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Abstract 

Mice have become the preferred model system for studying brain function and 

disease. With the powerful genetic tools available, mouse models can be created to 

study the underlying molecular basis of neurobiology in vivo. Just as magnetic resonance 

imaging is the dominant tool for evaluating the human brain, high-resolution MRI—

magnetic resonance microscopy (MRM)—is a useful tool for studying the brain of mouse 

models. However, the need for high spatial resolution limits the signal-to-noise ratio 

(SNR) of the MRM images. To address this problem, T1-shortening contrast agents can 

be used, which not only improve the tissue contrast-to-noise ratio (CNR) but also 

increase SNR by allowing the MR signal to recover faster between pulses. By “actively 

staining” the tissue with these T1-shortening agents, MRM can be performed with higher 

resolution, greater contrast, and shorter scan times. In this work, active staining with T1-

shortening agents was used to enhance three types of in vivo mouse brain MRM: (1) 

angiographic imaging of the neurovasculature, (2) anatomical imaging of the brain 

parenchyma, and (3) functional imaging of neuronal activity.  

For magnetic resonance angiography (MRA) of the mouse, typical contrast agents 

are not useful because they are quickly cleared by the body and/or extravasate from the 

blood pool before a high-resolution image can be acquired. To address these limitations, 

a novel contrast agent—SC-Gd liposomes—has been developed, which is cleared slowly 

by the body and is too large to extravasate from the blood pool. In this work, MRA 

protocols were optimized for both the standard technique (time-of-flight contrast) and 

SC-Gd liposomes. When the blood was stained with SC-Gd liposomes, small vessel 
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CNR improved to 250% that of time-of-flight. The SC-Gd liposomes could also be used 

to reduce scan time by 75% while still improving CNR by 32%. 

For MRM of the mouse brain parenchyma, active staining has been used to make 

dramatic improvements in the imaging of ex vivo specimens. However for in vivo 

imaging, the blood-brain barrier (BBB) prevents T1-shortening agents from entering the 

brain parenchyma. In this work, a noninvasive technique was developed for BBB 

opening with microbubbles and ultrasound (BOMUS). Using BOMUS, the parenchyma 

of the brain could be actively stained with the T1-shortening contrast agent, Gd-DTPA, 

and MRM images could be acquired in vivo with unprecedented resolution (52 x 52 x 

100 µm3) in less than 1 hour. 

Functional MRI (fMRI), which uses blood oxygen level dependant (BOLD) 

contrast to detect neuronal activity, has been a revolutionary technique for studying 

brain function in humans. However, in mice, BOLD contrast has been difficult to detect 

and thus routine fMRI in mice has not been feasible. An alternative approach for 

detecting neuronal activity uses manganese (Mn2+). Mn2+ is a T1-shortening agent that 

can enter depolarized neurons via calcium channels. Thus, Mn2+ is a functional contrast 

agent with affinity for active neurons. In this work, Mn2+ (administered with the BOMUS 

technique) was used to map the neuronal response to stimulation of the vibrissae. The 

resultant activation map showed close agreement to published maps of the posterior-

lateral and anterior-medial barrel field of the primary sensory cortex. 

The use of T1-shortening agents to actively stain tissues of interest—blood, brain 

parenchyma, or active neurons—will facilitate the use of MRM for studying mouse 

models of brain development, function, and disease. 
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SPGR Spoiled gradient recalled echo (pulse sequence) 

SSS Superior sagittal sinus 

T1 Time constant for recovery of longitudinal magnetization 

T2 Time constant for decay of transverse magnetization 

TE Echo time 

TOF Time-of-flight 

TR Repetition time (time between MR pulses) 
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Chapter 1  

Introduction 

1.1 Motivation 

The brain is the organ of our humanity. It is a mysterious mass where chemistry 

creates consciousness. The brain is responsible for memories, emotions, intelligence—

indeed all of our accomplishments and failures as a species. Despite this power, the 

brain is a fragile system vulnerable to invasion by cancer; dependent on a blood supply 

threatened by atherosclerosis; and susceptible to devastating degeneration. The long list 

of brain diseases afflicts over 50 million American each year and incurs hundreds of 

billions of dollars in economic costs. In response, millions of research dollars and hours 

are spent trying to understand these various afflictions and identify potential 

interventions. 

For studying human diseases, mouse models are some of the most powerful 

tools. Mice are small and have short reproductive cycles, making them convenient 

mammalian research systems. Consequently, numerous techniques for genetic 

manipulation have been developed for the mouse, which allow researchers to investigate 

the molecular and cellular underpinning of disease in vivo. Such in vivo studies are 

particularly important for studying the brain, whose essential nature exists only in a 

living organism. For example, to better understand diseases of the dopaminergic 

system—such as substance abuse and schizophrenia—mice have been engineered that 

lack the dopamine transporter (DAT) protein. By measuring the behavior of these 

animals, the roles of these chemicals—dopamine and DAT—in producing behavior can 
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be better understood. Thousands of such mouse models have been created to help 

biomedical researchers understand diseases and identify potential therapeutic 

opportunities.  

As mouse models have become ever more numerous and sophisticated, a 

corresponding need has grown for rapid and precise tools for studying these models in 

vivo. One such class of tools is small-animal imaging, which, by providing spatial data, 

more fully harnesses the power of studying a whole living animal. In particular, small 

animal magnetic resonance imaging (MRI) is a superb tool for studying mouse models for 

several reasons: it is non-destructive; it can utilize numerous contrast mechanisms; it is 

inherently digital and three-dimensional; and it is well suited to longitudinal in vivo 

studies. 

In humans, MRI has revolutionized the diagnosis and study of brain diseases by 

allowing physicians and researchers to noninvasively look through the skull and 

visualize the brain with exquisite detail. A plethora of contrast mechanisms allows MRI 

to be used to image numerous aspects of the brain. For example, T1 and T2 contrast 

reveal subtle neuronal structures; diffusion-weighted imaging is sensitive to cerebral 

ischemia; diffusion tensor imaging can demonstrate neuronal tracks; and Blood Oxygen 

Level Dependent (BOLD) contrast can detect neuronal activity. The ability of MRI to 

noninvasively study the brain in so many ways has fundamentally changed how we 

approach and address intracranial disease. 

Since MRI is such a powerful tool for studying the brain in the human, it follows 

naturally that it should be useful for studying the corresponding mouse models of those 

same diseases. However, compared to human MRI, in vivo small animal MRI has lacked 
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corresponding capacity. For example, human magnetic resonance angiography (MRA) 

can visualize small distal arteries deep in the brain. However, the best mouse MRA 

published to date can see little more than the large vessels in the Circle-of-Willis. 

Similarly, in a few minutes a human brain MRI can be acquired that clearly distinguishes 

gray and white matter and identifies the subthalamic nuclei, whereas an hour-long in 

vivo mouse brain MRI cannot produce remotely comparable contrast and anatomical 

definition. 

In humans, functional MRI (fMRI) is one of the most useful clinical tools for 

studying regional brain activity and how it is affected by disease. Typically, fMRI uses 

BOLD contrast to identify regions of the brain that are more active. BOLD fMRI has 

been applied to study a wide range of disease states, from identifying how cocaine 

affects a drug addict’s brain to identifying ictal foci in epilepsy patients (Matthews et al. 

2006; Risinger et al. 2005). However, while there are mouse models of both addiction 

and epilepsy, there is effectively no mouse BOLD fMRI technique with which to study 

them. 

Mouse models are exceptionally powerful tools in the study of human brain 

disease, and small animal MRI holds enormous promise for studying these models. The 

motivation for this dissertation was to realize some of that promise by developing 

improved methods for mouse brain imaging. The general approach was to use contrast 

agents to overcome some of the inherent challenges in small-animal MRI (discussed in the 

next section), with the specific targets of improved vascular, anatomical, and functional 

imaging of the mouse brain. 
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1.2 Overcoming Challenges in Mouse Brain MRI 

This section discusses some of the challenges in small-animal MRI and how they 

can be addressed. Particular attention is paid to those issues addressed later in the 

dissertation. 

1.2.1 Signal and resolution in small animal MRI 

So why are MRI techniques deficient in the mouse if they work so well in 

humans?  The major limitation is size: the mouse brain is more than 3000 times smaller 

than the human brain (Badea et al. 2007a). Thus, to see the comparable anatomical 

features, the spatial resolution of mouse MRI must be much higher. For typical human 

brain MRI, the image resolution might be a 1 mm3—a voxel volume of 1000 nL. Thus, for 

the mouse brain MRI, a reasonable target resolution would be 0.3 nL or (70 µm)3.  

Because of the vastly smaller scale, such high-resolution MRI is known as magnetic 

resonance microscopy (MRM). Unfortunately, resolution cannot be simply increased 

without sacrificing image quality. As shown in Equation 1, the signal-to-noise ratio 

(SNR) in each voxel of an MR image is proportional to the voxel volume (∆v) and total 

scan time (t). 

   

! 

SNR"#v t  Equation 1 

Because SNR is proportional to voxel volume, simply increasing resolution by a 

factor of 3000 leads to a 3000 fold reduction in image quality (SNR). Even though SNR 

can be recovered by scanning for a longer time, compensating with additional scan time 
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is not practical for in vivo imaging.1 Fortunately, there are a variety of other tools we can 

use to improve SNR and resolution: 

1. Specialized radiofrequency coils 

2. High-field magnets 

3. Efficient pulse sequences 

4. T1-shortening contrast agents 

The radiofrequency (RF) coil detects the signal emitted from the subject. By using 

high-sensitivity coils with minimum possible volume, narrow bandwidth, and circularly 

polarized fields, the SNR of the acquired data can be increased dramatically. The coil 

used in this work is discussed further in chapter 3.  

A high-field magnet, such as the 7 T magnet used in this work, increases the SNR 

by increasing the initial magnetization of the protons in the body—the fundamental 

source of MR signal. However, working at high field introduces its own challenges. MRI 

scans are acquired by using  a series of external RF pulses, each of which converts the 

magnetization into the MR signal, but at the same time depletes the magnetization. The 

magnetization recovers in the time between pulses (TR), but the time constant for that 

recovery (T1) gets longer as the field increases. Thus, while the MR signal at high field is 

stronger, a longer time is needed between pulses for the signal to recover. 

Because the magnetization recovers slowly between pulses, it is important to use 

the magnetization efficiently when acquiring the MR image. The pulse sequence is the 

method by which the MR scanner uses the magnetization to generate the image. Different 

                                                        
1 Note: this relationship between resolution, SNR, and scan time is central to MRI. A surplus of any one of 
these three assets can be “spent” on improving the others. For example, any technical development that 
increases SNR can be utilized to improve resolution or shorten scan time. 
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pulse sequences can generate images with different types of contrast. For example, the 

contrast in a T1-weighted image reflects the differences in tissue T1. For a given type of 

contrast, it is important to choose a pulse sequence that can generate the image most 

efficiently—i.e., maximizing the contrast-to-noise ratio (CNR) in the given scan time. The 

choice of pulse sequence for this work is discussed in Chapter 3. 

1.2.2 Active staining with contrast agents  

Another way to improve CNR is to use contrast agents. Contrast agents enhance 

the signal difference between two tissues by differentially altering an MR-detectable 

property of the tissues. A particularly powerful class of contrast agents is the T1-

shortening agents. By shortening T1, these agents hasten the recovery of magnetization 

between pulses. Thus for each pulse, more signal can be detected, yielding more SNR. 

Since these agents shorten T1 to a different extent in different tissues, they also increase 

the CNR. This dual action—increasing both SNR and CNR—makes T1-shortening agents 

very powerful tools in small-animal MRI. 

The Duke Center for In Vivo Microscopy (CIVM) pioneered the use of T1-

shortening agents for MRM of ex vivo specimens, so called MR histology (Johnson et al. 

2002a; Johnson et al. 2002b). Like the tissue stains used in conventional histology, these 

agents improved the tissue contrast. However because they also increased the MR signal, 

these T1-shortening agents “actively” enhanced the quality of the image. Thus the use of 

T1-shortening agents for MR histology was dubbed “active staining.” Active staining has 

enabled the acquisition of ex vivo MR images of the mouse brain with voxel volumes as 

little as 0.01 nL (more than five order of magnitude smaller than a human brain MRI) in 

2 hours (Johnson et al. 2007). Active staining has already enabled the use of MR 
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histology to study mouse models of human brain disease. MR histology of the DAT-KO 

mouse identified a 10% reduction in the volume of the anterior striatum, but found that 

the dopamine-related structures of the basal ganglia were unchanged (Cyr et al. 2005). 

Similarly, MR histology of the reeler mouse—a genetic variant that demonstrates ataxia, 

hypotonia, and fine tremor--identified a variety of structural changes including 

disorganization of the hippocampal layers (Badea et al. 2007b). The data suggested that 

the reeler mouse is a structural model for lisencesphaly and perhaps certain aspects of 

autism and schizophrenia.  

Active staining has enabled very successful mouse brain imaging ex vivo, but the 

great potential of mouse models and MRM lies with in vivo imaging. The goal of this 

dissertation was to translate the power of active staining to in vivo mouse brain imaging. 

Three specific types of active staining were employed: 

1. Staining of the blood with a novel long-circulating nanoparticle agent 

(Chapter 4) 

2. Staining of the brain parenchyma with a standard gadolinium-based 

small molecule contrast agent (Chapter 5) 

3. Staining of active neurons with manganese (Chapter 6) 

These last two staining methods required the development of a novel technique 

for opening the blood-brain barrier to allow the contrast agent to reach the brain 

parenchyma. The development of this technique is the topic of Chapter 5. 

1.2.3 Animal handling 

The final challenge for in vivo mouse MRM is animal handling. To prevent motion 

artifacts, the mice must be chemically restrained with anesthetic drugs. Because these 
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drugs typically have a narrow therapeutic window, the heart and/or respiratory rate 

must be monitored closely and the drug titrated accordingly. Because these drugs 

interfere with the animal’s temperature homeostasis, the body temperature must be 

tightly controlled not only to keep the animal physiologically stable, but also to ensure 

consistent imaging results. For example, at 1.5 Tesla, the T1 of the liver increases by 1-

3% per degree Celsius (Matsumoto et al. 1992). The final component is animal 

positioning: not only can the animal’s position affect its physiology (e.g., kinking the 

airway) but it also can affect the image acquisition (e.g., the brain should be centered in 

the RF coil). Because biologically relevant studies generally look for subtle effects, it is 

critical that the animal handling—anesthesia, monitoring, and positioning—is extremely 

consistent to avoid confounding the data. The importance of good animal handling will 

become apparent in Chapter 2 and will be discussed futher in Chapter 3.  

1.3 Specific Aims 

The general goal of this dissertation was to use active staining to enhance mouse 

brain imaging. The specific aims are enumerated here. 

1.3.1 Infrastructure 

Before undertaking the active staining projects, it was essential to first establish 

the imaging infrastructure required to routinely execute mouse brain MRM. 

1. Define and tune an MR pulse sequence suitable for efficient acquisition of 

high resolution (0.3 nL or better) T1-weighted MRM. 

2. Obtain or build a radiofrequency coil suitable for imaging the mouse brain 

and tunable to mice between 20 and 30 g. 
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3. Develop anesthesia and physiology monitoring protocols that enable 

prolonged imaging sessions with no motion and no mortality. The protocol 

should also be amenable to high-throughput and longitudinal studies. 

4. Design and manufacture a head-holder and animal cradle that facilitates 

rapid animal setup and reproducible positioning. 

Though the need for appropriate infrastructure seems obvious, the precise 

requirements were only established after reviewing the results of the preliminary 

work (described in Chapter 2). 

1.3.2 Vascular imaging 

With the suitable infrastructure in place, the next project was to stain the blood 

with a novel blood-pool contrast agent—SC-Gd liposomes—developed by other 

members of the CIVM. To date, the best magnetic resonance angiography (MRA) in the 

mouse has utilized time-of-flight contrast (TOF) (Beckmann 2000). The goal of this work 

was to determine what benefits, if any, SC-Gd offered for mouse brain MRA. 

1. Optimize a time-of-flight MRA protocol. 

2. Optimize an SC-Gd MRA protocol. 

3. Quantitatively determine how each contrast mechanism performs at different 

fields of view. 

4. Quantitatively determine how each contrast mechanism performs at different 

spatial resolutions. 

5. Quantitatively compare the scan time and contrast-to-noise of each 

technique. 
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1.3.3 Blood-brain barrier disruption and parenchymal staining 

The third component of this dissertation was to actively stain the brain 

parenchyma in vivo. In order to get the contrast into the brain, it was necessary to 

develop a noninvasive technique to open the blood-brain barrier (BBB). In the 

preliminary work (Chapter 2), hyperthermia was tried, but without success. However, 

ultrasound combined with a microbubble agent was effective. 

1. Develop a technique for noninvasive BBB Opening with MicroBubbles and 

UltraSound (BOMUS). 

2. Develop an assay for BBB disruption. 

3. Evaluate the duration of the BBB disruption obtained with BOMUS. 

4. Demonstrate noninvasiveness of BOMUS using both histology and behavioral 

testing. 

5. Use BOMUS for active staining of the brain, demonstrating change in tissue 

T1 and image SNR. 

6. Demonstrate the temporal pattern of enhancement obtained with active 

staining. 

1.3.4 Functional imaging 

With a technique for opening the BBB in place, the final component of this 

dissertation was to actively stain the mouse brain with manganese—a functional 

contrast agent—to detect neuronal activity in the mouse. In the preliminary work 

(Chapter 2) manganese was used—without success—to try to observe differential 

neuronal activity in the DAT-KO mouse. One of the conclusions from that experiment 
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was that any new manganese technique needed to be validated with an internally 

controlled, highly specific stimulation paradigm. 

1. Develop a protocol (using BOMUS) for administering manganese that 

minimizes toxicity and provides for a consistent distribution of agent. 

2. Develop a sensory stimulation paradigm that is internally controlled and 

highly specific. 

3. Develop a statistically relevant scheme for analyzing results across multiple 

mice. 

4. Demonstrate the detection of neuronal activity using manganese-enhanced 

MRI and validate the results with published findings from other techniques. 
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Chapter 2  

Preliminary Work 

In the preliminary work for this dissertation, manganese-enhanced MRI was used 

in an attempt to observe differences in neuronal activity between DAT-KO mice and 

wild type mice. The first half of this chapter discusses the rational and results from this 

early work. While the results were disappointing, they did highlight the need for 

updated imaging infrastructure (addressed in the next chapter) and a method for global 

opening of the blood-brain barrier (BBB). The second half of this chapter discusses 

opening the BBB. It describes the preliminary work that attempted to use hyperthermia to 

open the BBB. While this approach was not successful, it laid the groundwork for the 

successful work with ultrasound (which is discussed in Chapter 4). 

2.1 Chronic Activation-Induced Manganese-Enhanced MRI 

2.1.1 Functional MRI with manganese 

In humans, functional MRI (fMRI) has been an enormously successful technique 

for understanding brain function and dysfunction. In human fMRI, the Blood Oxygen 

Level Dependant (BOLD) contrast mechanism is used to detect slight fluctuations in 

cerebral blood flow as a proxy for neuronal activity. The principle behind BOLD is that 

while oxygenated blood is diamagnetic, deoxygenated blood is paramagnetic. Because 

its magnetic susceptibility is greater than the surrounding tissue, deoxygenated blood 

will cause more rapid signal decay (T2* relaxation). When a region of the brain is more 

active, perfusion of that region with oxygenated blood increases. This increase in the 

ratio of oxygenated to deoxygenated blood causes a subtle increase in the tissue signal.  
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While there are numerous mouse models for which fMRI would be an ideal 

experimental tool, BOLD contrast has not proven practical for fMRI in mice. Since the 

birth of fMRI, BOLD contrast has been demonstrated in the mouse only three times 

(Ahrens and Dubowitz 2001; Huang et al. 1996; Nair and Duong 2004), and none of 

those demonstrations were ever followed-up by the investigators. Fundamentally the 

problem has been one of inadequate signal—even in human fMRI the BOLD signal is 

typically less than the noise of the MR image (Huettel et al. 2004)!  The BOLD effect is 

only detected by averaging many images. When the image voxels are scaled down to a 

size suitable for the mouse, the BOLD effect is nearly undetectable. 

Since BOLD is not an adequate contrast mechanism for fMRI in the mouse, a 

variety of alternatives have been proposed, the most promising of which utilizes the 

divalent cation, manganese (Mn2+). Mn2+ has two properties which make it uniquely 

suited for fMRI: (1) Mn2+ has five unpaired electrons (Putnis 1992) which enhances 

proton T1-relaxation, effectively boosting the observed T1-weighted MR signal; and (2) 

Mn2+ can act as calcium analog and will accumulate in excitable cells such as neurons 

(Drapeau and Nachshen 1984). There is data indicating that Mn2+ will enter depolarized 

neurons via voltage-gated calcium channels, and thus will accumulate to a greater degree 

in neurons that are more active (Kita et al. 1981; Narita et al. 1990). Functional imaging 

techniques that exploit these properties of Mn2+ are referred to as Activity-Induced 

Manganese-enhanced MRI (AIM MRI) (Lin and Koretsky 1997). AIM MRI has two 

advantages over BOLD: (1) the Mn2+ is retained in active regions so that the 

experimental treatment can be performed prior to imaging; and (2) unlike BOLD, the 
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mechanism is independent of blood flow, so it is not confounded by experimental 

conditions that alter hemodynamics. 

While AIM MRI has potential, it also has two major problems: (1) acute exposure 

is toxic; and (2) Mn2+ does not readily cross the Blood-Brain Barrier (BBB) (Aschner et 

al. 2007). In humans, Mn2+ has cardiotoxic effects that include a variety of ECG changes 

and hypotension. Animal studies have shown Mn2+ can accumulate in the cardiac tissue, 

cause acute cardiodepression, and interfere with calcium channels (Jiang and Zheng 

2005). In addition to cardiotoxicity, there is data indicating that Mn2+ interferes with 

transmission at the neuromuscular junction (Meiri and Rahamimoff 1972). Finally, Mn2+ 

has severe and varied neurotoxic effects including psychiatric changes, postural 

instability, and Parkinsonian symptoms (Roth 2006). Nevertheless, the toxicities can be 

minimized if the Mn2+ is administered slowly:  doses of 0.8 mmol/kg have been given 

with only modest and transient locomotor retardation (Silva et al. 2004). However, the 

long-term consequences of these doses have not been well studied. 

The second major challenge for AIM MRI is getting Mn2+ into the brain across the 

BBB. The BBB describes the specializations of the brain’s vasculature that restrict the 

passage of substances from the blood to the brain parenchyma.  The most important 

component of the BBB is the specialized endothelium, whose cells are joined by tight 

junctions that restrict the passage of small polar molecules such as Mn2+. By disrupting 

these endothelial cells and their tight junctions, the BBB can be opened. Typically, in the 

clinical or research setting, the BBB is opened by infusing the brain’s arterial system with 

a hypertonic solution of a sugar such as arabinose or mannitol. Because these sugars are 

not taken up by cells, the hypertonic solution draws water osmotically into the vessel, 
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causing the vessel to dilate and the endothelial cells to dehydrate. As the vessel 

stretches and the endothelial cells shrink, the BBB is literally torn open (Rapoport 2000). 

By using mannitol to open the BBB and by using a slow Mn2+ infusion to limit 

Mn2+ toxicity, AIM MRI has been successfully performed in rats. The effect of a stimulus 

is detected as a relative change in enhancement on MRI. This approach has been used to 

detect activation due to a variety of stimuli including glutamate, cocaine, and electrical 

paw stimulation (Aoki et al. 2002; Lin and Koretsky 1997; Lu et al. 2007). 

While AIM MRI had been successfully used in rats, at the time of this work, it 

had not been extended to mice. Because mice are the preferred animal models for 

studying the genetic and molecular basis of neurological disease, there is a great need for 

an fMRI technique for mice. The initial goal of this preliminary experiment was to 

develop a technique for AIM MRI in the mouse. 

The first challenge for performing AIM MRI in the mouse was to administer Mn2+ 

to the brain. Though the previous work in rats used osmotic BBB disruption, there were 

a number of problems with using this approach in the mouse: 

1. The cannulation of the external carotid is extremely difficult to perform in 

mice (Zhang et al. 1997). The technique loses much of its purpose if its 

adoption and application are limited by technical feasibility.  

2. Even if it were easily performed, the external carotid cannulation is highly 

invasive, which makes it difficult to perform longitudinal studies. 

3. The BBB is only opened in the distribution of one carotid artery; there is 

no opening of the cerebellum or the other hemisphere. 



 

 

16 

4. Even when properly performed in rats, osmotic BBB disruption is not 

consistent or uniform. 

5. The osmotic BBB disruption is neurologically traumatic. It causes massive 

brain swelling (Lu et al. 2007) and may induce seizures. It is difficult, if 

not impossible, to deconvolve these traumatic effects from the 

experimental effects which the technique seeks to measure. 

To avoid osmotic BBB disruption in the mouse, an alternative method for 

Mn2+administration was explored. The simplest method for giving Mn2+ is by an IP 

injection. Twenty-four hours after the injection, the Mn2+ has more or less evenly 

permeated the brain (Aoki et al. 2004). The hypothesis was that if there were a 

persistent difference in neuronal activity during those 24 hours, brain regions with more 

activity would accumulate more Mn2+ and be relatively more enhanced. If the hypothesis 

was true, such a technique should be able to detect chronic differences in neuronal 

activity. This approach for Chronic Activity-Induced Manganese-Enhanced MRI was 

dubbed CAIM MRI. 

2.1.2 CAIM MRI study of the dopamine transporter knock-out mouse 

To test this hypothesis that differences in neuronal activity could be detected by 

MRI after a 24 hour manganese exposure, an experimental condition was needed in 

which there was a persistent regional difference in neuronal activity. The dopamine 

transporter knockout (DAT-KO) mouse was chosen as a mouse model which would 

show a persistent difference in neuronal activity.  

To understand why the DAT-KO was chosen, a little background is helpful. 

Dopamine (DA) is a neurotransmitter that plays a central role in neuronal signaling 
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related to cognition, reward, and movement (Geracitano et al. 2006). The dopamine 

transporter (DAT) regulates the temporal and spatial activity of released DA by rapidly 

taking up DA into the presynaptic terminals. By modulating the dopaminergic tone of 

the basal ganglia and nucleus accumbens, DAT plays a major role in controlling 

locomotion. DAT is also a target of psychoactive drugs including cocaine and 

amphetamine. DAT knockout mice (DAT-KO) demonstrate hyperlocomotion: they are 

5-6 times more active than wild-type animals. Such hyperlocomotion is seen in wild-

type animals if they are given high doses of cocaine; however, locomotion in the DAT-

KO mice is not significantly increased by even high doses of cocaine (Giros et al. 1996).  

Because of its inherent hyperactivity—an always-on stimulus—the DAT-KO seemed to 

be an appropriate model system in which to test CAIM MRI. 

The first step was to develop a protocol for CAIM MRI. Various routes and 

doses of Mn2+ administration were studied in order to maximize the dose and minimize 

mortality. An IP dose of 0.5 mmol/kg was determined to be optimal; however even this 

dose caused significant motor retardation. Peak enhancement was seen 24 hours post-

injection [consistent with (Lee et al. 2005)]; thus, 24 hours was chosen as the delay time 

between Mn2+ administration and MRI.  

For the study, DAT-KO mice and wild type littermates (DAT-WT) were given an 

IP injection of MnCl2 at 11:00 AM, placed in a new cage, and kept overnight in the lab. 

The cage was changed once at 5:00 PM and then again the next morning at 8:00 AM. The 

mice were then imaged at approximately 11:00 AM the next day. For imaging, the mice 

were anesthetized with a mixture of ketamine and xylazine and placed in an imaging 

cradle fit with a gas anesthesia nose cone. As the injectable anesthetic wore off, the 
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animals were transitioned to isoflurane anesthesia. Body temperature was maintained at 

36º C and ECG and respiratory rate were monitored. Imaging was performed with a 7 T 

GE EXCITE MRI system using a lab-built 3 cm birdcage coil. For the MRI scanning 

sequence, a T1-mapping strategy was chosen to provide an absolute quantitative metric 

of tissue properties. T1 maps were generated using a 2D spin echo sequence with 

variable TR and the following parameters: TR 150-9600 ms, TE 8 ms, BW 15.63, FOV 2 

cm, matrix 192x192, slice 1 mm. A single thin sealed tube of dilute (1:5000) Gd-HP-

DO3A (MRI contrast agent) was included as a reference with each animal. 

With the data from each animal, T1 constants were estimated for several regions 

of interest (ROIs): right striatum, left striatum, whole brain, and reference. The ROI were 

manually selected on three slices from each brain. The striatum was chosen as the critical 

ROI because it is a large, clearly identifiable structure that has high DAT expression in 

the wild type. The mean signal from each of these ROI was fit using a non-linear least 

squares method to the following equation which describes the T1 recovery in a spin echo 

experiment: 

 

! 

I = m(1" e
("TR /T1)

) + a Equation 2 

Where I is the mean ROI  intensity and TR is the repetition time. The three terms that are 

fit are m, a multiplicative constant, a, an additive constant, and T1, the parameter of 

interest. The relaxation rate constant R1 was then found as simply 1/T1. 

The data from this study is summarized in Figure 1. Quite simply, no difference 

was observed between the DAT-WT and DAT-KO animals. The variability in R1 within 

each individual and within each experimental group was far greater than any detectable 

difference between groups. Furthermore, the reference shows great variability itself, 
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indicating that it was not effective (probably because inconsistent placement of the 

reference with respect to the mouse’s head caused it to vary in temperature from animal 

to animal). 

 

Figure 1: Summary of the CAIM MRI study of the DAT-KO. Panels a, b, and c show 
the R1 values for the three ROI. Panels d and e show the striatum and whole brain 
R1 normalized by the reference R1. Panel f shows the R1 of the striatum normalized 
by the R1 of the brain. Each circle represents one ROI on one slice of an animal; 
thus, the plots reflect the variability both within animals and within each group. 

There are several possible reasons for the negative result: 

1. The CAIM MRI method may not have been adequately sensitive. Because 

the experiment sought to identify a difference between mice (rather than 

identify a change induced within individual mice), the experiment 

required very high sensitivity. Significant differences in activity may have 
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existed between the DAT-KO and DAT-WT mice throughout the 24 hour 

period, but variability in the technique obscured these differences. 

Alternatively, the population of neurons that accumulated differential 

levels of Mn2+ was too small to identify from the MRI data—because the 

slices were relatively thick (1 mm), signal differences in small regions may 

have been lost due to volume averaging.  

2. The differences in neuronal activity may not have persisted throughout 

the 24 hour period. When mice are placed in a new cage, they are initially 

very physically active, but as they acclimate to the new environment their 

locomotion abates. While the DAT-KO are much more active than the 

DAT-WT when placed in a new cage, this difference in activity may not 

have persisted long enough to constitute a “chronic” difference in activity.  

3. The toxic effects of the Mn2+ may have suppressed neural activity. 

Immediately after Mn2+ administration, the mice are lethargic which 

gradually resolves over the subsequent hours. It is not clear from the 

literature whether this is due to Mn2+ suppression of the central nervous 

system or due to Mn2+ suppression of the peripheral neuromuscular 

junction (Narita et al. 1990). If the lethargy is a central effect, this may 

have suppressed the activity that we sought to detect. Furthermore, in the 

human toxicology literature, Mn2+ is known to have a particularly toxic 

effect on the striatum (Aschner et al. 2007)—the very structure where a 

difference was expected. 
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Most likely, the negative result is explained by some combination of the above.  

After beginning this study, a paper was published that successfully performed tonotopic 

mapping of the auditory cortex in the mouse using a nearly identical CAIM MRI 

approach (Yu et al. 2005; Yu et al. 2008). While this publication validated the CAIM MRI 

technique, personal communication with the investigators revealed that this DAT-KO 

study was probably doomed from the start. In their experience, CAIM MRI is not a very 

sensitive technique: it requires a strong and persistent stimulus, a large number of 

animals, very repeatable scanning protocols, and a sophisticated registration-based 

statistical analysis of the data. 

2.1.3 Strategy for future AIM MRI 

Given the negative results from the first attempt at CAIM MRI in the DAT-KO, it 

was clear that a new strategy was needed for AIM MRI in the mouse. The new AIM MRI 

technique needed the following: (1) rapid administration of Mn2+; (2) validation with a 

highly specific, internally controlled stimulus; and (3) reliable, repeatable, and rapid 

imaging infrastructure.  

First, a rapid administration scheme was needed. The chronic technique was not 

very sensitive and was limited to observing only persistent activity. The alternative 

approach was the acute AIM MRI (used in previously published rat studies) in which 

the Mn2+ is administered rapidly via an opened BBB. Switching to acute AIM MRI 

required developing a technique for noninvasively opening the BBB in the mouse 

(discussed in the remainder of this chapter and in Chapter 5). 

Second, a specific stimulus was needed. Interpreting the negative results of the 

DAT-KO study was difficult because the CAIM MRI technique had not been validated 
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separately. It was assumed that differences in the DAT-KO would be obvious; and 

therefore the DAT-KO study would serve as the validation of the CAIM MRI technique. 

The new AIM MRI technique needed to be validated with a highly specific stimulus 

(discussed in Chapter 6). 

Third, the imaging infrastructure needed to be redesigned. The most frustrating 

aspect of the DAT-KO study was that collecting the data took almost a year and half!  

Why did it take so long to simply scan a few animals and compare them?  Unlike most 

in vivo studies at CIVM, which examine morphology, this study was looking for a subtle 

difference in a tissue relaxation parameter. Furthermore, it was looking for such a 

difference between classes animals as opposed to within each animal. Such a study 

requires the experimental system to be extremely reliable and consistent. Over the course 

of the DAT-KO study, various parts of the imaging infrastructure required modification 

(such as the RF coil, imaging sequence, or the anesthesia regimen) and each time this 

necessitated discarding the previous data and restarting the study . Furthermore, the 

imaging infrastructure had the capacity for scanning only one animal per day, so any 

discarded data was a significant setback. A systematic evaluation of the entire imaging 

infrastructure identified several inadequate components: 

1. Radiofrequency Coils – Though very sensitive, the RF coils had 

inconsistent field homogeneity; were fragile; were difficult to tune; and 

were cumbersome to use.  

2. Anesthesia – Motion artifacts frequently rendered the data unusable; and 

nearly 50% of the mice died before imaging was completed.  
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3. Animal monitoring – For monitoring the depth of anesthesia, the lab-built 

system tracked only the ECG—a poor biometric for anesthetic levels in 

the mouse. The ECG signal and temperature monitoring system were 

unreliable. Because T1 is a function of temperature, scans acquired with 

an unstable body temperature had to be discarded. 

4. Animal positioning – The animal set-up was a chaotic tangle of animal, 

catheters, and wires strapped tenuously to an acrylic sled by vast 

quantities of pink tape. This assembly took an hour to put together and 

another half hour to position in the magnet. Any problem with coil tuning 

or ECG detection required dismantling the entire apparatus. Distortions 

of the soft tissues of the head due to the foam-and-tape fixture made 

image registration impossible; thus, comparing data from different 

animals was extremely difficult. 

Taken together, these “infrastructure” limitations meant that at most one animal 

could be scanned per day. Frequently the acquired data had to be discarded due to 

motion artifacts, premature death, or fluctuations in temperature. Before new imaging 

techniques could be developed, the imaging infrastructure needed to be redesigned 

(discussed in Chapter 3). 

2.2 Opening the Blood-Brain Barrier with Hyperthermia 

The new AIM MRI technique required developing a method for noninvasively 

opening the entire BBB. In the blood-brain barrier literature there are generally four 

common ways for opening the BBB: (1) the osmotic method mentioned previously, which 

was deemed too logistically difficult and too invasive; (2) biological inflammatory 
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agents such as bradykinin and histamine which use cell signaling pathways to increase  

capillary permeability, but which also suffer from the same limitations of logistics and 

invasiveness (Abbott 2000); (3) hyperthermia, which is discussed in this section; and (4) 

ultrasound, which is discussed in Chapter 5. 

It has been shown in the rat that the BBB is opened when brain tissue is heated 

to 42-43º C (Lin and Lin 1982; Moriyama et al. 1991; Ohmoto et al. 1996; Salford et al. 

1994). However, administering heat in a controlled fashion is difficult and requires 

constant monitoring using temperature probes. There is no literature on using microwave 

heating to heat the brain of the mouse or using hyperthermia to open the BBB in the 

mouse. Nevertheless, this was the technique tried for opening the BBB. 

2.2.1 Methods 

A system was built that could administer the heat in a controlled fashion to the 

mouse, while controlling the mouse’s overall body temperature. The animal was 

anesthetized with isoflurane. To monitor temperature, fiber-optic temperature probes 

were placed in the rectum, scalp, ear canals, and brain. To control the overall body 

temperature, cool water was circulated through channels in the aluminum bed. To 

administer the microwaves, a 915 MHz copper spiral coil was positioned over the head 

using a 3-axis positioning system. To couple the microwaves efficiently into the mouse 

head, a specialized coil housing was designed that created an 18 mm water chamber 

between the coil and the scalp. Cool water was circulated through the water chamber to 

prevent the scalp from scorching. A continuous wave microwave amplifier with an 

internal matching network was used to drive the coil with a forward power of 0 to 100 

watts. Using this set up (Figure 3), the animal brain could be heated to 43º C in 10 
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minutes while maintaining the body temperature at 35-37º C. To assay opening of the 

BBB, 6.3 mmol/kg of gadopentetate dimeglumine (Gd-DTPA, an MRI contrast agent) 

was injected at the onset of the procedure; afterwards the animals were scanned with a 

T1-weighted MRI sequence. Because Gd-DTPA is excluded by the BBB, enhancement on 

the T1-weighted image indicated BBB disruption. 

  

Figure 2: The 3D model of the coil housing and water chamber that was designed 
and manufactured for the hyperthermia experiments. 
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Figure 3: The hyperthermia set-up with an anesthetized animal. The relevant 
components include the coil housing and water chamber (white), the waterlines to 
the chamber (clear tubing), coil power line (black cable), and the cooled aluminum 
bed (blue). 

2.2.2 Results and discussion 

Although the mouse hyperthermia system was successfully built, the results of 

the experiments indicated that hyperthermia was not a viable tool in mice for 

noninvasive BBB disruption.  

First, the mice did not tolerate whole brain hyperthermia. Mice are notoriously 

sensitive to overheating. For this reason, great pains were taken to maintain a normal 

rectal temperature (35-37º C) while the brain was heating. Despite this precaution, 

nearly every animal died before the brain could be brought to 43º C. Of the 10 animals 
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tested, only one could tolerate the hyperthermia and it was only to 42º C. Most animals 

simply stopped breathing when the brain temperature was 40-42º C. 

Second, in the one animal heated to 42 degrees for 10 minutes, the hyperthermia 

did not open the BBB. In the MR images (Figure 4) no significant enhancement was seen 

in the brain tissue. Because the temperature probe was in the ventral portion of the 

brain, the recorded temperature likely underestimated the temperature in the dorsal 

portion of the brain, which was closer to the microwave transducer. Nevertheless, no 

enhancement is seen in the dorsal portion of the brain. Enhancement is seen around the 

hole where the temperature probe was placed, which presumably reflects some bleeding 

at that site. Minor enhancement was seen in the ventricles suggesting some disruption of 

the blood-CSF barrier. Several of the animals which died during the treatment were 

scanned post mortem. The only brain which showed any enhancement was a brain that 

had been heated very rapidly to 46º C (the mouse died immediately). 

 

Figure 4: Data from the one animal which survived the brain hyperthermia of 42 
degrees C for 10 minutes. The left panel shows the temperatures recorded from the 
brain and rectum. Note that body temperature is maintained in the normal range 
while the brain temperature is elevated. The right panel shows a T1-weighted MRI. 
Enhancement is seen in the surrounding musculature, around the site of the 
temperature probe placement, and in the ventricles. 
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Third, the procedure was too invasive. The heating process required careful 

monitoring of the tissue temperatures and constant adjustment of the microwave power 

in order to accurately control the heating process. Using an intracranial probe, the brain 

temperature was monitored directly but invasively. Two other probes were placed in the 

left and right ear canals to monitor the brain temperature indirectly but noninvasively. It 

was hoped that a consistent relationship could be found between the brain and ear 

canal temperatures, and by using this relationship in the future, the brain temperature 

would be monitored using only the ear canal probes. However, no such consistent 

relationship was found, meaning that any accurate measurement would require an 

invasive probe. 

While any one of these problems could have likely been resolved with further 

work, taken together, the three problems were sufficient motivation for trying another 

method for noninvasive BBB disruption. This alternative method was ultrasound and is 

discussed in Chapter 5. 
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Chapter 3  

Imaging and Animal Handling Infrastructure  

As discussed in the previous chapter, before developing new mouse brain 

imaging methods, significant portions of the imaging infrastructure needed to be 

redesigned. Why this new need? Historically, as a center leading the development of 

nascent small animal imaging technology, CIVM’s research has focused on cutting-edge 

imaging technology. As the small animal imaging field has begun to mature in recent 

years, the CIVM has broadened its research goals to include more applied techniques 

that look for more subtle biological effects. These studies place different demands on the 

imaging system: they require repeatable results from large samples of animals that often 

must be studied longitudinally. Before tackling the larger aims of this work—vascular, 

anatomical, and functional imaging of the mouse brain—it was necessary to first build 

the imaging infrastructure to support these research goals. Four infrastructure 

components were required: 

1. An efficient, high-resolution, T1-weighted pulse sequence 

2. A robust radiofrequency MR imaging coil tunable for a variety of mice 

3. A reliable anesthesia system that was minimally invasive and had a wide 

safety margin 

4. A fast, precise, and repeatable animal handling and positioning system 

This chapter discusses how these four needs were met. With this infrastructure in 

place, the remaining goals of this work (discussed in subsequent chapters) could be 

addressed. 
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3.1 MRI Pulse Sequence 

The active staining components of this dissertation (subsequent chapters) 

employ T1-shortening contrast agents to improve both the signal-to-noise ratio and the 

contrast-to-noise ratio of the images. Such contrast is effectively detected using a T1-

weighted imaging technique. The standard technique for acquiring high resolution 3D T1-

weighted images is a Spoiled Gradient-Recalled Echo Sequence (SPGR) (Bernstein et al. 

2004). While most work in the CIVM has historically used sequences written in the lab, 

the decision was made to use the General Electric (GE)-implemented sequences that 

came installed on the EXCITE clinical console. Though not capable of extreme imaging 

parameters (e.g., ultra-short echo times) or exotic sampling strategies, these commercial 

sequences provide greater flexibility and reliability. Furthermore, the commercial 

sequences have more effective slice/slab excitation and radiofrequency-spoiling. The 

downside of commercial sequences is that they were designed for humans and cannot be 

used for small animals without modification. 

In adapting the GE clinical sequence to animal imaging, two significant challenges 

were encountered: (1) at higher resolution, clinical safety limits restricted the gradient 

rise time and consequently increased the sequence echo time; (2) through-plane 

resolution of the sequences was at best 0.7 mm. 

3.1.1 Obviating clinical safety limits 

In small animal imaging, the need for high resolution requires the use of high 

magnetic field gradients. However, clinical MRI systems have FDA-imposed limits on 

the peak time-rate-of-change of magnetic field gradients and the total energy deposition 

rate (into the patient). When a clinical console—such as the CIVM 7 T MR system—is 
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asked to apply strong gradients, it attempts to comply with the clinical guidelines by 

ramping the gradients slowly. Because this slow ramping takes more time, the echo time 

(TE) of the sequence is prolonged (Figure 5). Unfortunately, in T1-weighted imaging, the 

minimum possible TE is needed so as to maximize the MRI signal and T1-weighting. 

That is, both high gradients and a minimum TE are required. 

The challenge was to identify the internal GE controls which limited the gradient 

rise times and radiofrequency pulse durations so as to permit a minimum possible TE. 

By combing through GE parameter files and systematically varying relevant parameters, 

four control variables were identified that together allowed the TE to be reduced from 6 

ms to 2 ms. Three of the variables—cfdbdtdx, cfdbdtdy, and cfdbdtdz—control the 

maximum magnetic field gradient slope (db/dt/dx) in each Cartesian dimension. The 

fourth variable—pwrf_1—controls the duration of the RF excitation pulses.1 

Subsequently, other members of the lab, working closely with the GE pulse sequence 

engineers, were able to change the system gradient ramp limit configuration file, 

Scandbdt.cfg, which allowed higher gradient ramping without the need to change the four 

parameters. (Specific instructions for using these control variables and/or the modified 

configuration file are documented in the CIVM knowledge base, CIVMCentral, and are 

included in Appendix.) Figure 5 shows the pulse sequence diagram for the final SPGR 

sequence (using the modified configuration files) that was used throughout this 

dissertation. 

                                                        
1 Note that for the spin echo sequence used to estimate T1 values in Chapter 5 there is a second pulse width 
control variable for the refocusing pulse: pwrf_2.  
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Figure 5: SPGR pulse sequence diagram. Note that the TE can be shortened by 
increasing the slope of the gradient waveforms (i.e., making the triangles more 
peaked and narrow). 

3.1.2 Improving through-plane resolution 

The second sequence problem was “through-plane” resolution. In the initial study 

of the DAT-KO, one of the critical limitations was the 1 mm slice thickness. These thick 

slices made it difficult to register the data between mice and made it impossible to 

resolve tissue differences in regions less than 1 mm thick. The through-plane resolution 

had to be improved. 

For acquiring volumetric images there are two possible approaches—2D 

acquisitions or 3D acquisition. In a 2D approach, thin slices of tissue are excited by the 

radiofrequency pulse and the data in those slices are acquired with a two dimensional 

Fourier encoding strategy. The accuracy of the slice excitation dictates the image’s 

through-plane resolution—i.e., the thickness of the image. The accuracy of the slice 

excitation of the CIVM 7T MRI was studied and it was found to degrade dramatically 
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with slices less than 700 µm. This was still unacceptable, so a 3D approach was tried 

instead. In 3D imaging, a thick slab of tissue is excited by the radiofrequency pulse, and 

the data are acquired with a three dimensional Fourier encoding strategy. In this 

approach, the through-plane resolution is limited—in theory—by the same factors that 

limit the in-plane resolution. Unfortunately, the GE clinical sequence limited the third 

dimension resolution to 700 µm. However, by modifying the pulse sequence code, the 

resolution in the third dimension was improved to 100 µm. Specifically, in the pulse 

sequence file 3dgrass.e the minimum value for the control variable, opslthick, was set 

below 0.1 mm with the following line: 

 cvmin(opslthick, 0.078);  

This change is documented and discussed in the CIVM knowledge base (Appendix). 

3.2 Radiofrequency Coil 

The radiofrequency coil is the component of the system that actually interacts 

with the specimen—both emitting and detecting the radiofrequency pulse. At the outset 

of this work, a mouse coil did not exist for the 7 T system. A 300.5 MHz birdcage coil 

was built which was a linear coil that could be tuned and matched for mice ranging 

weighing from 20 to 30 grams. The coil had outstanding sensitivity and homogeneity; 

and for mouse imaging it quickly was adopted as the laboratory standard.  

Unfortunately, the heavy use meant it was soon broken. After many months of 

fixes and replacements, a coil was purchased (M2M Imaging, Cleveland, OH) that was 

both durable enough for daily use and flexible enough to be tuned to animals of a variety 

of sizes. However, this new coil suffered two problems that caused considerable delays 

in imaging. First, the coil was very difficult to position in the scanner. To solve this 
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problem, an adjustable stop was designed that allowed the coil to be quickly and 

consistently positioned in the magnet. Second, the coil’s animal cradle prevented the 

blown-air thermal regulation system from maintaining the animal’s temperature. This 

problem was addressed by designing a new animal cradle (discussed below). 

3.3 Anesthesia and Monitoring 

In small-animal MRI, the primary purpose of anesthesia is to chemically restrain 

the animal. Because the scans may take hours, absolute restraint is essential for high-

quality images. On the other hand, too much anesthetic can cause premature fatality; 

thus, accurate monitoring of vital signs is essential. Both motion and mortality plagued 

the initial study of the DAT-KO mice. Furthermore, one of the larger goals was 

functional imaging of neuronal activity, for which precise control of anesthesia is 

essential to avoid suppressing the neuronal activity of interest. A new anesthetic regimen 

and animal monitoring system were needed.  

3.3.1 Developing a new anesthetic regimen 

When this work began, there were two anesthetic regimens used at CIVM for 

mice: (1) intubation and ventilation with inhaled anesthetics and (2) free-breathing 

animals anesthetized with injectable anesthetics. The process of intubating a mouse 

takes considerable time, is associated with significant mortality, and is generally too 

invasive to permit the mouse to recover after the imaging procedure. For these reasons, 

intubation is poorly suited for biomedical research where there is typically a need for 

high throughput and longitudinal survival studies. 

In contrast, injectable anesthetics, such as pentobarbital or ketamine, are quickly 

and easily administered with a simple intraperitoneal (IP) catheter. Furthermore, if there 
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are additional procedures to be done prior to imaging, the injectable anesthetics allow 

easy manipulation of the unconscious animal. However, the therapeutic window of these 

compounds is extremely narrow; for a long MRI scan, a mouse cannot be anesthetized 

deeply enough to absolutely prevent motion and still guarantee its survival. 

To try to improve motion control without jeopardizing survival, several 

anesthetic regimens were compared: (1) intraperitoneal (IP) pentobarbital +/-  

butorphanol; (2) IP ketamine +/- xylazine; (3) IP pentobarbital with inhaled isoflurane; 

(4) ketamine with inhaled isoflurane; and (5) isoflurane alone. (In all these regimens 

isoflurane was delivered to free breathing animals via nose cone.)  As mentioned above, 

injectables alone (1, 2) were the most convenient to use, but their therapeutic window 

was too narrow. Injectables plus isoflurane (3, 4) gave the convenience of injectables 

(which were used at a lower dose) while the isoflurane provided an anesthesia 

component that was highly controllable. Though these combination regimens had a wider 

therapeutic window than the injectables alone, there was still some unexpected 

mortality. Isoflurane alone (5) allowed the greatest control, but because the animal 

monitoring system only monitored ECG—a poor indicator of the depth of isoflurane 

anesthesia—it was very difficult to titrate the dose. When the respiratory rate (RR) 

monitor was introduced (discussed below), the isoflurane-only regimen could be 

precisely titrated and thus provided superb chemical restraint with nearly zero 

unexpected mortality. 

3.3.2 Redesigning the isoflurane delivery systems 

Though better than any previous anesthesia regimen, the original isoflurane 

system (a modified ventilator fitted with a nose cone) generated unpredictable gas 
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concentrations. Furthermore, adjustments to the isoflurane concentration at the 

vaporizer took at least a minute before they were reflected in the actual concentration of 

delivered isoflurane. To address these problems, the system was redesigned to remove 

all backpressure on the vaporizer and minimize the flow-lag between the isoflurane 

vaporizer and the animal (see schematic in Figure 6). The resultant system had a 

predictable response with a latency of only a few seconds.  

To increase throughput, two portable constant-flow isoflurane systems were 

constructed. The portable systems permitted animal procedures (such as BBB disruption 

or tail vein catheterization) to be performed in one lab and imaging to be performed in 

another. Having multiple anesthesia systems dramatically improved throughput by 

allowing several animals to be processed through the experimental pipeline 

simultaneously—one animal could undergo pre-imaging ultrasound while a second 

animal was in the MR scanner and a third was being transcardially perfused with 

formalin. These anesthesia systems are documented in the CIVM knowledgebase 

(Appendix). 

3.3.3 Reliable monitoring system 

Because of the unreliability of the lab-built ECG monitoring system, it was 

abandoned in favor of a commercially available system from SA Instruments 

(Stonybrook, NY) (Figure 6). The new ECG monitor was more reliable, but more 

importantly, the new system had an extremely robust respiratory rate (RR) monitor.  

Because RR is a sensitive indicator of isoflurane anesthesia, this RR monitor permitted 

the adoption of the isoflurane anesthetic regimen. Furthermore, the RR monitor is faster 
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to set up and can be integrated easily into the animal cradle (discussed below), 

providing an additional increase in throughput. 

 

Figure 6: Schematic of the animal anesthesia and monitoring system. Note that the 
isoflurane vaporizer is the last component in the anesthesia line; this is essential for 
consistent levels. The ECG system is optional and not routinely used for brain 
imaging. 

3.4 Animal Handling and Positioning 

For in vivo imaging techniques used in biomedical research, the animal handling 

components are exceedingly important. Robust animal handling devices are required to 

achieve consistent positioning, image registration, and adequate throughput. A new 

animal handling system was needed for mouse brain imaging that met the following 

requirements: 
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1. Reproducible head positioning in the “flat skull” position, consistent with 

the Paxinos mouse brain atlas (Paxinos and Franklin 2001) 

2. Fixation of the animal using bony structures, without the use of tape or 

foam—soft tissue fixation is unreliable and distorts the anatomy, making 

image registration difficult 

3. Integrated delivery of gas anesthesia directly to the mouse’s nose to 

provide consistent anesthesia 

4. Integrated monitoring components for ECG, respiratory rate, and 

temperature—manipulation of the transducers, tubes, and wires of these 

components is often the slowest and most error-prone aspect of animal 

set-up 

5. Free air passage around animal so that body temperature can be 

maintained by warm blown air 

6. Transfer between animal prep station, ultrasound system, and MRI 

without interrupting anesthesia 

7. Rapid setup and transfer time (less than 1 minute) to maximize 

throughput 

8. Access to the cranium for the blood-brain barrier disruption procedure 

(discussed in chapter 5) 

9. Compatibility with the 35 mm diameter M2M volume coil 

3.4.1 Using imaging data to understand mouse anatomy 

With these requirements and constraints established, the next step was to use 

images of the mouse anatomy to guide the design of the device. To meet the positioning 
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requirements for ultrasound and MRI of the mouse brain, it was decided to fix the head 

using the skull’s bony structures. Such bony fixation allows more reproducible and 

precise positioning, and also ensures that respiratory motion is not transmitted to the 

brain. To understand the relationship of these bony structures, a Kodak In-Vivo FX 

system (Eastman Kodak, Rochester, NY) was used to acquire anterior-posterior and 

lateral X-rays. From these images (Figure 7), it was determined that the head could be 

reliably and firmly held in place, while still allowing open access to the top of the brain, 

if the skull was clamped between the nasal bones and the premaxilla. 

 

Figure 7: a,b: To guide the design of the head fixture, X-ray images were used to 
measure the bony structures of the skull. Bones were identified that could be used 
to fix the head in the “skull flat” orientation (used in the stereotaxic atlas). The 
nasal bone (1) and premaxilla (2) were chosen as fixture points and their orientation 
with respect to the top of the skull (3) was measured. By using these bones, the 
fixture could be designed such that the top of the cranial vault was accessible for 
ultrasound. 

In a similar fashion, whole-body localizer MR images were acquired and used to 

consider the relative positioning of the body and head. Such positioning was important 

to avoid kinking or obstructing the animal’s airway—a problem encountered with the 

animal cradle used previously. These images were also used to determine the 

appropriate position for the monitoring sensors: a pneumatic pillow (Graseby from SA 

Instruments, Stony Brook, NY), ECG leads (Blue Sensor BRS, Ambu, Glen Burnie, MD), 

and a thermistor (Cole-Parmer, Vernon Hills, IL). 
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3.4.2 Design of parts with 3D CAD software 

The design was executed with the 3D CAD program, Inventor (Autodesk, San 

Rafael, CA). The device was designed as three components (the CAD model is shown in 

Figure 8): (1) a drawbar (green) that fit in the mouth and delivered anesthesia to the 

nose, (2) a nose cone (red) that fit over the drawbar and clamped the nasal bones, and 

(3) a cradle (white) that held the body and the monitoring transducers. The drawbar 

ended in a small platform that fit against the premaxilla. A small hole in the platform 

caught the incisors and kept the head pulled caudally into the nose cone. The roof of the 

nose cone had a projection that precisely met the nasal bones. A fulcrum on the inside of 

the nose cone allowed this projection to be clamped against the nasal bone by tightening 

a screw. (A corresponding fulcrum and hole on the bottom allowed the same nose cone 

and drawbar to be used when the mouse was in the prone position.) Together, the 

drawbar and the projection acted as a vice to clamp the rostral-most portion of the 

skull. Importantly, this mechanism did not depend on ear bars, which provide unreliable 

fixation in the mouse and cause deformation of the skull. 

The distal end of the drawbar fit into a bracket on the animal cradle. The animal 

cradle then slid into the 35 mm volume radiofrequency coil and positioned the mouse 

brain in the center of the coil. Slots in the cradle accommodated transducers for 

respiratory, ECG, and temperature monitoring. 
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Figure 8: a,b: A 3D model of the animal handling device was designed using 3D 
CAD software. The device consisted of three parts: a drawbar (green), that fit in the 
mouth and delivered anesthesia to the nose; a nose cone (red), that fit over the 
drawbar and clamped the nasal bones; and a cradle (white), that held the body and 
the physiological monitoring transducers. c: The geometry was imported into a 
visualization program to test the fit of the nose cone and drawbar with a publicly 
available digital model of the mouse skull. 

Because the experimental protocols also required pre-imaging procedures, such 

as shaving of the head and placement of intravenous and intraperitoneal catheters, a 

procedure bed (not shown) was designed, which also had a bracket for the drawbar. 

The anesthetized mouse could be positioned on the bed for the pre-imaging procedures 

and subsequently transferred to the imaging cradle without interrupting anesthesia. 

The design of the drawbar and nose cone parts was validated by importing the 

part geometries into the AMIRA visualization environment (Visage Imaging, Carlsbad, 

CA) with a publicly available digital mouse phantom (Segars et al. 2004) (Figure 8) to 

make sure the parts fit the skull. 
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Finally the parts were manufactured using solid freeform fabrication (SFF a.k.a. 

rapid prototyping). In SFF parts are formed by computer-controlled incremental 

addition of material. This is in contrast to typical machining, where material is removed 

from a solid piece of raw material. Because the part is built in very small increments, SFF 

can create extremely intricate parts (such as these) that could not physically be 

machined with traditional techniques. Furthermore, in traditional machining, 

complicated parts are more expensive because they require more of the machinist’s time. 

However, because SFF is computer-controlled, complexity has little or no impact on 

cost. These parts were produced with an SFF process, stereolithography, using a durable 

polypropylene-like material (Somos 9420, DSM Somos). 
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Figure 9: a: The finished mouse cradle features integrated ECG pads (1), 
temperature probe (2), respiratory pillow (3). A bracket with a thumbscrew (4) 
secures the drawbar assembly. The drawbar (5) delivers gas anesthesia from an 
incoming line (6) directly to the animal’s nose. The nose cone (7) slides over the 
drawbar and clamps the nose of the mouse. b: Using the device, the animal can be 
quickly setup with the head reliably fixed in position. 



 

 

44 

 

Figure 10: Lateral (a) and anterior-posterior (b) X-ray images confirm the expected 
fixation of the head. The drawbar supports the premaxilla (1) and through its bore 
(2) delivers gas anesthesia directly to the nose. The nose cone fits over the drawbar. 
When the thumbscrew (3) is tightened, the nose cone tilts on the fulcrum (4) and 
clamps down on the nasal bones (5). The head is thus fixed in the “skull flat” 
position while still leaving the top of the skull accessible for ultrasound. 

3.4.3 Results 

Using the new device, animal preparation time was short: from the isoflurane 

induction chamber to the radiofrequency coil took less than a minute. Consistent 

positioning and monitoring was achieved with little or no adhesive tape (Figure 9). 

Planar X-rays showed that drawbar and nose cone clamped the nasal bone and 

premaxilla, thus holding the mouse skull precisely and firmly in the “skull-flat” 

orientation (Figure 10). In the images, the anatomical orientations are extremely 
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consistent and there is no distortion of the soft tissues of the head, thus allowing the 

images to be registered reliably. 

Because the components of the system are modular—the drawbar/nose cone, 

procedure tray, cradle, and RF coil each work independently—the animal can be rapidly 

transferred between different stages of the experiment.  Furthermore, the SFF 

manufacturing allows multiples of the devices to be produced easily and inexpensively.  

This modularity coupled with multiples of each device (including the anesthesia system) 

allows simultaneous processing of multiple animals through the experimental pipeline, 

dramatically increasing throughput. One mouse can be in the animal prep station, while 

another is being insonated, while yet another is scanned in the magnet. 

3.5 Conclusions 

In the context of preclinical research, the MRI system is clearly much more than 

just the magnet and gradients. Subtle, biologically-relevant studies require all the 

components—including pulse sequence, coils, anesthesia, and animal handling—to be 

tuned for reliable, repeatable, and rapid imaging. The system developments described 

here represent a significant advance from the existing infrastructure, which enabled the 

work described in the remainder of this dissertation to proceed.  Nevertheless, there are 

still opportunities for further improvement. 

With respect to the pulse sequence, a major rewrite of the SPGR code would 

allow further reduction of the in-place resolution (to less than 100 µm). Alternatively, a 

radial pulse sequence capable of ultra-short TEs could be adopted, which might further 

boost SNR and CNR as well as reduce susceptibility artifacts (discussed in Chapter 5). 
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While the M2M coil dramatically improved reliability and throughput, a smaller 

coil or cryogenically cooled coil would reduce noise. Also, a more thermally stable coil 

would reduce time spent re-tuning the coil.  Finally, a more precise system for adjusting 

the location of the coil within the magnet would reduce positioning time. 

Despite these limitations, the developments described here enabled the routine 

acquisition of high resolution isotropic 3D SPGR images from seven animals in one day, 

with no motion, no mortality, and with nearly identical anatomical orientations. With 

this infrastructure in place, it was possible to begin development of active staining 

techniques for enhanced vascular, anatomical, and functional imaging in the mouse 

brain. 

 



 

 

47 

Chapter 4  

Staining the Blood-Pool for Enhanced MR Angiography 

4.1 Introduction 

Abnormal vascular morphology is associated with numerous cerebral diseases. 

These diseases span a wide range from vasculopathies such as atherosclerosis to 

neurodegenerative diseases such as Alzheimer’s disease to neoplastic diseases such as 

glioblastoma multiforme. In the clinical domain, magnetic resonance angiography (MRA) 

has been one of the most valuable tools for evaluating both normal and pathological 

vascular anatomy. MRA is well suited to studying vascular architecture because it 

provides excellent vessel contrast while being noninvasive and inherently 3D. In the pre-

clinical domain, MRA is also being adopted to study corresponding animal models of 

human diseases. In mouse models of neurological diseases and neoplastic diseases, 

subtle changes in vascular morphology have been found to be relevant to the disease 

process (Beckmann et al. 2003; Grammas 2000). MRA of mouse models has been used in 

the study of middle cerebral artery occlusion (Beckmann et al. 1999); vascular changes 

associated with Alzheimer’s disease (Beckmann et al. 2003; Krucker et al. 2004); 

collateral flow in peripheral vascular occlusion (Wagner et al. 2004); and vascularity in 

choroid plexus carcinoma (Brubaker et al. 2005). 

To date, the highest resolution mouse MRA studies have used 3D Time-Of-Flight 

(TOF) contrast acquired with 3D gradient echo sequences (Beckmann et al. 1999; 

Brubaker et al. 2005). In this approach, the vessel signal comes primarily from 

unsaturated blood flowing into the Field Of View (FOV), so it provides superb 
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visualization of the large and proximal arteries in a particular FOV. However, because 

the inflowing spins are rapidly saturated, no signal remains for visualizing the distal 

arteries and/or venous circulation. This loss of distal vessel signal becomes problematic 

in regions with turbulent and/or slow flow or with tortuous vessels such as in the brain 

and tumors (Krucker et al. 2004). This problem is exacerbated when the large arteries 

supplying a region are included in the field of view. Consequently, the best in vivo mouse 

MRA are able to image little more than the relatively large vessels in the circle-of-Willis 

and their primary branches. Since most pathology (e.g., tumor vasculature) involves 

smaller vessels, further improvements are needed.  

Contrast agents can be used in MRA to increase small-vessel contrast. In 

Contrast-Enhanced MRA (CE-MRA), the vessel signal comes not only from the TOF 

effect but also from magnetization that recovers in the blood due to the presence of 

contrast agents. However, conventional low molecular weight contrast agents, such as 

gadopentetate dimeglumine (Gd-DTPA), rapidly extravasate from the vascular space. 

As a result, the time window for imaging is considerably reduced, thus limiting 

acquisition of high-resolution images (Ayyagari et al. 2006; Kobayashi et al. 2001a; 

Schwickert et al. 1995). A number of macromolecular and nanoparticle-based contrast 

agents have been developed (Barrett et al. 2006) to overcome these limitations with 

conventional contrast agents. Recently, long-circulating gadolinium contrast agents have 

been developed using a liposomal platform (Ayyagari et al. 2006; Bucholz et al. 2008; 

Ghaghada et al. 2008b). The nano-scale size of the liposomes (50-200 nm) limits their 

extravasation from the vasculature, allowing them to actively stain the blood. In addition, 

the liposomes are coated with polyethylene glycol, which slows the clearance rate and 
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gives these agents a long in vivo residence time. These blood-pool and long-circulating 

features permit an extended time window for imaging, thus allowing acquisition of high-

resolution images. 

The first generation of these liposomal contrast agents carried gadolinium within 

the liposomal core (Ghaghada et al. 2008b). However, members of our research group—

Ketan Ghaghada and Srinivasan Mukundan—have recently created a second generation 

of agents in which the gadolinium is conjugated to the surface of the liposome (surface-

conjugated or SC-Gd liposomes). Compared to the core-encapsulated liposomes, the SC-

Gd liposomes have higher T1 relaxivity, because the lanthanide center is presented on 

the surface of the liposomes and is thus allowed more interactions with the bulk 

protons. 

Using the animal handling system developed in the previous chapter, this next 

study evaluated the utility of SC-Gd liposomes for CE-MRA of the mouse brain. 

Because the best mouse MRA results to date have utilized TOF-MRA (Beckmann et al. 

1999; Brubaker et al. 2005), TOF-MRA was used as the reference standard for 

quantitative assessment. First, a TOF-MRA protocol was optimized to establish 

benchmarks of spatial resolution, small-vessel contrast, FOV, and scan time. Then a 

corresponding CE-MRA protocol using SC-Gd liposomes was developed and compared 

to determine if the contrast agent could improve neurovascular mouse MRA in terms of 

small-vessel contrast, FOV, spatial resolution, and scan time. 
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4.2 Methods 

4.2.1 Preparation of SC-Gd liposomes 

A lipid mixture consisting of 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine 

(Genzyme, MA), Gd-DTPA bis(stearylamide) (IQsynthesis, St Louis, MO), Cholesterol 

(Sigma-Aldrich, St Louis, MO) and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-

N-[methoxy(poly(ethylene glycol))-2000] (Genzyme, MA) in the ratio 32:25:40:3 was 

dissolved in a chloroform : methanol mixture. The solvent mixture was evaporated to 

dryness under vacuum and the lipid contents were hydrated with a solution of 150 mM 

saline. The solution was stirred for 2 hr at 60°C and then sequentially extruded with 

three passes through a 400 nm Nuclepore membrane (Waterman, Newton, MA), five 

passes through a 200 nm Nuclepore membrane, seven passes through a 100 nm 

Nuclepore membrane, and ten passes through a 50 nm Nuclepore membrane.  

The size distribution of liposomes in the final formulation was determined by 

dynamic light scattering using a ZetaPlus Analyzer (Brookhaven Instruments, Chapel 

House, UK). The gadolinium content of liposomal formulations was quantified using 

inductively coupled plasma optical emission spectroscopy (ICPOES; Model Optima 

4300D, Perkin Elmer, Norwalk, CT) operating at a wavelength of 336.223 nm for 

gadolinium. 

4.2.2 Animal handling and MRI 

All animal studies were approved by the Duke University Institutional Animal 

Care and Use Committee. Twelve C57BL/6 mice (25-28 g) were used for the study. 

Free-breathing mice were anesthetized, positioned, and monitored using the system 

described in Chapter 3. Throughout the experiments the animals' respiratory rate and 
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rectal temperature were monitored. The respiratory rate was maintained between 85 and 

125 breaths per minute by titrating the isoflurane concentration. Rectal temperature was 

maintained at 35.9 +/- 0.1 ºC with a blown air feedback system. For MR imaging, the 

animals were placed in a 35 mm diameter quadrature transmit/receive volume coil 

(M2M Imaging). Imaging was performed on a 7T Magnex magnet driven by a Signa 

EXCITE console (Version 12.4, GE Medical Systems, Milwaukee, WI).  

4.2.3 Optimization of TOF MRA 

To find the optimal combination of parameters for TOF-MRA, repetition time 

(TR) and flip angle (FA) were systematically varied (n = 3 mice). The number of 

excitations (NEX) was adjusted to maintain a constant scan time. Because the TOF 

contrast depends on inflowing unsaturated spins, a small, axially oriented FOV was 

selected (FOV 1 in Fig. 5a) to minimize the excitation of the large arteries supplying the 

brain. A 3D Spoiled Gradient Recalled Echo Sequence (SPGR) was used with the 

following parameters: FOV = 20 x 15 x 6 mm; matrix = 256 x 96 x 60; echo time (TE) = 

3 ms; TR = 20, 40, or 80 ms; flip angle (FA) = 10, 20, 40, 60 or 80 degrees; averages 

(NEX) = 4, 2, or 1 (to maintain constant scan time). The data were zero-filled and 

reconstructed at 256 x 256 x 60. 

4.2.4 Optimization of CE-MRA 

To find the optimal combination of parameters for CE-MRA, TR and FA were 

systematically varied. Prior to imaging, SC-Gd liposomes were administered by tail vein 

at a dose of 0.04 (n = 2) or 0.08 (n = 2) mmol Gd per kg bodyweight. Because the goal 

was to optimize the parameters for CE-MRA, we sought to minimize the contribution of 

TOF effects to the vessel signal. Therefore, a large and longitudinally oriented FOV 
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(similar to FOV 3 in Figure 15) was selected to excite the blood in the large arteries of the 

neck and thorax. The parameters for the 3D SPGR sequence were FOV = 26 x 26 x 11.2 

mm; matrix = 128 x 128 x 56; TE = 3 ms; FA = 10, 20, 30, 40, or 60; TR = 20, 40, or 80 

ms; NEX = 4, 2, or 1. The data were zero-filled and reconstructed at 256 x 256 x 56. 

Image analysis was performed as described below on the azygous anterior cerebral artery 

(AzACA) and also on the straight sinus (SS, a vein).  

4.2.5 Effect of SC-Gd liposome dose on contrast-to-noise ratio 

To evaluate the dose-effect of SC-Gd, CE-MRAs were acquired with four 

different doses of SC-Gd liposomes: 0, 0.02, 0.04, and 0.08 mmol Gd per kg bodyweight 

(n = 1 mouse). A fixed TR was used with three different flip angles. The parameters for 

the 3D SPGR sequence were: FOV = 20 x 15 x 6 mm; matrix= 256 x 96 x 60; TE = 3 ms; 

FA = 20, 40, or 60 degrees; TR = 20 ms; NEX = 4. The data were zero-filled and 

reconstructed at 256 x 256 x 60. In order to completely isolate the SC-Gd liposome dose 

effect from any TOF effects, image analysis was performed (as described below) on a 

0.5 mm segment of a large vein—the superior sagittal sinus (SSS). 

4.2.6 Effect of field of view 

To examine the effect of FOV on CE-MRA, images were acquired using both 

optimized TOF-MRA and optimized CE-MRA parameters at three different FOV (Fig. 

5) (n = 1). FOV 1 covered only a narrow axial slab of the brain. FOV 2 encompassed the 

whole brain. FOV 3 covered the entire neurovascular axis including the large vessels of 

the neck and the arch of the aorta. For CE-MRA, SC-Gd liposomes were administered 

by tail vein at 0.08 mmol Gd per kg bodyweight. All MRA were acquired at 

approximately 100 µm isotropic spatial resolution. Because the optimal TR was 
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different for each contrast mechanism, NEX were adjusted to keep the total scan time 

constant for a given FOV. The SPGR imaging parameters are given in Table 1. 

Table 1: SPGR scan parameters used to evaluate the effect of FOV. 

TOF Parameters SC-Gd Parameters  
Anatomy FOV (mm3) Matrix 

TE TR FA NEX TE TR FA NEX 

FOV 1 Slab of brain/neck 20x20x6 192x192x60 3 80 60 1 3 20 20 4 

FOV 2 Whole brain 20x20x8 192x192x80 3 80 60 1 3 20 20 4 

FOV 3 Neurovascular axis 32x32x12 320x320x120 3 80 60 1 3 20 20 4 

4.2.7 High-resolution MRA 

Using the optimized scan parameters, high-resolution MRA of the whole brain 

(FOV 2 in Figure 15a) were acquired with both TOF-MRA and CE-MRA. For CE-MRA, 

SC-Gd liposomes were administered at a dose of 0.08 mmol Gd/kg. Data were acquired 

at a resolution of 52 x 52 x 100 µm3. For TOF-MRA the parameters were TR = 80 ms; 

FA = 60 degrees; NEX = 1. For CE-MRA the parameters were TR = 22 ms; FA = 20 

degrees; NEX = 4, 2, or 1. All scans shared the following parameters: TE = 4 ms; matrix 

= 384 x 384 x 80; FOV = 20 x 20 x 8 mm3. 

4.2.8 Image analysis 

Image analysis was performed using ImageJ (v.1.40, US National Institutes of 

Health) and Matlab (The Mathworks). For the analysis, a distal segment of the azygous 

anterior cerebral artery (AzACA) was selected. This segment was 0.5 mm long and was 

oriented parallel with the rostral-caudal axis of the brain. Axial slices were selected 

which were perpendicular to the vessel segment. In each of the slices intersecting this 

vessel segment, three regions of interest (ROI) were selected: (1) an ROI surrounding the 

vessel; (2) an ROI encompassing background brain tissue without discernable vessels or 
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cerebral ventricles; and (3) a large ROI of background noise away from the specimen. 

The vessel signal was measured as the maximum voxel signal in the vessel ROI because 

the vessels analyzed were so small (often only a single voxel in a slice). The tissue signal 

was measured as the mean signal in tissue ROI. The noise was measured as the standard 

deviation of the signal in the noise ROI. Signal-to-noise ratio (SNR) and contrast-to-

noise ratio (CNR) measurements were made for the vessel and background brain tissue 

in each axial slice passing through the 0.5 mm segment of the AzACA. (Note that 

because the resolution of the scans varied, the number of slices through this 0.5 mm 

segment varied accordingly.) The mean and standard error of these measurements are 

reported on all figures below. 

4.3 Results 

4.3.1 Optimization of TOF-MRA 

For optimization of TOF-MRA, TR and FA were systematically varied. The 

minimum TE was chosen so as to maximize the SPGR signal. Because the TOF contrast 

depends on inflowing unsaturated spins, a small axial FOV was selected (FOV 1 in 

Figure 15) to minimize the excitation of the large arteries (e.g., the internal carotid artery) 

supplying the brain.  

The proximal arteries of the brain (e.g., proximal segments of the middle cerebral 

and anterior cerebral arteries) have relatively high flow and are very close to the large 

supplying arteries. As a result, these vessels have excellent conspicuity at any 

combination of FA and TR (data not shown). However, optimization of parameters is 

important for visualizing the small, distal arteries. Therefore, a small distal segment of 

the AzACA was chosen for SNR/CNR measurements. 
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For each TR value, an optimal FA was obtained that resulted in maximum SNR 

for the blood vessel (Figure 11a). The optimal FA was higher for longer TRs. For 

background tissue signal, typical SPGR relationships between SNR and FA or TR were 

observed (Figure 11b). SNR decreased with shorter TR and higher FA (beyond the Ernst 

angle1). CNR plots demonstrated that the optimal vessel conspicuity was obtained with 

a TR of 80 ms and a FA of 60 degrees (Figure 11c). 

                                                        
1 The Ernst angle is the flip angle by which the z-magnetization should be tipped toward the transverse plane 
on each MR pulse in order to maximize the acquired signal. Below the Ernst angle too little magnetization is 
converted into detectable signal. Above the Ernst angle, not enough magnetization is able to recover between 
pulses. 



 

 

56 

 

Figure 11: Optimization of TOF-MRA. a: The SNR of 0.5 mm segment of the distal 
AzACA peaked at FA = 60 degrees and TR = 80 ms. The long TR allowed the vessel 
to refill with unsaturated blood. b: The SNR of the background brain tissue 
decreased with increasing FA for all TRs. c: The CNR for the vessel was maximized 
with FA = 60 degrees and TR = 80 ms. The optimization was performed on three 
mice with nearly identical results. For clarity, the plots are from a single specimen 
and show the mean +/- standard error over the 5 slices through the 0.5 mm vessel 
segment. NEX were adjusted to equalize scan times. 
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4.3.2 Optimization of CE-MRA 

For optimization of CE-MRA, a minimum TE was chosen and TR and FA were 

systematically varied. NEX were adjusted to keep the total scan time constant. To 

minimize the contribution of unsaturated spins (TOF contrast) to the MRA, the FOV 

was chosen to be large and longitudinally oriented so as to encompass the large vessels 

of the neck. Using this large FOV, the blood was expected to be at least partially 

saturated by the time it reached the AzACA. A small distal segment of the AzACA was 

again analyzed.  

For each TR, there was an optimal flip angle that maximized the vessel SNR 

(Figure 12a). The peak vessel SNR was obtained with a TR of 20 ms and a FA of 20 

degrees. As seen above in the TOF optimization, background tissue SNR decreased with 

shorter TR and higher FA (beyond the Ernst angle) (Figure 12b). Combining the vessel 

and brain measurements in the CNR calculation indicated that the SC-Gd contrast was 

optimal at a TR of 20 ms and a FA of 20-30 degrees (Figure 12c). 

To confirm that there was minimal contribution of TOF contrast to these MRA, 

the analysis was repeated on a vein. Because venous blood passes slowly through the 

capillary beds, the magnetization of the venous blood can be expected to be at steady 

state. Thus, venous vascular contrast should reflect the effects of contrast agent without 

any TOF contrast. The results (not shown) from the straight sinus (a medium sized 

cranial vein) were very similar to those from the AzACA: CE-MRA was optimal at a TR 

of 20 ms and a FA of 20-30 degrees. 
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Figure 12: Optimization of CE-MRA with 0.08 mmol/kg SC-Gd liposomes. a: The 
SNR of a 0.5 mm segment of the distal AzACA peaked at FA = 20 degrees and TR = 
20 ms. b: The SNR of the background brain tissue decreased with increasing FA for 
all TRs. c: The CNR for the vessel was maximized with FA = 20-30 degrees and TR = 
20 ms. The optimization was performed on three mice with nearly identical results. 
For clarity, the plots are from a single specimen and show the mean +/- standard 
error over the 6 slices through the 0.5 mm vessel segment. NEX were adjusted to 
equalize scan times. 
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4.3.3 Effect of SC-Gd liposome dose on vessel CNR 

In order to assess the effect of SC-Gd liposome dose on the vessel contrast, four 

different doses were tested. The optimal TR found in the previous experiment was used 

with four different FAs. To isolate the effect of contrast agent from TOF effects, the 

CNR analysis was performed on a vein: the superior sagittal sinus (SSS) (Figure 13). 

Over the range of doses tested, the CNR improved with increasing dose. However, the 

relative benefit of increasing dose was greater between 0 and 0.04 mmol/kg than 

between 0.04 and 0.08 mmol/kg. 

 

Figure 13 Effect of SC-Gd liposome dose on vessel CNR as measured in the superior 
sagittal sinus (vein). CNR increases dramatically as the SC-Gd liposome dose 
increases from 0 to 0.08 mmol Gd/kg bodyweight. However, the gain in CNR is 
steepest from 0 to 0.04 mmol/kg. The optimal TR of 20 ms was used over a range of 
FA. The plots show the CNR mean +/- standard error over the 5 slices through the 
0.5 mm vessel segment. 

4.3.4 Effect of field of view 

To examine the effects of FOV on TOF-MRA and CE-MRA, scans were acquired 

using optimized parameters at three different FOV. FOV 1 included only a 6 mm slab of 

brain tissue, FOV 2 encompassed the entire brain volume, and FOV 3 included the entire 

neurovascular axis, including the large vessels of the neck and mediastinum (Figure 15). 
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Maximum intensity projections (MIPs) were generated to demonstrate the effect of FOV 

on each contrast mechanism (Figure 14). Corresponding CNR measurements of the 

AzACA were also performed (Figure 15).  

The TOF-MRA at FOV 1 showed excellent arterial contrast, which exceeded that 

of the CE-MRA. However, as the FOV increased, the image quality of TOF-MRA 

degraded, even though these larger FOV had longer total scan times. Despite this 

degradation, the whole brain TOF-MRA at FOV 2 still demonstrated the small vessels 

with high conspicuity. However, in the TOF-MRA at FOV 3, contrast was lost in the 

majority of small vessels. On the other hand, CE-MRA appeared to be insensitive to 

FOV, permitting visualization of both large and small vessels simultaneously. In fact, the 

vessel CNR improved (like a typical MRI experiment) as the volume of excitation (and 

total scan time) was increased (Figure 15). 

In TOF-MRA it may be possible to improve vessel contrast by lengthening TR 

and thus giving more time for vessel refilling. We attempted to recover small-vessel 

contrast in TOF-MRA at FOV 3 by using longer TRs (160 and 320 ms). However, with 

these longer TRs and a FA of 90 degrees, the increase in background tissue signal 

overwhelmed any improvements in vessel signal (data not shown). 
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Figure 14: The effect of increasing FOV on vessel conspicuity for TOF-MRA (a,c,e) 
and CE-MRA with 0.08 mmol/kg SC-Gd liposomes (b,d,f). At the very limited FOV 1, 
TOF-MRA has better small-vessel CNR than CE-MRA. However, as the FOV 
increases to include the whole brain (FOV 2) or the whole neurovascular axis (FOV 
3), small-vessel CNR degrades dramatically in the TOF-MRA. All images shown are 
from a single specimen. The resolution was approximately 100 x 100 x 100 µm3 for all 
datasets. 

 

Figure 15: The effect of FOV on the CNR of a distal segment of the AzACA. As the 
FOV increases in size (a), the total scan time increases but the CNR of the TOF-
MRA decreases (b). However, the CE-MRA with 0.08 mmol/kg SC-Gd liposomes 
shows an increase in CNR (b). The resolution was approximately 100 x 100 x 100 
µm3 for all datasets (Table 1). Plot shows the CNR mean + standard error over the 
slices through the 0.5 mm vessel segment. 

4.3.5 High-resolution MRA 

TOF-MRA and CE-MRA of the whole brain (FOV 2 in Figure 15a) were acquired 

with optimized parameters at a spatial resolution of 52 x 52 x 100 µm3 (0.27 nL) (Figure 

18a,b). The CE-MRA were acquired with 4 NEX to match the scan time of the TOF-

MRA. CNR measurements of the AzACA in these high-resolution scans were compared 
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(Figure 16) to corresponding measurements from the 104 x 104 x 100 µm3 images (1 nL) 

(Figure 14c,d). At 1 nL resolution, CE-MRA had 36% better CNR than TOF-MRA. When 

the resolution was increased 4 fold (to 0.27 nL), the CNR decreased for both contrast 

mechanisms. However, the CNR degraded more for the TOF-MRA than the CE-MRA 

(compare Figure 14c,d and Figure 18a,b). At the higher resolution, SC-Gd provided a 

150% improvement in CNR compared to TOF. 

To determine if the benefits of CE-MRA could be used to reduce scan time, high-

resolution CE-MRA were also acquired with fewer NEX (1 or 2 instead of 4). CNR 

measurements from the AzACA from all the high-resolution scans were compared 

(Figure 17). Compared to the standard TOF-MRA (43 minutes), the CE-MRA acquired 

with one NEX (12 min) had 32% higher CNR; and the CE-MRA with two NEX (24 min) 

had 90% higher CNR. 

Using the optimized MRA techniques allowed the visualization of extraordinary 

anatomical detail. Thin slabs of maximum intensity projection (MIP) images of the high-

resolution brain datasets were generated to demonstrate some of the fine details of 

vascular structures (Figure 18). MIP images of the 1 mm dorsal-most slab of the brain 

(Figure 18c,e) demonstrated the most distal branches of the middle cerebral artery. 

Similarly, MIP images of the 0.3 mm mid-sagittal slab of brain (Figure 18d,f) 

demonstrated the microscopic branches of the anterior spinal artery and basilar artery, 

which supply the spinal cord and pons. The number and extent of these smallest vessels 

was greater in the CE-MRA images. 
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Figure 16: The effect of spatial resolution on the CNR of a distal segment of the 
AzACA. The utility of SC-Gd liposomes increases at higher spatial resolution. At 1 
nL resolution, SC-Gd liposomes provide a 36% benefit in CNR over TOF. However, 
as the resolution increases four fold to 0.27 nL, the SC-Gd advantage increases to 
150%. For consistency, plotted data is all from a single animal. The data were 
acquired using the optimized parameters from the whole-brain FOV (FOV 2 in 
Figure 15). At each resolution NEX were adjusted to equalize scan time. Plots show 
CNR mean + standard error over the slices from the 0.5 mm vessel segment. 

 

Figure 17: The effect of reduced NEX (scan time) on the CNR of the distal AzACA. 
The optimal TR for TOF-MRA was 80 ms, but for CE-MRA it was 20 ms. Thus, for a 
given resolution, CE-MRA scan time could be reduced by using few NEX. Compared 
to TOF-MRA, CE-MRA have 32% superior CNR even with scan time reduced by 
75% to 12 min. High-resolution whole-brain MRA (52 x 52 x 100 µm3 or 0.27 nL over 
FOV 2 in Figure 15) were acquired with optimized scan parameters. For consistency, 
plotted data is all from a single animal. Plots show CNR mean + standard error over 
the 10 slices from the 0.5 mm vessel segment. 
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Figure 18: High-resolution MRA of the mouse brain acquired with TOF (a,c,d) or SC-
Gd liposome (b,e,f) contrast. Spatial resolution is 52 x 52 x 100 µm3 (0.27 nL). a,b: 
MIPs of the whole brain. Note that CE-MRA shows the venous structures as well. 
c,e: MIPs of 1mm dorsal-most slab of the brain reveal the distal branches of the 
middle cerebral artery. SC-Gd demonstrates a greater extent of the vessel. d,f: MIPs 
of the 0.3mm mid-sagittal slab of the rostral brain reveal the very fine perforating 
branches of the anterior spinal artery and basilar artery. Again, SC-Gd more clearly 
demonstrates the finest vessels. 

4.4 Discussion 

In this work we have optimized neurovascular MRA protocols for two different 

contrast mechanisms: TOF and SC-Gd liposomes. Using the optimized TOF protocol, 

mouse brain MRAs were acquired with excellent contrast at a spatial resolution of 52 x 
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52 x 100 µm (0.27 nL). To the best of our knowledge, these are the highest resolution 

TOF-MRA yet acquired. The image quality of MRAs was further improved by using the 

novel intravascular contrast agent, SC-Gd liposomes, to actively stain the blood. Using 

the optimized CE-MRA protocol, MRAs could be acquired with (1) larger FOVs, (2) 

shorter scan times, and (3) higher small-vessel conspicuity. The relative CNR benefit 

from the SC-Gd liposomes was greater at higher resolution. In addition, the CE-MRA 

demonstrated venous anatomy. 

Taken alone, the TOF results reported here represent a significant improvement 

over previous work. The standard for in vivo mouse MRA was set using TOF contrast by 

Beckman et al (100 x 100 x 150 µm3 or 1.5 nL) and Brubaker et al (117 x 117 x 117 µm3 

or 1.6 nL) (Beckmann et al. 1999; Brubaker et al. 2005). Though it is difficult to compare 

image quality between publications, the TOF-MRAs reported here are at 6 times higher 

spatial resolution (0.27 nL). The superior resolution of our TOF-MRA may be attributed 

to longer scan times (43 min vs 16 min and 23 min) and higher magnet field strength (7 T 

vs 4.7 T and 3 T). Higher field strength should provide a double benefit for TOF 

contrast: first, the background tissue has a longer T1 and second, the inflowing blood 

has greater magnetization.  

Compared to TOF contrast, the potential benefits of long-circulating and blood-

pool agents have been appreciated for many years. Gd-DTPA-albumin was used for 

acquisition of rat brain MRA (scan time: 7.27 hours) at a spatial resolution of 60 x 60 x 

60 µm3 (0.2 nL) (Mellin et al. 1994). However, this protocol is not practical for routine 

research. Superparamagnetic iron oxide nanoparticles have been used successfully in 

human MRA (Anzai et al. 1997); however, a study in mice showed only modest benefit 
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for small animal MRA (Beckmann et al. 1999). A variety of Gd-labeled dendrimer agents 

have been developed (Fink et al. 2003; Kobayashi et al. 2001a; Kobayashi et al. 2001b; 

Kobayashi et al. 2000) which permit rapid acquisition of small animal MRA over large 

FOVs; however, even the highest resolution was only 166 x 206 x 320 µm3 (11.25 nL) 

(Fink et al. 2003). Thus, while there has been interest in long-circulating blood-pool 

contrast agents, this class of agents has not yet been fully exploited in small animal 

MRA. 

Our results using SC-Gd liposomes represent a significant improvement over 

previous small animal MRA—both TOF and contrast-enhanced. High-resolution CE-

MRA (0.27 nL) were acquired with 32% better CNR than the TOF-MRA, but in only 12 

minutes. Though the 12 minute CE-MRA scan was superior to the 43 minute TOF-MRA, 

longer CE-MRA acquisitions were possible because SC-Gd liposomes are a long-

circulating blood-pool agent. In comparable scan time (48 minutes), the CE-MRA had 

150% CNR advantage. Importantly, the CNR improvement from SC-Gd liposomes was 

greater at higher resolution and larger FOV. 

The images presented here could be further improved by a number of technical 

improvements. The RF coil could be improved by using a smaller head coil, a surface 

receive coil, or a cryo-cooled coil. Similarly, an MR system with higher field strength or a 

shorter minimum TE would also improve the image contrast. Finally, a more 

sophisticated pulse sequence could also have been used, such as magnetization transfer 

(Beckmann et al. 1999) or multiple overlapping thin slab acquisition (Blatter et al. 1991). 

Recently, Dorr et al. published an exquisite atlas of the mouse brain vasculature 

using a 2 hour X-ray computed tomography scan of an ex vivo specimen (Dorr et al. 
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2007). This atlas, acquired with a resolution of 20 x 20 x 20 µm3 (0.008 nL), identifies 

nearly 70 vessels by name and demonstrates countless unnamed fine branches. While 

this atlas serves as an unprecedented anatomical reference, the acquisition technique is 

not feasible for routine in vivo use. The CE-MRA images presented here are 33-fold 

lower resolution; however, they still are able to demonstrate nearly every named vessel 

in the Dorr atlas as well as numerous unnamed braches. Importantly, the CE-MRA 

protocol can be executed in vivo in under an hour and is suitable for longitudinal studies. 

Compared to CE-MRA, TOF-MRA has the obvious advantage that it does not 

require any exogenous agents. Furthermore, TOF-MRA is entirely sufficient when the 

experiment requires (1) a limited FOV; (2) relatively low resolution (> 1.5 nL); or (3) 

only relatively large (e.g., carotid arteries) or proximal arteries (e.g., proximal segments 

of the cerebral arteries). However, the results presented here indicate that long-

circulating blood-pool contrast agents may offer significant benefits in a number of 

situations: (1) limited scan time; (2) large FOV; (3) simultaneous imaging of large and 

small arteries; (4) imaging veins; (5) imaging very small distal arteries; or (6) imaging 

with high resolution (< 1.5 nL). 

Given these strengths of CE-MRA, there are several potential small animal MRA 

applications where staining the blood with SC-Gd liposomes may be particularly useful: 

(1) tumor vasculature, (2) stroke models, (3) arteriovenous malformations, and (4) 

atherosclerotic disease. In addition, the intravascular properties of SC-Gd liposomes 

could be used for estimating vascular blood volumes and flow, properties that may be 

particularly relevant in cancer models (Taylor et al. 1999). 
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4.5 Conclusions 

MRA of the mouse brain were acquired using either TOF contrast or SC-Gd 

liposomes, a novel long-circulating blood-pool contrast agent. Using TOF contrast, 

optimal small-vessel conspicuity was achieved with a TR of 80 ms and a FA of 60 

degrees. Using the optimized parameters, high-resolution TOF-MRAs (52 x 52 x 100 µm3 

or 0.27 nL) of the whole brain were acquired in 43 minutes. Using SC-Gd liposomes to 

stain the blood, optimal small-vessel conspicuity was achieved with a TR of 20 ms and 

FA of 20-30 degrees. Using the optimized parameters, high-resolution CE-MRAs (0.27 

nL) were acquired with 32 % superior small-vessel CNR in only 12 minutes. 

Alternatively, with comparable scan times, CE-MRA had 150 % higher CNR. Compared 

to TOF contrast, SC-Gd liposomes enabled (1) larger FOVs; (2) shorter scan times; and 

(3) higher small-vessel conspicuity. In addition, the CE-MRA demonstrated venous 

anatomy. 
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Chapter 5  

Opening the Blood-Brain Barrier to Stain the Brain 

5.1 Introduction 

In the study of mouse models of neurological diseases, magnetic resonance 

microscopy (MRM) holds the promise of high-resolution, high-throughput, and 

longitudinal images of the mouse brain. However, the slow T1 relaxation of the brain 

tissue at high field strengths has been a significant barrier to fulfilling this promise. This 

problem has been addressed for fixed ex vivo specimens using “active staining” of the 

brain with T1-shortening contrast agents (Johnson et al. 2007; Johnson et al. 2002b). 

However, this approach does not translate well in vivo because contrast agents are 

excluded from the brain by the blood-brain barrier (BBB).  

The blood-brain barrier consists of numerous specialized features of the brain’s 

vasculature that restrict the passage of substances into the brain parenchyma. While the 

BBB serves a variety of important physiological functions, it also prevents the passage 

of most diagnostic and therapeutic agents (Doolittle et al. 2007; Kroll and Neuwelt 1998; 

Muldoon et al. 2007). 

In addition to blocking the gadolinium-based T1-shortening agents typically used 

for anatomical imaging, the BBB also obstructs functional agents, such as manganese 

(Lin and Koretsky 1997), and the new generation of targeted agents, such as labeled iron 

oxides (Larbanoix et al. 2008). Indeed, the potential use of these agents in the study of 

neurodegenerative diseases may be limited by the mouse BBB. To better study mouse 
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models of human disease with MRM, a technique is needed to open the BBB in the 

mouse both quickly and noninvasively.  

To open the BBB, a number of techniques have been tried. In the most common 

approach, a hypertonic sugar solution (e.g., arabinose or mannitol) is infused into the 

carotid artery (Rapoport 2000). This osmotic technique has been used in many 

mammals—from rats to humans—despite several drawbacks: it is (1) time consuming; 

(2) technically challenging; (3) not readily performed on mice; (4) limited to only the 

middle and anterior portions of one half of the brain; and (5) too invasive for 

longitudinal studies in small animals (Rapoport 2000). 

Other experimental methods for opening the BBB include mild hyperthermia (Lin 

and Lin 1982; Moriyama et al. 1991); direct intracerebral infusion (Kroll and Neuwelt 

1998); and use of inflammatory mediators such as bradykinin (Abbott 2000). However, 

these methods—as discussed earlier—are currently too invasive and technically 

challenging to be useful for global BBB disruption in the mouse. 

Another tool for opening the BBB is ultrasound. It has been demonstrated that 

focused ultrasound (FUS) can open the BBB without necessarily causing tissue damage 

(Mesiwala et al. 2002; Vykhodtseva et al. 1995). If the ultrasound is administered in 

combination with microbubbles1, the acoustic pressure required for BBB disruption is 

lower and therefore this ultrasound-microbubble combination can be used to reliably 

open the BBB without causing tissue damage (Hynynen et al. 2001; McDannold et al. 

2006; McDannold et al. 2005; Sheikov et al. 2004). However, most of this work has been 

                                                        
1 Microbubbles are gas bubbles, typically 1-3 µ in diameter, commonly used as ultrasound contrast agents. 
Currently available bubbles have a shell of lipid or protein and are filled with perflutren 
(octafluoropropane) gas. 
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performed in rabbits and has required surgical removal of a portion of the skull. 

Recently, transcranial ultrasound with microbubbles has been used to open the BBB to 

allow imaging agents into the brains of mice (Choi et al. 2007b; Frinkley et al. 2008; 

Hynynen et al. 2005). Such techniques have even been used to administer molecular 

imaging agents and therapeutics (Raymond et al. 2008).  

The precise mechanism for BBB disruption with ultrasound and microbubbles is 

not well understood. Thermal effects do not appear to be responsible, as studies have 

found BBB opening with as little as 0.025 degrees C (Kinoshita et al. 2006a).  Inertial 

cavitation (i.e., bursting of the bubbles) also does not seem to be required, as BBB 

opening could be achieved without the wide-band emissions characteristic of inertial 

cavitation (McDannold et al. 2006). Instead, likely mechanisms are (1) the oscillation of 

microbubbles as occurs with stable cavitation, (2) acoustic streaming around the 

microbubbles, and (3) radiation force on the microbubbles (Datta et al. 2008; Kinoshita 

et al. 2006a; McDannold et al. 2006; Sheikov et al. 2004). These processes may cause 

BBB opening either by mechanically disrupting tight junctions and/or by inducing 

endothelial cells to biologically increase BBB permeability (e.g., via transcytosis and 

cellular fenestrations) (Sheikov et al. 2004). 

While BBB disruption with focused ultrasound and microbubbles is noninvasive 

and transcranial, it is still technically challenging and limited to the small focal spots of 

these transducers (1-3 mm) (Choi et al. 2007a; Kinoshita et al. 2006b). While such focal 

BBB disruption may be useful for targeted delivery of therapeutic agents, for contrast-

enhanced imaging of the brain, a global BBB disruption is needed. Furthermore, to be 

broadly adopted for the study of mouse models, the method needs to be high-
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throughput and technically accessible to those outside the ultrasound research 

community.  

As discussed in this chapter, a technique was developed to open the BBB using 

unfocused ultrasound and microbubbles that is (1) simple and fast; (2) suitable for mice; 

(3) global (i.e., opens both hemispheres); (4) noninvasive, and (5) reversible. For 

simplicity, this technique of BBB Opening with Microbubbles and UltraSound is referred 

to as BOMUS. The BOMUS technique was used to open and actively stain the entire 

mouse brain with gadopentetate dimeglumine  (Gd-DTPA). With the dramatically 

shortened T1, high-resolution (50 x 50 x 100 µm) images could be acquired in vivo in less 

than 1 hour. 

5.2 Methods  

5.2.1 Microbubbles 

Prior to opening the BBB, perflutren lipid microspheres (Definity, Lantheus, N. 

Billerica, MA) were produced by “activating” the vial (i.e., shaking it in the 

manufacturer-supplied device for 45 seconds) according to the prescribing information 

sheet. Immediately prior to microbubble administration, the vial was agitated by hand 

for 1 minute. 

5.2.2 Ultrasound system 

For the ultrasound system (Figure 19a), a circular single-element ultrasound 

transducer (model A382S-SU, Olympus NDT) was used, which had a diameter of 13 

mm and a center frequency of 2.15 MHz. The transducer was positioned using a 3-axis 

frame (Visualsonics, Toronto, ON) at its natural focal distance (58 mm) directly over the 
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mouse brain. For efficient transmission of the acoustic beam, the transducer was placed 

in a water path (contained by a 0.3 mil plastic sheet), which rested on the animal’s 

scalp. The transducer was driven by a 50 dB power amplifier (model 240L, E&I, 

Rochester, NY), which was connected to a signal generator (model 33220A, Agilent, 

Santa Clara, CA) that produced the 3-minute ultrasound pulse sequence. Two pulse 

sequences were used with different acoustic pressures but equivalent average power 

output. The pulse amplitude (mVpp) input into the power amplifier was calibrated using 

a hydrophone (described below) to generate peak-to-peak acoustic pressures of either 

0.8 MPa or 1.2 MPa at the center of the transducer’s natural focus. Two sinusoidal pulse 

sequences were used: (a) amplitude = 0.148 mVpp (0.8 MPa), pulse length = 50000 

cycles, pulse repetition frequency = 15.6 Hz; and (b) 0.258 mVpp (1.2 MPa), 32,000 

cycles, 10 Hz. These pulses sequences were selected so that each sequence applied 

average power of approximately 2 W to the transducer—a power that was unlikely to 

damage the transducer. 

To calibrate the pulse amplitude with the acoustic pressure generated by the 

transducer, measurements were made in water using a hydrophone (model SN S4-251, 

Sonora, Longmont, CO) with a 0.4 mm spot size membrane. A step motor-controlled 

translation stage (Newport Corporation, Irvine, CA) operated by a custom LabView 

program (National Instruments, Austin, TX) was used to measure the acoustic pressure 

profile around the natural focus in both the radial and depth dimensions. 

5.2.3 BBB opening with microbubbles and ultrasound (BOMUS) 

All animal studies were approved by the Duke University Institutional Animal 

Care and Use Committee. For all procedures, mice were anesthetized, positioned, and 
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monitored using the system described in Chapter 3. The respiratory rate was maintained 

between 85 and 125 breaths per minute by titrating the isoflurane concentration. Body 

temperature was maintained using a heat lamp (during BOMUS) or blown air (during 

MRI).  

Prior to ultrasound, hair was removed from the mouse scalp using either a 

trimmer or a depilatory agent (Nair, Church & Dwight, Princeton, NJ). Ultrasound gel 

was placed on the scalp, and then the water path was lowered onto the head (Figure 

19a). In this water path, the ultrasound transducer was positioned 58 mm directly over 

the mouse brain. 

To open the BBB, 30 µL of perflutren lipid microspheres (activated Definity) 

were injected through a tail vein catheter and simultaneously the ultrasound pulse 

sequence was initiated. The ultrasound was applied for 3 minutes. 

5.2.4 MR imaging 

To enhance the brain with MR contrast, Gd-DTPA (Magnevist, Bayer HealthCare 

Pharmaceuticals, Wayne, NJ) was administered by intraperitoneal (IP) injection 10 

minutes prior to BOMUS (Figure 19b). The 10-minute delay was chosen because in 

preliminary studies, it was found that most of the enhancement from an IP injection of 

Gd-DTPA occurs by 10-15 minutes post-injection. The Gd-DTPA dose was 3.2, 6.4, or 

9.5 mmol/kg (specified below), and the concentration was 0.5 M. After BOMUS, MR 

images were acquired. Because Gd-DTPA is normally excluded by the BBB, opening of 

the BBB was indicated by contrast-enhancement on T1-weighted MRI. 

For MR imaging, a 35 mm diameter quadrature transmit/receive volume coil 

(M2M Imaging) was used. The MR system was a 7 T horizontal bore magnet driven by a 
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GE EXCITE console (General Electric Healthcare). MR images were acquired using either 

a high-throughput or high-resolution protocol. The high-throughput scan (3.2 minutes) 

used a 3D spoiled gradient recalled (SPGR) sequence with the following parameters: 

repetition time (TR) = 25 ms; echo time (TE) = 2 ms; flip angle (FA) = 30 degrees; field 

of view (FOV) = 20 x 20 x 12 mm; matrix = 128 x 128 x 60; number of averages (NEX) = 

1. Data were acquired at a resolution of 156 x 156 x 200 µm. 

High-resolution images were acquired with a 51 minute SPGR protocol: TR = 25 

ms; TE = 3-4 ms; FA = 15-22 degrees; FOV = 20 x 20 x 8 mm; matrix = 384 x 384 x 80; 

NEX = 4. Data were acquired at a resolution of 52 x 52 x 100 µm.  

T1 measurements were performed by acquiring a series of 2D spin echo images 

with varying TRs: TR = 200, 400, 800, 1600, 3200, 6400, or 12800 ms; TE = 7 ms; BW = 

31.25 MHz; slice thickness = 1 mm; FOV = 20 x 20 mm; matrix = 128 x 128. T1 over a 

region of interest (ROI) was estimated using a three-parameter non-linear fit of the data 

to the following equation: I = m(1 - e(-T1/TR)) + a, where I is the mean ROI intensity and TR 

is the repetition time. The three terms that were fit were m, a multiplicative constant, a, 

an additive constant, and T1, the parameter of interest. 

5.2.5 Duration of BBB disruption experiment 

To determine the duration of the BBB opening, BBB opening was assayed at 

several time intervals after BOMUS. For each time interval (0, 30, 45, 60, 120, or 240 

minutes), a different animal was used. After the specified delay, Gd-DTPA (diluted 

0.167 M) was administered by tail vein (1 mmol/kg) and high-throughput images were 

acquired 30 minutes later. 
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5.2.6 Histology 

To determine if the BOMUS procedure caused tissue damage, conventional 

histology sections from selected mice were examined by light microscopy. After MR 

imaging, the mice were transcardially perfused first with saline (5 minutes) and then 

with 10% formalin (5 minutes). The fixed brains were embedded in paraffin and 4-µm 

sections were taken at 500-µm intervals throughout the entire brain. Hematoxylin and 

eosin-stained sections were then examined for instances of red blood cell extravasation 

into the brain parenchyma. 

5.2.7 Behavioral assessment 

The effect of the BBB disruption procedure on animal behavior was assessed 

using selected components of the well-established test battery developed by Irwin in 

1968 (Irwin 1968). From this battery, a subset of 16 tests was selected for our testing 

protocol. These tests were chosen because in preliminary work they gave the most 

consistent results. Our protocol included the following tests which are described in 

detail elsewhere (Irwin 1968): body position, locomotor activity, transfer arousal, spatial 

locomotion, startle, tail elevation, touch-escape, positional passivity, grip strength, body tone, 

toe-pinch, limb tone, abdominal tone, provoked biting, tail-pinch, and righting reflex. These 

tests are all scored on a scale from 0 to 8 where higher numbers generally correspond 

with a higher level of activity, arousal, and responsiveness. (Note: To be consistent with 

the other tests, the scale for the righting reflex was reversed from its original description 

in (Irwin 1968).) The scores from these individual tests were summed to calculate an 

overall behavior score. 
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The testing protocol was performed at three different time points: prior to 

BOMUS; approximately three hours after recovery from anesthesia; and approximately 

twenty-four hours after recovery from anesthesia. Because of the experimental schedule, 

the baseline testing was performed consistently in the early morning, shortly after the 

mice had been transferred from the vivarium to the laboratory in a fresh cage. In 

contrast, the 24-hour post-anesthesia testing was consistently performed in the 

afternoon after the mice had been in the new cage for a full day. The protocol was 

administered to both BOMUS-treated (n = 8) and control animals (n = 3). The control 

animals were handled identically (i.e., isoflurane anesthesia, hair removal, Gd-DTPA) 

except they did not receive ultrasound or microbubbles.  
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Figure 19: a: The BOMUS set-up. b: The experimental timeline. 

5.3 Results 

5.3.1 Ultrasound beam characterization 

The circular ultrasound beam was characterized in water using a hydrophone. At 

the focal distance, the acoustic pressure fell off rapidly as the hydrophone was moved 

radially (Figure 20a). The beam’s lateral full-width-at-half-maximum was 7.2 mm. In 

contrast, the acoustic pressure was very consistent in the depth dimension: the pressure 

at the beam center did not change measurably in the first 10 mm of the far field and only 

decreased slightly in the near field (Figure 20b).  
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To calibrate the acoustic pressure with the signal generator pulse amplitude, 

hydrophone measurements were made at the center of the beam focus. In our system, 

acoustic pressure scaled linearly with the amplified input voltages over the range of 50 

to 400 mVpp. Input voltages of  258 and 167 mVpp corresponded to peak-to-peak 

acoustic pressures of 1.2 and 0.8 MPa, respectively. 

 

 

Figure 20: The pressure profile of the circular ultrasound beam was measured with a 
hydrophone in water. The lateral profile of the beam (a) was measured at the 
transducer’s natural focus (58 mm). The depth profile (b) was measured at the 
center of the beam (distances > 0 mm are in the near field of the transducer). The 
pressure measurements were normalized to the peak pressure (obtained at the 
center of the beam at the natural focus). 
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5.3.2 Opening of the BBB 

To determine if the combination of unfocused ultrasound and microbubbles could 

be used to globally open the BBB, this treatment was compared to a variety of control 

scenarios (Figure 21). Animals received Gd-DTPA 6.4 mmol/kg IP 10 minutes prior to 

treatment, and T1-weighted images (high-throughput protocol) were acquired 20 minutes 

after treatment (see timeline in Figure 19b).  

As seen in Figure 21 all animals receiving Gd-DTPA had enhancement of the 

tissues surrounding the brain (e.g., skin, muscle, and salivary glands) as well as slight 

enhancement of the choroid plexus (which does not have the BBB and is relatively 

permeable (Segal 2000)). Those animals receiving either (1) no treatment, (2) only 

ultrasound, or (3) only microbubbles had no enhancement in the cerebrospinal fluid 

(CSF) or in the brain parenchyma. However, those mice receiving both ultrasound and 

microbubbles simultaneously had a dramatic enhancement in the CSF and brain 

parenchyma. 

While 6.4 mmol/kg of Gd-DTPA provided excellent enhancement at 30 minutes 

post-injection, this dose was excessive for imaging at 45 minutes and beyond. As the 

Gd-DTPA continued to diffuse out of the peritoneal space and into the blood stream 

and body tissues, some tissues showed a decrease in signal (data not shown). This 

signal drop was presumably due to the T2-relaxivity of Gd-DTPA dominating the T1-

relaxivity at higher concentrations. For this reason, subsequent experiments were 

conducted using 1.0 or 3.2 mmol/kg Gd-DTPA. 
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Figure 21: T1-weighted SPGR images (high-throughput protocol) demonstrate that 
Gd-DTPA enhances body tissues but is excluded from the brain by the intact BBB. 
Treatment with either ultrasound or microbubbles alone does not make the BBB 
permeable to Gd-DTPA. However, co-administration of ultrasound and 
microbubbles globally opens the BBB, allowing the Gd-DTPA to enhance the brain. 

5.3.3 Time-course of enhancement 

To examine the temporal pattern of enhancement, T1-weighted images (high-

throughput protocol) were acquired at three time points: prior to BOMUS (n = 8), 

serially over 6 hours after BOMUS (n = 4), and 27 hours after BOMUS (n = 1). Signal 

measurements were taken from ROIs drawn in the cortex, basal ganglia, lateral ventricle, 

and jaw muscle (Figure 22). The cortex and basal ganglia were chosen in order to sample 

both superficial (cortex) and deep structures (basal ganglia) of the brain. As seen in 

Figure 22, immediately after BOMUS, all tissues show a dramatic signal enhancement. 

This enhancement diminished slightly over the first two hours, but then steadily 

increased over the next four hours. However, by the next day, the tissue signal had 

returned to the pre-BOMUS baseline levels. 



 

 

83 

 

Figure 22: Time-course of Gd-DTPA enhancement and washout in the brain and 
muscle after BOMUS. T1-weighted images (high-throughput protocol) were acquired 
prior to BOMUS (plotted at time < 0), serially after BOMUS, and 27 hours after 
BOMUS. ROIs were drawn in the jaw muscle, cerebral ventricle, cortex, and basal 
ganglia to measure the mean signal intensity. 

5.3.4 Duration of BBB opening 

To examine the duration of BBB opening, the BBB permeability was assayed by 

injecting Gd-DTPA at several time intervals after BOMUS (Fig. 5). Signal measurements 

were made from ROIs drawn in the lateral ventricles, basal ganglia, cortex, and jaw 

muscle. Because the muscle was not affected by the BOMUS procedure, the muscle 

signal was used to normalize the values of the intracranial ROIs. These post-BOMUS 

animals were compared to a control animal that received IV Gd-DTPA but no BOMUS 

(shown at time < 0 min in Fig. 5).  

As seen in Figure 23, enhancement of the intracranial tissues was greatest when 

Gd-DTPA was injected during BOMUS. The level of enhancement decreased steadily as 

the time interval between BOMUS and the Gd-DTPA injection increased. When Gd-

DTPA was injected four hours after BOMUS, the level of enhancement was comparable 

to that seen in animals not receiving BOMUS at all. (The exception was the ventricles, 
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which still had some slight enhancement.) These data indicate that the BBB is maximally 

opened during the BOMUS procedure and is closed by 4 hours. 

 

Figure 23: The duration of BBB disruption was demonstrated by assaying BBB 
permeability at several times after BOMUS. Signal measurements were made in 
several ROIs from T1-weighted images (high-throughput protocol). To account for 
inter-animal variability, the muscle signal was used to normalize the intracranial 
signals: log2(tissue signal/muscle signal) is plotted along the y-axis. For comparison, 
data from an untreated control animal is shown at time < 0. 

5.3.5 Histology 

To determine if the BOMUS procedure caused tissue damage, the brains of 

selected BOMUS-treated mice (n = 9) were examined with light microscopy. Sections 

were taken at 500 µm intervals, providing approximately 14 sections per brain. In 

previous reports using focused ultrasound and microbubbles, microhemorrhage (i.e., red 

blood cell extravasation into the brain parenchyma) was found to be a reliable early 

indicator of tissue damage (Hynynen et al. 2005). Therefore, in this study, brain sections 

from selected animals were examined for extravasations and the number of 

extravasations seen on each slide was tallied (Figure 24a). Two global BOMUS 

treatment groups were examined: peak-to-peak acoustic pressure of 1.2 MPa (n = 5) 
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and 0.8 MPa (n = 3). For comparison, a brain was examined from a mouse that 

underwent BOMUS using a B-mode scan from a commercial ultrasound system (peak-

to-peak pressure = 34.6 MPa). Note that while the global BOMUS groups had 

ultrasound applied to the whole brain, the B-mode BOMUS only insonified in a 2 mm 

axial slab—approximately 1/6th of the brain volume. To account for variations in the 

number of sections prepared from each brain, the data is reported in “extravasations 

per section.” 

The brains of animals treated with 0.8 MPa BOMUS had no identifiable 

extravasations. The brains of animals treated with 1.2 MPa showed only 0.3 

extravasations per section. Interestingly, of the five animals examined after treatment 

with 1.2 MPa, two had no extravasations anywhere in the brain. In contrast, the brain 

subjected to 34.6 MPa B-mode ultrasound had an average of 9.3 extravasations per 

section (Figure 24b). Since the B-mode was only applied to about 1/6th of the brain, this 

number under-represents the extravasation rate relative to the other two groups. 

 

Figure 24: The mean number of red blood cell extravasations seen in each histology 
section of the brain is shown for acoustic pressures of 0.8 MPa, 1.2 MPa, and 34.6 
MPa. Error bars show standard error. b: An example of severe red blood cell 
extravasation from the 34.6 MPa brain is shown. 
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5.3.6 Behavioral assessments 

To determine if BOMUS could potentially be used in longitudinal studies, 

behavioral assessments were performed on selected mice at three time points: prior to 

the experiment, 3 hours after the experiment (i.e., 3 hours after recovery from isoflurane 

anesthesia), and 24 hours after the experiment. Animals treated with BOMUS (0.8 MPa 

ultrasound pressure, 3.2 mmol/kg Gd-DTPA) were compared with control animals that 

were treated identically but did not receive ultrasound or microbubbles. The battery of 

16 behavioral tests was performed and the scores summed to generate an overall 

behavior score (Figure 25). For both groups, with respect to baseline, there was a 

decrease in the average behavior score 3 hours after anesthesia. This drop largely 

recovered (but not completely) by the 24 hour time point. However, at each of the three 

testing times, no difference was observed in the average behavior scores between the 

BOMUS-treated and control animals. 
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Figure 25: Behavioral testing was performed before anesthesia and 3 and 24 hours 
after recovery from anesthesia. The average behavior (+/- SEM) score for control and 
BOMUS-treated (0.8 Mpa) animals is shown. Relative to the pre-anesthesia 
baseline, all animals show a decrease in behavior score 3 hours after anesthesia, but 
they largely recover by the next day. At each time point, no difference was seen 
between the two groups, indicating that BOMUS did not measurably affect animal 
behavior. 

5.3.7 T1 estimation 

To measure the change in relaxivity due to the Gd-DTPA, T1 was estimated in 

ROIs selected from the cortex, basal ganglia, and muscle (Figure 26). In the control 

animal receiving neither Gd-DTPA nor BOMUS, T1 values were long in the cortex (2.08 

s), basal ganglia (1.97 s), and muscle (2.01 s). In the animal given only Gd-DTPA, the 

muscle T1 shortened dramatically (0.71 s); but T1 was only shortened modestly in the 

cortex (1.53 s) and basal ganglia (1.56 s) because the intact BBB excluded the Gd-

DTPA. However, in the BOMUS-treated animal, Gd-DTPA not only shortened T1 in the 

muscle (0.80 s) but Gd-DTPA also crossed the BBB and dramatically shortened T1 in 

the cortex (0.50 s) and basal ganglia (0.50 s). 
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Figure 26: T1 values were estimated from three ROIs in control and treated mice. In 
the control animal receiving neither Gd-DTPA nor BOMUS, T1 values were long in 
the cortex (2.08 s), basal ganglia (1.97 s), and muscle (2.01 s). The animal given only 
Gd-DTPA had somewhat shortened T1 values in the cortex (1.53 s) and basal 
ganglia (1.56 s), and dramatically shortened T1 in the muscle (0.71 s). In the animal 
treated with both BOMUS and Gd-DTPA, Gd-DTPA not only shortened the T1 of 
the muscle (0.80 s) but also crossed the BBB and shortened T1 in the cortex (0.50 s) 
and basal ganglia (0.50 s). 

5.3.8 High-resolution MRI 

By taking advantage of the shortened T1 of the actively stained brain tissue, 

high-resolution T1-weighted images were obtained (Figure 27) from BOMUS-treated 

animals with a voxel size of 52 x 52 x 100 µm3 in only 51 minutes. For comparison, 

images of untreated and Gd-DTPA-only mice were also acquired at the same resolution. 

A fixed TR of 25 ms was used and the flip angle was adjusted for each scan to 

maximize the SNR in the brain. The images from the BOMUS-treated animals showed 

dramatically superior SNR and tissue contrast. For example, the different cell layers in 

the hippocampus and cerebellum could not be distinguished in the control or Gd-DTPA-

only mice, but this layering was clearly seen in the BOMUS-treated animals (Figure 27 

and Figure 28). 
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Figure 27: High-resolution (50 x 50 x 100 µm3) SPGR images of the mouse brain 
acquired in vivo in 51 minutes. Long tissue T1 limits the SNR and CNR in the 
control and Gd-DTPA-only mice. However, by opening the BBB, the brain can be 
actively stained in vivo with Gd-DTPA, resulting in dramatic improvement in both 
signal and tissue contrast. 

 

Figure 28: Two axial slices from a brain actively stained Gd-DTPA (6.3 mmol/kg) 
demonstrate clear layering in the hippocampus (white arrows). Fine vascular 
features are also manifest by the perivascular signal loss. 

By increasing the dose of Gd-DTPA, it was also possible to obtain negative-

contrast vascular images (Figure 29). These images were acquired using the high-

resolution protocol in BOMUS-treated mice receiving either 6.3 or 9.5 mmol/kg Gd-
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DTPA. The background brain tissue was enhanced by the Gd-DTPA that had crossed 

the BBB. However, the large vascular content of Gd-DTPA caused susceptibility-related 

signal loss from the blood and perivascular tissue signal. This allowed the delineation of 

both large and small vessels. For example, the relatively large branches of the middle 

cerebral arteries supplying the basal ganglia were clearly seen moving dorsally from the 

base of the brain. Previous work in our lab (Ghaghada et al. 2008a) and other labs (Dorr 

et al. 2007) indicated that many of these vessels are larger than 50 µm in diameter. 

However, in addition to these larger vessels, the cortical vessels that run perpendicular 

to the cortical surface were also visualized. Previous work indicated that these vessels 

are less than 50 µm in diameter (i.e., below the resolution of the image). By taking 

advantage of the through-space susceptibility effects, these vessels were be detected 

even though they are smaller than the resolution of the image. While this susceptibility 

vascular imaging worked well with 6.3 mmol/kg Gd-DTPA, the effect was excessive 

when the dose was raised to 9.5 mmol/kg. 
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Figure 29: Minimum intensity projections of a 600 µm axial slab from SPGR images 
(high-resolution protocol) from BOMUS-treated animals given high doses of Gd-
DTPA. BOMUS allows the Gd-DTPA to enhance the parenchyma of the brain, but 
high concentration of Gd-DTPA in the bloodstream causes susceptibility-induced 
loss of signal from the blood and perivascular tissue. This allows the delineation of 
cortical vessels (running perpendicular to the cortical surface). When the dose of 
Gd-DTPA is increased to 9.5 mmol/kg, this effect is exaggerated. 

5.4 Discussion 

While there is great interest in studying the mouse brain with MRI, long T1 and 

poor tissue contrast have been limiting factors. For ex vivo studies, active staining of the 

brain with T1-shortening agents has enabled dramatic improvements in spatial 

resolution, tissue contrast, and scan time. However, the BBB has limited the use of 

active staining for in vivo studies. Here a method has been presented for active staining 

of the whole mouse brain using ultrasound to open the BBB. Contrast-enhanced brain 

imaging using BOMUS has a number of advantages over previous BBB disruption 

techniques: it is (1) fast and simple; (2) noninvasive and therefore suitable for in vivo 

and longitudinal studies; and (3) global, opening both hemispheres. 

The BOMUS technique is fast and simple to perform. Animal preparation 

requires only a tail vein catheter and a haircut, and the insonation takes only 3 minutes. 

While the precise calibration of the ultrasound pressure (described above) did require a 
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specialized hydrophone, the equipment required for BOMUS is all commercially 

available and requires no expertise in ultrasound to assemble and use. 

5.4.1 Bioeffects 

The BOMUS technique is noninvasive and reversible. This is the first study on 

BBB disruption with ultrasound to assess not only for histological signs of damage but 

also behavioral changes due to the procedure. In the data presented here, BOMUS with 

0.8 MPa showed no red blood cell extravasations in the brain, and the mice recovered 

identically to those not receiving BOMUS. While there was no difference between 

BOMUS and control animals, both groups showed slightly lower behavior scores 24 

hours after anesthesia compared to baseline. This change may be due to residual 

anesthesia effects after 24 hours. Alternatively, this change in scores may be due to 

diurnal or environmental factors: the baseline test was performed during a more active 

time of day (early morning) and after exposure to a new environment (a new cage from 

the vivarium) while the 24 hour post experiment test was performed during a less active 

time of day (afternoon) after the mice had acclimated to the cage. 

While 0.8 MPa had no observed negative effects, 1.2 MPa BOMUS did cause a 

small number of extravasations in some of the animals. While the behavior of this group 

was not measured systematically, it was observed that after 1.2 MPa BOMUS 

approximately 30% of the mice either died or failed to recover completely. Previous 

reports using focused ultrasound and microbubbles have regarded a few extravasations 

as an acceptable level of damage for a “noninvasive” technique (Hynynen et al. 2001). 

While this may be true when BOMUS is applied to a very small region of the brain (2-3 

mm), our observations indicate that when BOMUS is performed on the whole brain, 
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acoustic pressures that are associated with occasional extravasations may affect the 

recovery of the animal. In light of this inconsistent recovery after 1.2 MPa, we conclude 

that an acoustic pressure that does not cause extravasation should be used in global 

BBB disruption. 

In comparing these pressure measurements with those from previous reports 

using focused ultrasound, it should be noted that we report the acoustic pressure that 

reaches the surface of the scalp at the center of the ultrasound beam. The beam profile 

data shown above demonstrate that the acoustic pressure towards the edge of the beam 

is only about 30 % of the peak. Furthermore, acoustic attenuation through the mouse 

skull reduces the acoustic pressure reaching the brain by an estimated 24.5% (estimated 

attenuation based on results presented by Choi et al. (Choi et al. 2007a)). This suggests 

that consistent BBB disruption is obtained at acoustic pressures ranging from a peak of 

0.6 MPa to as little as 0.18 MPa. These pressures are much lower than the 0.8 to 0.5 

MPa typically reported by others (Choi et al. 2007a; McDannold et al. 2007). This 

reduced pressure threshold may be due to the higher dose of lipid microbubbles we used 

(approximately 1.2 ml/kg) compared to the dose of lipid microbubbles used by others 

(10 µL/kg). This explanation is supported by preliminary work in our lab and work by 

others (Choi et al. 2007b) that suggest that levels of circulating microbubbles affect the 

acoustic pressure threshold for BBB disruption. While the dose we used is higher than 

the clinically recommended dose (10 µL/kg), the data presented here did not reveal any 

negative effects at the higher dose. 
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5.4.2 Transducer and pulse sequence 

Because the BOMUS technique using unfocused ultrasound is brand new, there 

are several opportunities for further development. For this work, the transducer size was 

chosen to be 13 mm because that was the minimum diameter that could cover the mouse 

brain; the frequency was chosen to be 2.15 MHz because this was a frequency at which 

our original power amplifier could generate a clean sinusoidal pulse of 1.2 MPapp at the 

focal length. Larger diameter or higher frequency transducers required too much power to 

generate the requisite pressure. Nevertheless, other transducers may offer advantages. 

The beam profile data showed that the pressure amplitude dropped off 

dramatically towards the edge of the beam profile, yet the BBB still opened well at the 

edge of the brain.  This suggests that a more uniform opening of the BBB might be 

possible either by using a larger transducer or by insonating the brain at a farther 

distance from the transducer.  With either of these approaches, a more uniform beam 

will reach the brain.  However, either case will also require more power, which may 

exceed the limits of either the amplifier or the transducer. 

A lower frequency transducer will give a shorter focal length and allow a larger 

transducer. The lower frequency beam will also be less distorted or attenuated as it 

crosses the skull and enters the brain.  However, a lower frequency will increase the 

mechanical index, which may lower the tissue damage threshold for a given acoustic 

pressure.  

On the other hand, higher frequency transducers will reduce the mechanical index 

and therefore possibly also the damage threshold. If the primary determinant of BBB 

disruption is simply acoustic pressure, a higher frequency transducer may allow BBB 
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opening with even less risk of brain damage. In addition, higher frequencies may be 

closer to the resonant frequency of the microbubbles which may further enhance the 

BOMUS effect and/or reduce the amount of acoustic power needed to open the BBB 

(Frinkley et al. 2008). However, with higher frequencies, the focal length increases, which 

presents logistical difficulties in constructing a water path to the brain.  Furthermore, the 

increased attenuation through the skull increases the power requirements, which may 

then exceed the limits of the transducer or amplifier. 

The full range of ultrasonic pulse parameters has also not been tested.  In this 

work, given the frequency of the transducer, three key pulse sequence parameters were 

selected—amplitude, pulse length, and pulse rate. The amplitude (0.8 MPa) was chosen 

to be as high as possible while still avoiding any behavioral or histologic damage. The 

pulse length was chosen to be longer then 10 ms because we hypothesized that the 

acoustic radiation force of a long pulse might enhance BOMUS.  (The benefit of long 

pulses has since been reported by others (Mcdannold et al. 2008).)  Finally, the pulse 

rate was chosen to keep the average power at 2 W to avoid overheating the transducer. 

A more thorough evaluation of ultrasound pulse sequences may be warranted. 

5.4.3 Contrast agent administration 

In this work, the utility of the BOMUS technique was demonstrated for active 

staining of the brain with Gd-DTPA in vivo. The resultant reduction in T1 (from 

approximately 2000 ms to 500 ms) allowed high-resolution images (52 x 52 x 100 µm3) 

to be obtained in only 51 minutes. The time-course data showed that this staining is 

stable for several hours, giving a long window for imaging. However, the Gd-DTPA 

washes out within a day. The staining provided excellent tissue contrast, which revealed 
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features such as the cellular layering of the hippocampus and cerebellum. Future work 

with other contrast agents might reveal different patterns of tissue contrast.  

In addition to staining the brain with anatomical contrast agents, the BOMUS 

technique has the potential to allow for the administration of functional and molecular 

contrast agents. Manganese has been used as a functional contrast agent that can 

distinguish neuronal activity. To administer manganese to the rat brain, intracarotid 

mannitol infusions have been used to open the BBB. This allows functional imaging in a 

limited region of the rat brain. However, translating such a technique to mice has been 

challenging due to the technical difficulty and invasiveness of the mannitol procedure. 

As discussed in the next chapter, the global BOMUS technique permits the use of 

functional imaging in mice with manganese. 

Similarly, there is now an emergence of new molecular imaging agents for MRI 

and other modalities (Meade et al. 2003; Querol and Bogdanov 2006; Shapiro and 

Koretsky 2008). Like existing contrast agents, nearly all of these new agents will be 

excluded by the BBB. BOMUS may enable the use of these new agents for studying 

mouse models of neurological disease. Recent work using focused ultrasound with 

microbubbles has demonstrated that both antibodies and molecular imaging agents can 

be administered using ultrasound-mediated BBB disruption (Kinoshita et al. 2006b; 

Raymond et al. 2008). 

A variety of future work remains to further develop the BOMUS technique. For 

example, it is not clear how large an agent may pass through the opened BBB. The Gd-

DTPA used in this study is an ionic compound with a molecular weight of 0.5 kDa. In 

work with focused ultrasound and microbubbles, 3 kDa molecules passed evenly 
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through the opened BBB; however, 70 kDa and 2000 kDa crossed the opened BBB 

inconsistently (Choi et al. 2007c). A systematic study using agents of varying sizes and 

ionic qualities is warranted to evaluate the size of agents that may be administered via 

BOMUS. 

5.5 Conclusions 

In this work, it was shown that the blood-brain barrier can be opened using 

unfocused ultrasound and microbubbles. This technique has several notable features: it 

(1) can be performed trans-cranially in mice; (2) takes only 3 minutes and uses only 

commercially available components; (3) opens the BBB throughout the brain; (4) causes 

no observed histologic damage or changes in behavior; and (5) allows the BBB to be 

restored within 4 hours. By enabling the administration of imaging and therapeutic 

agents, this technique promises to improve studies of mouse models of human 

neurological diseases. 
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Chapter 6  

Functional Staining with Manganese 

6.1 Introduction 

Functional MRI (fMRI) has revolutionized neuroscience by providing a 

noninvasive method for mapping neuronal activity in living animals and humans. 

Typically, fMRI relies on Blood Oxygen Level Dependent (BOLD) contrast, which 

detects small fluctuations in regional brain perfusion as a proxy for local neuronal 

activity. While fMRI is used routinely in humans, primates, and even rats, fMRI in the 

mouse remains largely out of reach. Nevertheless, because the mouse is the dominant 

model system for studying the genetic and molecular basis of brain development and 

disease, there is a tremendous need for a noninvasive tool for mapping neuronal activity 

in the mouse. Despite this need, the implementation of a robust BOLD fMRI technique 

with sufficient spatial resolution for functional brain imaging in the mouse has remained 

technically challenging (Ahrens and Dubowitz 2001; Huang et al. 1996; Nair and Duong 

2004). 

An alternative method for functional MRI in animals utilizes divalent cationic 

manganese (Mn2+). Mn2+ has two relevant properties: first, its five unpaired electrons 

make Mn2+ a T1-shortening MRI contrast agent; and second, Mn2+ can act as a calcium 

analog, allowing it to enter depolarized neurons via voltage-gated calcium channels 

(Drapeau and Nachshen 1984; Narita et al. 1990). Taking advantage of these properties, 

Activation-Induced Manganese-enhanced MRI (AIM MRI) has been used in rats to image 

neuronal responses to stimuli such as glutamate, cocaine, cerebral ischemia, and 
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electrical paw stimulation (Aoki et al. 2003; Aoki et al. 2002; Duong et al. 2000; Lin and 

Koretsky 1997; Lu et al. 2007). AIM MRI signal can be correlated with cerebral blood 

flow measurements and BOLD contrast (Duong et al. 2000). However, while the BOLD 

signal measures neuronal activity indirectly via perfusion, the AIM MRI signal originates 

from depolarization of the neurons and is therefore a more direct measure of neuronal 

activity. This is particularly relevant when studying responses to stimuli that are both 

neuroactive and vasoactive, such as cocaine.  While the BOLD response to cocaine will 

represent the change in perfusion due to both neuronal activity and cocaine-induced 

vasoconstriction, the AIM MRI response should be independent of perfusion.  

One of the challenges with AIM MRI is that Mn2+ is excluded by the blood-brain 

barrier (BBB). In studies to date, Mn2+ has been administered acutely to the brain by 

osmotically opening the BBB with an intracarotid infusion of hypertonic mannitol. To 

avoid disrupting blood flow to the brain, the mannitol is infused through a catheter 

placed retrogradely in the external carotid artery. While this procedure has been feasible 

in rats, in mice the technical challenges of osmotic BBB disruption have prevented the 

use of acute AIM MRI. Instead, a chronic manganese administration paradigm has been 

adopted for functional brain mapping in mice. In this approach, mice receive a systemic 

injection of Mn2+ and are then exposed to a sustained stimulus for 1-2 days. The 

manganese diffuses into the brain slowly over several hours and the enhancement 

pattern seen in post-stimulation MRM reflects an integration of the neuronal activity. 

This approach is elegant and effective for stimuli amenable to prolonged administration, 

such as mapping of the auditory cortex (Watanabe et al. 2008; Yu et al. 2005; Yu et al. 
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2008). However, for more acute stimuli such as pharmacological challenges or behavioral 

tasks, a technique that uses an acute administration of Mn2+ would be preferred. 

To extend acute AIM MRI to mice, a method is needed for rapidly opening the 

BBB to administer Mn2+ to the mouse brain. Though a number of approaches exist for 

opening the BBB, the most well-developed technique is the osmotic technique mentioned 

above. However, this has several drawbacks: (1) the intra-carotid infusion via the 

external carotid artery is technically challenging in mice (Zhang et al. 1997); (2) it is too 

invasive to use in awake studies or longitudinal studies; and (3) it opens the BBB in only 

a portion of the brain (unilaterally in the distribution of the internal carotid artery). 

Recently, focused ultrasound has been used to open the BBB noninvasively and 

transcranially in mice (Choi et al. 2007a; Choi et al. 2007b; Raymond et al. 2008). To 

date, this ultrasound technique has only been used to open the BBB in a focal spot. 

In this work we use unfocused ultrasound and microbubbles to noninvasively open 

the BBB throughout the entire mouse brain. Described in the previous chapter, this 

procedure for BBB Opening with Microbubbles and UltraSound is referred to as 

BOMUS. Through the open BBB we are able to administer Mn2+ and perform AIM MRI. 

This procedure has a number of benefits relative to existing methods: (1) immediate 

administration of Mn2+ allows for acute stimulation paradigms; (2) the fast and simple 

procedure facilitates high-throughput studies; (3) the noninvasive technique permits 

unanesthetized stimulation and longitudinal studies; (4) opening the whole BBB to Mn2+ 

enables a broader range of stimulation paradigms. We take advantage of these features 

to map the barrel field cortex response to stimulation of the sinus hairs of the face. 
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The sinus hairs are tactile organs common to most mammals (Woolsey et al. 

1975). Sinus hairs (including the vibrissae) on the face of most rodents project on a one-

to-one basis to corresponding cytoarchitectural units—known as barrels—in layer IV of 

the primary sensory cortex. The cortical columns defined by each of these barrels are 

arranged in roughly the same spatial pattern as the sinus hairs. The large mystacial 

vibrissae (i.e., the whiskers) are sinus hairs that project to the posterior-medial barrel 

field. The small vibrissae of the rostral face and lips project to the anterior-lateral barrel 

field (Welker 1976). Because the barrel cortex has been extensively mapped in 

electrophysiology studies, it is an excellent system with which to validate activation 

maps from AIM MRI. 

In this work, AIM MRI in unanesthetized mice was used to map the response in 

the barrel field to mechanical stimulation of the vibrissae on one side of the face. 

Because the BOMUS technique opens the BBB throughout the brain, Mn2+ was 

administered to both hemispheres. By comparing the enhancement patterns from 

stimulated and un-stimulated sides of the brain, activation due to vibrissae stimulation 

could be distinguished from non-specific background stimulation. 

6.2 Methods 

6.2.1 Microbubbles 

Prior to opening the BBB, perflutren lipid microspheres (Definity, Lantheus, N. 

Billerica, MA) were produced by “activating” the vial (i.e., shaking it in the 

manufacturer-supplied device for 45 seconds) according to the prescribing information 

sheet. Immediately prior to microbubble administration, the vial was agitated by hand 

for 1 minute. 
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6.2.2 Ultrasound System 

For the ultrasound (Figure 30), an unfocused single-element ultrasound 

transducer (model A382S-SU, Olympus NDT) was used which had a diameter of 13 

mm and a center frequency of 2.15 MHz. The transducer was positioned using a 3-axis 

frame (VisualSonics, Toronto, ON) at its natural focal distance (58 mm) in the water 

path directly over the mouse brain. The transducer was driven by a 50 dB power 

amplifier (model 240L, E&I, Rochester, NY), which was connected to a signal generator 

(model 33220A, Agilent, Santa Clara, CA) that produced the ultrasound pulse 

sequence. The pulse sequence consisted of bursts of 2.15 MHz sinusoidal pulses with 

50000 cycles per burst and a burst period of 64 ms. The pulse amplitude was calibrated 

to generate peak-to-peak acoustic pressures of 0.8 MPa at the center of the transducer’s 

natural focus. Calibration measurements were made in water using a hydrophone (model 

SN S4-251, Sonora, Longmont, CO) with a 0.4 mm spot size membrane. 
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Figure 30: Set up for Blood-brain barrier Opening with Microbubbles and 
UltraSound (BOMUS). Manganese is injected 10 minutes prior, then the BBB is 
opened by injecting microbubbles and simultaneously insonating the brain for 3 
minutes. 

6.2.3 BBB opening with microbubbles and ultrasound (BOMUS) 

All animal studies were approved by the Duke University Institutional Animal 

Care and Use Committee. A total of 14 C57BL/6 mice were used in this study. For all 

procedures, mice were anesthetized with isoflurane using the device described in 

Chapter 3. The respiratory rate was maintained between 85 and 125 breaths per minute 

by titrating the isoflurane concentration. Body temperature was maintained using a heat 

lamp (during BOMUS) or blown air (during MRI). 

Prior to ultrasound, hair was removed from the scalp using an electric trimmer. 

Ultrasound gel was placed on the scalp, and then a path of water contained by a 7.6-

µm (0.3 mil) plastic sheet was lowered onto the head (Figure 30). In this water path, the 

ultrasound transducer was positioned 58 mm directly over the mouse brain. To open the 
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BBB, 30 µL of perflutren lipid microspheres (activated Definity) were injected through a 

tail vein catheter, and simultaneously, the ultrasound pulse sequence was initiated. The 

ultrasound was applied for 3 minutes. 

6.2.4 Manganese administration 

Manganese chloride (MnCl2-(H2O)4 Sigma) was prepared at a concentration of 

100 mM (300 mOsM) in sterile water. (Note, because the actual molecular weight of 

hydrated MnCl2 preparations varies considerably, the manufacturer was contacted to 

determine the molar mass for our particular batch of MnCl2-(H2O)4, which was 187 

g/mol.)  In the initial experiment verifying BBB opening, MnCl2 was administered IV at a 

dose of 0.3 mmol/kg over 60 minutes (beginning 30 min prior to BOMUS). In the second 

experiment comparing IP and IV administration, MnCl2 was given at a dose of 0.75 

mmol/kg IP (10 min prior to BOMUS) or 0.64 mmol/kg IV over 60 min (beginning 10 

minutes prior to BOMUS). Finally, for AIM MRI, MnCl2 was given IP at a dose of 0.5 

mmol/kg (10 minutes prior to BOMUS). 

6.2.5 Vibrissae stimulation 

Vibrissae stimulation was performed on a total of 7 mice: the right side was 

stimulated in 3 mice, and the left side was stimulated in 4 mice. Prior to Mn2+ and 

BOMUS administration, the mystacial vibrissae on the unstimulated side were clipped. 

This was done under a dissecting microscope with microsurgical scissors to cut the 

vibrissae as close as possible to the skin surface without irritating the follicle or 

surrounding skin. After the pre-stimulation imaging (Figure 31), the isoflurane was 

turned off and the nose cone was removed. The intact vibrissae were stimulated using a 

soft artist’s paintbrush, which was moved manually in a circular motion (1-5 Hz) 
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through the vibrissae array at a distance of approximately 2-5 mm from the mouse’s 

nose. The stimulation was carried out for 90 minutes. For approximately the first 60 

minutes of stimulation, the mouse was somewhat somnolent (due to the previous 

administration of manganese and isoflurane) but still responsive to painful stimuli such 

as a toe pinch. Because of this somnolence, the mouse tolerated the stimulation well and 

moved only occasionally. During the latter portion of the stimulation period, the mouse 

would begin to move more often, and so to sedate the mouse, 5% isoflurane was 

administered (typically 1-2 times) via nose cone for approximately 15 seconds. 

 

Figure 31: Experimental timeline for mapping barrel field cortex 

6.2.6 MR imaging 

For MRI, a 3.5 mm diameter quadrature transmit/receive volume coil (M2M 

Imaging) was used. The MR system was a 7 T horizontal bore magnet driven by a GE 

EXCITE console (GE Healthcare). MR images were acquired using a 3D spoiled gradient 

recalled echo (SPGR) sequence with the following parameters: repetition time (TR) = 25 

ms; echo time (TE) = 2 ms; flip angle (FA) = 30 degrees; field of view (FOV) = 20 x 20 x 

12 mm; matrix = 128 x 128 x 60. 



 

 

106 

6.2.7 Image analysis 

Because the stimulation was performed in unanesthetized mice, non-specific 

background stimulation was expected to be present in all the images. Furthermore, this 

background stimulation was expected to vary between animals. Therefore, the image 

analysis sought to identify regions of each brain that had differential signal on the 

stimulated versus the unstimulated sides of brain. In addition, the analysis sought to 

identify which of these differences were statistically significant across animals. 

The data analysis scheme is shown in Figure 32. First, the 3D image sets were 

imported into the Amira software environment (Visage Imaging). Because three of the 

mice were stimulated on the right and 4 were stimulated on the left, all brain images in 

which the right vibrissae were stimulated were flipped right-to-left so that now all the 

brains were virtually stimulated on the same side. Together, these brains constituted the 

“left-stimulated” dataset. This combined dataset was then duplicated and flipped 

right-to-left to create the “left-unstimulated” dataset. All brain images were then 

registered to a common space by a 12 degrees-of-freedom affine registration. Where 

necessary, preference was given for registering the region of brain between the cerebellum 

and olfactory bulbs (i.e., the cerebral cortex and underlying structures). The brains were 

then filtered with a 3 x 3 x 3 pixel Gaussian kernel. At this point the data were 

transferred to Matlab (The MathWorks), and a mask was applied to the brain volumes 

to select only the portion of the brain between the cerebellum and the olfactory bulbs for 

further analysis. By excluding the extracranial tissues and cerebellum (which did not 

always register well), the accuracy and computation time of subsequent steps was 

improved. The masked brains were then intensity-normalized by the iterative method of 
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Venot et al. (Cross et al. 2004; Venot et al. 1983). A voxel-wise, paired, single-tailed t 

test was used to compare the “left-stimulated” dataset with the “left-unstimulated” 

dataset. The resultant p-value map identified regions where there was consistently 

elevated signal in one side of the brain relative to the other. Because the test was paired, 

the voxels in each brain were compared only to the contralateral voxels of the same 

brain. Because the test was single tailed, one side of the p-value map showed where the 

stimulated side had significantly higher signal while the other side of the p-value map 

showed where the unstimulated side had significantly higher signal. In this way, the 

analysis neither double-counted the brains nor biased the results by assuming the 

stimulated side would be higher than the unstimulated side. Using this approach, 

bilateral, non-specific background enhancement could be separated from unilateral, 

stimulus-specific enhancement; and this stimulus-specific enhancement could be 

compared across subjects. 
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Figure 32: Analysis scheme for identifying regions of different intensity between the 
stimulated and unstimulated sides of each brain:  First all right-stimulated images 
were flipped R-L so that all brains (7 images) were effectively left-stimulated. Then, 
to compare the stimulated side of each image to the unstimulated side, a duplicated 
but mirrored left-unstimulated image set was created. All these images were 
registered, filtered, and normalized. Finally a t test compared the left-stimulated and 
left-unstimulated images. The t test was “paired” so that the stimulated side of each 
brain was only compared to the unstimulated side of the same brain. The t test was 
single-tailed so that one side of the p-value map would indicate significantly higher 
signal on the stimulated side of the brain, while the other side of the p-value map 
would indicate significantly higher signal on the unstimulated side of the brain. 
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6.3 Results 

6.3.1 Administration of manganese chloride 

The first goal of this work was to demonstrate that Mn2+ could be globally 

administered to the mouse brain by opening the BBB with ultrasound and microbubbles. 

Mn2+ was infused intravenously for 30 minutes and then the BOMUS procedure was 

performed. The Mn2+ infusion continued for another 30 minutes (total dose 0.3 

mmol/kg), at which point T1-weighted images were acquired. These images were 

compared to images from control mice that had no treatment or received only Mn2+ (i.e., 

did not receive BOMUS) (Figure 33). Images from control animals receiving neither Mn2+ 

nor BOMUS were uniformly dark with no enhancement of any tissues (except the 

arteries which had signal from inflowing unsaturated blood). Animals receiving Mn2+ but 

not BOMUS had enhancement of the skin, muscle, and salivary glands. While some 

intracranial enhancement was seen in the choroid plexus and periventricular tissue, the 

vast majority of the brain parenchyma remained un-enhanced because the intact BBB 

excluded the Mn2+. Animals receiving Mn2+ and BOMUS showed not only an 

enhancement of extracranial tissues, but also a dramatic and uniform enhancement of 

the brain parenchyma. 
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Figure 33: T1-weighted images demonstrating the distribution of manganese with 
and without BOMUS. Two axial slices are shown, one from a rostral position (top 
row) and one from a caudal position (bottom row). Compared to control animals, 
animals receiving Mn2+ only had enhancement of the extracranial tissues (skin, 
muscle, glands), but the intact BBB excluded Mn2+ from the brain parenchyma. 
However, in mice receiving BOMUS, Mn2+ crossed the BBB and enhanced the brain 
parenchyma. 

Because the ultimate goal of this work was to administer Mn2+ for AIM MRI, it 

was important to first characterize the temporal dynamics of Mn2+ administered to the 

brain via BOMUS. These dynamics would determine the best route of administration 

and which time windows would be suitable for stimulation and imaging. 

Two routes of administration were compared: intraperitoneal (IP) and 

intravenous (IV). Mn2+ was administered (0.64 mmol/kg IV over 60 minutes or 0.75 

mmol/kg IP at once) 10 minutes prior to BOMUS, and T1-weighted images were 

acquired serially 5 hours afterwards. The spatial and temporal pattern of enhancement 

was measured by drawing ROIs in a medial region of cerebral cortex, a lateral region of 
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cerebral cortex, and in a region of the basal ganglia (Figure 34). Enhancement of the brain 

with IV Mn2+ was generally higher, however the levels of enhancement varied more over 

time. Furthermore, the relative levels of enhancement (between the three ROIs) also 

varied considerably overtime. On the other hand, while the enhancement with IP Mn2+ 

was lower, the levels were much more consistent, both in absolute and relative terms, 

over the 5 hours evaluated. With both routes of administration, the Mn2+ began to wash 

out at approximately 4 hours after BBB opening. 

Because AIM MRI requires making comparisons between different regions of the 

mouse brain, the fluctuations observed with IV administration might confound the 

analysis. Therefore, IP administration of Mn2+ was selected for use in the AIM MRI 

experiments. 

 

Figure 34: Temporal pattern of Mn2+ enhancement of the brain after BOMUS. 
Intravenous (IV) administration of Mn2+ (0.64 mmol/kg) causes greater 
enhancement, but the relative levels of enhancement vary over time. Intraperitoneal 
(IP) administration of Mn2+ (0.75 mmol/kg) provides a more stable pattern of 
enhancement. Data shown are from two individual mice. 
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6.3.2 Mapping of the barrel field using AIM MRI 

By administering Mn2+ with BOMUS, AIM MRI was used to map stimulated 

activity of the barrel cortex. Mn2+ was given by IP injection 10 minutes prior to BOMUS, 

and stimulation was begun 40 minutes after BOMUS. The stimulation was carried out 

for 90 minutes after which the T1-weighted images were acquired (Figure 31). 

The data analysis (Figure 32) compared the stimulated and unstimulated sides 

of each brain to generate (1) a difference map showing the average increase in signal of 

each side relative to the other (the first set of panels in Figure 35 and Figure 36) and (2) 

a p-value map showing the relative statistical significance of the increase in signal (the 

second set of panels). Because the amount of signal change could be influenced by many 

factors (e.g., cell density, neuronal firing patterns, or manganese dose), the difference 

map is not as meaningful as the p-value map. Because the p-value map indicates the 

statistically significance of unilateral effects (of any magnitude) it serves as a more 

meaningful activation map. The right side of the p-value maps indicated which regions 

had significantly higher signal contralateral to the stimulated vibrissae. The left side of the 

map indicated which regions had significantly higher signal ipsilateral to the stimulated 

vibrissae. Because the degree of signal change (i.e., the percent increase) does not have. 

The p-value map indicated a broad coherent region of elevated signal contralateral to 

the stimulated vibrissae over the barrel field of the primary sensory cortex. Notably, the 

anterior barrel fields had broad activation, while the posterior fields had smaller 

pockets of activation (Figure 35). 

Because the activation map was a 3D dataset (156 x 156 x 200 µm3), the 

activation regions could be registered to a high-resolution (20 x 20 x 20 µm3) 3D brain 
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image (Johnson et al. 2007). By volume rendering the combined dataset (Figure 37), the 

spatial extent of the activation region could be better appreciated and more easily 

compared to previously published maps of the barrel cortex (Welker 1976; Woolsey and 

Van der Loos 1970). In this way, it was observed that the activated region included not 

only the posterior-medial barrel field (corresponding to the large mystacial vibrissae) but 

also the anterior-lateral barrel field (corresponding to the small sinus hairs of the rostral 

face) (Welker 1976). 

In addition, there were small, scattered points of apparent activation throughout 

the brain. Because these points were neither coherent nor large, they likely represent 

spurious signal. Many of these small points of difference were near the ventricles or the 

edge of the brain where slight registration errors could lead to spurious differences. 

After the study, all 7 mice recovered successfully. When observed 24 hours later, 

all 7 were active with no apparent signs of distress or locomotor retardation.  
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Figure 35: Results of the AIM MRI analysis of the 7 datasets are shown at two 
different axial positions. The first column shows the mean of all brain images 
aligned so that effectively all mice had their left vibrissae stimulated. These images 
are overlaid with a color map indicating the average percent increase in signal at 
each voxel relative to the opposite side, as indicated by the color bar. Colored 
regions on the right side of the image show where the side contralateral to the 
stimulation had higher signal. Colored regions on the left side of the image show 
where the side ipsilateral to the stimulation had higher signal. The second column 
shows the same images overlaid with the p-value map indicating the statistical 
significance of the increase in signal. The third column shows the p-value map 
overlaid on the corresponding figures from the Paxinos stereotaxic atlas. The barrel 
fields of the sensory cortex are shaded. 
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Figure 36: A coronal view of the mean all brain images aligned so that effectively all 
mice had their left vibrissae stimulated. On the left, the image is overlaid with a 
color map indicating the average percent increase in signal at each voxel relative to 
the contralateral side, as indicated by the color bar.  Colored regions on the right 
side of the image show where the brain contralateral to the stimulation had higher 
signal. Colored regions on the left side of the image show where the brain ipsilateral 
to the stimulation had higher signal. On the right, the same image is overlaid with 
the p-value map indicating the statistical significance of the increase in signal. 
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Figure 37: The upper image shows a volume rendering of a high-resolution mouse 
brain dataset. The p-value map, thresholded at p < 0.05, is surface-rendered in red. 
The lower image is reproduced from (Woolsey and Van der Loos 1970) showing the 
cytoarchitecturally defined map of the mouse barrel cortex. Excellent agreement is 
seen between the two maps, though less activation is seen in the posterior medial 
barrel field. 

6.4 Discussion 

In this work, a new method was presented for noninvasively administering Mn2+ 

to the whole mouse brain using ultrasound and microbubbles. Using this new method, 

activation-induced manganese-enhanced MRI was used to detect neuronal response to 

short-duration stimuli in unanesthetized mice. With this AIM MRI technique, a 3D 

activation map of the barrel cortex of the mouse was generated. 
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While manganese-enhanced MRI has been used to map neuronal response to 

long-term (1-2 days) stimulation in mice (Watanabe et al. 2008; Yu et al. 2005; Yu et al. 

2008), this new approach provides a technique for short-term stimulation experiments. 

Such short-term AIM MRI has been used successfully in rats; however, the need to use 

mannitol to open the BBB has made it very difficult to extend these studies to mice. 

Furthermore, even in rats, AIM MRI studies are limited by the interference of non-specific 

stimuli and the invasiveness of the osmotic BBB disruption. Because the BOMUS 

technique is noninvasive, it permits unanesthetized stimulation paradigms and 

longitudinal studies. In this work, the vibrissae stimulation was performed on 

unanesthetized (albeit somnolent) mice that then recovered fully after the post-

stimulation MRI. Because BOMUS opens the entire BBB, it also enables a wider range of 

stimulation paradigms. In this work, the bilateral administration of Mn2+ enabled an 

analysis that identified the unilateral response to the vibrissae stimulation, while 

disregarding bilateral activation due to background stimuli. 

In this analysis, the t test served as a useful tool for accounting for variability 

between animals. However, because the analysis tested numerous but spatially related 

voxels, the p-values from the t test cannot be used as an absolute measure of confidence. 

When small clusters of voxels are identified as significant by the t test after numerous 

comparisons, the null hypothesis cannot be rejected using the typical p-value cutoffs. 

However, when large contiguous regions are identified, the chances of such a result being 

spurious are vanishingly small, and the null hypothesis can confidently be rejected. 

Using a threshold of p < 0.05, the analysis identified a very large region that 
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corresponded well to the barrel cortex contralateral to the stimulation. Notably, small 

changes in the p-value threshold had little effect on the size of the selected region. 

The barrel field in mice and rats is a well-characterized cortical region, both in 

terms of its spatial structure as well as its response to sensory input from the sinus hairs 

of the face. Because it is so well characterized electrophysiologically, it makes an 

excellent system with which to validate the AIM MRI mapping technique. The region of 

increased neuronal activity identified by AIM MRI corresponded very well to published 

representations of the barrel cortex (Welker 1976; Woolsey and Van der Loos 1970). 

Notably, both the posterior-medial and anterior-lateral barrel fields responded to the 

stimulation. While often discussed separately in the literature, in reality these two 

regions form one continuous barrel field. The posterior-most barrel columns correspond 

to the long, thick caudal-most vibrissae. Moving rostrally, the vibrissae get progressively 

shorter and finer while the corresponding barrels, moving anteriorly, also get smaller. 

While we did our best to stimulate all the vibrissae comparably, the AIM MRI 

map was more broad and robust in the more anterior parts of the barrel field. This result 

is consistent with 2-deoxyglucose mapping of the barrel cortex, which has shown greater 

activation of the barrels corresponding to the more rostral and ventral vibrissae 

(McCasland and Woolsey 1988). One explanation for this robust anterior response is 

that the neuronal density in this region is higher: the anterior field has smaller barrels 

which are packed at a higher density (Welker 1976). Furthermore, the anterior field has 

more cortical volume per peripheral nerve fiber (Welker and Vanderloos 1986). Because 

the presumed mechanism for AIM MRI is accumulation of Mn2+ in neurons, this higher 

density and greater number of neurons in the more anterior part of the barrel field may 
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contribute to the more robust AIM MRI enhancement. This explanation would be 

consistent with other publications showing that in non-functional manganese-enhanced 

MRI, enhancement was greater in regions of high neuronal density (Aoki et al. 2004). 

This work has demonstrated that by using BOMUS to administer Mn2+, AIM MRI 

can be used in the mouse to identify activated regions. Because the BOMUS technique is 

noninvasive, these studies can potentially be performed longitudinally. Indeed, all the 

animals used in this AIM MRI study recovered completely. However, as with all 

manganese-based techniques, the manganese did have some toxicity (Silva et al. 2004), 

which in this case was manifest as somnolence during the stimulation period (though the 

mice were still responsive to painful stimuli). Though the precise mechanism for the 

observed somnolence is not clear, Mn2+ is known to have toxic effects on the heart (Jiang 

and Zheng 2005), neuromuscular junction (Meiri and Rahamimoff 1972), and nervous 

system (Aschner et al. 2007). In this case, the somnolence facilitated stimulation of the 

vibrissae, but it may have also suppressed some of the neuronal activity of interest. To 

minimize this toxicity, further experiments are warranted to determine the minimum 

effective Mn2+ dose for AIM MRI. 

In addition, future experiments are needed to determine the spatial and temporal 

resolution of this method of AIM MRI. For example, by stimulating only a subset of 

vibrissae, the smallest detectable region of cortex could be determined. However, the 

analysis over several animals would require extremely precise image registration—a 

slight misregistration could average out very small regions of enhancement. The temporal 

resolution of this technique is also uncertain. While the 90-minute stimulation regimen 

used in this work was considerably shorter than the 1-2 days used in other Mn2+-based 
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cortical mapping studies in mice (Watanabe et al. 2008; Yu et al. 2005; Yu et al. 2008), it 

may have still been much longer than needed.  

One of the major limitations of this method for AIM MRI is the inhomogeneity of 

the manganese enhancement. It would seem that compared to Gd-DTPA, Mn2+is more 

difficult to administer evenly throughout the brain.  Over a few hours, the homogeneity 

improves as the Mn2+redistributes. Differentiating this redistribution from enhancement 

changes dues to neuronal activity is a critical challenge for performing AIM MRI. In this 

work, the problem was minimized by (1) using the more even IP administration scheme; 

(2) applying the stimulation for a long period of time (90 min) to allow much of the 

redistribution to occur; (3) using the contralateral side of the brain as a control rather 

than using a pre-stimulation image as a control; and (4) looking for effects that were 

consistent among seven animals. 

It is not clear if this inhomogeneous enhancement is due to uneven BBB 

disruption or some other factor. If more even BOMUS is the key, the potential 

improvements discussed in Chapter 5 may address this issue. Otherwise, future 

experiments will need to be carefully designed so that the analysis can discriminate 

stimulation-related changes in enhancement from changes in baseline Mn2+enhancement 

and background stimulation. 

Dynamic AIM MRI (DAIM MRI) may be another way to differentiate stimulus-

related changes (Aoki et al. 2002). In DAIM MRI the stimulus is administered while the 

animal is in the magnet and serial scans are acquired. Before applying the stimulus, a 

series of scans is acquired to establish the baseline rate of signal change (slope) in any 

given voxel. After the stimulus, activation is detected by identifying changes in that 
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slope.  This has been used successfully in rats and may have potential for mice.  We 

have tried DAIM MRI in a preliminary experiment with electrical hind-paw stimulation; 

however, the effect was not robust in the few individual mice that were tried. This may 

have been in part because the stimulated region of cortex was relatively small. Like AIM 

MRI, the results may emerge clearly if analyzed over several animals. If successful, such 

an approach would bring many of the benefits of human fMRI to the study of mouse 

models. 

6.5 Conclusions 

Manganese can be administered to the whole brain of the mouse using 

transcranial ultrasound with microbubbles to open the blood-brain barrier. Because the 

procedure is simple, fast, and noninvasive, it is suitable for high-throughput and 

longitudinal studies. By administering manganese in this way, activation-induced 

manganese-enhanced MRI can be performed in unanesthetized mice. In this work, such 

an approach was used to create a 3D map of the barrel field corresponding to the 

mystacial and rostral vibrissae. This map agreed well with the existing literature. 

Because the ultrasound opened the blood-brain barrier throughout the brain, the 

unstimulated side of the brain could be used to control for non-specific background 

stimulation. This use of ultrasound to administer manganese enables a new method for 

functional neuroimaging in the mouse. 
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Chapter 7  

Summary 

Magnetic resonance microscopy (MRM) is a useful tool for studying mouse 

models of human brain disease. However, MRM is fundamentally hampered by the high 

resolution needed to study such small brains. In this work, active staining with T1-

shortening agents was used to enhance in vivo MR neuroimaging of the mouse. By 

staining the blood with SC-Gd liposomes, MRA were acquired with unprecedented 

small-vessel conspicuity and resolution. Using this agent, MRA could be acquired with 

long fields of view and in 75 % less scan time.  To stain the brain parenchyma, a new 

technique for globally opening the BBB with microbubbles and ultrasound was 

developed.  Using this noninvasive technique, the brain was stained with Gd-DTPA, 

allowing in vivo anatomical images of the brain to be acquired with 0.27 nL resolution in 

only 50 minutes.  Finally, the BOMUS technique was used to administer manganese, a 

contrast agent with specificity for neuronal activity.  By staining the brain with 

manganese, the barrel field cortex was mapped in awake mice by stimulating the 

vibrissae. All of this work was made possible by a robust, high-throughput imaging 

infrastructure, including a precise animal handling system. Together, these 

accomplishments offer new opportunities for studying mouse models of human brain 

disease. 
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Appendix  

CIVMCentral Documentation 

This appendix consists of three entries in the CIVM knowledge base, 

CIVMCentral, that are relevant to the work presented in this dissertation: 

1. SPGR (Spoiled Gradient Recalled Echo) 

2. Product Spin Echo 

3. Constant Flow Anesthesia Systems 
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SPGR (Spoiled Gradient Recalled Echo) aka 3dgrass 
Abstract 
PSD Name: 

• 3dgrass.e --> on kamy as product 3dgrass 

• 3dgrassD.e --> on kamy as 3dgrassD 

• 3dgrassgabe.e --> on kamy as psd/3dgrass 

Author: Gabriel Howles 

Date: December 2008 

Goal: Acquire 3D spoiled gradient echo images (typically T1-weighted) 

Significance: A fast 3D sequence. It has very precise slab selection which makes it 
very useful for acquiring limited regions within a large coil. 

(Note the slab excitation is very precise in the z (through plane) direction, it not at all 
selective in the x and y (freq and phase encode) directions. This can have unintended 
consequences. For example, when doing time-of-flight MRA, a coronal slab through the 
brain will not excite the neck ventral to the brain, but it the excited slab will extend into the 
body and saturate the blood in the thorax, even if that region is not being encoded.) 

History: This sequence exists in three forms currently. 

1. The original GE version (3dgrass.e) is limited to an inplace resolution of 700 microns 

2. The Gabe-modified version (3dgrassgabe.e) differs ONLY in that the the line 

  cvmin(opslthick, 0.69); 

 has been changed to 

  cvmin(opslthick, 0.078); 

 which allows the inplane resolution to be reduced to 100 microns. 

3. The Gary-modified version (3dgrassD.e) has 

  cvmin(opslthick, 0.01); 

 as well as some other changes described in ESEModifiedPsd and EmailFromRaman. 

 

Prerequisites 
1. You need to know the basic operation of product sequences 
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How to run the sequence on the scanner 
The following steps are specific to using SPGR: 

1. Operating mode: These sequences can be run in either "normal" mode (i.e., dbdt 
mode = normal; SAR mode = normal) or "level 2" mode. Level 2 implements the config 
changes described in EmailFromRaman, thus allowing higher gradient slew rates and 
shorter TEs. The mode you choose affects CV selection (see below). 

2. Patient weight: Using either maximum or minimum patient weight will affect the TE, 
depending on the set-up you use. Experiment with both. 

3. Dimension: select 3D acquisition 

4. Sequence: choose GRE -> SPGR 

5. Gradient Mode: Select Zoom 

6. PSD: To use CIVM modified versions (recommended) enter either "psd/3dgrass" or 
"3dgrassD" in the psd field. 

 

Variable Description 
Control variables to set 

If run in normal mode, the following CV's can be changed 

1. cfdbdtdx, cfdbdtdy, cfdbdtdz: change from 30 to 10 to allow higher gradient 
amplitudes and therefore a shorter min TE. If you try to change these in Level 2 mode, 
the sequence will fail to download. With some effort, this can probably be fixed to 
allow even shorter TEs (see EmailFromRaman) in Level 2. 

2. pw_rf1: change to 2112 (or minimum) to shorten the RF pulse duration. This also 
changes slightly the alignment of the prephaser gradients (before the readout) and 
therefore also reduces the minimum TE. 

 

Future improvements 
Shorter TEs 

While the minimum TEs obtained by using Level 2+default CVs -vs- Normal+changed 
CVs are the same, examination of the waveforms indicates that they do so in different 
ways. In Level 2, the reduced TE is accomplished only by ramping the gradients harder. 
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With Normal+changed CVs the reduced TE is accomplished by somewhat steeper 
ramps and optimizing the alignment of the of the prephaser gradients (accomplished by 
reducing pw_rf1). This suggests that shorter TEs should be possible in Level 2 by 
shortening the rf pulse duration and thus optimizing the alignment of the prephasers. 
Furthermore, the gradient ramps are still pretty modest even in Level 2 so it should be 
possible to run the gradients harder and further shorten the TE. For example, it should be 
possible to increase cfdbdtper and reduce cfdbdtdx,y,z (see EmailFromRaman) in 
Level 2--the cause for the download failure needs to be debugged. 

 

Higher in plane resolution 

While the two modified versions of the psd were able to reduce the minimum in-plane 
resolution to 100 microns, it should be possible to go further. Currently the minimums are 
set to 78 microns or 10 microns, but when such high resolutions are selected in the GE 
user interface, it resets to 100 microns. The reason for this is not clear but it should be 
possible to fix. 

 

Data Layout in Pfile 
N/A 

 

Reconstruction 
Recon: Recon is performed on the scanner. Retrieve images using SigextractPEX 

This topic: CIVMCentral > WebHome > CivmSoftwareDocumentation > MrSoftware > 
SpoiledGradientRecalledEcho 

History: r1 - 30 Dec 2008 - 17:41:52 - GabeHowles 
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Product Spin Echo 
Abstract 
PSD Name : memp 

Author: Gabriel Howles 

Date: December 2008 

Goal: Acquire 2D spin echo images using the product code 

Significance: This document explains how to get the minimum possible TE out of the 
unmodified GE 2D spin echo pulse sequence. This document does not cover the use of 
the related sequence mempD which is a modified version of this sequence. 

History: None, this is straight from GE without any modification 

 

Prerequisites 
You need to know the basic operation of product sequences 

 

How to run the sequence on the scanner 
The following steps are specific to using product spin echo: 

1. Operating mode: Run this sequence in "normal" mode (i.e., dbdt mode = normal; SAR 
mode = normal). 

2. Patient weight: Use the maximum patient weight of 350 lbs 

3. Dimension: select 2D acquisition 

4. Sequence: choose Spin Echo 

5. Gradient Mode: Select Zoom 

6. FOV: use at least a 3cm FOV (this can be changed later in CVs) 

 

Variable Description 
Control variables to set 

1. cfdbdtdx, cfdbdtdy, cfdbdtdz: change to 8 or 10 to allow higher gradient amplitudes 
and therefore a shorter min TE. After changing these, download the sequence again. 
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2. pw_rf1: change to 2000 (or minimum) to shorten the excitation pulse duration. 

3. pw_rf2: change to 3125 (or minimum) to shorten the refocusing pulse duration. 

4. opfov: change to value less than 3 if desired. 

 

Data Layout in Pfile 
N/A 

 

Reconstruction 
Recon: Recon is performed on the scanner. Retrieve images using SigextractPEX 

This topic: CIVMCentral > WebHome > CivmSoftwareDocumentation > MrSoftware > 
ProductSpinEcho 

History: r1 - 30 Dec 2008 - 17:36:00 - GabeHowles 
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Constant Flow Anesthesia Systems 
Free breathing isoflurane anesthesia with a nose cone 
In these anesthesia systems, the animal is allowed to breath on it's own. A constant flow 
of air+isoflurane is provided (typically by nose cone) for the animal to breath. This has 
become the dominant system for anesthesia and chemical restraint. It is simple, fast, and 
reliable. 

Three of our systems are outlined in the diagram below, including the 7T system and the 
portable systems. The are fundamentally very simple, consisting of (1) an air source; (2) 
a flow regulator; and (3) an isoflurane vaporizer. 

 

Operation: 
1. Turn on air source. Pressure doesn't have to be very high. 10 PSI is plenty. Less will 

probably work well too. The 7T vent operates on 30 PSI, so you can just leave it 
there. For the portable systems, turn the T-Tank regulator to about 10. 

2. Set the flow rate. 0.3 L/min works well. Higher flows should not change the level on 
anesthesia (unless the vaporizer is more accurate at higher flows). Lower flows will 
probably work fine too. 

3. Adjust the isoflurane concentration with the vaporizer. For mice 1.5% is a good 
starting point, but soon you will need to go down to 0.5-1%. 

4. Anesthesia Induction. We typically place the animal in a Ziploc bag with a piece of 
gauze. Seal the bag, use a syringe to inject ~0.3 ml isoflurane into the gauze (hold the 
gauze away from the animal in the bag). Watch the animal. When the respiratory rate 
slows to about 1-1.5 breaths per second, quickly transfer the animal to the nosecone. 
Place ophthalmic ointment on the eyes if this is to be a survival study. 

5. Monitor the animal. For a free-breathing animal on isoflurane, the respiratory rate is 
the best indicator of depth of anesthesia. A stable animal will typically have an RR of 
85-120 breaths per minute. The ECG is NOT a good indicator of anesthesia level: As 
the breathing decreases, the heart will try to compensate by beating faster, so you 
can have a normal heart rate right up until the animal dies. The SaInstrument 
respiratory pillow is an excellent way to monitor free-breathing animals on isoflurane. 

6. Maintain temperature. Mice are very resistant to hypothermia and very sensitive to 
hypothermia. Use a heat lamp (preferably with a temperature controller) or the 
BoreHeaters to maintain the body temperature. For a rectally measured body 
temperature, 35-36C is a good set point. For a probe under the chest, 33-34C works 
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well. 

7. Recover the animal. After the isoflurane is removed, the animal will wake up. If it's 
only been down a few minutes, the animal will recover in a few seconds. After 
several hours of anesthesia, the animal may take several minutes before it starts 
ambulating. In these cases, it's usually a good a idea to provide a little warmth and 
some subcutaneous saline (~0.5 ml). 

8. Or euthanize the animal. To euthanize an animal under isoflurane, turn the level up 
to 5%; place two fingers behind the caudal aspect of the skull to hold it firmly; grasp 
the tail (I typically hold it with a piece of gauze) and pull firmly until you feel the 
cervical vertebrae dislocate. If done properly a gap should be palpable between the 
base of the skull and the vertebral column. 

 

Key points on constant-flow systems: 
• The isoflurane vaporizer should always be the last thing before the nose cone. This is 

critical to avoid back pressure on the vaporizer. If there is greater than 1 atm on the 
outflow of the vaporizer, the isoflurane levels become very inaccurate and erratic. 

• These vaporizers were designed for higher airflows (i.e., for horses) and so are less 
accurate at the low flows we use. Some models are better than others. The 
"Vapomatic" brand is particularly UNRELIABLE. 

 

Notes on using each system 
• For the 7T bench-top system, just open the "7T" valves on the oxygen and medical air 

T-Tanks by the door, then operate the flow regulator and vaporizer on the wooden 
table. The bench top valves and knobs can generally be ignored. 

• For the portable ventilator/constant-flow system, confirm that the valves are all turned 
appropriately for constant-flow operation. I.e., turn each the three 3-way valves so 
the "off" indicator is pointed to the yellow taped tubes, thereby allowing the air to flow 
through the blue taped tubes. Keep the "air power" tank off. Turn the "breathing tank" 
to 10 PSI. 
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This topic: CIVMCentral > WebHome > PhysiologicalMonitoring > ConstantFlowIsoflurane 

History: r1 - 30 Dec 2008 - 15:32:35 - GabeHowles 
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