the work presented in this thesis would help further our 

understanding of both brain disorder and function. 
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