MRI Imaging & Applications
7T Small Bore Scanner

The Magnetic Resonance Imaging (MRI) suite in the Trinity College Institute of
Neuroscience (TCIN) was funded by the HEA in PRTLI Cycle 3.
• It houses the only high‐field (7 Tesla) small bore MRI system in Ireland,
• It houses a high‐field (3T) scanner for human brain and whole‐body imaging,
• It has attracted a team of highly skilled scientists with significant operational,
technical and research expertise,
• It provides the infrastructure to train PhD students, postdoctoral fellows,
research support staff and PIs,
• It presents an opportunity to undertake translational research
• It has triggered collaborations between scientists with interests in the life
sciences and scientists in Physics/Chemistry and nanoscience with the objective
of developing novel MRI contrast agents and potentially biomarkers for illness.
The 7 Tesla, small bore MRI system (Bruker BioSpec 70/30), is fully equipped to
perform state‐of‐the‐art in vivo MR imaging and spectroscopy. The facilities include
a full range of gradient and detector coil hardware and high‐end computer
workstation with appropriate specialised analysis software. A specific objective is to
translate, to the 3 Tesla system, the methodological development which is carried
out using the 7 Tesla system, reinforcing the vital bridge between the work of
colleagues with a focus on molecular and cellular levels of analysis and those of
colleagues working in the clinical/translational domain.

The following techniques using the 7T MRI imaging facilities are currently in routine
use:
•
•
•
•
•
•

Brain Volumetrics
MR Relaxometry (T1, T2 and T2*relaxation times)
Bolus tracking arterial spin labelling (ASL)
Functional MRI (fMRI) – Longitudinal and Contrast fMRI
Diffusion MRI
Brain Volumetrics

Voxel‐based morphometry (VBM) is a reliable tool for measuring volumetric
differences between groups. High resolution anatomical scans are acquired and
aligned to a species‐ or strain‐specific reference template to allow voxel‐wise
statistical analysis of the differences in brain volume between groups in a
population.

Current applications:
(a) High‐resolution anatomical MRI scans of young and aged rats have revealed
significant loss of grey matter signal in specific areas of the cortex and hippocampus
with no detectable loss of signal in areas such as the thalamus or cerebellum.

(b) A comparison of 13 month‐old C57BL/6 (wild type mice) and mice deficient in
CD200 (which interacts with its receptor to reduce microglial activation) revealed
significant grey matter deficits were found in specific areas of the cortex and in
the cerebellum of the transgenic animals.
MR Relaxometry
Longitudinal (T1) and transverse (T2) relaxation times are measures of the time
taken for the magnetization of water protons to revert back to equilibrium, following
radio frequency excitation. T2*, the observed time constant of the free induction
decay, is a measure of the combination of magnetic field in‐homogeneities and
transverse relaxation times. Both T1 and T2 times are tissue‐specific, and all three
are dependent on the biophysical and chemical properties of tissue. By altering the
timepoint of MRI signal acquisition during relaxation, contrast can be created
between different tissue types.
T1‐, T2 and T2*‐weighted images allow visualization of different structures within
the brain. Relaxometry involves the acquisition the T1, T2 or T2* relaxation time of
each voxel in the image. These relaxation times have been proposed as methods of
longitudinally assessing the status of brain tissue.
Current applications:
The overarching aim of the ongoing work is to increase our understanding of the link
between changes in MRI relaxometry and inflammatory changes in the brain of aged
animals, lipopolysaccharide‐treated and amyloid‐β‐treated animals, as well as animal
models of neurodegenerative diseases. The evidence to date suggests a correlation
between T1 relaxation time and activation of astrocytes, and between T2 relaxation
and microglial activation.

Bolus tracking arterial spin labeling (ASL)
Arterial spin labeling (ASL) uses inflowing magnetically‐labeled arterial water as an
endogenous contrast agent in the brain. A new non‐compartmental model of
cerebral perfusion, based on a Fokker‐planck equation, has been developed.
Solutions to the Fokker‐Planck equation have been found for the initial conditions of
the various ASL techniques. Mean transit times (MTT), capillary transit times (CTT),
relative cerebral blood flow and volume (rCBF and rCBV) and the perfusion
coefficient, P, can be quantified by performing a least‐squares fit of the model to ASL
data.
Variations in these perfusion parameters under varying physiological and
pathophysiological conditions are of interest in both the research and clinical setting.
Current applications:
(a) Analysis using this method has revealed an age‐related ecrease in cerebral
perfusion and ongoing experiments are directed at assessing hether these changes
can be modulated by different treatments.

(b) Transient increases in cerebral perfusion have been identified in animals
following methylendioxymethamphetamine (MDMA; ‘Ecstasy’) intake and have been
shown to accompany neuronal activation in the somatosensory cortex; these studies
are continuing.
Publications: M.E. Kelly, C.W. Blau and C.M. Kerskens. Bolus‐tracking arterial spin
labeling: theoretical and experimental results. Physics in Medicine and Biology,
54:1235‐1251, 2009.
Functional MRI
(i) Longitudinal fMRI
ASL has been used to identify an area of the brain which responds to electrical
stimulation in an animal model of post‐natal pelvic floor damage. Longitudinal fMRI
(with the appropriate anaesthetic, which has been identified from a panel of
anaesthetic protocols) enables non‐invasive imaging of the same animal and
measurement of the brain response to peripheral electrical stimulation over time.
(ii) Contrast fMRI
Contrast agents are commonly used to enhance MR signal, to delineate areas of
pathology (e.g. infarction, neoplasia), to measure relative cerebral blood volume
(rCBV), and to assess blood‐brain barrier (BBB) permeability.
Current applications:
(a) BBB permeability has been assessed using intravenous injections of standard
gadolinium‐based contrast agents. The evidence suggests that MDMA administration
leads to an acute, transient opening of the BBB and also when the tight junction
protein, claudin‐5, is downregulated by siRNA. Using this techniques, an age‐related
increase in rCBV, without BBB permeability changes, has been identified in the rat.
(b) Smaller MR contrast agents, such as iron nanoparticles, are currently being
assessed and may be useful in detection of more subtle breaches of the BBB.
Publications: Campbell M, Kiang AS, Kenna PF, Kerskens C, Blau C, O’Dwyer L,
Tivnan A, Kelly JA, Brankin B, Farrar GJ, Humphries P (2008) RNAi‐mediated
reversible opening of the blood‐brain barrier. J Gene Med; 10: 930–947.
Gallagher J, Tekoriute R, O’Reilly JA, Kerskens C, Gun’ko YK and Lynch MA. (2009)
Bimodal magnetic‐fluorescent nanostructures for biomedical applications. J Mater
Chem. 19, 4081‐4084.
Corr S, Byrne S, Brougham D, Tekoriute R, Meledandri CJ, Brougham DF, Lynch MA,
Kerskens C, O' Dwyer L and Gun'Ko Y, (2008) Linear assemblies of magnetic
nanoparticles as MRI contrast agents. J Am Chem Soc, 130, 4214‐4215
Diffusion MRI
Diffusion MRI is a magnetic resonance imaging (MRI) method that produces in vivo
images of biological tissues weighted with reference to the local microstructural

characteristics of water diffusion. There are 2 applications which assess changes in
grey matter (Diffusion Weighted MRI) and white matter (Diffusion Tensor MRI).
In Diffusion Weighted Imaging (DWI), each image voxel (three dimensional
pixel) has an image intensity that reflects a single best measurement of the rate of
water diffusion at that location. For example, following an ischaemic stroke, cell
swelling occurs; this is considered to restrict water diffusion and DWI signal
enhancement occurs. DWI changes can be detected as early as 5‐10 minutes
following stroke and is therefore more sensitive to early changes after a stroke than
more traditional MRI measurements such as T1 or T2 relaxation rates.
Current applications: DWI has been used to map areas of damage following
traumatic brain injury, and ischaemic stroke in animal models; these studies are
ongoing. The method has also been used to assess changes in the optic nerve in a
transgenic animal model of Alzheimer’s Disease (which overexpresses amyloid
precursor protein and presenilin 1). It is currently being assessed as a potential
biomarker of age‐related deterioration in function in rats and will be used to map
development of changes in an animal model of multiple sclerosis.
Diffusion Tensor Imaging (DTI): Since diffusion MRI measures diffusion of
water, and since molecules inside an axon move primarily along the axis of the fibre
(rather than crossing the axonal membrane, especially if it is myelinated), the
diffusion tensor, that can be obtained with MRI diffusion methods, contains
information about spatial orientation of nerve fiber tracts (tractometry). Therefore
the connectivity between different regions of the brain can be appreciated by visual
inspection of such vector maps and 3D images of white matter tracts can be
generated from this information.
Current applications:
Analysis of age‐related changes in specific fibre tracts in post‐mortem rat brain is
ongoing. The method has also been adapted to investigate changes in blood vessels
in the isolated, pulsating aorta.
The MRI suite is a national resource and for information regarding its
use in your research, please contact Ciaran Conneely, Trinity College
Institute of Neuroscience,
Lloyd Building, Trinity College, Dublin 2
Email: conneec@tcd.ie
Telephone (01) 8968493
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ABSTRACT 1
Presented at the 17th Annual Meeting of the International Society of Magnetic Resonance in
Medicine, Hawaii, USA, April 18‐24, 2009
An Investigation into Young and Aged Rat Brain Volume Differences by Optimized Voxel‐Based
Morphometry.
Ronan Kelly, Laurence O’Dwyer, Eric O’Hanlon, Colm G. Connolly, Dr. Marina Lynch, Dr. Christian
Kerskens.
Trinity College Institute of Neuroscience, Trinity College Dublin, Dublin 2, Ireland
Introduction
Voxel‐based‐morphometry (VBM) has proven to be an effective and reliable tool for analysing
between‐group tissue composition differences in human brains (Ashburner & Friston, 2000).
However, a standardized approach to using optimized VBM has yet to be developed for the
rodent brain. Indeed, this is the first occasion a (modified) version of VBM has been applied to
study age‐induced volume changes in the rat brain. Here, we report the development of an
optimized VBM protocol for the rat brain. We have applied this protocol in a study of aged versus
young animals.
As an unbiased whole brain analysis technique, VBM comprises a local voxel‐wise comparison
of grey and white matter between two (or more) groups of subjects (Good et al., 2001).
Comparing grey or white matter images at a voxelwise level requires that they first be
transformed into a standard stereotactic space. Non‐linear registration is used to transform the
original brain images to a standard template image. Optimized VBM then averages the output to
produce a study‐specific template file, on which a variety of statistical tests (such as group
comparisons) are carried out.
Method
Here we describe the modifications required for an optimized VBM analysis of the rat brain, by
way of investigating age‐induced changes in rat brain volume. Structural MRI images of 6 rats (3
young, 3 aged) were obtained using a Bruker 7 Tesla animal scanner (Bruker BioSpin, Ettlingen,
Germany) then compared using FSL (FMRIB Software Library) 4.0 tools typically reserved for
human brain analysis.
First, structural images were skull‐stripped manually, since FSL’s own brain extraction tool failed
to satisfactorily remove the brains’ surrounding tissue. Next, the images were aligned to the
same stereotactic space through a generic template image constructed from all the original data.
The resulting images were then averaged to create a study‐specific template, to which the native
images were re‐aligned. The revised segmented images were modulated to adjust for local
change, thus preserving the total amount of grey matter signal in the normalized segments. The
images were then smoothed using a more lenient range of smoothing kernels than would
normally be applied in a human study (sigma = 0.1, 0.8mm). Finally, permutation‐based non‐
parametric testing was carried out, forming clusters and testing for significance at p < 0.1.

Results and Conclusions
Our study is exceptional for several reasons. Firstly, our investigation showed decreases in rat
brain volume with age. Our optimized VBM analysis produced a statistical map which revealed
areas of grey matter concentration which differed significantly between our two rat groups.
Despite our limited sample size, age‐induced grey matter volume decreases were found in areas
CA1 and CA2 of the hippocampus, primary and secondary auditory cortices, primary and
secondary visual cortices, and ectorhinal cortex. Secondly, we have successfully shown that VBM
can be tailored for use with volumetric analyses in non‐human experiments. In summary, this
unique study is one of the first of its kind to describe volume changes that occur with age in the
rodent brain, using analysis tools designed exclusively for examining human MRI images.
References:
1. Ashburner, J. and Friston, K.J. (2000) Voxel‐Based Morphometry: The Methods. Neuroimage
11: 805 821.
2. Good, C.D., Johnsrude, I.S., Ashburner, J., Henson, R.N.A., Friston, K.J. and Frackowiak, R.S.J.
(2001) A Voxel‐Based Morphometric Study of Ageing in 465 Normal Adult Brains. Neuroimage 14:
21‐36.
3. FMRIB Software Library tools freely available at http://www.fmrib.ox.ac.uk/fsl
Acknowledgments
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Images: Image (a): Slice 25/54 of grey matter
template overlayed with statistical map of
significant concentration differences
Coordinates: x, y, z = 356, 24, 140

Image (b): Slice 20/54 of grey matter template
overlayed with statistical map of significant
concentration differences
Coordinates: x, y, z = 263, 19, 147

ABSTRACT 2
Presented at the Physiological Society meeting, Dublin, July 7‐10, 2009
In vitro evaluation of magnetic‐fluorescent nanocomposites in mouse mixed glial culture
J. J. Gallagher3, R. Tekoriute2, C. M. Kerskens1, Y. K. Gun’ko2, Lynch, MA3
1. Institute of Neuroscience, Trinity College, Dublin, Ireland. 2. Department of Chemistry, Trinity
College, Dublin, Ireland. 3. Department of Physiology, Trinity College, Dublin, Ireland.
Magnetic‐fluorescent nanocomposites enable the capabilities of both magnetic resonance
imaging (MRI) and fluorescence‐based technologies, such as confocal microscopy, to be exploited
in single experiments(1). Here we report the in vitro evaluation of a novel Rhodamine B
functionalised polyelectrolyte stabilised magnetic‐fluorescent nanocomposite. Mixed glial
cultures from neonatal mouse cortices were prepared, following decapitation in accordance with
local ethical guidelines. Following mixed glia incubation in the presence of nanocomposite (5 μM)
for 2 hours, nanocomposite uptake was assessed using confocal fluorescence microscopy and
light microscopy. Live cell imaging data was acquired to investigate the method of
nanocomposite internalization. Cell viability was measured in a mixed glia sample using the MTT
assay, following incubation with nanocomposites (1, 5, 10, 20 μM) for 2, 18, 24, and 48 hours.
The concentration of pro‐inflammatory cytokines, IL‐1β and IL‐6, of mixed glia following a 2 hour
incubation in the presence of the nanocomposites (1, 5, 10, 20 μM) was assessed using ELISA.
MRI phantoms containing varying numbers of labelled cells in 0.5% Agarose were prepared. T2
and T2* relaxation times of these phantoms were calculated from images taken on a 7T Bruker
spectrometer using multi‐spin‐echo (TE=2.09‐59.09ms) and multi‐gradient‐echo (TE=10‐200ms)
sequences respectively. Tranmission electron microscopy (TEM) and confocal microscopy were
used to assess nanocomposite behaviour following placement in a magnetic field. Confocal and
light microscopy confirmed the internalization of the nanocomposites. Live cell imaging data
suggests both phagocytosis and endocytosis as methods of nanocomposite internalization. No
reduction was seen in cell viability. There was no increase in the concentrations of IL‐1β or IL‐6
following a 2 hour incubation. The contribution to MR contrast was calculated using γΔB ∝
(1/T2*) ‐ (1/T2) and was linear (Pearson Correlation, R = 0.9967, p<0.001). TEM and confocal
microscopy demonstrated the tendancy of the nanocomposites to form linear chain‐like
assemblies following placement in a magnetic field. The results confirm the potential use of these
novel nanocomposites as bimodal contrast agents.
The authors acknowledge grant support from the Health Research Board and Science Foundation
Ireland.
Huh YM, Jun YW, Song HT, Kim S, Choi JS, Lee JH, et al. In vivo magnetic resonance detection of
cancer by using multifunctional magnetic nanocrystals. J Am Chem Soc. 2005 Sep
7;127(35):12387‐91.

ABSTRACT 3
Presented at the Physiological Society meeting, Dublin July 7‐10, 2009
Optimized voxel‐based morphometry of the rat brain reveals cortical and hippocampal volume
decline with age
R. J. Kelly1, C. Blau1, E. O' Hanlon1, C. G. Connolly1, C. Kerskens1, M. Lynch1 Physiology, Trinity
College Institute of Neuroscience, Trinity College Dublin, Dublin, Ireland.
Voxel‐based morphometry (VBM) is commonly used for analysing differences in human brain
volumes [1], but similar methodology has not been developed for use in the rat brain. In this
study, an optimized VBM protocol has been developed for the rat brain and using this, we have
undertaken an analysis of age‐related changes in brain volume in rats. High resolution structural
MRI images were obtained from groups of young (N = 5) and aged (N = 7) rats using a Bruker 7
Tesla animal scanner (Bruker BioSpin, Ettlingen, Germany) and compared using FSL (FMRIB
Software Library, 4.0) tools [2]. The animals were anaesthetised before entering the magnet with
isoflurane (4% induction), delivered in oxygen. The isoflurane was then reduced to the minimum
level to keep the animal asleep, with the depth of anaesthesia controlled by altering the
percentage of isoflurane in response to changes in respiratory rate. Images were skull‐stripped
using the brain extraction tool (within MIPAV 4.0.2 software, [3]) and the grey matter partitions
were registered to the same stereotaxic space using an in‐house generic grey matter template
image. The resulting images were averaged to create a study‐specific template, to which the
individual images were compared. Permutation‐based non‐parametric statistical analysis was
undertaken. The data indicate that there was a significant reduction in volume in the
hippocampus and cortex of aged, compared with young, rats. Specifically, volume reduction was
observed in area CA1 of the hippocampus, as well as in the motor areas M1 and M2 of the cortex.
These findings indicate that this optimized VBM methodology can be used to analyse volumetric
changes in the rodent brain.
This study funded by Science Foundation Ireland. We acknowledge the assistance of colleagues in
the Trinity Centre for High Performance Computing.
[1] Ashburner, J. and Friston, K.J. (2000) Voxel‐Based Morphometry: The Methods. Neuroimage
11: 805 821.
[2] FMRIB Software Library tools freely available at http://www.fmrib.ox.ac.uk/fsl
[3]
Medical
Imaging
Processing,
Analysis
and
Visualization,
available
at
http://www.mipav.cit.nih.gov/

ABSTRACT 4
Presented at the ICAD meeting, Vienna, Austria, July 11‐16, 2009
The effect of the PPARγ agonist rosiglitazone on age‐related changes in grey matter magnetic
resonance relaxometry in the rat
C. W. Blau1, 2, T. R. Cowley1, J. B. O’Sullivan1, R. S. Jones1, C. M. Kerskens2 and M. A. Lynch1
1
Neuroinflammation group, 2Neurophysics group,Trinity College Institute of Neuroscience, Trinity
College, Dublin 2, Ireland
Background: Rosiglitazone, a peroxisome proliferator‐activated receptor‐γ (PPARγ) agonist, has
an anti‐inflammatory effect in the brain, decreasing interleukin‐1β concentrations in
hippocampus and restoring the age‐related deficit in long‐term potentiation. It also attenuates
learning and memory deficits in a mouse model of Alzheimer’s disease1. Evidence suggests that
activation of microglia and astrocytes contribute to age‐related neuroinflammatory changes. In
this study, relaxometry measurements were assessed in hippocampus of young and aged rats
because there have been recent reports in the literature linking spin‐lattice (T1) and spin‐spin
(T2) relaxation times to astrocytic activation2 and microglial activation3 respectively.
Methods: Male Wistar rats aged 3 and 18 months (n=5‐6 per group) were treated either with
3mg/day rosiglitazone maleate or with vehicle only for 56 days and MR images obtained under
anesthesia using a 7‐Tesla MRI scanner (Bruker) with slices selected to give optimal regions of
interest in dorsal hippocampus (Fig. 1). Images were acquired using rapid acquisition with
relaxation enhancement (RARE) and echo‐train multi‐slice‐multi‐echo (MSME) sequences, from
which T1 and T2 maps were generated, respectively; and a fast imaging with steady‐state
precession (FISP) protocol4, from which both T1 and T2 maps were generated. Data from
manually‐selected regions of interest were analyzed using software scripts in IDL language
(ITTVIS). One‐ or two‐way analyses of variance (ANOVA) with Fischer’s post‐test were used to
statistically assess the data. Tissue from the animals was examined for markers of astrogliosis and
microglial activation.
Results: T1 in hippocampus and cortex (p<0.01, Fig. 2) were significantly increased with age
whilst T2 in hippocampus (p<0.05) and cortex (p<0.01, Fig. 3) were significantly decreased with
age. Treatment with rosiglitazone significantly attenuated the age‐related T1 increase in both
regions (p<0.05, Fig. 2) and it increased T2 relaxation time in hippocampus of aged, but not young
rats (p < 0.05, Fig. 3).

Conclusions: The data demonstrate an age‐related increase in T1 in hippocampus and cortex,
which is attenuated by rosiglitazone; this correlates with astrocytosis (Fig. 4). We also show a
decrease in T2 relaxation time in hippocampus and cortex, which correlates with an increase in
microglial activation (Fig. 5), and report that rosiglitazone‐treatment of aged rats increases
hippocampal T2.
References:
1)Pedersen et al. 2006 Exp Neurol 199(2):265‐7.
2)Sibson et al. 2008 J Cereb Bl Fl Metab
28(3):653‐63.
3)Justicia et al. 2008 Stroke 39:1541‐7.
4)Schmitt et al. 2004 Magn Res Med 51:661‐7.
Acknowledgements: The authors wish to thank GlaxoSmithKline for their generous funding of
this work.
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Presented at the 17th Annual Meeting of the International Society of Magnetic Resonance in
Medicine, Hawaii, USA, April 18‐24, 2009
The age‐dependent decrease in T2 relaxation time of rat hippocampus is attenuated by
rosiglitazone, a candidate drug for treatment of Alzheimer’s Disease
C. W. Blau, R. Bechara, J. O’Sullivan, T. Cowley, C. M. Kerskens & M. A. Lynch
Introduction: Rosiglitazone is a selective ligand of peroxisome proliferator‐activated receptor‐γ
(PPARγ) widely used in the treatment of diabetes mellitus (Avandia, GlaxoSmithKline, U.K.) It has
also been shown to have an anti‐inflammatory effect in the brain, decreasing levels of nuclear
factor κ‐B, and is thus a candidate drug for Alzheimer’s Disease (AD) treatment. It has been found
to attenuate learning and memory deficits in a mouse model of AD (1). It is therefore of interest
to investigate its effect on areas of the brain intimately involved in memory formation, such as
the hippocampus. Relaxometry measurements were chosen as there have been recent reports in
the literature linking T1 and T2 relaxation times to astrocytic activation (2) and microglial
activation (3) respectively, thus allowing in vivo measurements to be compared with ex vivo
investigation of tissue from the same animals.
Methods: Groups of male Wistar rats aged 3 and 18 months (n=5‐6 per group) were pre‐treated
for 56 days, either with 3mg/day p.o. rosiglitazone maleate or with vehicle only (maple syrup).
The animals were then anaesthetised with isofluorane and scanned. MRI Images were obtained
using a 7T spectrometer (Bruker BioSpin, Germany) using purpose‐built transmit and receive
coils. Images of the coronal slice of interest were acquired using a fast imaging with steady‐state
precession (FISP) protocol described in (4) with TE=1.5ms TR=3ms, 1800 phase advance, Matrix
128x128, Resolution 0.23x0.23x1.6mm, acquisition time 5 mins. From this, T2 relaxation time
maps were generated using an in‐built macro in ParaVision software (Bruker, Germany). Slices
were selected to give optimal regions of interest in the dorsal hippocampus (Fig. 1). The animal
was positioned so this slice was in the isocentre of the magnet, to minimize image artifacts.
Additionally, groups of Wistar rats (n=6) aged 3 (‘Young’), 14 (‘Middle‐aged’) and 18‐20 months
(‘Aged’) were scanned in a naive state using the same FISP protocol, and also using an echo‐train
multi‐slice multi‐echo (MSME) sequence with TE=8ms TR=2s, Matrix 128x128, Resolution
0.23x0.23x1.6mm, 5 slices, 12 echoes. T2 maps were generated for the central 3 slices from the
signal decay curve using IDL language (ITTVIS, Boulder, CO). Data were analysed using IDL and
ImageJ software.
Statistical analysis of regions was performed by 2‐way analysis of variance (ANOVA) and Fischers
post‐test (rosiglitazone study), or by 1‐way ANOVA and Tukey post‐test (naive animal study).
Results: T2 relaxation times of grey matter regions, as measured by both FISP (Fig. 2, p<0.05) and
MSME (Figs. 3, p<0.05 & 4, p<0.01), were found to decrease significantly with age compared with
the group of young rats. There was no such decrease in the thalamic and corpus callosum regions
analysed. While there was no measurable attenuation of this effect in the cortical region of
interest, there was a significant attenuation in the hippocampal region, (Fig. 5). T2 times as
measured by FISP were also higher across the board than those measured by MSME, due to a
known over‐estimation of T2 by the FISP technique (4).

Fig. 1: Typical slice
Fig. 2 Hippocampal T2 times by FISP
Fig. 3 Hippocampal T2 times by MSME
Fig. 4 Cortical T2 times by MSME
Fig. 1

Fig.2

Fig. 3

Fig. 4

Discussion: Previous research (5) has failed to show a significant decrease in T2 relaxation time
between 3‐ and 12‐month old rats, either local or global. Thus, we conclude that the decrease in
T2 with age is likely to be due to changes that happen in more advanced aging, where chronic
neuroinflammation is a feature. This would explain both the result in the naive animals, and the
attenuation found in the rosiglitazone‐treated group. Given the results reported in (2), mapping
T2 changes to markers of neuroinflammation and microglial activation would provide further
information on the origins of these changes.
References: (1)Pedersen et al. 2006 Exp Neurol 199(2):265‐7. (2)Sibson et al. 2008 J Cereb Bl Fl
Metab 28(3):653‐63. (3)Justicia et al. 2008 Stroke 39:1541‐7. (4)Schmitt et al. 2004 Magn Res
Med 51:661‐7. (5) Heiland et al. 2002 Neurosci Lett 334:157:160.

ABSTRACT 6
Presented at 24th International Symposium on Cerebral Blood Flow, Metabolism and Function
(BRAIN '09), June 29th ‐ July 3rd, Chicago, USA
Fast bolus‐tracking function magnetic resonance imaging (fMRI) in medetomidine‐sedated rats
using intravascular tracer
C. W. Blau, K. M. Griffin, M. E. Kelly, O. L. Gobbo, J. F. X. Jones and C. M. Kerskens
Objectives: Using a recently described animal model for fMRI (1) that has potential for
longitudinal studies, we investigated the feasibility of using a commercial MRI contrast agent to
detect neuronal activation. We show that neuronal activation can not only be easily detected
using our method, but that information about the hemodynamic response can be gleaned over
and above that provided by blood‐oxygen level‐dependent (BOLD) fMRI.
Methods: MRI Images of rat primary somatosensory cortex were obtained using a 7Tesla Bruker
BioSpin scanner with purpose‐built transmit and receive coils. T1‐weighted images of the coronal
slice of interest were acquired using a fast gradient echo sequence (echo time 3.5ms, repetition
time 11.0ms, matrix 64x64, 1 average, 120 repetitions, acquisition time 60s). Male Wistar rats
(n=4) were placed in the scanner under sedation with a continuous subcutaneous infusion of
medetomidine (1) and electrically stimulated using 5ms duration, 5Hz, 3V pulses via electrodes
connected to the forepaw, enabling unilateral stimulation of the associated cortical area. Shortly
after initiation of stimulation and during acquisition of images, a bolus of meglumine
gadopentate was injected via a tail‐vein. The resulting images were evaluated using a software
script in IDL language, and bolus transit curves calculated for the active and contralateral regions.
Results: The temporal activation pattern of select primary somatosensory cortical neurons was
clearly visible on subtraction maps (see figure), and regions of activation selected from these
maps showed a significant difference in both signal amplitude and time‐to‐peak of bolus arrival
between activated and contralateral regions (P<0.01, Student’s t‐test). Second moment is also
significantly (p<0.05) greater in the activated region. The outcome of analysis and deconvolution
of the signal in the activated region with respect to contralateral control regions will be shown.

Figure 1: Time evolution of neuronal activation of rat somatosensory cortex; subtraction images
from images acquired with 500ms time resolution.
Discussion: First moments of drug passage are generally thought to reflect mean transit time
(MTT) through the entire vasculature, whilst the second moment has been hypothesized to
represent micro‐vascular topology (2) and this has been applied to other animal models to
determine microflow heterogeneity (3). Our results show that the activation response causes a
measurable increase in both flow rate and heterogeneity, which can be characterized further due
to the fine temporal resolution of our method. The method shows promise for longitudinal
studies in which changes in activation response could be repeatedly sampled over time. In
conclusion, we present a novel method for both visualizing neuronal activation and quantifying
the associated vascular response.
References:
(1)Weber et al. 2006, Neuroimage 29(4):1303:10.
(2) Weisskoff et al. 1993 Magn Res Med 29: 553‐8.
(3) Tomita el al.2002, J Cereb Bl Fl Metab 22:663‐9.
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Presented at British Neuroscience Association, Liverpool. April 19‐22, 2009
A bimodal approach to macrophage infiltration tracking in Experimental Autoimmune
Encephalomyelitis in mice.
Gallagher JJ1, Lalor S2, Tekoriute R3, O’Reilly JA1, Mills KH2, Gun’ko YK3, Kerskens CM1 and Lynch
MA1. 1Trinity College Institute of Neuroscience, 2School of Biochemistry & Immunology, 3School
of Chemistry, Trinity College Dublin.
Magnetic nanoparticles are commonly used for cell sorting and labelling and for magnetic
resonance imaging (MRI) but their use is limited by poor resolution at the cellular level. The
combined use of this technology with fluorescence would improve resolution and here we report
the performance of a novel magnetic fluorescent nanocomposite in vitro and in vivo.
Mixed glial cultures from neonatal rat cortices were prepared and incubated in the
presence of nanocomposites (5μM) for 2 hours. Confocal fluorescence microscopy confirmed
internalization of the nanocomposites. Cell viability was assessed following incubation for 2 or 18
hours in the presence of nanocomposites (1, 5, 10 or 20 μM); no change in cell viability was
observed. MRI phantoms containing varying numbers of labeled cells in 0.5% agarose were
prepared and the nanocomposite contribution to MR contrast was calculated from the T2 and
T2* times of these phantoms using γ∆B ∝ (1/T2*) – (1/T2). A linear relationship was determined
(Pearson Correlation, R = 0.9967, p<0.001).
Experimental Autoimmune Encephalomyelitis (EAE) was induced in mice as described (REF) and
on day 9 mice were injected intravenously with saline (controls) or nanocomposite (90 µmol/kg).
T2‐weighted MRI was used to investigate macrophage infiltration into the brain 24 hours after
injection and in post‐mortem EAE brains. Nanocomposite labeled‐macrophage presence in brain
tissue could not be determined via in vivo MRI. However, T2‐weighted images in post‐mortem
brain identified hypointense regions ; this and an increase in the fluorescence in brain tissue
suggests macrophage infiltration can be measured bi‐modally using this nanocomposite.
Acknowledgement: This work was funded by the Health Research Board, Ireland
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Bolus‐tracking arterial spin labeling: a new marker for age and age related neurological diseases.
M. Kelly, C Balu, R Bechara, MA Lynch and C Kerskens, Trinity College Institute of Neuroscience,
Trinity College, Dublin 2.
Purpose: Arterial spin labeling (ASL) can be used to provide a quantitative assessment of cerebral
perfusion. Despite the development of a number of theoretical models to facilitate quantitative
ASL, some key challenges remain. The purpose of this study is to develop a quantitative ASL
method based on a macroscopic model that reduces the number of variables required to describe
the physiological processes involved. To this end, a novel Fokker‐Planck equation (Eq.1) consisting
of stochastically varying macroscopic variables was derived. By fitting the solution to Eq.1 to CASL
data (Fig.1), the mean transit time (MTT) and capillary transit time (CTT) can be calculated. It is
expected that these parameters will vary under varying physiological and pathophysiological
conditions. In order to test this hypothesis, a study was carried out in groups of rats of different
ages. The initial findings from this ongoing study are presented (Fig.2).
Methods
Theory: The Fokker‐Planck equation of motion that describes the distribution of labeled spins in
the brain, Eq.1, was derived from a general Langevin equation (1).
The equation incorporates three factors that affect the
concentration of labeled spins, c, at the region of interest (ROI):
transport due to bulk flow, F, pseudo‐diffusion within the
microvasculature (perfusion coefficient, P) and T1 relaxation of the
labeled magnetization. V in this case represents the average volume from the ASL labeling plane
to the ROI. Eq.1 was solved for the following boundary conditions that describe a labeled bolus of
a defined duration flowing into the ROI: c(V,t)=c0(t) for V=0 and c(V,t)=0 for t=0,V>0.
Experiment: The ASL sequence consisted of a 5s preparation interval, containing an inversion
pulse of 3s duration and two variable delays, followed by snapshot FLASH image acquisition (7T
Bruker Biospin MRI scanner, THS=2mm, TR=8.56ms, TE=3.04ms, Flip angle=300, FOV=3.0x3.0cm,
NSA=8). The position of the inversion pulse within the preparation interval was varied using the
variable delays to simulate a bolus flowing into the imaging plane (thereby providing the eleven
time points in the concentration‐time curve of Fig.1). Male Wistar rats of varying age (young: 3 to
5 months, middle aged: 12 to 14 months, aged: 22 to 24 months) were used in the study. The
animals were anaesthetized using isoflourane.
Analysis: Corresponding pairs of labeled and control ASL images were subtracted to provide
perfusion‐weighted maps for each of the eleven time points. ROIs in the cerebral cortex,
hippocampus and whole brain were selected and concentration‐time curves (Fig.1,whole brain
ROI) were formed by calculating the mean signal intensity within the ROIs and plotting the
change in signal versus time. The solution to Eq.1 for a 3 sec bolus was fitted to the experimental
concentration–time curves (Fig.1) using the curve‐fitting routine in IDL (Research Systems,

Boulder, CO, U.S.A.). The MTT and CTT were calculated from the first and second moments of the
curve respectively (2,3) with the following results: MTT = V / F, CTT = P / F 2 .
Results The theoretical model was found to be in excellent
agreement with the experimental data for all datasets (chi‐
square ≈ 0.0001 for 20 iterations). The mean MTT value for
the young, middle‐aged and aged groups were 1.79s ± 0.14s,
1.75 ± 0.12s and 2.2s ± 0.26s respectively (error = 2σ ). The
mean CTT value for these groups was 1.39s ± 0.2s, 1.32 ±
0.21s and 1.93s ± 0.27s respectively. No significant difference
was found between young and middle‐aged groups but a
significant difference in both the MTT and CTT between these
two groups and the aged group was identified (one‐way
ANOVA, p<0.01), as shown in Fig.2.
Discussion
We have developed a new ASL protocol that is capable of
consistently measuring both the MTT and CTT. It has been
proposed that while the MTT describes the time taken for a
bolus to reach a ROI, the CTT describes the dispersion of that
bolus at the ROI (4). The unique of ability of this technique to
provide a consistent measure of both transit times holds
much promise for future experiments. The technique is
applied here to an aging study and a marked difference in
both transit times for varying age has been demonstrated. Alterations in vascular dynamics due
to aging, such as increased vessel tortuosity, atherosclerosis and reduced vascular reactivity are
known to affect cerebral blood flow (CBF) (5). Consequently, a comparison between healthy aged
subjects and subjects with various neurological diseases that affect resting CBF using this
technique would be of particular interest.
References
[1] Zwanzig R 2001 Nonequilibrium Statistical Mechanics: Oxford University Press
[2] Meier P and Zierler KL 1954 Journal of Applied Physiology 6 731‐44
[3] Kim T and Kim SG 2006 Magnetic Resonance in Medicine 55 1047‐57
[4] Weisskoff et al 1993 Magnetic Resonance in Medicine 29 553‐8
[5] D’Esposito et al 2003 Nature Neuroscience 4 863‐872
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Objectives: The alterations in the BOLD signal when cerebral blood flow, volume and vascular
structure change (due to aging and or neurovascular disease) are relatively unknown. This
presents a considerable obstacle when interpreting BOLD fMRI studies (D’Esposito et al, 2003).
The purpose of this study is to develop a new quantitative fMRI technique, bolus‐tracking arterial
spin labelling (ASL) fMRI, which provides a quantitative assessment of the blood perfusion of an
activated brain region. The technique was used to quantify changes in both the mean and
capillary transit time (MTT and CTT) during neuronal activation in the rat brain.
Methods: A Fokker‐Planck equation that describes the distribution of labelled arterial water in
the brain during ASL experiments was derived (Kelly et al, 2008). A bolus‐tracking ASL sequence
was designed to provide concentration‐time curves that represent the passage of a bolus of
labelled arterial water through the ROI (graph). Wistar rats (n=6) were sedated with
medetomidine, which has been shown to provide suitable conditions for fMRI studies in rats
(Weber et al, 2006). Electrical stimulation of the right forepaw resulted in neuronal activation in
the left primary somatosensory cortex forelimb (S1FL) region.
The left and right S1FL regions were selected as the activated and control ROI respectively. The
solution to the Fokker‐Planck equation for the boundary conditions describing the bolus‐tracking
ASL experiment was fitted to the concentration–time curves (graph). The MTT and CTT were
calculated from the first and second moments of the resultant curve respectively (Meier &
Zierler, 1954; Kim & Kim, 2006).
Results: The graph shows the concentration‐time curves fitted to the Fokker‐Planck model for the
control and activated ROIs. The mean MTT and CTT were 1.87s ± 0.18s and 1.65s ± 0.06s
respectively for the control ROI. For the activation ROI, the mean MTT and CTT were reduced to
1.68s + 0.2s and 1.37s ± 0.17s respectively. This represents a statistically significant difference
(p<0.01) between the activated and control ROI for both transit times.
Conclusions: We have developed a new fMRI technique that quantifies the change in MTT and
CTT during neuronal activation. The measured decrease in MTT during neuronal activation was
expected, as flow to an activated region is known to increase, MTT is proportional to 1/Flow and
CTT is proportional to 1/Flow2. The technique offers the potential to longitudinally monitor
changes in these parameters during neuronal activation due to increasing age or disease
progression.
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The effect of the PPARγ agonist rosiglitazone on
age-related changes in grey matter magnetic
resonance relaxometry in the rat
CW Blau1, 2, TR Cowley1, JB O’Sullivan1,, RS Jones1, CM Kerskens2 and MA Lynch1
1

Neuroinflammation group, 2 Neurophysics group, Trinity College Institute of Neuroscience, Trinity College Dublin,
Dublin 2, Ireland
Rosiglitazone attenuates the age‐related increase in T1 relaxation
time in rat hippocampus.

Introduction

• Magnetic resonance (MR) relaxometry provides non‐invasive in vivo information
about tissue structure and function.
Spin‐lattice (T1) hypointensity due to elongated T1 relaxation times has been
linked to astrocytic activation.3
Spin‐spin (T2) relaxation times have been shown to decrease in association with
microglial activation.4
• We examined the effect of rosiglitazone on age‐related changes in the
hippocampus of the rat and their correlation to markers of astrocytic and microglial
activation.

T1 relaxation time (ms)

• Rosiglitazone, a peroxisome proliferator‐activated receptor γ (PPARγ) agonist, has
been shown to have an anti‐inflammatory effect in the brain, decreasing interleukin‐
1β concentrations in hippocampus and restoring the age‐related deficit in long‐term
potentiation,1 as well as attenuating learning and memory deficits in a mouse model
of Alzheimer’s disease.2
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Figure 2. T1 Relaxation time maps from FISP sequence.
T1 relaxation times were markedly increased in
hippocampus of aged, control‐treated rats (arrows); this
effect was attenuated in aged rosiglitazone‐treated
animals. T1 relaxation times on the colour bar are given
in milliseconds.

Rosiglitazone

Figure 3. T1 values from RARE
sequence. T1 relaxation time was
significantly
increased
in
hippocampus of aged rats (**p < 0.01;
ANOVA; n=6); rosiglitazone significantly
attenuated this increase (+p < 0.05;
ANOVA; versus aged control‐treated rats).

The age‐related decrease in T2 relaxation time in rat hippocampus is
unaffected by rosiglitazone.

Methods

T2 relaxation time (ms)
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• Male Wistar rats, aged 3 and 18 months (n=6), were pre‐treated with 3mg/day
rosiglitazone maleate or vehicle for 56 days.

60

• MR images were obtained under isofluorane anaesthesia in a 7‐Tesla scanner
(Bruker BioSpin.)
• T1 and T2 maps of hippocampal slices (Figure 1) were generated from RARE‐
VTR and MSME sequences respectively, and from a FISP protocol,5 using
software scripts in IDL language (ITTVIS, Inc.), and manually drawn regions of
interest were analysed by analysis of variance.
• Cryostat sections (10μm) prepared from brain tissue of these animals were
examined for markers of astrocytic and microglial activation by GFAP and OX‐6
staining respectively.

Figure 1. High resolution
magnetic resonance image
(right) of a typical coronal
slice of interest to include
dorsal hippocampus (arrow),
along with reference slice
from atlas (left).6

55
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Figure 4. T2 Relaxation time maps from MSME sequence. T2
relaxation times in hippocampus were markedly decreased in
hippocampus of aged control‐treated rats (arrows);
rosiglitazone did not attenuate this effect. T2 relaxation times
on the colour bar are given in milliseconds.

• T2 relaxation time was significantly decreased with age. Treatment with
rosiglitazone had no significant effect on this age‐related decrease (Figures 4 &
5).
• Staining for GFAP (Figure 6) was markedly increased in sections prepared from
aged rats and this was attenuated in the rosiglitazone‐treated animals.
• Staining for OX6 (Figures 7, 8) was also markedly increased in sections
prepared from aged rats but rosiglitazone treatment did not modulate this age‐
related change (Figure 8).
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Figure 5. T2 values from FISP
sequence. T2 relaxation time
was significantly decreased in
hippocampus of aged rats (*p <
0.05; ANOVA; n=6); rosiglitazone
did not significantly attenuate
this decrease.

T1 and T2 relaxation time changes couple with astrocytic and
microglial activation respectively.

Results
• T1 relaxation time was significantly increased with age. Treatment with
rosiglitazone significantly attenuated this age‐related increase (Figures 2 & 3).

*

Figure 6. The age‐related
increase in GFAP staining
(green) was attenuated in
hippocampus of rosiglitazone‐
treated rats. DAPI (blue) stains
the nuclei of granule cells.

Figure 7. Merge of OX‐6
(green) and DAPI (blue)
staining in dentate gyrus,
providing evidence of an age‐
related increase in microglial
activation.
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Figure 8. Light micrograph
showing an age‐related
increase in OX‐6 (brown)
staining
in
microglia.
Rosiglitazone
fails
to
attenuate this age‐related
increase.

Discussion
• We demonstrate an age‐related increase in T1 relaxation time in the hippocampus of
the rat, which is attenuated by the PPARγ agonist, rosiglitazone. We demonstrate a
possible link between T1 relaxation time and astrocytic activation, as has been
suggested by others3.
• We also show an age‐related decrease in T2 in the rat hippocampus, which is
unaffected by rosiglitazone. It has been suggested4 that tissue T2 may decrease with
microglial activation, and these data provide further evidence that this may be the
case.
• We demonstrate that the FISP technique gives comparable results to more
established MR relaxometry techniques.
Acknowledgements: The authors wish to thank GlaxoSmithKline for their
generous funding of this work.

Optimized voxel-based morphometry of the rat brain reveals
cortical and hippocampal volume decline with age
R Kelly, C Blau, C G Connolly, E O’Hanlon, L Kelly, C Kerskens, M Lynch
Trinity College Institute of Neuroscience, Trinity College, Dublin 2, Ireland

Introduction

Results

Voxel-based-morphometry (VBM), which is commonly used for analysing differences in
human brain volumes [1], permits a local voxel-wise comparison of grey and white matter
between two or more groups of subjects [2]. However similar methodology has not been
developed for use in the rat brain. In this study, optimized VBM has been developed for the
rat brain and using this, we have undertaken an analysis of age-related changes in brain
volume in rats.

Our optimized VBM analysis did not generate any significant voxel cluster
increases in aged, compared with young, rats. Moreover, increasing age was
associated with an overall decline in global voxel number [r2(14) = 0.259, P =
0.063]. A thorough analysis of non-segmented brain tissue also indicated a global
brain volume decrease with age [r2(14) = 0.265, P = 0.059].

As a suitable reference template does not exist, we set out to construct an in-house grey
matter reference template. Non-linear registration was then applied to transform the
experimental data to this standard template image, and using the optimized VBM, a series of
statistical tests was carried out to analyse between-group grey matter differences.

The figure below shows a representative sample of coronal images at 17 different
coordinates throughout the brain and a sample longitudinal section. A significant
loss in tissue was observed in aged, compared with young, rats, predominantly in
hippocampal and cortical regions. The T score bar displays a graded scale of
statistical significance.

Significant volume changes, represented as statistical parametric mappings, were identified
between young (3 months) and aged (15 months) cohorts. The data reveal that there is a
significant age-related decrease in volume especially in hippocampal and specific cortical
areas.

Materials and Methods
Pre-Processing of Data
Structural MR images of 32 rats (16 young, 16 aged) were scanned using a Bruker 7 Tesla
animal scanner and analysed with FSL (FMRIB Software Library) 4.0 tools [3]. The image
dimensions were enlarged by a factor of 10 to best mirror human settings. All high-resolution
images were skull-stripped using the brain extraction tool in the MIPAV [4] package, and
partitioned into grey matter (GM), white matter and cerebrospinal fluid, by FSL.

Reference Template Generation

Methodology

The GM reference template was created using 9 young and 9 aged rats (see below). The GM
partitions obtained from 8 young and 8 aged rats were registered to an initial template created
by averaging data sets from 1 young, and 1 aged, rat. These registrations were averaged and
the resulting image smoothed to create our final reference template for our VBM analysis.

Figure: Grey matter template overlaid with statistical map highlight
regions of significant age-related decline in the rat brain

Analysis revealed a decrease in volume in areas CA1 and CA3 of the
hippocampus specifically in the stratum oriens and stratum lacunosum, in distinct
areas of the visual cortex (including monocular and binocular areas of the primary
visual cortex V1) and in the motor cortex (M1 and M2; Paxinos and Watson, 2005).
There was no evidence of a significant change in the midbrain, striatum, thalamus or
the hypothalamus, or in the cerebellum or hindbrain.

Conclusion
• We have created a template which permits comparison of age-related volumetric changes in the
rat brain to be assessed using the Optimized VBM technique
• The findings demonstrate a marked age-induced decrease in GM volume in key areas of the rat
brain, notably in the hippocampus.

• These results concur with the findings of Driscoll and colleagues (2006); this group reported an
age-related decrease in hippocampal volume after manually defining regions of interest.

• The present data also indicate a decline in volume in areas of the visual and motor cortex.

Analysis of Experimental Data
The GM partitions from the experimental data (7 young and 7 aged rats) were aligned to the
stereotactic space by linear registration to the template. The registered images were averaged
to produce the study template, which was smoothed using a 2 mm3 isotropic Gaussian kernel.
Measures of GM volume differences were assessed in the General Linear Model (GLM)
framework using a permutation-based method of testing voxel clusters that differed significantly
(P<0.05) between groups.

1. Ashburner, J. and Friston, K.J. (2000) Voxel-Based Morphometry:
The Methods. Neuroimage 11: 805 821.
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In vitro evaluation of magnetic-fluorescent
nanocomposites in mouse mixed glial culture
Joseph J. Gallagher, Renata Tekoriute, Christian M. Kerskens, Iouri Gun’ko
and Marina Lynch. Trinity College Institute of Neuroscience, Trinity College, Dublin, Ireland.
Introduction
Magnetic-fluorescent nanocomposites enable the capabilities of both
magnetic resonance imaging (MRI) and fluorescence-based
technologies, such as confocal microscopy, to be exploited in single
experiments (1). Replacement of the fluorescent material with an
appropriate compound may also enable such nanocomposites to be
used as a platform for drug delivery.

Results
1. Nanocomposite internalization assessed by confocal microscopy on fixed and live cells.

c

The interaction of these materials with various cells (e.g. HeLa
cancer cell line) has been characterized (2), however little is known
of how such materials would be tolerated by cells resident in brain
parenchyma.
Here we report the in vitro evaluation of a novel Rhodamine B
functionalised polyelectrolyte-stabilised magnetic-fluorescent
nanocomposite in mouse mixed glial culture.
Figure 2. (a) Large field of view demonstrating the internalization of
the nanocomposites and the delineation of several cell nuclei. Bar =
20μm. (b) Smaller field of view image focusing on boxed area in (a)
demonstrates nanocomposite distribution in a single cell. Bar =
10μm. (c) Processes characteristic of phagocytosis can be seen
extending from the lower cell (arrows) in the images. The upper cell
does not exhibit such processes and may have internalized
nanocomposites by endocytosis.

Figure 1. Schematic of nanocomposite fabrication and final structure.
Thermogravimetric analysis determined that the polyelectrolyte
layers comprise 30% of the mass of the nanocomposite. All
concentration values of the nanocomposite are reported as g/ml of
Fe3O4.

2. Nanocomposite cytokine alteration and cytotoxicity assessed by ELISA and MTT assay.
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Confocal Microscopy: To investigate cellular internalization of the
nanocomposites, cells were grown on poly-L-lysine coated
coverslips. Upon reaching confluency, cells were incubated in the
presence of nanostructures (4.62 x 10-4 g/ml of Fe3O4) for 2 hours.
Cells were washed three times with Phosphate Buffered Saline
(PBS), to ensure removal of non-internalized nanocomposites, fixed
with methanol, washed three times with PHEM buffer and mounted
onto slides for investigation by confocal microscopy (Axioplan 2,
Zeiss).
Live Cell Imaging: To investigate the method of nanocomposite
internalization cells were cultured in glass bottom dishes (MatTek
Corporation) and assessed using a live cell imaging protocol
enabling serial acquisition of confocal micrographs for 20 minutes.
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Glial Culture: Primary cortical glial cells were prepared from 1-day
old C57 mice. Cerebral cortices were dissected and the meninges
were removed following decapitation. Cells were cultured in filtersterilized Dulbecco’s Modified Eagle Media (DMEM) supplemented
with 10% heat inactivated foetal calf serum, streptomycin (100U/ml)
and penicillin (100U/ml).
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Figure 3. (a) Following a 2-hour incubation period with the nanocomposites only
TNF-α exhibits a significant change in concentration (One-way ANOVA,
p<0.05). IL-1β and IL-6 show no alterations in concentration
(b)
Nanocomposites, at different concentrations, do not affect cell viability following
a 2, 18, 24 or 48 hour incubation period.

3. Nanocomposite MRI contrast generation and behaviour in a magnetic field assessed by MR relaxometry,
confocal microscopy and TEM.

c.

b.

a.

Nanocomposite Cytotoxicty: Cells were incubated in the presence
of nanocomposites (0.46 x 10-4, 2.31 x 10-4, 4.62 x 10-4, 9.24 x 10-4
g/mL of Fe3O4) for 2, 18, 24 and 48 hours. The cytotoxicity of the
nanocomposites was evaluated by measuring the inhibition of cell
proliferation using the MTT assay.
ELISA: Cells were incubated in the presence of nanocomposites
(0.46 x 10-4, 2.31 x 10-4, 4.62 x 10-4, 9.24 x 10-4 g/mL of Fe3O4) for 2
hours. The concentrations of IL-1β, IL-6 and TNF-α were assessed
by ELISA in samples of supernatant obtained from treated cells.
Nanocomposite MRI contrast: Six cell phantoms were prepared in
2 ml cylindrical Eppendorf tubes, each containing 1 ml of 0.5 % warm
agarose gel and 1 ml of nanocomposite-treated mixed glial cells in a
suspension containing either 2.0 x 106, 0.1 x 106, 0.5 x 106, 0.25 x
106, 0.05 x 106 or 0.01 x 106 cells/ml. The field inhomogeneity, ∆B,
due to the presence of the nanocomposites was calculated, for each
of the phantoms, using ∆Bγ = (1/T2*) – (1/T2 ), where γ is the
gyromagnetic ratio for hydrogen (42.58 MHz/T) from data collected
using a 7T spectrometer (Bruker Biospin).
Magnetic field alignment of nanocomposites: Nanocomposite
suspension was pipetted onto poly-L-lysine-coated coverslips (30 μL,
4.62 x 10-4 g/mL of Fe3O4) and placed in the bore of a 7T
spectrometer and left overnight (Bruker Biospin). The coverslips
were mounted as described previously. For Tranmission Electron
Microscopy (TEM) analysis, 20-30μL of the same nanocomposite
solution was pipetted onto a TEM copper imaging grid placed in the
bore of the 7T spectrometer and left overnight. TEM scanning was
carried out on a Joel 2100 Transmission Electron Microscope (Joel
Ltd).

Figure 4. (a) The field inhomogeneity of MR phantoms versus the number of nanocomposite-labeled cells
in each phantom is plotted. The contrast generated by the number of labeled cells in each phantom is
linear (Pearson Correlation, R2 = 0.9967, p<0.001). The offset from the origin is due to the inhomogeniety
present in the main static field. (b) Confocal micrographs of nanocomposites following placement in a 7T
field; inset shows nanocomposites in the earth’s magnetic field. The white arrows represents the direction
of the magnetic field, nanocomposite alignment and formation of linear chain-like assemblies can be seen
to parallel the magnetic field direction. Bar = 30μm (c) TEM images illustrating this behaviour at a higher
level of spatial resolution. Bar = 100 nm.

Conclusions
These data validate the potential of these magneticfluorescent nanocomposites as bi-modal contrast
agents.
Importantly, no cytotoxic effects were apparent and
both modes of contrast, fluorescence and magnetism,
show excellent resolution at cellular and macroscopic
levels respectively.
Progression to in vivo experiments will involve further
evaluation of the increase in TNF-α following a 2 hour
incubation period.
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Functional bolus-tracking arterial spin labelling:
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Introduction
• Alterations in BOLD signal when CBV, CBF or vascular structure change (e.g. due to ageing or neurovascular disease) are
unknown
• Arterial spin labelling (ASL) – Accurate quantification of perfusion response to neuronal activity is possible
• Existing ASL techniques – change in CBV and CBF are modelled
• Aim:

Develop a novel non-compartmental model of cerebral perfusion based on the Fokker-Planck equation1
Fit model to ASL data and quantify perfusion response (MTT, CTT, rCBF, rCBV, P) to neuronal activation

Materials and Methods
Model1: Based on Fokker-Planck equation of motion (opposite).
Describes change in concentration of labelled spins, c, in ASL over
time in terms of a bulk flow, diffusion and relaxation term.
F = Flow, V = Volume, P = perfusion coefficient (new parameter)
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Animal Preparation: 5 male Wistar rats anaesthetized with isoflourane and switched to
sedation with continuous infusion of medetomidine. Electrical stimulation (3V, 5Hz, 5ms
duration) of the forepaw resulted in neuronal activation (see image) in the left primary
somatosensory cortex forelimb region (S1FL).
ASL Sequence: Bruker Biospin 7T 30cm bore scanner. Labelling plane 2cm from the
imaging plane. Slice thickness = 2mm, TR = 8.56ms,
TE = 3.04ms. Varied delays D1, T and D2 (see right)
To obtain concentration time curves (see left).

Results
Solution: The following solution to the Fokker-Planck equation was fitted to the ASL
concentration time curves from activation and control images using the IDL curve-fitting
routine:
t
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Transit times: The mean transit time (MTT) and capillary transit time (CTT) were calculated
from the first
! and second moments of the curves respectively where MTT = V / F and CTT =
P / F2. Both times decreased significantly (P < 0.01) during neuronal activation (see transit
time histogram). The MTT decreased by 21 ± 7 % and the CTT by 24 ± 8%.
Volume: rCBV was quantified from amplitude fitting parameter (C0) of the curves. It was
found to increase significantly during activation (see rCBV histogram). The rCBV increased
by 16 ± 5 %.
Flow: rCBF was measured by taking the ratio of rCBV and MTT. Flow was found to increase
in the activated region and did so by 39% ± 8%.
Perfusion Coefficient: The change in the perfusion coefficient P was measured by taking
the ratio of rCBF2 and CTT. P increased by 57 ± 12%.

Discussion
• Decrease in MTT and CTT, increase in rCBV, rCBF and perfusion coefficient P are quantified.
• Increase in rCBV and rCBF are comparable to those measured in other studies.
• Perfusion coefficient P (units volume2 / time) is unique to this technique
• Hypothesis: increase in P is due to either (a) increased exchange of water from blood to tissue (dynamic change) or (b)
alterations in vascular structure at the activated region (structural change)
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Magnetic nanomaterials represent one of the most exciting areas
in nanotechnology, in particular for magnetic memory devices and
in biomedical research.1 Magnetic particles have been envisaged
as drug delivery agents which can be localized in the body at a
site of interest using an external magnetic field.2 When exposed to
an alternating magnetic field, magnetic nanoparticles can serve as
powerful heat sources destroying tumor cells, which opens up great
possibilities in hyperthermic cancer treatment. 3 Furthermore, stable
aqueous dispersions of small superparamagnetic nanoparticles have
been utilized as contrast agents for magnetic resonance imaging
(MRI).4,5 MRI contrast agents act to improve image quality by
reducing the relaxation times and hence altering the NMR signal
intensity of the water in body tissues containing the agent.
To date most applications of magnetic nanoparticles have focused
on spherical primary nanoparticles or nanoparticle assemblies with
aspect ratios close to 1, while the use of magnetic nanowires and
linear assemblies of magnetic nanoparticles is quite limited.
However, quasi one-dimensional magnetic entities have the potential
to open up new applications in biomedicine, as their high aspect
ratio results in a much larger dipole moment allowing their
manipulation with lower magnetic field strengths.6 Flexible long
chains of magnetic particles could also be of importance across a
wide range of applied materials technologies. Therefore, an
investigation of assembly of magnetic colloidal particles in linear
chain-like structures by a magnetic field presents a great interest.
Polymers are frequently used as stabilizers and cross-linking agents
in the preparation of magnetic nanoparticle assemblies.7,8 For
example, controlled clustering of magnetic particles using cationicneutral block copolymers was used to prepare magnetic fluids with
improved contrast for MRI.8 Linear chains of magnetite nanoparticles have also been prepared by using a magnetic field induced
self-assembly of citrate stabilized magnetite and poly(2-vinyl
N-methylpyridinium iodide) as a template.9
Previously, we reported the use of denatured Herring DNA as a
stabilizer for the formation of ordered nanowires of magnetite
nanoparticles.10 These nanowire assemblies also formed a stable
aqueous magnetic fluid which gave high relaxivity, the relaxation
rate enhancement, per mmol of Fe, at low field. Here we report a
new facile in situ fabrication of linear, chain-like assemblies of
magnetic nanoparticles and show the potential use of these as
contrast agents by measuring the MR response in live rats.
Polysodium-4-styrene sulfonate (PSSS) has been used in this
work to produce stable magnetic nanoparticle suspensions in water.
Briefly, an aliquot of polyelectrolyte solution was added to a
predetermined volume of iron solution under argon. The Fe/PSSS
ratio could be altered to produce a library of magnetic fluids with
different contrast properties. Three composites were prepared, with
a range of Fe/monomer ratios of 1:2 (PSSS-Mag1), 3:1 (PSSS†
‡
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Mag2), and 6:1 (PSSS-Mag3) (see Supporting Information for full
experimental details and characterization). The negatively charged
polyelectrolyte acts as both a stabilizer, where the positively charged
iron ions can accumulate before particle precipitation, and as a
template for nanowire formation once the particles are formed. The
particles were precipitated with ammonia, and the resulting black
material was washed five times with Millipore water (20 mL). The
final, fifth washing was found to be a pH neutral, stable, aqueous
suspension, which was used in further TEM and MRI (PSSS-Mag1)
experiments. Once fully dried, the magnetic material cannot be
redispersed to form a stable suspension in water.
The magnetic nanocomposites have been characterized using
TEM, NMR, X-ray diffraction, FTIR, and Raman spectroscopy.
FTIR studies confirm the presence of polyelectrolyte in these
materials, with stretches corresponding to aromatic C-C bonds,
CH2 bonds, sulfonate bonds, and aromatic C-H bonds noted.
Stretches at 580 cm-1 are attributed to Fe-O stretches, while
shoulders on this peak, at 631 cm-1, should be a stretch for an
Fe-O-S bond (see Supporting Information). XRD patterns and
Raman spectra were also obtained (see Supporting Information).
TEM images were taken of 5 µL drops of each fluid dried in the
presence of an external 0.5 T magnetic field (Figure 1). The primary
particle size varies from 7 ( 1 nm (PSSS-Mag1), to 10 ( 1 nm
(PSSS-Mag2), to 11 ( 1 nm for the higher ratio sample (PSSSMag3). When dried in the earth’s field, the nanocomposites appear
aggregated showing linear necklace- or chain-like structures (Figure
1a). On application of an external magnetic field, the structures
were rearranged into parallel linear arrays or “nanowires” (Figure
1b-d), where neighboring particles are cross-linked by polyelectrolyte molecules due to the interpenetration of the polymer shells.7
The nanowire width also changes on increasing Fe:PSSS ratios;
for example, the widths increase from 670 nm for PSSS-Mag1 to
1.5 µm for PSSS-Mag2. The average hydrodynamic size of PSSSMag1 was measured at 298 K by photon correlation spectroscopy
(PCS) and was found to be 136 nm, with a polydispersity index
(PDI) of 0.21, while for PSSS-Mag2 the values were 203 nm and
0.19 respectively. Extended exposure of these samples in solution
to magnetic fields, up to 1.8 T, did not alter these values. PCS
results demonstrate that for our suspensions the alignment does not
result in any nonreversible aggregation of the nanowires.
We also studied the suspensions using field-cycling NMR; at
37 °C a significant reduction in the relaxation times was observed
at all fields. The molar spin-lattice relaxation rate enhancement
r1 (units of s-1 mM-1 of Fe) was measured as 22.5 and 7.2 s-1
mM-1, at 9 and 59 MHz, respectively. As expected11 for samples
where the hydrodynamic size of the assemblies is significantly
greater than the superparamagnetic core size, the r1/r2 ratio was
found to be 0.17 and 0.08 at these two fields, respectively. The r1
values were always independent of the polarization field used. This
demonstrates that field-induced alignment does not alter the
suspensions relaxation properties.
10.1021/ja710172z CCC: $40.75 © 2008 American Chemical Society
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following occlusion of the vein, it appears black as it fills with
PSSS-Mag1. A third rat was injected with PSSS-Mag1 (0.4 mL),
and no visible signs of any adverse reaction were noted after
monitoring for 24 h.
In summary, using a one-step procedure we have prepared
magnetic fluids comprised of polyelectrolyte stabilized magnetite
nanoparticles. These nanocomposites consist of linear, chain-like
assemblies of magnetic nanoparticles, which can be aligned in
parallel arrays by an external magnetic field. The new magnetic
fluids have demonstrated good biocompatibility and potential for
in ViVo MRI diagnostics. While initial results indicate this contrast
agent is quickly cleared from the brain area, further studies are
required to determine localization in tissues over time. We believe
that 1-D morphology of nanocomposites facilitates their easy
passage through the circulatory system. This advantage may allow
for some other biological applications of these nanocomposites, e.g.,
in detecting blocked blood vessels. Further NMR and imaging
experiments are ongoing to fully investigate how to tune the
relaxivity and r1/r2 ratio of the suspensions by varying component
concentrations. We think that this approach would allow the
preparation of various flexible linear assemblies of magnetic
nanoparticles with a number of important potential applications in
chemistry, biology, and medicine.
Figure 1. TEM images of (a) PSSS-Mag1 sample dried without magnetic
field and (b) PSSS-Mag1, (c) PSSS-Mag2, and (d) PSSS-Mag3 samples
upon drying in a 0.5 T magnetic field.
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Figure 2. Echo planar image (EPI) of mouse brain (a) before and (b) as
PSSS-Mag1 passes through; Fast Low Angle Shot (FLASH) image of mouse
brain (c) before and (d) as PSSS-Mag1 passes through.

MR images were obtained for the PSSS-Mag1 sample after
injection into live rats (male Wistar rats from Banthan and Kingman,
UK) under anesthetic in order to study the effect of our contrast
agent on the brain, specifically the hippocampus.12
First, a coronal image, positioned at approximately 3.2 mm
posterior to the bregma, was obtained using a localizer scan in order
to contain a good cross section through the hippocampus. Subsequently, two scans were acquired using the reference image s an
Echo Planar Imaging (EPI) scan and a Fast Low Angle Shot
(FLASH) scan. For the EPI scan (Figure 2 a, b), the coronal slice
was imaged every 0.7 s for a duration of 35 s. Figure 2a shows an
image of the brain immediately after injection of PSSS-Mag1 (0.4
mL) in the tail vein. At this time point, none of the bolus has yet
reached the brain. Figure 2b shows an image of the brain 11.2 s
after injection. There is significant darkening of the image as the
bolus has now reached the brain. For the FLASH scan (Figure 2 c,
d), the coronal slice was imaged every 0.8 s for a duration of 48.5
s. Figure 2c shows an image of the brain of a second rat immediately
after injection of PSSS-Mag1 (0.4 mL), when none of the bolus
has yet reached the brain. Figure 2d shows an image of the same
brain 13.6 s after injection. Again, a significant darkening of the
brain is noted. Using the FLASH scan, the occlusion of the superior
sinus sagittalis vein (SSS) can be clearly seen. Before the bolus
arrives, the SSS appears white on this T1-weighted image, and
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C.; Bergemann, C. J. Surg. Res. 2001, 95, 200. (c) Lübbe, A. S.;
Bergemann, C.; Brock, J.; McClure, D. G. J. Magn. Magn. Mater. 1999,
194, 149.
(3) (a) Gordon, R. T.; Hines, J. R.; Gordon, D. Med. Hypoth. 1979, 5, 83. (b)
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Abstract
Background The blood-brain barrier (BBB) contains tight junctions (TJs)
which reduce the space between adjacent endothelial cells lining the fine
capillaries of the microvasculature of the brain to form a selective and
regulatable barrier.
Methods Using a hydrodynamic approach, we delivered siRNA targeting
the TJ protein claudin-5 to the endothelial cells of the BBB in mice.
Results We have shown a significant decrease in claudin-5 mRNA levels
24 and 48 hours post-delivery of siRNA, with levels of protein expression
decreasing up to 48 hours post-injection compared to uninjected, phosphatebuffered saline (PBS)-injected and non-targeting siRNA-injected mice. We
observed increased permeability at the BBB to molecules up to 742 Da, but
not 4400 Da, using tracer molecule perfusion and MRI analysis. To illustrate
the functional efficacy of size-selective and transient barrier opening, we have
shown that enhanced delivery of the small neuropeptide thyrotropin-releasing
hormone (TRH) (MW 360 Da) to the brains of mice 48 hours post-injection
of siRNA targeting claudin-5 significantly modifies behavioural output.
Conclusions These data demonstrate that it is now possible to transiently
and size-selectively open the BBB in mice, allowing in principle the
delivery of a wide range of agents for the establishment and treatment
of experimental mouse models of neurodegenerative, neuropsychiatric and
malignant diseases. Copyright  2008 John Wiley & Sons, Ltd.
Keywords Blood-brain barrier; tight junctions; RNA interference; claudin-5;
drug delivery

Introduction
Many attempts have been made either to break the blood-brain barrier (BBB)
or to design delivery systems that enable pharmacological agents to traverse
the endothelial cells of brain capillaries [1]. However, such attempts have
been made without due consideration given to the structure of the tight
junctions (TJs), which reduce the space between the plasma membranes of
contacting endothelial cells to form a selective and regulatable barrier [2]. If
transient, reversible opening of the BBB could be achieved, an avenue would
be available for experimental delivery to the brain in animals such as mice,
of agents which may modulate neuronal function, both in normal animals or
in those displaying neurodegenerative or behavioural features.
Recently, genetically engineered proteins termed ‘molecular Trojan horses’
have been described and cross the BBB via endogenous receptor-mediated
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transport processes [3]. In 2007, using a modified, yet
similar approach, targeted delivery of proteins across
the BBB was reported using a lentiviral vector system,
exploiting the binding domain of apolipoprotein B to its
receptor ‘low-density lipoprotein receptor’ (LDLR). This
report proved feasible for the delivery of proteins via
the transcellular pathway, yet these approaches have
yet to address peptide cleavage from the engineered
binding sites upon delivery to the central nervous system
(CNS) [4]. It has also been recently reported that it is
now possible to deliver small interfering RNA (siRNA)
molecules across the BBB in order to modulate gene
function in neurons in vivo. Kumar and colleagues have
shown that a short peptide derived from the rabies
virus glycoprotein (RVG) enables transvascular delivery of
siRNA to the brain. The 29-amino-acid peptide described
specifically binds to the acetylcholine receptor expressed
by BBB endothelial cells and neuronal cells, and, by
modifying the carboxy terminus of the peptide, they were
able to conjugate siRNAs to the RVG, allowing for delivery
across the BBB and subsequent transduction of neuronal
cells [5].
While delivery of molecules across the transcellular
pathway of the BBB remains an exciting avenue for
further research, the alternative strategy of inducing the
paracellular pathway to reversibly open may represent a
useful and highly versatile alternative for studies of druginduced modulation of phenotype in experimental animal
models of neurodegenerative, psychiatric or malignant
disease and possibly clinically relevant therapeutic
strategies. In general, transport of components across
endothelial cells of the BBB can occur via three routes:
a transcellular route, which may be mediated via special
transporters as alluded to above, vesicular transport, or
a paracellular route which allows for transport between
neighbouring endothelial cells [6–8]. Brain capillaries
exhibit very low rates of fluid phase transcytosis, and the
paracellular route between individual cells at the BBB is
sealed by TJs that are considerably tighter than in any
other microvessels in the body. Therefore, TJs represent
a key factor relating to the low permeability properties
associated with the BBB [9].
The TJs associated with the BBB are composed of
a complex of intracellular and transmembrane proteins
including occludin, junctional adhesion molecule (JAM),
claudins-1, -5, -12 and ZO-1, -2 and -3 [10,11].
Approximately 20 members of the claudin family have
also been described, claudin-1, -5 and -12 predominating
in TJs of the BBB [12]. Claudins, like occludin, span
endothelial cell membranes four times and interact with
ZO-1 via their C-terminus [13].
Claudin-5 is considered to be endothelial-cell-specific
[14]. Claudin 5-/- mice have been reported and the
BBB is compromised in these animals. Through a series
of tracer molecule experiments and magnetic resonance
imaging (MRI), the authors conclude that while removal
of claudin-5 compromises the function of the BBB by
allowing it to become permeable to molecules of up
to approximately 800 Da, the barrier can still form.
Copyright  2008 John Wiley & Sons, Ltd.
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Furthermore, the authors showed that the barrier remains
intact and impervious to larger molecules, showing no
evidence of bleeding or oedema. However, these animals
die within days of birth [15]. Recently, it has also emerged
that mice exposed to hypoxic conditions exhibit decreased
claudin-5 expression, which selectively disrupted the
blood-retinal barrier (BRB) allowing passage of small
molecules, similar to the phenotype seen in claudin-5deficient mice [16]. It is thought that claudin-5 may play a
role in the formation of paracellular pores or channels that
function in mediating selective ion permeability [17,18].
Therefore, it is likely that in the claudin-5 knockout mouse
a mechanism may be activated that allows for increases
in size-selective paracellular diffusion across the BBB.
Systemic hydrodynamic (high-volume) delivery of
siRNA molecules or plasmids via the tail vein has been
used by many research teams, including our own, to
secure efficient ablation of target transcripts in organs
such as the liver in mice [19–23]. In a recent paper,
Hino et al. have extended such observations by using the
same approach to deliver unprotected siRNA molecules
to brain capillary endothelial cells in mice. Transcripts
derived from the organic anion transporter-3 (OAT3)
gene were targeted, ablation of which significantly
compromised brain efflux function [24]. It is therefore
evident that siRNA molecules can reach the endothelial
cells of microvessels in the brain using the hydrodynamic
inoculation approach.
Here, we report successful in vivo suppression of
claudin-5 gene expression at the BBB of C57/BL-6 mice,
effected using hydrodynamic tail vein delivery of siRNA
targeting claudin-5 at 24 and 48 hours post-injection
of claudin-5 siRNA, with levels of expression returning
72 hours post-injection. We also show the permeation of
small molecules (molecular weight (MW) 443 and 562
Da) from the microvasculature of mice following delivery
of claudin-5 siRNA to the brain endothelial cells, with
extravasation of one of these molecules also evident in
retinal cryosections showing a compromise also at the
BRB. This increase in permeability in brain microvessels
was not evident however when we perfused a molecule
with a MW of 4400 Da.
The suppression of claudin-5 occurred concomitant
with aberrant localisation and expression of this TJ
protein in the brain microvasculature. Moreover, we have
performed MRI scans on mice following suppression of
claudin-5, and following injection of the contrasting agent
gadolinium diethylenetriamine N,N,N  ,N  ,N  -pentaacetic
acid (Gd-DTPA; MW 742 Da), we have observed
widespread permeation of this agent 24 and 48 hours
post-injection of claudin-5 siRNA, with no permeation
observed 72 hours or 1 week post-injection of claudin-5
siRNA.
Much effort has been directed toward understanding
the TJs of brain capillary endothelial cells in order to
identify molecular mechanisms that could be manipulated
to enhance drug delivery to the brain, since many drugs
are ineffective because they are unable to cross the BBB.
J Gene Med 2008; 10: 930–947.
DOI: 10.1002/jgm

932

Here, we describe the first report of reversible and
controlled RNAi-mediated size-selective opening of the
paracellular pathway of the BBB and possibly the BRB,
representing a novel approach for delivery of a wide
range of small negatively charged molecules to the brain.
Indeed, we have shown that the increased permeability
of the BBB will allow for the enhanced delivery of a small
negatively charged neuropeptide (thyrotropin-releasing
hormone (TRH)) to the brain, manifested by a distinct
change in behavioural output in mice.
This method of reversible BBB modulation may pave
the way for controlled delivery of therapeutic agents to the
CNS in a range of behavioural or brain tumour models
or of other conditions that currently offer little or no
prospect of effective treatment.

Materials and methods
Animal experiments and experimental
groups
All experiments involving the use of C57/BL6 mice were
assessed and approved by an internal ethics committee in
Trinity College Dublin (TCD) prior to all experimentation.
All studies carried out in the Ocular Genetics Unit in TCD
adhere to the ARVO statement for the use of Animals
in Ophthalmic and Vision Research. C57/BL6 mice were
sourced from Jackson Laboratories and bred on-site at the
Ocular Genetics Unit in TCD.

Web-based siRNA design protocols
targeting claudin-5
In order to minimise complications which may arise owing
to possible alternative splicing of target transcripts which
could lead to some species escaping RNAi by virtue of the
lack of the target sequence, siRNAs were selected targeting
conserved regions of the published cDNA sequences. To
do this, cDNA sequences from mouse were aligned for the
claudin-5 gene and regions of perfect homology subjected
to updated web-based protocols (Dharmacon, Ambion,
Genescript) originally derived from criteria as outlined
by Reynolds et al. [32]. Initially, four siRNAs targeting
claudin-5 were tested and the most efficient used in further studies. In our experience [23,33] with four different
siRNAs targeting the same transcript, at least three will
down-regulate by 60%, one of which will give near to 80%
suppression. Sequences of the claudin-5 siRNA used in this
study were as follows. Sense sequence: CGUUGGAAAUUCUGGGUCUUU. Antisense sequence: AGACCCAGAAUUUCCAACGUU. Non-targeting control siRNA targeting
human rhodopsin was used as a non-targeting control
since rhodopsin is only expressed in photoreceptor cells in
the retina and at low levels in the pineal gland of the brain.
Sense sequence: CGCUCAAGCCGGAGGUCAAUU. Antisense sequence: UUGACCUCCGGCUUGAGCGUU [34].
Copyright  2008 John Wiley & Sons, Ltd.
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In vivo delivery of siRNA to murine
brain capillary endothelial cells by
large-volume hydrodynamic injection
and subsequent RNA and protein
analyses
Rapid high-pressure, high-volume tail vein injections
were carried out essentially as previously successfully
used at this laboratory [23]. Wild-type C57/Bl6 mice
of weight 20–30 g were individually restrained inside
a 60-ml volume plastic tube. The protruding tail was
warmed for 5 min prior to injection under a 60-W lamp
and the tail vein clearly visualised by illumination from
below. Twenty micrograms of targeting siRNA, or nontargeting siRNA made up with phosphate-buffered saline
(PBS) to a volume in ml of 10% of the body weight in
grams or PBS alone was injected into the tail vein at a
rate of 1 ml/s using a 26-gauge (26G 3/8) needle. After
24, 48, 72 hours and 1 week, protein was isolated from
total brain tissue by crushing brains to a fine powder in
liquid N2 and subsequently homogenising in lysis buffer
containing 62.5 mM Tris, 2% SDS, 10 mM dithiothreitol,
10 µl protease inhibitor cocktail/100 ml (Sigma Aldrich,
Ireland). The homogenate was centrifuged at 10 000 g
for 20 min at 4 ◦ C, and the supernatant was removed for
claudin-5 analysis.
Briefly, protein samples were separated by sodium
dodecyl sulphate/polyacrylamide gel electrophoresis
(SDS-PAGE) on 12% gels and transferred to a nitrocellulose membrane overnight using a wet electroblot
apparatus. Efficiency of protein transfer was determined
using Ponceau-S solution (Sigma Aldrich, Ireland). Nonspecific binding sites were blocked by incubating the
membrane at room temperature with 5% non-fat dry
skimmed milk in Tris-buffered saline (TBS) (0.05 M Tris,
150 mM NaCl, pH 7.5) for 2 hours. Membranes were
briefly washed with TBS, and incubated with polyclonal
rabbit anti-claudin-5 (Zymed Laboratories, San Francisco, CA, USA) (1 : 500), polyclonal rabbit anti-claudin-1
(Zymed Laboratories) (1 : 500), polyclonal rabbit antioccludin (Zymed Laboratories) (1 : 500), monoclonal
mouse anti-Tie-2 (Chemicon) (1 : 500), polyclonal rabbit
anti-β-actin (Abcam, Cambridge, UK) (1 : 1000). Antibodies were incubated with membranes overnight at 4 ◦ C.
Membranes were washed with TBS, and incubated with a
secondary anti-rabbit (IgG) or anti-mouse (IgG) antibody
with horse radish peroxidase (HRP) conjugates (1 : 2500)
(Sigma-Aldrich, Ireland) (A-6154), for 3 hours at room
temperature. Immune complexes were detected using
enhanced chemiluminescence (ECL). All Western blots
were repeated a minimum of three times (i.e. ‘n = 3 mice
per treatment’).
At the same time points post-delivery of siRNA total
RNA was isolated from brains using Trizol (Invitrogen).
RNA was then treated with RNase-free DNase (Promega,
Madison, WI, USA) and then chloroform extracted,
isopropanol precipitated, washed with 75% RNA grade
ethanol and re-suspended in 100 µl RNase-free water.
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Real-time reverse-transcription
polymerase chain reaction (RT-PCR)
analysis
RNA was analysed by real-time RT-PCR using a
Quantitect Sybr Green Kit as outlined by the manufacturer
(Qiagen–Xeragon) on a LightCycler (Roche Diagnostics,
Lewes, UK) under the following conditions: 50 ◦ C for
20 min; 95 ◦ C for 15 min; 38 cycles of 94 ◦ C for 15 s,
57 ◦ C for 20 s, 72 ◦ C for 10 s. Primers (Sigma–Genosys,
Cambridge, UK) for the sequences amplified were as
follows CLDN5 (forward 5 -TTTCTTCTATGCGCAGTTGG3 , reverse 5 -GCAGTTTGGTGCCTACTTCA-3 ), β-actin
(forward 5 -TCACCCACACTGTGCCCATCTA-3 , reverse
5 -CAGCGGAACCGCTCATTGCCA-3 ). cDNA fragments
were amplified from claudin-5 and β-actin for each RNA
sample a minimum of four times. Results were expressed
as a percentage of those from the similarly standardised
appropriate control experiment. The reciprocal values
compared to the non-targeting control siRNA gave
percentage suppression of claudin-5 mRNA levels. Mean
values, standard deviations, and analysis of variance
analyses (ANOVA) with a Tukey-Kramer post-test were
calculated using GraphPad Prism . Differences were
deemed statistically significant at P < 0.05. (All RT-PCR
analyses were performed using ‘n-values’ ranging from
3–5 mice.)

Indirect immunostaining and confocal
laser scanning microscopy (CLSM) for
analysis
Brain cryosections were blocked with 5% normal goat
serum (NGS) in PBS for 20 min at room temperature.
Primary antibodies; rabbit anti-claudin-5 (Zymed), rabbit
anti-occludin (Zymed), rat anti-claudin-1 (RnD Systems,
Abingdon, UK), were incubated on sections overnight
at 4 ◦ C. Following incubation, sections were washed
three times in PBS and subsequently blocked again with
5% NGS for 20 min at room temperature. Secondary
rabbit IgG-Cy3, rabbit IgG-Cy2 and rat IgG-Cy3 (JacksonImmuno Research, Europe) or rabbit IgG-Alexa 568
(Molecular Probes, UK) antibodies were incubated with
the sections at 37 ◦ C for 2 hours followed by three washes
with PBS. All sections were counterstained with 4 ,6diamidine-2-phenylindole dihydrochloride (DAPI, Sigma
Aldrich, Ireland) for 30 s at a dilution of 1 : 5000
of a stock 1 mg/ml solution. Analysis of stained
sections was performed at room temperature with an
Olympus FluoView TM FV1000 confocal microscope with
integrated software.

Assessment of BBB integrity by
perfusion of tracer molecules
Following RNAi-mediated ablation of transcripts encoding
claudin-5, the biotinylated reagent EZ-Link TM SulfoNHS-Biotin (Pierce) (1 ml/g body weight of 2 mg/ml
Copyright  2008 John Wiley & Sons, Ltd.

EZ-Link TM Sulfo-NHS-Biotin, 443 Da) was perfused
at 37 ◦ C for 5 min through the left ventricle of the
beating heart of anaesthetised mice 24, 48, 72 hours and
1 week post-hydrodynamic delivery of claudin-5 siRNA.
Following perfusion with the tracer molecule, the whole
brain was dissected and placed in 4% PFA (pH 7.4)
overnight at 4 ◦ C and subsequently washed four times
for 15 min with PBS. Following cryoprotection using
a 10%, 20% and 30% sucrose gradient, 12 µm frozen
sections were cut on a cryostat at −20 ◦ C and incubated
with streptavidin conjugated to the fluorescent probe
FITC. This allowed for the assessment of leakage of the
biotinylated reagent of MW 443 Da from the microvessels
of the brain. All sections were counterstained with DAPI
for 30 s at a dilution of 1 : 5000 of a stock 1 mg/ml
solution, and sections were visualised using an Olympus
FluoView TM FV1000 confocal microscope.
In order to determine the permeability of brain and
retinal microvessels to a molecule of 562 Da, mice
were perfused through the left ventricle of the beating
heart and at 37 ◦ C with 500 µl/g body weight of PBS
containing 100 µg/ml Hoechst stain H33342 (Sigma
Aldrich, Ireland) and 1 mg/ml FITC-dextran-4 (FD-4)
24, 48, 72 hours and 1 week post-hydrodynamic delivery
of claudin-5 siRNA. Following perfusion, the whole
brain was dissected and placed in 4% PFA (pH 7.4)
overnight at 4 ◦ C and subsequently washed four times
for 15 min with PBS. Brains were then embedded in 4%
agarose and 50 µm sections were cut using a Vibratome .
Whole eyes were removed and fixed with 4% PFA,
and, following washing with PBS and cryoprotection
using a sucrose gradient, 12 µm cryosections were
cut using a cryostat. Following analysis of retinal
cryosections with an Olympus FluoView TM FV1000
confocal microscope, images were oriented correctly using
Adobe Photoshop . Permeability assays were performed
up to five times for each experimental group. All separate
time points were analysed by confocal microscopy on the
same day, using constant settings to allow for comparison
of tracer perfusions at each time point.

Magnetic resonance imaging
Following injection of siRNA and using appropriate
controls, BBB integrity to a molecule of 742 Da was
assessed via MRI, using a dedicated small rodent
Bruker BioSpec 70/30 (i.e. 7 T, 30 cm bore) with an
actively shielded USR magnet. Mice were anaesthetised
with isofluorane, and physiologically monitored (ECG,
respiration and temperature) and placed on an MRIcompatible support cradle, which has a built-in system
for maintaining the animal’s body temperature at 37 ◦ C.
The cradle was then positioned within the MRI scanner.
Accurate positioning is ensured by acquiring an initial
rapid pilot image, which is then used to ensure the correct
geometry is scanned in all subsequent MRI experiments.
Upon insertion into the MRI scanner, high-resolution
anatomical images of the brain were acquired (100 µm
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in-plane and 500 µm through-plane spatial resolution).
BBB integrity was then visualised in high-resolution T1 weighted MR images before and after injection of a
0.1 mM/l/kg bolus of Gd-DTPA, administered via the
tail vein. Following injection of Gd-DTPA, repeated 3min T1 -weighted scans were performed over a period
of 30 min, and images shown are representative of the
final scans of this 30-min period. Statistical analysis of
all densitometric results of combined regions of the
cerebellum, hippocampus and cortex was performed using
ANOVA, with significance represented by a P value of
≤0.05, and results are presented both graphically and
in a quantitative image depicting the rate of Gd-DTPA
deposition within the brain. All MRI scans were performed
on two mice from each experimental treatment.

Injection of TRH in mice and
assessment of behavioural output
TRH was purchased from Sigma Aldrich, Ireland, and
was received in lyophilised form. The neuropeptide
was reconstituted with sterile PBS, and, 48 hours postinjection of mice with non-targeting siRNA or siRNA
targeting claudin-5, mice were administered a tail vein
injection of a solution containing 20 mg/kg body weight
TRH. Following administration of TRH, mice were placed
in a clear Perspex box and filmed using a Sony DCRPC8E/PAL digital video camera for up to 10 min each.
Immobility of mice was assessed as the inability of the
animal to move in a coordinated manner within its
surrounds. The length of time of immobility of mice was
determined and plotted on a bar chart comparing mice
injected with a non-targeting siRNA 48 hours prior to TRH
injection to mice injected with siRNA targeting claudin-5
48 hours prior to TRH injection. Statistical analysis
was performed using Student’s t-test, with significance
represented by a P value of ≤0.05 (n = 5 mice per
treatment).

Results
Hydrodynamic tail vein injection of
CLDN5 siRNA attenuates claudin-5
expression
The hydrodynamic approach for delivery of siRNAs to
endothelial cells of the brain microvasculature appeared
to be highly efficient in suppressing claudin-5 expression
(Figures 1A and 1B). This method of delivery caused
no apparent harm and was well tolerated in mice.
Our Western data showed that we achieved maximum
suppression of claudin-5 48 hours after delivery of the
siRNA, with levels of expression of claudin-5 returning
to normal between 72 hours and 1 week after injection
when compared to the corresponding β-actin levels
in the same lane. Levels of claudin-5 mRNA were
determined by RT-PCR analysis and showed a significant
Copyright  2008 John Wiley & Sons, Ltd.
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(∗ P = 0.0427) decrease 24 and 48 hours post-injection
(∗ P = 0.0478) of siRNA targeting claudin-5 compared
to the control groups (up to almost 80% with respect
to the control groups at the 24 hour time point).
Levels of claudin-5 mRNA, 72 hours (P = 0.0627) and
1 week (P = 0.2264) post-injection were not significantly
changed, as statistical analyses revealed P-values >0.05,
representing insignificant changes. ‘n-values’ ranged from
3–5 mice per treatment (Figure 1B).

Claudin-5 expression and localisation
becomes altered in brain capillary
endothelial cells following injection of
claudin-5 siRNA
In endothelial cells of the brain microvasculature, levels
of claudin-5 expression appeared strong and continuous
in the microvasculature upon immunohistochemical
analysis of all the control groups employed (Red =
Claudin-5; Blue-DAPI = nuclei). However, when claudin5 was targeted, the continuous appearance of expression
became discontinuous and fragmented, with levels
appearing dramatically reduced 48 hours after injection
of claudin-5 siRNA (Figure 2). The pattern of staining
observed was similar to that previously reported and
reflected the decreased levels of claudin-5 protein
observed in the Western data of Figure 1A [15]. An
enlarged image of claudin-5 staining 48 hours postinjection of claudin-5 siRNA clearly shows the fragmented
pattern of staining pertaining to decreased levels of
claudin-5.

Claudin-1, occludin and Tie-2
expression remain unchanged
following injection of siRNA targeting
claudin-5
In order to determine levels of expression of other TJassociated proteins following suppression of claudin-5, we
analysed the levels of expression of the transmembrane
proteins claudin-1 and occludin. Moreover, in order to
ascertain levels of an endothelial-cell-specific protein, we
analysed levels of expression of the receptor tyrosine
kinase Tie-2. Levels of expression of claudin-1 which
shares almost 80% homology with claudin-5 appeared to
remain unchanged following all experimental treatments.
Normalisation was completed by analysing levels of
expression of β-actin and Tie-1 (Figure 3A). Indeed, levels
of expression of the four-transmembrane TJ-associated
protein occludin were also shown to remain unchanged
following injection of siRNA targeting claudin-5 at all time
points post-siRNA injection (Figure 3B).
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Figure 1. Quantification of claudin-5 protein and mRNA levels. Western blot analysis of claudin-5 expression 24 hours post-delivery
of siRNA showed a decrease in expression when compared to uninjected, PBS-injected and non-targeting siRNA-injected mice. This
suppression was also evident 48 post-injection (CLDN5 A + B; lysates from two different mice). Levels of claudin-5 were similar to
the control groups 72 hours and 1 week post-delivery of claudin-5 siRNA when compared to the corresponding levels of β-actin
in the same lane (A). RT-PCR analysis showed levels of claudin-5 mRNA to be significantly decreased 24 hours post-injection of
siRNA compared to the control groups with P = 0.0427 (∗ ) following ANOVA with a Tukey-Kramer post-test, while also showing
suppression at 48 hours post-injection of claudin-5 siRNA with P = 0.0478 (∗ ). Levels of claudin-5 mRNA 72 hours (P = 0.0627)
and 1 week (P = 0.2264) post-injection were not significantly changed compared to the non-targeting control group, showing P
values greater than 0.05, representing insignificance (B)

Figure 2. Immunohistochemical analysis of claudin-5 in brain cryosections. Immunohistochemical analysis of claudin-5 expression
and localisation in the microvessels of the brain revealed a continuous and distinct pattern of staining in the microvasculature of
the brain in the uninjected, PBS-injected and non-targeting control mice at all time points (Red = Claudin-5; Blue-DAPI = nuclei).
This pattern of staining appeared decreased and non-continuous 24 hours post-delivery of claudin-5 siRNA, with a striking decrease
in expression 48 hours post-injection. The appearance of claudin-5 staining 72 hours post-injection of claudin-5 siRNA was evident,
yet non-continuous; however, 1 week post-injection, claudin-5 expression appeared similar to that of the control groups. Scale bar
approx. 20 µm. These results are representative of at least five separate experiments
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Figure 3. Claudin-1, Tie-2 and occludin expression following suppression of claudin-5. Western blot analysis of claudin-1 (23 kDa)
expression 24, 48, 72 hours and 1 week post-delivery of claudin-5 siRNA showed no changes at any time points. When blots were
probed with an anti-Tie-2 (140 kDa) antibody, no distinct changes in the levels of expression of this endothelial-cell-specific tyrosine
kinase receptor were observable at any time point or with any treatment (A). Levels of expression of the tight junction protein
occludin (approximately 60 kDa) were also shown to remain unchanged at all time points post-delivery of siRNA (B)
Copyright  2008 John Wiley & Sons, Ltd.
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claudin-1 expression remains constant throughout all time
Claudin-1 expression and localisation
is not affected following suppression of points (Figures 4A–4D).
claudin-5
Claudin-5 siRNA causes increased
In order to ascertain any potential off-target effects on permeability at the BBB to a molecule
claudin-1 expression and localisation following injection of 443 Da
of siRNA targeting claudin-5, we analysed claudin1 and claudin-5 expression simultaneously on brain
cryosections. It was evident that as the dramatic
decrease in claudin-5 expression (Green staining) and
localisation previously observed 48 hours post-siRNA
injection occurred, claudin-1 expression (Red staining)
remained similar to the control groups (Figure 4B).
Levels of expression of claudin-5 at 1 week post-injection
resemble staining observed in control groups, while

Following perfusion of mice with the biotinylated
molecule EZ-Link TM Sulfo-NHS-Biotin for 5 min, we
observed a significant compromise in barrier function up
to and including 72 hours post-delivery of siRNA targeting
claudin-5. EZ-Link TM Sulfo-NHS-Biotin has a MW of 443
Da, and will normally not cross the BBB if the TJs are
intact as observed in the control groups. Interestingly,
1 week after delivery of claudin-5 siRNA, this molecule

Figure 4. Claudin-1 and claudin-5 double immunostaining in brain cryosections. Following injection of siRNA targeting claudin-5,
and using the appropriate controls, brain cryosections were stained with a rat anti-claudin-1 antibody and a rabbit anti-claudin-5
antibody. Secondary antibodies used were rat IgG (Cy3; Red) and rabbit IgG (Cy2; Green). Similar to findings in Figure 2, the
pattern of claudin-5 staining appeared highly fragmented and discontinuous 48 hours (B) after injection of siRNA. The appearance
of claudin-5 staining 72 hours post-injection of claudin-5 siRNA was evident, yet not as intense as the control groups (C). At each
time point post-injection, levels of expression of claudin-1 appeared to remain similar to those observed in the control groups
Copyright  2008 John Wiley & Sons, Ltd.
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Figure 4. (Continued)

no longer crossed the BBB (Figure 5), suggesting that,
consistent with real-time PCR and Western analyses,
the compromise in BBB function is a transient and
reversible process. Analysis of brain cryosections was in
the hippocampus region (for ease of recognition), yet
increases in permeability were evident throughout the
brain.

the parenchyma. FD-4 remained within the microvessels
of the brain vasculature and no extravasation was evident
at any time point post-injection of siRNA (Figure 6A).
Moreover, upon analysis of retinal cryosections, we
observed that Hoechst H33342 extravasated from the
retinal microvessels, staining the inner nuclear layer (INL)
and outer nuclear layer (ONL) of the retina up to 48 hour
post-delivery of siRNA targeting claudin-5 (Figure 6B).

Claudin-5 siRNA causes increased
permeability at the BBB to a molecule
of 562 Da but not to a molecule of 4400 MRI analysis showed impairment of
BBB integrity 24 and 48 hours
Da
post-injection of claudin-5 siRNA
Upon perfusion of the nuclear stain Hoechst H33342
(562 Da) and the FITC-labelled dextran, FD-4 (4400
Da), extravasation of Hoechst was observed up to
and including 48 hours post-delivery of siRNA targeting
claudin-5; however, unlike EZ-Link TM Sulfo-NHSBiotin, extravasation was not evident 72 hours post-siRNA
delivery, suggesting a restoration of barrier integrity to a
molecule of 562 Da, and implying a time-dependent and
size-selective opening of the BBB. Hoechst H33342 dye
extravasation from the brain microvessels was manifested
by nuclear staining of surrounding neural and glial cells in
Copyright  2008 John Wiley & Sons, Ltd.

Using the MRI contrasting agent Gd-DTPA (742 Da), we
observed extremely large quantities of Gd-DTPA deposited
in the brain 24 and 48 hours post-delivery of claudin-5
siRNA. This BBB breakage to a molecule of 742 Da was
a transient event, as 72 hours and 1 week post-injection
of siRNA targeting claudin-5 there appeared to be no
infiltration of Gd-DTPA (Figure 7A). It was also apparent
from the MR images that a large amount of contrasting
agent was present in the eye, at 48 hours post-delivery
of siRNA targeting claudin-5, further suggesting that
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Figure 4. (Continued)

concomitant to BBB compromise, we also observed a
distinct and transient increase in permeability at the BRB
(Figure 7A).
There was a significant increase in contrasting within
selected regions of the cerebellum, hippocampus and
cortex of the brain at 24 hours (∗∗ P < 0.05) and
48 hours (∗∗ P < 0.05) post-injection of claudin-5 siRNA
when compared to a non-targeting control siRNA as
revealed by densitometric analysis of these specific areas
(Figure 7B).
The quantitative image in Figure 7C is a representation
of the slope of the linear fit, determined for every pixel in
the MRI scans of mice receiving a non-targeting control
siRNA compared to mice 24 and 48 hours after injection
of siRNA targeting claudin-5 (i.e., the time points at which
increased contrasting of Gd-DTPA is observed within the
brain). The ventricular region is a mean of 602 (out
of just over 16 000) pixels. The red end denotes very
little change, with green areas showing some change and
blue denoting a large change. In terms of the slopes
involved, the units are arbitrary, but the most intense
(bluest) areas on the graph had a slope of d(y)/dx =
d(ln(intensity))/dt (time in seconds) = 0.1, and scaling
down to approximately 0.0001 for red.
Copyright  2008 John Wiley & Sons, Ltd.

The graph below the quantitative image in Figure 7C
shows the change in intensities in the left ventricle over a
28-min time course after Gd-DTPA injection. The data are
plotted as the natural logarithm (ln) of the signal intensity
(y-axis) against time in minutes on the x-axis (each unit
on the x-axis is 128 s long). The red line represents the
non-targeting control siRNA-injected mouse; the yellow
line represents the 24-hour time point post-injection of
siRNA targeting claudin-5; while the green line represents
the 48-hour time point post-injection of claudin-5 siRNA.
It is clear that there is an increased rate of transport of
contrasting agent into the brains of mice in the selected
region of the brain around the left ventricle at the 24
and 48 hour time points post-injection of siRNA targeting
claudin-5.

Delivery of TRH across the BBB
Forty-eight hours post-delivery of siRNA targeting
claudin-5 or a non-targeting siRNA, we injected 200 µl of
a solution containing 20 mg/kg TRH (360 Da). Following
suppression of claudin-5 protein expression, we observed
a distinct and statistically significant increase in the
length of time C57/Bl6 mice remained immobile after
J Gene Med 2008; 10: 930–947.
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Figure 4. (Continued)

systemic injection of 20 mg/kg TRH. This behavioural
output was significantly different from the behaviour
observed in the non-targeting control mice (∗∗ P =
0.0041), and clearly suggested that delivery of TRH was
significantly enhanced when the BBB was compromised
(Figure 8).

Discussion
The microvasculature plays an essential role in supplying
the high-energy-demanding brain with oxygen-enriched
blood. The endothelial cells that line these fine capillaries
have evolved ‘tight junctions’ (TJs), which form a selective
and regulatable barrier. However, oxygen can still diffuse
from these cells, and other essential materials can be
delivered to the brain by special transporters located in the
membranes of the endothelial cells. Complete breakdown
of the BBB would have disastrous consequences for
overall brain function. However, if transient, reversible
opening of the barrier could be achieved, an avenue
would be available for experimental delivery to the
brain, in animals such as mice, of agents which may
modulate neuronal function. This enhanced delivery could
Copyright  2008 John Wiley & Sons, Ltd.

also potentially be used both in normal animals and
in those displaying neurodegenerative, neuropsychiatric
disorders or indeed those presenting with brain injury
or trauma. The human brain contains approximately
100 million capillaries comprising a total surface area
of about 12 m2 [25]. Nearly every neuron in the brain has
its own capillary, with an average distance from capillary
to neuron of 8–20 µm [26]. Therefore, delivery of a
neuromodulatory agent to neurons across the capillary
membrane would represent an immensely powerful
experimental tool. Since evidence is now available to
indicate that siRNA molecules can access the endothelial
cells of brain capillaries in mice [24], we hypothesised
that such molecules could, in principle, be directed toward
controlled down-regulation of transcripts encoding TJ
proteins associated with the endothelial cells of the brain
microvasculature. Our target TJ protein was claudin-5,
a transmembrane protein implicated in the maintenance
of BBB integrity with regard to the passage of molecules
across the paracellular pathway. Indeed, the claudin-5
knockout mouse displayed size-selective loosening of the
BBB without affecting overall TJ morphology or normal
brain histology, although these animals died neonatally
[15].
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Figure 5. Assessment of BBB integrity to a molecule of 443 Da. BBB integrity was observed as green fluorescence within the
microvessels in all control groups. However, 24 hours post-injection of siRNA targeting claudin-5, fluorescence detected was diffuse
and outside of the microvessels in contrast to the control groups at the same time point. At 48 hours post-injection of claudin-5
siRNA, the distribution of the biotinylated molecule was abundant in the brain parenchyma, while this permeability was still evident
72 hours post-delivery of siRNA when compared to the control groups. In mice 1 week post-injection of siRNA targeting claudin-5,
it was observed that the biotinylated reagent did not deposit in the parenchyma following perfusion for 5 min. The EZ-Link TM
Sulfo-NHS-Biotin was observed within the microvessels of the brain. Scale bar for 24 and 48 hour time points approx 200 µm. Scale
bar for 72 hour and 1 week time points approx 100 µm. All tracer experiments were repeated in mice at least five times

The hydrodynamic approach for delivery of siRNAs to
endothelial cells of the brain microvasculature appeared
to be highly efficient in suppressing claudin-5 expression
(Figures 1A and 1B). This method of delivery caused
no apparent harm and was well tolerated in mice.
Our Western data showed that we achieved maximum
suppression of claudin-5 48 hours after delivery of
the siRNA, with levels of expression of claudin-5
returning to normal between 72 hours and 1 week after
injection.
Following these initial observations, we endeavoured
to determine if, similar to the claudin-5 knockout mouse,
the BBB became compromised to small molecules when
claudin-5 expression was suppressed. When claudin-5 was
targeted, its microvessel-associated expression became
discontinuous and fragmented, with levels appearing
dramatically reduced 48 hours after injection of claudin-5
siRNA (Figure 2). In order to determine whether RNAimediated suppression of claudin-5 elicited changes in
expression of other TJ-associated proteins, we analysed
levels of expression of the transmembrane TJ-associated
proteins claudin-1 and occludin. Both of these TJ
proteins have been implicated in mediating changes in
the paracellular permeability of TJs, and it appeared
Copyright  2008 John Wiley & Sons, Ltd.

that their levels of expression and localisation remained
largely unchanged following injection in mice of siRNA
targeting claudin-5 (Figures 3A, 3B, and 4A–4D). These
data highlight the specificity of claudin-5 siRNA used in
this approach. Immunohistochemical analysis of occludin
expression also showed no aberrancies at any time postinjection of siRNA targeting claudin-5 (Supplementary
Figure 6, Supplementary Material).
Following perfusion of mice with the biotinylated
molecule EZ-Link TM Sulfo-NHS-Biotin for 5 min, we
observed a significant compromise in barrier function
up to and including 72 hours post-delivery of siRNA
targeting claudin-5. EZ-Link TM Sulfo-NHS-Biotin has
a molecular weight of 443 Da, and will normally not
cross the BBB if the TJs are intact, as observed in the
control groups. Interestingly, 1 week after delivery of
claudin-5 siRNA, this molecule no longer crossed the BBB
(Figure 5), suggesting that consistent with real-time PCR
and Western analyses, this compromise in BBB function
is a transient and reversible process. Upon perfusion of
the nuclear stain Hoechst H33342 which has a molecular
weight of 562 Da and the FITC-labelled dextran FD-4
(4400 Da), extravasation of Hoechst was observed up to
and including 48 hours post-delivery of siRNA targeting
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Figure 6. Extravasation of Hoechst H33342 dye from brain and retinal microvessels. Extravasation of Hoechst H33342 from the
brain microvessels was manifested by distinct staining of nuclei in surrounding neural and glial cells 24 and 48 hours post-delivery of
claudin-5 siRNA when compared to control groups. This extravasation was not evident in sections 72 hours or 1 week post-injection
of siRNA targeting claudin-5. No extravasation of FD-4 was observed in the brain parenchymal tissue at any time point following
siRNA injection, or in the control groups. This highlights the size-selective nature of RNAi-mediated targeting of claudin-5. Scale
bar approx. 20 µm (A). Extravasation of Hoechst was also evident in 12 µm retinal cryosections, with the inner nuclear layer (INL)
appearing stained at 24 hours and distinct outer nuclear layer (ONL) staining at 48 hours post-delivery of CLDN5 siRNA. In all
control groups, Hoechst staining was manifested solely in the nuclei of retinal blood vessels which diffuse within the retina as far
as the outer plexiform layer (OPL). Scale bar approx. 20 µm. IPL: inner plexiform layer; GCL: ganglion cell layer (B)
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Figure 7. (A) MRI analysis of BBB integrity. The MRI contrasting agent Gd-DTPA was used to ascertain BBB integrity in mice
following ablation of claudin-5 transcripts. The image to the left of each time point is the T1 -weighted image of the mouse brain
before injection of Gd-DTPA, while the image to the right is the contrasting of the mouse brain following injection of Gd-DTPA. The
images are taken coronally moving from the cerebellum (upper images) aspect of the brain to the olfactory bulb (lower images),
with intervening images showing contrasting within the hippocampal and cortex regions. At 24 and 48 hours post-injection of
claudin-5 siRNA, it was observed that Gd-DTPA crossed the BBB and was deposited within the brain. Strong contrasting was also
observed in the eye when compared to the control groups of animals at the 48-hour time point but not at the other time points. The
most significant infiltration and deposition of Gd-DTPA (742 Da) into the parenchyma occurred at 24 and 48 hours post-injection
of siRNA targeting claudin-5 (All MRI scans were repeated a minimum of twice). This infiltration of the contrasting agent was not
present in the control groups of mice, nor was it present in mice 72 hours or 1 week post-injection of siRNA targeting claudin-5.
(B) Densitometric analyses of MRI scans in selected regions of the cerebellum, hippocampus and cortex for each time point and
with each treatment were combined and are represented as a bar chart. There was a significant increase in contrasting within these
regions at 24 hours (∗∗ P < 0.05) and 48 hours (∗∗ P < 0.05) post-injection of claudin-5 siRNA when compared to the control groups.
(C) Quantitative MRI analysis. The image is represented as follows; the red end denotes very little change in the slope of the linear
fit, determined for every pixel in the MRI scans of mice. The green areas show some change and blue areas denote a large change in
the rate of Gd-DTPA deposition. The graph below the quantitative image (C) shows the change in intensities in the left ventricle over
a 28-min time course after Gd-DTPA injection. The data in the graph is plotted as the natural logarithm (ln) of the signal intensity
(y-axis) against time in minutes on the x-axis (each unit on the x-axis is 128 s long). The red line represents the non-targeting
control siRNA-injected mouse; the yellow line represents the 24-hour time point post-injection of siRNA targeting claudin-5; while
the green line represents the 48-hour time point post-injection of claudin-5 siRNA. Thin lines = raw data of intensities at the 14
time points; thick lines = mathematically calculated linear fit for the time points; dotted lines = the standard error for the linear fit
using chi-squared evaluation
Copyright  2008 John Wiley & Sons, Ltd.
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Figure 7. (Continued)

claudin-5 in both the brain and the retina; however, unlike
EZ-Link TM Sulfo-NHS-Biotin, this extravasation was not
evident after 72 hours post-siRNA delivery, suggesting
a restoration of barrier integrity to a molecule of 562
Da, and implying a time-dependent and size-selective
opening of the BBB, as FD-4, which has a molecular
weight of approximately 4400 Da, does not cross the
BBB at any time points following suppression of claudin-5
Copyright  2008 John Wiley & Sons, Ltd.

(Figure 6). This observation was noted throughout the
brain, and lends further proof to the finding that, in
tandem with being a transient event, RNAi of claudin-5
expression appears to cause a size-selective increase in
BBB permeability.
Following MRI analyses, we observed extremely large
quantities of Gd-DTPA deposited throughout the brain
24 and 48 hours post-delivery of claudin-5 siRNA. BBB
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Figure 8. TRH injection following RNAi-mediated BBB modulation. This graph outlines the distinct changes in mobility observed
upon administration of 20 mg/kg TRH in mice 48 hours after tail vein injection of a non-targeting siRNA and 48 hours post-injection
of siRNA targeting claudin-5. When the BBB was compromised, the behavioural output following TRH injection 48 hours
post-delivery of siRNA targeting claudin-5 was manifested by a significant cessation of mobility that remained for up to five
times longer than that observed in the non-targeting control mice (∗∗ P = 0.0041)

breakage to a molecule of 742 Da was a transient event,
as 72 hours and 1 week post-injection of siRNA targeting
claudin-5, there appeared to be no infiltration of GdDTPA as observed in T1 -weighted images. Interestingly,
infiltration of Gd-DTPA was also evident in the eye at 24
and 48 hours post-injection of siRNA targeting claudin-5,
showing a compromise in the BRB as levels of claudin-5
decrease (Figure 7A).
As siRNA was administered via the tail vein, and given
the fact that claudin-5 is expressed in microvascular
endothelial cells of the lung and the heart, we wished to
assess whether siRNA targeting claudin-5 would adversely
affect endothelial cell morphology in the liver, lung,
kidney or heart. Cryosections of each of these organs were
prepared at all time points following injection of siRNA
targeting claudin-5 and incorporating the appropriate
controls. Sections were stained with HRP-conjugated
Griffonia simplicifolia-isolectin B4, which binds to intact
endothelial cells, and showed that endothelial cell
morphology appeared similar at all time points and in all
major organs following siRNA injection when compared
to the control groups (Supplementary Figures 1–4,
Supplementary Material). The role of claudin-5 in organs
other than the brain and eye has not been well
characterised, and it is important to note that it does
not appear to be fundamental in maintaining the sizeselective properties of the TJs associated with these other
organs [27].
It has been hypothesised that claudin-5 may play
a very important role in development, since the
gene is frequently deleted in velo-cardio-facial/DiGeorge
syndrome patients [28]. Therefore, given its documented
role in BBB function, this may explain why fully developed
adult mice display no obvious side effects when claudin5 is transiently suppressed following systemic delivery
Copyright  2008 John Wiley & Sons, Ltd.

of siRNA. Also, rather than ‘knocking out’ claudin-5, a
transient suppression of its expression appears to cause
little adverse effects in mice. It should be noted that during
all time points employed in this study, we observed no
distinct or noticeable behavioural changes in these mice,
while the gross histology of vibratome, cryosections and
high-resolution anatomical MRI scans of the brain appear
normal under all experimental conditions (results not
shown).
In order to determine if the BBB modulation approach
could be used for the delivery of active agents to the
brains of mice, we tested the efficiency of delivery of
TRH. TRH is a tripeptide hormone that stimulates the
release of thyroid-stimulating hormone from the anterior
pituitary. TRH is produced by the hypothalamus in the
brain and has a molecular weight of approximately
360 Da. It has been proposed to possess numerous
neuroprotective effects [29]. Concomitantly, its passage
across the BBB is extremely slow, producing short-lived
behavioural outputs in mice [30]. Previous studies using
TRH have strongly suggested that its passage across the
BBB is via passive paracellular diffusion [31]. As it is also
highly unstable when injected systemically, the majority
of TRH will be degraded before it reaches the brain.
Due to its small size, negatively charged properties, and
behavioural output, TRH was an ideal candidate for this
particular set of experiments. Our results strongly suggest
that increased quantities of TRH are passively diffusing
across the BBB as the paracellular pathway has been
compromised in a size-selective manner.
A striking difference that we observed in mice following
injection of TRH 48 hours after delivery of siRNA
targeting claudin-5 was that the animals were significantly
(∗∗ P = 0.0041) immobilised for periods of up to 4.5 min
when compared to mice that had received a non-targeting
J Gene Med 2008; 10: 930–947.
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siRNA 48 hours prior to TRH injection (Figure 8). These
data suggest that the delivery of TRH to the brain was
significantly enhanced following ablation of claudin-5 at
the BBB to allow for the passage of small molecules
(see also supplementary data in video file format,
Supplementary Figure 5, Supplementary Material).
Overall, these data clearly demonstrate that it is
possible to systemically deliver siRNA molecules to the
endothelial cells of the BBB. Targeted suppression of
the TJ protein claudin-5 causes both a transient and
size-selective increase in paracellular permeability of the
barrier, which will allow for the delivery of molecules
which would otherwise be excluded from the brain. Unlike
the transient opening of the BBB observed with mannitol
infusion, this opening of the paracellular pathway appears
to be size-selective in nature. Further work will elucidate
a more accurate size selectivity that is being observed and
any broad transcriptional changes occurring in the brain
following suppression of claudin-5 will be analysed using
a ‘BBB genomics approach’. Both behavioural analyses
and functional MRI studies will also allow for the
identification of any characteristic changes in behaviour
and neuronal function associated with opening of the
BBB. Furthermore, an exact turnover rate of claudin-5
will be elucidated by incorporating a large range of time
points between 24 and 72 hours post-injection of siRNA
targeting claudin-5.
The potential to exploit transient compromises in BBB
integrity has far-reaching implications for the development of experimental animal models of neurodegenerative and neuropsychiatric diseases, for therapeutic
applications involving drug delivery/drug screening in
mice with xenografted or spontaneously occurring brain
tumours, and for advancing our understanding of BBB
function in general.
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Abstract
Arterial spin labelling (ASL) is a magnetic resonance imaging (MRI) technique
that can be used to provide a quantitative assessment of cerebral perfusion.
Despite the development of a number of theoretical models to facilitate
quantitative ASL, some key challenges still remain. The purpose of this study
is to develop a novel quantitative ASL method based on a macroscopic model
that reduces the number of variables required to describe the physiological
processes involved. To this end, a novel Fokker–Planck equation consisting
of stochastically varying macroscopic variables was derived from a general
Langevin equation. ASL data from the rat brain was acquired using a bolustracking ASL protocol where a bolus of labelled spins flowing from an inversion
plane in the neck into an imaging plane in the brain can be observed. Bolus
durations of 1.5 s, 2.0 s and 3.0 s were used and the solution to the Fokker–
Planck equation for the boundary conditions of bolus-tracking ASL was fitted
to the experimental data using a least-squares fit. The mean transit time (MTT)
and capillary transit time (CTT) were calculated from the first and second
moments of the resultant curve respectively and the arterial transit time (ATT)
was calculated by subtracting the CTT from the MTT. The average MTT,
CTT and ATT values were 1.75 ± 0.22 s, 1.43 ± 0.12 s and 0.32 ± 0.04 s
respectively. In conclusion, a new ASL protocol has been developed by
combining the theoretical model with ASL experiments. The technique has the
unique ability to provide solutions for varying bolus volumes and the generality
of the new model is demonstrated by the derivation of additional solutions for
the continuous and pulsed ASL (CASL and PASL) techniques.
(Some figures in this article are in colour only in the electronic version)
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1. Introduction
Arterial spin labelling (ASL) is an MRI technique capable of measuring the perfusion state
of brain tissue. The technique uses either inversion or saturation pulses to invert or saturate
the magnetization of water molecules in inflowing arterial blood (Dixon et al 1986, Detre
et al 1992, Williams et al 1992). Labelled water molecules are delivered to a volume of
interest in the brain where they are exchanged between the capillary bed and extravascular
water. Consequently, the longitudinal magnetization of brain tissue is altered and contrast is
provided between perfused and stationary tissue (Buxton et al 1998). In order to remove the
contribution of tissue to the labelled image, a control image of the plane of interest is acquired
in which the inflowing arterial blood is not labelled. Labelled and control images are generally
acquired in a temporally interleaved fashion and difference images are obtained by subtracting
adjacent pairs of control and labelled images. These difference images provide a qualitative
assessment of perfusion (Liu and Brown 2007). However, for a more complete quantitative
assessment of perfusion from ASL data, the use of a theoretical model of the perfusion process
in combination with an ASL technique is required.
The most common approach is to attempt to describe the mechanisms by which labelled
arterial water is transported locally in the system using compartmental models. The singlecompartment model (Detre et al 1992, Williams et al 1992) was intrinsically based on Fick’s
principle, which states that the amount of labelled spins entering the system in arterial blood
must be equal to the amount being removed from the blood by the tissue plus the amount
leaving the system with venous blood (Kety and Schmidt 1948, Petersen et al 2006b). With
this approach, inverted arterial blood water is assumed to be a freely diffusible tracer which
implies that the exchange of this water with tissue water is instantaneous upon its arrival at
the capillary bed. A general kinetic model has been used (Buxton et al 1998) to describe the
magnetization difference between labelled and control images in ASL and include effects such
as changes in transit time. However, this model has since been shown to be equivalent to the
single-compartment model (Parkes 2005).
Subsequently, the two-compartment model was developed to incorporate an arterial
component within the voxel. This approach assumes that labelled water first relaxes with
the T1 of blood before crossing into the tissue compartment (Zhou et al 2001, Alsop and Detre
1996, Parkes and Tofts 2002). A parameter such as the permeability–surface area product, that
describes the exchange between the compartments, must be defined. With the likelihood being
that the system is in fact multi-compartmental in nature, this approach becomes prohibitively
complex.
More recently, a model-free ASL quantification approach has been introduced (Petersen
et al 2006a). The approach is based on the gold standard indicator dilution method for
measurement of blood flow (Meier and Zierler 1954). The arterial input function (AIF)
is measured locally and deconvolution of the tissue response function with the AIF allows
cerebral blood flow (CBF) to be calculated.
The model proposed here uses a non-compartmental approach that considers the ASL
signal response to be the result of individual water molecules taking a range of times to
traverse the system. The distribution of transit times is hypothesized to be due to the random
nature of pseudo-diffusion (figure 1) within the microvasculature (Coffey et al 1996, Kim and
Kim 2006) and the exchange of labelled spins between the capillary bed and extravascular
water (Silva et al 1997). By averaging over all particles in the entire volume, we arrive at a
Fokker–Planck equation that incorporates longitudinal relaxation of labelled spins. The model
depends on the global properties of the system as opposed to the local properties on which
compartmental models depend.
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Figure 1. Schematic representation of branching of cerebral vessels between the labelling and
imaging plane. Resultant dispersion of bolus shape is also shown.

A new ASL protocol, bolus-tracking ASL, was developed by combining this theoretical
model with ASL experiments in which boluses of varying duration were labelled using
the continuous arterial spin labelling (CASL) approach. The dispersion of the bolus profile
between the labelling and imaging locations was measured and subsequent fitting of the
theoretical model to the bolus shape yielded mean transit time (MTT), capillary transit time
(CTT) and arterial transit time (ATT) values. While the model is validated here using bolustracking ASL data, the generality of the model is demonstrated by the additional derivation
of a solution for continuous arterial spin labelling (CASL) and pulsed arterial spin labelling
(PASL).
2. Theory
2.1. Derivation of equation of motion
We hypothesize that the concentration of excited spins in the brain during ASL is affected by
three mechanisms: longitudinal relaxation, transport and diffusion. Firstly, we consider the
change in the concentration of excited spins due to longitudinal relaxation. The T1-relaxation
time of brain water in the absence of flow or exchange between blood and brain water is
initially assumed to be a constant throughout the measuring time. With this assumption, the
magnetization difference between the control and the labelled image can be expressed using
the Bloch equation:
(Mc (0) − Mc (t)) − (Ml (0) − Ml (t))
d(Mc (t) − Ml (t))
,
=
dt
T1

(1)

where Mc,l (t) is the concentration of longitudinal magnetization in arbitrary units of an imaging
voxel for the control and labelled image respectively and Mc,l (0) are these concentrations at
equilibrium. Since Mc (0) = Ml (0), (1) can be simplified to become
d(Mc (t) − Ml (t))
(Mc (t) − Ml (t))
.
=−
dt
T1

(2)

If we consider (Mc (t)−Ml (t)) as the concentration of labelled spins, c(t), the equation defining
the total change of the amount of labelled spins between a control image and a labelled image
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due to T1-relaxation is
dc(t)
c(t)
.
(3)
=−
dt
T1
The relaxation term must be coupled with terms representing bulk flow and random effects
within the microvasculature in order to derive the final equation of motion.
We will now use a general Langevin equation as the starting point for the derivation of
the Fokker–Planck equation. This equation is of the form (Coffey et al 1996)
dV
= F (V ) + (t),
(4)
dt
where V is any volume into which labelled spins can flow, F is the bulk flow rate in that volume
and  is a Gaussian noise term with zero mean and the delta correlated second moment given
by (Zwanzig 2001)
(t)(t  ) = 2P δ(t − t  ),

(5)

where P can be any function of the volume V. The first term on the right-hand side of (4)
represents the change in the volume of excited spins due to flow and the second term represents
the random nature of pseudo-diffusion within the microvasculature (Coffey et al 1996, Kim
and Kim 2006). Rather than looking for a general solution to (4) and (5), we ask for the
probability distribution of the concentration of excited spins, c(V, t), and more specifically
the average of this probability distribution over the noise. To solve this problem, we start by
recognizing that if T1 relaxation is temporarily neglected, c(V, t) is a conserved quantity and
the following conservation law can be defined:

c(V , t) dV = 1.
(6)
When a conservation law such as (6) is encountered, we expect that the time derivative of the
conserved quantity is balanced by the divergence of a flux (Zwanzig 2001), or a velocity times
a density in this case. This leads to the following equation:


∂
dV
∂c
+
c = 0.
(7)
∂t ∂V dt
However, in ASL, the relaxation of the excited spins, represented by (3), must be incorporated
into the conservation law as follows:


∂c
∂
c
dV
(8)
+
c =− .
∂t ∂V dt
T1
If the time derivative of the volume in (8) is replaced by the general Langevin equation in (4),
we get
∂
c(V , t)
∂c(V , t)
.
(9)
=−
(F (V )c(V , t) + (t)c(V , t)) −
∂t
∂V
T1
The stochastic differential equation in (9) can be used here to calculate the noise average
of the concentration of labelled spins (see appendix A for a description of this process).
Consequently, we arrive at the Fokker–Planck equation for the noise-averaged distribution of
excited spins (Zwanzig 2001, pp 36–9):
c
∂c
∂ 2c
∂c
− .
(10)
= −F
+P
∂t
∂V
∂V 2
T1
This equation incorporates the three factors that affect the concentration of labelled spins within
the volume: the first term on the right-hand side of the equation represents transport due to bulk
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flow or transport, the second term represents pseudo-diffusion within the microvasculature
and the third term represents relaxation of the labelled spins. The perfusion coefficient
P takes the dilution of the labelled magnetization due to random diffusion and exchange
between the capillaries and extravascular water into account and has units similar to diffusion
(volume2/time). The Fokker–Planck equation in (10) will now be solved for three experimental
conditions: CASL, PASL and ASL with a bolus of defined duration (bolus-tracking ASL).
2.2. CASL solution
In the case of CASL, the region of interest (ROI) is saturated with excited inflowing
magnetization. After saturation of the brain tissue, the concentration of magnetization is
constant with respect to time and consequently (10) can be simplified as follows:
F ∂c
c
∂ 2c
−
= 0.
−
2
∂V
P ∂V
P T1

(11)

The general solution of this equation is of the form
c(V ) = A exp(λ1 V ) + B exp(λ2 V ),
where the coefficients λ1,2 are given as



1F
4P
λ1 =
1− 1+
,
2P
T1 F 2

(12)

1F
λ2 =
2P


1+


4P
1+
T1 F 2


.

(13)

The constants A and B are given by the boundary conditions for saturation CASL. First, we
expect a minimum concentration for V → ∞. Secondly, at V = 0, a constant magnetization
C0 is delivered. With these conditions, we arrive at the solution to (10) for CASL:



 
1F
4P
1− 1+
V .
(14)
c(V ) = C0 exp
2P
T1 F 2

2.3. PASL solution
For the PASL solution, we consider an initial-value problem. The concentration of excited
spins at every point in the volume V is given by c = c0(V  , 0) for t = 0, where V  is some
known function of the volume. As we have seen, it is necessary to determine the distribution
of excited spins at all subsequent times in order to model the signal change in ASL. Under
this condition, the Fokker–Planck equation in (10) can be solved using a Fourier transform as
follows (Landau and Lifschitz 1984):



(V − V  − F t)2
exp(−t/T1 ) ∞

c0 (V , 0) exp −
(15)
dV  .
c(V , t) = √
4P t
4π P t
−∞
This formula determines the distribution of any contrast agent (T1 → ∞) in terms of the given
initial distribution. Considering the PASL experiment where only arterial blood is tagged we
can assume that the initial distribution is approximated by a delta function, δ(V) (arterial blood
volume  capillary blood volume). The integration of (15) leads to the solution to (10) for
PASL:


exp(−t/T1 )
(V − F t)2
.
(16)
exp −
c(V , t) = C0 √
4P t
4π P t
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2.4. Bolus-tracking ASL solution
ASL with a bolus of defined duration is a boundary-value problem. The magnetization labelled
by ASL at the labelling plane, V = 0 (where V is being used as a coordinate to denote location
in relation to labelling plane, as depicted in figure 1), enters the brain as time progresses.
However, at t = 0, the concentration of excited spins in the brain is zero. This leads to the
following set of boundary conditions for all ASL experiments:
c(V , t) = c0 (t)
c(V , t) = 0

for
for

V = 0,
t = 0, V > 0,

(17)

where c0(t) is the input function. These conditions enable the equation of motion to be solved.
Initially we solve the auxiliary problem in which c0(t) is represented by the delta function,
δ(t). The solution of this problem can be found using Laplace’s formula (Evans 1998). Using
this formula, we find a function that satisfies (10) and also approaches δ(t) for V → 0:


exp (−t/T1 ) V
(V − F t)2
exp −
.
(18)
c(V , t) = √
4P t
4π P t t
This function can be interpreted as the tissue response function r(V , t) multiplied by a
relaxation function, as we will see in section 2.5.
Since the equations are linear, the effects of the excited spins entering the brain at different
moments in time are simply additive and therefore the required solution of the equation of
motion in (10) with the boundary conditions defined above is


 t
exp(−(t − τ )/T1 ) V
(V − F (t − τ ))2
c0 (τ ) √
exp −
dτ,
(19)
c(V , t) =
4P (t − τ )
4π P (t − τ ) (t − τ )
0
where τ is the inversion pulse duration (the derivation of (19) from (10) is described in detail
in appendix B).
The solution for a boundary-value problem as described above allows us to solve the
special case for a rectangular input function (bolus), c0(t), defined by
c0 (t) = C0 ((t) − (t − τ )),

(20)

where C0 is the initial concentration of inflowing magnetization at the labelling plane, V = 0
and (t) is a rectangular function defined as (t) = 1 for t  0 and (t) = 0 for t < 0. Inserting
this input function into (19) gives the following solution to the Fokker–Planck equation for a
bolus of labelled spins:


 t
exp(−(t − τ )/T1 ) V
(V − F (t − τ ))2
exp −
dτ.
(21)
c(V , t) = C0
√
4P (t − τ )
4π P (t − τ ) (t − τ )
0
By defining the mean transit time, MTT, and a capillary transit time, CTT, as
MTT =

V
,
F

CTT =

P
,
F2

(22)

the dependent variables of solutions (19) and (21) can be reduced by one. Solution (21)
becomes


 t
exp(−(t − τ )/T1 ) MTT
(MTT − (t − τ ))2
c(V , t) = C0
exp −
dτ.
(23)
√
4CTT(t − τ )
4π · CTT(t − τ ) (t − τ )
0
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2.5. Comparison of the bolus-tracking ASL solution with existing theories
If we let the T1 relaxation time be infinite, we find that the MTT defined in (22) is equivalent
to the approach by Meier and Zierler (Meier and Zierler 1954, Zierler 1962). Simplified for a
δ(t), the first moment is given by
∞
t · r(V , t) dt
V
(24)
= MTT(22) ,
=
MTTZierler = 0 ∞
F
r(V
,
t)
dt
0
where r(V , t) is equivalent to the tissue response function given in (18). Similarly, the second
moment is given by
∞
P
1 0 (t − t̄1 )2 · r(V , t) dt
∞
(25)
= 2,
CTT =
2
F
0 t · r(V , t) dt
which has been interpreted as the time taken for labelled arterial water to be distributed at the
ROI (Gobbel et al 1991, Weisskoff et al 1993) or CTT. These definitions are in agreement
with the earlier hypothesis that a bolus is transported to the ROI due to bulk flow F and is then
dispersed at the ROI due to random effects within the microvasculature.
Additionally, further analysis of the solution to the Fokker–Planck equation for the
boundary conditions that describe the bolus-tracking ASL solution, (19), reveals the
conventional structure of a residue detection experiment with bolus dispersion (Calamante
et al 2000). The solution can be rewritten as follows:




 t
V
−(t − τ )
(V − F (t − τ ))2
co (t) exp
exp −
dτ.
c(V , t) =
T1
4P (t − τ )
4π P (t − τ )3
0
AIF

m(t−τ )

r(V ,t−τ )

(26)

From this it can be seen that the solution is equivalent to a convolution described by
c(V , t) = AIF ⊗ r(V , t) ⊗ m(t),

(27)

where the arterial input function, AIF, is defined in (20), m(t) is the relaxation function and
r(V , t) is the residue function, as shown in (18) above.
3. Methods
3.1. Animal preparation
Male Wistar rats (n = 3; 350–450 g body weight) aged between 4 and 4.5 months were used for
all experiments in accordance with the protocols approved by the Trinity College Dublin ethics
committee and the Irish Department of Health. Animals were anaesthetized using isoflurane
gas administered via a facemask (1.5–2.0% at 1 L min−1 of oxygen) during each experiment.
The rat was loaded onto a custom-built fibreglass cradle and temperature was monitored with
a rectal thermometer. The temperature was maintained using a warming surface controlled by
a water pump-driven temperature regulator (SA Instruments Inc., Stony Brook, NY, USA). A
mechanical ventilator (Ugo Basile, Comerio, VA, Italy) was used to deliver adequate inflowing
gas to the facemask and the respiration signal was monitored using a custom hardware and
software (SA Instruments Inc., Stony Brook, NY, USA).
3.2. ASL sequence
The ASL sequence consisted of a 5 s preparation interval followed by snapshot fast low angle
shot (FLASH) image acquisition (Kerskens et al 1996) as shown in figure 2. The preparation
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Snapshot
FLASH
Imaging

Inversion Pulse

τ

D1

D2

Figure 2. ASL sequence. Preparation interval contains the delays D1 and D2 and the inversion
pulse of duration τ .

Table 1. Variation of D1, D2 and τ for 1.5 s, 2.0 s and 3.0 s bolus
1.5 s bolus

2.0 s bolus

3.0 s bolus

Time point

D1

τ

D2

D1

τ

D2

D1

τ

D2

1
2
3
4
5
6
7
8
9
10
11

4.9
4.5
4.0
3.5
3.0
2.5
2.0
1.5
1.0
0.5
0.0

0.1
0.5
1.0
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5

0.0
0.0
0.0
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5

4.9
4.5
4.0
3.5
3.0
2.5
2.0
1.5
1.0
0.5
0.0

0.1
0.5
1.0
1.5
2.0
2.0
2.0
2.0
2.0
2.0
2.0

0.0
0.0
0.0
0.0
0.0
0.5
1.0
1.5
2.0
2.5
3.0

4.9
4.5
4.0
3.5
3.0
2.5
2.0
1.5
1.0
0.5
0.0

0.1
0.5
1.0
1.5
2.0
2.5
3.0
3.0
3.0
3.0
3.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.5
1.0
1.5
2.0

interval contained the inversion pulse and the delays D1 and D2. The delays D1 and D2 and
the inversion pulse duration τ were varied, as shown in table 1 for 1.5 s, 2.0 s and 3.0 s bolus
lengths, in order to simulate an inflowing bolus. The length of the bolus of labelled arterial
water was defined by the inversion pulse duration, τ . On inspection of table 1, it can be seen
that τ is less than the ultimate bolus length for the initial time points. This allows the full
concentration–time curve to be plotted, as shown in figure 4.
For each of the time points in table 1, it was necessary to acquire a labelled and control
image in order to create a difference image with perfusion contrast. During acquisition of
the labelled image, the principle of flow-induced fast adiabatic passage (Dixon et al 1986)
was used to supply inverted arterial spins to the imaging location. A rectangular pulse with
a maximum B1 amplitude of 120 mG and duration τ was approximated by ten shorter pulses
with durations defined by a duty cycle of 80% in order to reduce demands on the RF amplifier.
The RF power of the inversion pulse was set to achieve inversion at the desired location. The
pulse had a 2.8 kHz bandwidth and the gradient strength was set to 14 mT m−1 to provide an
inverted region thickness of 4.7 mm. The pulse frequency was offset by −12 000 Hz, resulting
in a tagging location 2 cm proximal to the imaging slice (from the centre of the labelling
plane to the centre of the imaging plane). A control image with the offset frequency reversed
(+12 000 Hz) was acquired, in which inflowing spins were left undisturbed. The inversion
and the control phases were repeated eight times for each time point in table 1 to provide
signal averaging and were also separated by a 10 s delay to allow the magnetization to return
to equilibrium.
The snapshot-FLASH imaging was acquired with centric phase encoding starting at zero
phase gradient. Centric phase encoding was chosen to enhance sensitivity to contrast provided
by inflowing labelled magnetization (Holsinger and Riederer 1990). The following parameters
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(c)

Figure 3. Images used to create the concentration–time curve for a 2 s inversion pulse. (a) Labelled
image (b) control image (c) difference image (b − a) showing cerebral cortex ROI.

were used: slice thickness = 2 mm, repetition time (TR) = 8.56 ms, echo time (TE) = 3.04 ms,
RF flip angle = 30◦ , field of view (FOV) = 3.0 × 3.0 cm, image matrix = 128 × 64, receiver
bandwidth = 100 kHz. The total measurement time for the 11 time points described above
and eight signal averages was approximately 15 min.
All imaging was performed on a 7 T, 30 cm bore animal MR system (Bruker Biospin,
Ettlingen, Germany). A 7 cm diameter volume coil was used for transmission of the ASL
and FLASH excitation pulses. Signal detection was performed using a surface coil. The
gradient coils used have a maximum gradient strength of 400 mT m−1. However, for the ASL
preparation, a maximum of 10% of this value was used.
3.3. T1 measurement
T1 maps were generated using the inversion recovery prepared true fast imaging with a steadystate precession (IR-TrueFISP) technique (Scheffler and Hennig 2001). Maps from n =
9 animals of the same type (male Wistar), weight range (350–450 g) and age (4–4.5 months)
as those used in the ASL measurements were generated and subsequently averaged to improve
the accuracy of the calculated T1 values. The imaging location was matched to the location
used in the ASL measurements and average T1 values for the cerebral cortex, hippocampus
and whole-brain regions of interest were calculated. The following parameters were used:
slice thickness = 2 mm, TR = 3.0 ms, TE = 1.5 ms, RF flip angle = 30◦ , FOV = 3.0 × 3.0 cm,
image matrix = 128 × 128.
The resultant T1 values used in the data analysis step were 1.70 s, 1.74 s and 1.63 s for
the cerebral cortex, hippocampus and whole brain respectively. These values are in agreement
with previously quoted values in the literature (Zappe et al 2007, Ewing et al 1999).
3.4. Data analysis
The labelled and control images shown in figures 3(a) and (b) were acquired for each of the
11 time points shown in table 1. Difference images, such as the image in figure 3(c), with
signal intensities proportional to the concentration of excited spins were formed by subtracting
corresponding pairs of labelled and control images. Each difference image was normalized
to the equilibrium magnetization by dividing by the appropriate control image. ROIs within
the cerebral cortex were selected in the control images and transferred to the normalized
difference images using the ImageJ ROI tool (Rasband W.S., Bethesda, MD, USA). The
regions selected did not contain any major blood vessels. Concentration–time curves were
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created by calculating the mean signal intensity within the ROIs and plotting the change in
signal versus time, where the time, t, is defined as t = τ + D2 (figure 2).
The bolus-tracking ASL solution in (23) was rewritten as follows:





c0
MTT
MTT
1
1
c(V , t) =
exp
erfc √
+
t
−
2
2CTT
4 CTT T1
4 CTT · t


t=t

1
1
MTT

,
(28)
+
× exp − √


CTT 4CTT T1
t=t−τ

where erfc is the error function (Cody 1969). The curve-fitting routine in IDL (Research
Systems, Boulder, CO, USA) was used to fit (28) to the experimental concentration–time
curves. The routine used a gradient expansion algorithm to compute the least-squares fit of
the theoretical model to the data. In order to facilitate the curve-fitting procedure, (28) was
parameterized as follows: A[0] = c0 /2, A[1] = MTT/(2 CTT), A[2] = CTT/4.
From our definition of volume, we can describe the MTT as the total transit time from the
labelling plane to the imaging plane. If we subtract the CTT from this value, we obtain the
ATT (time from the labelling plane to the beginning of the capillary bed),
ATT = MTT − CTT.

(29)

4. Results
Cerebral cortex, hippocampus and whole-brain ROIs were selected as described above. The
data from these ROIs for varying bolus length were successfully fitted to the theoretical model
for each of the three animals. The resultant fits for one animal are shown in figure 4. The
MTT, CTT and ATT were calculated from the fitting parameters using (24), (25) and (29)
respectively. The ultimate values of the fitting parameters and the resultant MTT, CTT and
ATT values for all three animals are shown in table 2. The errors in the transit time values
were calculated from the standard errors of the parameters A[1] and A[2] and the transit times
are quoted in terms of this error in table 2 (P < 0.05).
The average MTT, CTT and ATT values were calculated as 1.82 s, 1.54 s and 0.28 s
respectively for animal 1; 1.76 s, 1.43 s and 0.33 s respectively for animal 2; and 1.68 s, 1.32 s
and 0.36 s respectively for animal 3. The variation in MTT, CTT and ATT for varying ROI
and bolus length is illustrated in figures 5(a) and (b). As stated above, the labelling pulse
offset frequency and the gradient strength were chosen to ensure that the labelling plane was
located approximately 2 cm upstream from the capillary bed. For an ATT of approximately
0.3 s, this corresponds to an average arterial-arteriolar velocity of approximately 7 cm s−1.
5. Discussion
We have described a new experimental protocol and theoretical model for quantitative ASL
called bolus-tracking ASL. By combining a novel theoretical description of cerebral perfusion
with ASL experiments that simulate the passage of a bolus of excited spins through a ROI,
a new technique that provides physiological parameters that can be of interest in the clinical
and research settings has been developed.
The technique has the unique ability to provide transit time values for varying bolus lengths
and the generality of the model is demonstrated by the derivation of additional solutions for
both the CASL and PASL techniques (by varying the initial or boundary conditions used to
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

Figure 4. Least-squares fit of the ASL model to data. (a, b, c) 1.5 s, 2.0 s and 3.0 s bolus length
for cerebral cortex ROI. (d, e, f) 1.5 s, 2.0 s and 3.0 s bolus length for hippocampus ROI. (g, h, i)
1.5 s, 2.0 s and 3.0 s bolus length for whole-brain ROI.

(b) Mean MTT, CTT and ATT variation for

Mean MTT, CTT and ATT variation for
varying region of interest

varying bolus length

2.0

2.0

1.5

1.5

CC
HC
WB

1.0
0.5
0.0

Time (secs)

Time (secs)

(a)

1.5 s
2.0 s
3.0 s

1.0
0.5
0.0

Mean MT T

Mean CT T

Mean AT T

Mean MT T

Mean CT T

Mean AT T

Figure 5. Variation in MTT, CTT and ATT for (a) varying region of interest and (b) varying bolus
length. Results averaged over all subjects (n = 3); error bars illustrate one standard deviation from
the mean.

solve the problem). The experimental results are comparable to previously quoted transit time
values in the literature (Shockley and LaManna 1988, Thomas et al 2006).
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Table 2. Fitting parameters, MTT, CTT and ATT following least-squares fit of the ASL model to
data from the cerebral cortex (CC), hippocampus (HC) and whole brain (WB) in three male Wistar
rats.

ROI

Bolus (s)

T1 (s)

A[0]

A[1]

A[2]

MTT (s)

CTT (s)

ATT (s)

CC
CC
CC
HC
HC
HC
WB
WB
WB

1.5
2.0
3.0
1.5
2.0
3.0
1.5
2.0
3.0

1.70
1.70
1.70
1.74
1.74
1.74
1.63
1.63
1.63

0.097
0.096
0.089
0.099
0.099
0.095
0.103
0.104
0.102

0.601
0.608
0.611
0.620
0.619
0.627
0.617
0.622
0.613

0.169
0.172
0.178
0.184
0.178
0.181
0.172
0.173
0.169

1.778 ± 0.257
1.767 ± 0.167
1.716 ± 0.276
1.685 ± 0.168
1.739 ± 0.219
1.732 ± 0.232
1.794 ± 0.212
1.798 ± 0.190
1.814 ± 0.153

1.479 ± 0.206
1.453 ± 0.133
1.404 ± 0.217
1.359 ± 0.130
1.404 ± 0.170
1.381 ± 0.214
1.453 ± 0.166
1.445 ± 0.147
1.479 ± 0.120

0.299 ± 0.043
0.314 ± 0.030
0.312 ± 0.050
0.326 ± 0.033
0.334 ± 0.042
0.351 ± 0.067
0.340 ± 0.040
0.353 ± 0.037
0.334 ± 0.028

CC
CC
CC
HC
HC
HC
WB
WB
WB

1.5
2.0
3.0
1.5
2.0
3.0
1.5
2.0
3.0

1.70
1.70
1.70
1.74
1.74
1.74
1.63
1.63
1.63

0.130
0.127
0.108
0.132
0.121
0.111
0.155
0.133
0.119

0.596
0.589
0.590
0.604
0.598
0.596
0.570
0.585
0.578

0.165
0.161
0.159
0.175
0.172
0.168
0.158
0.155
0.151

1.806 ± 0.200
1.829 ± 0.254
1.855 ± 0.166
1.726 ± 0.262
1.738 ± 0.227
1.774 ± 0.215
1.804 ± 0.325
1.887 ± 0.321
1.914 ± 0.334

1.515 ± 0.162
1.553 ± 0.208
1.572 ± 0.136
1.429 ± 0.208
1.453 ± 0.182
1.488 ± 0.174
1.582 ± 0.275
1.613 ± 0.265
1.656 ± 0.279

0.291 ± 0.032
0.276 ± 0.038
0.283 ± 0.025
0.297 ± 0.045
0.285 ± 0.037
0.286 ± 0.035
0.222 ± 0.040
0.274 ± 0.047
0.258 ± 0.045

CC
CC
CC
HC
HC
HC
WB
WB
WB

1.5
2.0
3.0
1.5
2.0
3.0
1.5
2.0
3.0

1.70
1.70
1.70
1.74
1.74
1.74
1.63
1.63
1.63

0.096
0.094
0.101
0.091
0.087
0.089
0.106
0.107
0.104

0.634
0.641
0.657
0.628
0.634
0.630
0.648
0.639
0.624

0.187
0.190
0.197
0.193
0.195
0.191
0.189
0.188
0.179

1.695 ± 0.241
1.687 ± 0.127
1.668 ± 0.173
1.627 ± 0.207
1.626 ± 0.239
1.649 ± 0.159
1.714 ± 0.074
1.699 ± 0.259
1.743 ± 0.218

1.337 ± 0.182
1.316 ± 0.095
1.269 ± 0.126
1.295 ± 0.158
1.282 ± 0.180
1.309 ± 0.121
1.323 ± 0.055
1.330 ± 0.194
1.397 ± 0.168

0.358 ± 0.051
0.371 ± 0.028
0.398 ± 0.041
0.332 ± 0.042
0.344 ± 0.051
0.340 ± 0.033
0.392 ± 0.017
0.370 ± 0.056
0.346 ± 0.043

The gold standard model for perfusion quantification is the indicator-dilution method
(Meier and Zierler 1954). In this method, time-domain impulse (delta) functions were used
and the MTT was calculated from the first moment integral. The Fokker–Planck equation that
defines our model has also been solved for a delta input function, with the solution given in (18).
If this solution for c(V, t) is inserted into the first moment integral in (24) (for T1 = ∞), the
result is again the MTT. As a result, our physiologically based model is found to be equivalent
to the statistical indicator-dilution method.
The Fokker–Planck model employed in this study considers average parameter values
over the entire volume. The averaging of the parameters becomes apparent in the derivation.
The Langevin equation chosen as the starting point for the derivation considers the effects of
the system on a single particle. Following the averaging process (appendix A), we arrive at
the general Fokker–Planck equation for the noise-averaged distribution of excited spins. With
this non-compartmental approach, a complete assessment of the exact mechanisms by which
labelled spins are dispersed in the system is not necessary. Instead, the brain is treated as
a ‘black box’ for which an average flow, volume and perfusion coefficient is assumed. As
a result, it is not necessary to measure locally defined parameters such as the permeability–
surface area product on which compartmental models depend (Alsop and Detre 1996, Parkes
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and Tofts 2002). In addition, it is not necessary to measure the AIF locally as is required when
model-free approaches are used (Petersen et al 2006a). Our Fokker–Planck equation is also
one-dimensional (volume) in nature. Thus, it provides a mathematically simpler solution than
would be obtained using an adapted Bloch–Torrey equation approach, which must be defined
in three dimensions.
However, while we currently consider an average flow rate, volume and perfusion
coefficient, it is well established that the T1 relaxation rate varies as a function of tissue and ROI
and is also known to decrease following transfer from the capillaries to brain tissue (Parkes
and Tofts 2002). Consequently, the T1 parameter is measured locally and ROI-specific values
are used when fitting the theoretical model to the experimental data. In future developments
of the theory, we also intend to incorporate a dependence on volume for the flow and perfusion
coefficient parameters.
It can be seen from the results presented in table 2 and from figure 5(b) that the transit time
values are consistent for varying bolus length. The transit time measurements for the 1.5 s,
2.0 s and 3.0 s bolus lengths are found to be within the error bars for each of the ROIs in all
three subjects. The ability to provide consistent transit time measurements for varying bolus
lengths is exclusive to this model. The absolute error in the measurements could be reduced by
improving the signal-to-noise ratio (SNR) of the ASL technique. This can be achieved either
through the use of a second coil (Zhang et al 1995, Zaharchuk et al 1999) or by employing a
more sophisticated preparation technique such as the transfer insensitive labelling technique
(TILT) (Golay et al 1999).
The total measurement time for each experiment was approximately 15 min. While this
scanning time may seem prohibitively long, the protocol duration can be significantly reduced
to improve the practicality of the method. Eleven time points and eight signal averages
were used in this study to provide sufficient SNR and measure the entire concentration–time
curve (figure 4), as the aim was to provide proof of concept and validate the theoretical
formulation. However, as only three fitting parameters are necessary to perform the leastsquares fit, conceivably four time points would be sufficient to quantify the transit times. This
coupled with the use of a specific labelling coil, as described above, would greatly reduce the
measurement time.
The quantification of flow and volume is not possible using the model presented here.
This is because time is the only physical quantity in our experiment and the volume in question
cannot be quantified (flow = volume/time). As a result, transit times are the only quantifiable
parameters. However, the separation of the MTT into an arterial (ATT) and a capillary bed
(CTT) component and the ability of the technique to provide reproducible results for these
transit times holds much promise for future applications in the field of neuroscience. It
has previously been hypothesized that the second moment of the concentration–time curve
describes the time taken for a bolus of contrast agent to be distributed at a ROI (Gobbel et al
1991, Weisskoff et al 1993). As a result, the second moment has been used as a quantitative
measure of micro-flow heterogeneity of contrast agents in the capillary bed (Tomita et al
2002). Also, in non-compartmental pharmacokinetic analysis, the time spent by a delivered
pharmaceutical at the ROI is quantified by the second moment of the concentration–time curve
(Purves 1994).
In the case of ASL, contrast is provided by labelled arterial water that is known to
exchange between the capillary bed and surrounding tissue. Consequently, we use the second
moment of the concentration–time curve to describe the time taken for the labelled spins
to be dispersed at the ROI. It follows that a comparison of the transit times obtained using a
purely intravascular contrast agent with those obtained using the bolus-tracking ASL technique
would be of fundamental interest in the field of MRI. The uniqueness of our theoretical model
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when compared to alternative ASL models is its ability to quantify the second moment of the
concentration–time curve and thereby quote not only the MTT but also the CTT and ATT. The
change in the absolute values of the MTT, CTT and ATT parameters in varying physiological
and pathophysiological conditions such as neuronal activation, ageing, high blood pressure
and Alzheimer’s disease may prove to be particularly interesting.
In conclusion, we believe that we have found a theoretical description of both the CASL
and PASL techniques that balances the complexity of the biological system with the potentials
of ASL and also has considerable potential for future development.
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Appendix A. Derivation of Fokker–Planck equation from stochastic differential
equation
The stochastic differential equation in (9) can be simplified by the introduction of an operator
∂
(F (V ) ). This allows the noise-free component of (9) to be written as
defined as L = ∂V


1
c(V , t)
∂c(V , t)
= −L −
= −Lc(V , t) −
c(V , t).
(A.1)
∂t
T1
T1
A symbolic solution to this equation as an initial value problem is
(−L− T1 )t

c(V , t) = e

1

c(V , 0).

(A.2)

If we reincorporate the noise term in (9), the time derivative of the concentration of excited
spins is given by


1
∂
∂c(V , t)
= −L −
(t)c(V , t).
(A.3)
c(V , t) −
∂t
T1
∂V
(A.2) gives the form of the solution for the first two terms on the right-hand side of (A.3).
Integration over time leads to the following solution (Zwanzig 2001):
 t
(−L− T1 )t
(−L− T1 )(t−t  ) ∂
1
1
c(V , 0) −
e
(A.4)
(t  )c(V , t  ) dt  ,
c(V , t) = e
∂V
0
where it should be noted that c(V, t) depends on the noise  only for times t that are earlier
than t. By substituting (A.4) into (A.3), a series expansion for c in powers of the noise can be
developed:


1
∂
∂
∂
c(V , t) = −L −
(t)c(V , 0) +
(t)
c(V , t) −
∂t
T1
∂V
∂V
 t
(−L− T1 )(t−t  ) ∂
1
×
e
(A.5)
(t  )c(V , t  ) dt  .
∂V
0
The final step in the derivation of the Fokker–Planck equation is to take the average of (A.5)
over the noise. If we recall the assumptions made about the noise, the term with the single 
averages to zero. The final term contains two noise factors (t) and (t ). When these two
noise factors are paired and (5) is considered, it can be concluded that the averaging process
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introduces a factor P and a delta function. The delta function removes the e−L(t−t ) term in
(A.5) and if the operator L is expanded as per its definition, we arrive at the Fokker–Planck
equation for the noise-averaged distribution of excited spins:
c(V , t)
∂
∂
∂
∂
c(V , t) = −
c(V , t) −
.
(A.6)
F (V ) c(V , t) +
P (V )
∂t
∂V
∂V
∂V
T1
In this formulation, we assume that the flow F and the perfusion coefficient P are constant with
respect to volume. This allows (A.6) to be written in a simplified form as the Fokker–Planck
equation (10).
Appendix B. Solution to the Fokker–Planck equation for the boundary conditions that
describe bolus-tracking ASL
Applying the Laplace transformation to the equation of motion (10) with respect to t gives
∂ 2 C(s, V ) C(s, V )
∂C(s, V )
−
,
(B.1)
+P
∂V
∂V 2
T1
where C0(s) is the Laplace transform of c0(t), C(0, s) = C0(s) and C(∞, s) = 0. The solution
to (B.1) has been found (similar process to section 2.2):



FV
4P
V
2
F +
+ 4P s .
(B.2)
−
C(V , s) = C0 (s) exp
2P
2P
T1
sC(s, V ) = −F

The inversion formula of the Laplace transformation can be written then as
 c+i∞

FV
− V F 2 + 4P
T1 +4P s
c(V , s) = e 2P
C0 (s) est e 2P
ds.

(B.3)

c−i∞

Using the substitution s = s  −

F2
4P

− T11 , equation (B.3) simplifies to
 c+i∞
√
FV
F2
1

− √V s 
2P − 4P − T1
C0 (s) es t e P
ds  .
c(V , s) = e

(B.4)

c−i∞

The integral in (B.4) solves as follows (Kevorkian 2000):
 c+i∞
√
V
V2

− √V s 
C0 (s) es t e P
ds  = √
e− 4P t .
(B.5)
3
4π P t
c−i∞
Combining equations (B.4) and (B.5) and using the convolution theorem lead to the solution


 t
exp(−(t − τ )/T1 ) V
(V − F (t − τ ))2
c0 (τ ) √
exp −
dτ.
(B.6)
c(V , t) =
4P (t − τ )
4π P (t − τ ) (t − τ )
0
This solution to the boundary value problem (19) allows the special case of a rectangular input
function (bolus) to be solved, thereby providing the bolus-tracking ASL solution that is used
in the curve-fitting procedure.
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Magnetite-based polyelectrolyte-coated nanostructures were fabricated and the potential for biomedical application assessed in mixed
glial cell cultures with nanostructure cellular internalization, cytotoxicty and contribution to magnetic resonance contrast generation
all examined.
Several experimental techniques in bioscience research have utilized
magnetic nanoparticles; these include cell sorting,1 cell labelling,2
targeted drug delivery,3 magnetic resonance imaging (MRI),4 and
magnetic thermotherapy.5
The use of these particles in animal experiments to track labeled
cells using MRI has led to the visualisation of cell migration in
various pathologies. Macrophage and T-cell infiltration from the
bloodstream to brain tissue, specifically the cerebellum, in animals
with experimental autoimmune encephalitis (EAE), which is an
animal model of multiple sclerosis, has been visualised using this
technique.6 Macrophage migration to the site of a cerebral blood
vessel infarct in animal stroke models has been similarly examined.7
The serial and non-invasive nature of MRI allows the repeated
interrogation of a living specimen but the lack of resolution at
a cellular level is a limitation of this technique. In contrast, fluorescence microscopy affords greater spatial resolution and greater
potential to examine the behaviour of fluorescent contrast agents at
the cellular level.8 Therefore the use of MRI and fluorescence
microscopy are complementary in biomedical research. The use of
a bi-modal magnetic-fluorescent nanostructure9 would enable the
capabilities of both these techniques to be exploited.
Iron-oxide based magnetic nanoparticles have become the most
widely used superparamagnetic contrast agent in MRI. Their effect
on the relaxation time of water is measurable even at nanomolar
concentrations. As a result, the nanoparticulate agents are in many
ways complementary to the gadolinium agents. Nanoparticulate
agents also have advantages with respect to biocompatibility, selective uptake, targeted delivery and removal from the body, which can
be relatively easily modified by changing the size and the nature of the
surface coating of nanoparticles. These factors are particularly
important for in vivo medical applications.10 The main aims of our
work are to develop and investigate new multimodal magnetic-fluorescent nanostructures by combining a magnetic and a fluorescent
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entity in one species and utilise these nanomaterials for biological
imaging applications.
There are several reports on the application of multimodal
magnetic-fluorescent nanomaterials for cellular imaging. For
example, biocompatible iron oxide nanoparticles conjugated to
a fluorescent dye and the Tat-peptide have been investigated, using
confocal microscopy and T2-weighted MRI, following incubation
with primary human dermal fibroblast cells and Madin–Darby
bovine kidney derived cells.11 In another study, rhodamine-labeled
citric acid-capped magnetite nanostructures were utilised as fluorescent biological markers. These nanostructures were shown to be
readily taken up by KB cells in vitro and exhibited a response to
applied magnetic fields.12 Bertorelle et al.13 have demonstrated
intracellular uptake of maghemite nanoparticles, functionalized with
rhodamine B and fluorescein, in HeLa cells. It was found that within
HeLa cells, nanostructures were confined inside endosomes. It has
also been demonstrated that several cancer cell lines can be labeled by
different fluorescent superparamagnetic core–shell nanostructures
containing magnetite nanoparticles and fluorescein-5-isothiocyanate
(FITC) species.14–16
Previous findings have also shown that macrophage and osteoblast
cells internalize magnetic-fluorescent nanostructures, which were
based on magnetite nanoparticles, octaaminopropylsilsesquioxane
and porphyrin.17 Additionally it has been demonstrated that one
dimensional linear assemblies of magnetic nanoparticles can be
utilized as contrast agents in MRI studies in vivo.18,19 In our current
work we have developed new magnetic-fluorescent nanostructures,
based on polyelectrolyte-stabilised magnetic nanoparticle assemblies
and rhodamine B, and examined the in vitro performance of these
nanostructures in primary mixed glial cell cultures. These new fluorescent-magnetic nanostructures consist of linear chain like-assemblies of magnetic nanoparticles, where rhodamine B molecules are
linked to polyelectrolyte coating by weak ionic bonding and can be
differentiated from the magnetic-fluorescent nanostructures discussed
above.
Initial magnetite nanoparticles were produced by reacting
a mixture of ferrous and ferric chlorides (2:1 molar ratio) and polysodium-4-styrene sulfonate (PSSS) aqueous solution with ammonia.12
A layer-by-layer assembly approach, similar to previously reported
magnetite-quantum dot composites, was used.20 The magnetite-PSSS
nanomaterials were coated with alternating positively charged poly(allylamine hydrochloride) (PAH) (2.85  107 M solution) and
negatively charged PSSS polyelectrolyte (2.85  107 M solution)
multilayers (10 layers in total). This was necessary to coat and isolate
the magnetic nanoparticle cores from direct contact with rhodamine B
molecules and prevent paramagnetic quenching of the dye.
A positively charged rhodamine B layer was deposited on the last
negatively charged PSSS layer. These assembly processes were
J. Mater. Chem., 2009, 19, 4081–4084 | 4081

Fig. 1 An aqueous solution containing the prepared nanostructures was
incubated in the dark and at room temperature (20  C) for 7 days and the
emission spectra of Fe3O4-PSSS-PAH/PE10–RhB nanomaterials (lex ¼
555 nm) was monitored using UV-vis. Magnetic separation of any
magnetite-nanomaterial ensured only non-bound rhodamine B was
assessed. Nanomaterials were shown to be stable until day 4, when some
release of rhodamine B was detected. A further increase in fluorescence
was observed at day 7; magnetically-separated and re-dispersed particles
from day 7 show no fluorescence suggesting all rhodamine B is detached
from the nanostructure at day 7.

a preferential interaction between the positively-charged rhodamine
B and free negatively-charged polyelectrolyte, which removes the dye
from the nanostructure.
An investigation into the stability of the nanostructure incubated
in an aqueous solution, see Fig. 1, shows no release of rhodamine B
for the first three days following fabrication. Therefore experiments
were restricted to a maximum of incubation period of 2 days and
cellular internalization experiments involved a 2 hour incubation
period to minimize any potential stability issues.
Tranmission electron microscopy (TEM) images of nanostructures
aligned in magnetic field are presented in Fig. 2(A) and (B). The
nanostructures appear aggregated showing linear necklace- or chainlike structures following placement in a magnetic field. Analysis by
confocal microscopy revealed internalization of nanostructures;
Fig. 2(C) and (D) show several examples of cell nuclei, denoted by
arrows, delineated by the absence of nanostructures. Prussian blue
staining in a sample of these cells confirmed the presence of magnetite†. The spatial distribution of nanostructures, in the cytosol and
localised to the cell membrane, is demonstrated in Fig. 3(A) and (B)

monitored by z-potential measurements and optical spectroscopy†.
The deposition of rhodamine B resulted in the reduction of the zpotential value from 40 mV to 25 mV. Attempts to coat the
rhodamine B layer with an extra PSSS shell resulted in extremely
weak fluorescent materials. The data suggest that there is

Fig. 2 TEM and confocal microscopy of nanostructures. (A,B) TEM
images show nanostructures forming chain-like assemblies following
placement in a 0.5 T magnetic field. (C,D) Confocal micrographs identify
internalised nanostructures in primary cortical glial cultures from 1 day
old Wistar rats. Cells were incubated in the presence of nanostructures
for 2 hours at 37  C at a concentration of 2.31  104 g/mL of Fe3O4.
Fluorescence is distributed throughout the cell body and cell nuclei are
delineated by the absence of fluorescence. (C) Large field of view
demonstrating the internalization of the nanostructures and the delineation of several cell nuclei. Bar ¼ 50 mm. (D) A smaller field of view
image focusing on the boxed area in (C) demonstrates nanostructure
distribution in a single cell. Bar ¼ 10 mm.
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Fig. 3 Fluorescence and phase contrast microscopy reveal nanostructure spatial distribution within cells after a 2 hour incubation period.
(A) Fluorescence is visible on the cell membrane. (B) Fluorescence
appears more distinctly within the cell and can be seen to delineate the
nucleus. Top, fluorescence image; center, phase contrast image of same
cells; bottom, overlay of fluorescent and phase contrast images.
Bar ¼ 20 mm.
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Fig. 4 Flow cytometric and cytotoxicity analysis of nanostructures. (A)
Mean peak fluorescence measurements of non-treated and nanomaterialtreated mixed glial cells (2 hour incubation at 2.31  104 g/mL of
Fe3O4). Gates were set to remove dead cells and non-internalised nanostructures. (B) Analysis of the cytotoxic effects of nanostructures. Incubation of cells in the presence of nanostructures (0.46  104, 2.31  104,
4.62  104, 9.24  104 g/mL of Fe3O4) for 2, 18, 24 and 48 hours
revealed no evidence of a reduction in cell viability.

respectively. Membrane localization may be a stage in the process of
endocytosis, which astrocytes, or perhaps microglia, use to internalize
the nanostructure but it could also reflect phagocytic activity of
microglial cells. Additional data from experiments conducted on
another phagocytic cell, the macrophage, revealed internalized
nanostructures (data not shown).
Data from flow cytometric analysis are presented in Fig. 4(A). The
mean peak fluorescence increased from 1.34 in control-treated cells
(R3), to 7.84 in nanomaterial-treated cells (R4). This correlates with
an increase in cells associated with nanostructure fluorescence to 83%.
Approximately 30% of a mixed glial cell population are microglia,
capable of phagocytosis of the nanostructure. However, a greater
percentage of the nanomaterial-treated cell sample is associated with
nanostructure fluorescence suggesting endocytosis of nanostructure
by astrocytes, which comprise 70% of the cells. Cell viability,
Fig. 4(B), was not significantly affected by incubation in the presence
of nanostructures (0.46  104, 2.31  104, 4.62  104, 9.24  104
g/mL of Fe3O4) for 2, 18, 24 or 48 hours.
The field inhomogeneity of MR phantoms versus the number of
nanostructure-labeled cells in each phantom is plotted in Fig. 5. The
contrast generated by the number of labeled cells in each phantom is
linear (Pearson Correlation, R2 ¼ 0.9967, p < 0.001). The offset from
the origin is due to the inhomogeniety present in the main static field.
Fig. 6(B) demonstrates the linear chain-like assemblies formed by the
nanostructures following overnight placement in a 7 T magnetic field.
The arrows illustrate the direction of the magnetic field. This finding
is in agreement with TEM images shown in Fig. 2 and correlates well
with the previously-reported behaviour of non-fluorescent precursor
material (polyelectrolyte stabilised magnetite nanoparticles without
multilayered coating and dye).18
MRI tracking of labeled cells provides a high level of information
not accessible using any other method. However, subsequent analysis
of the cells tracked using MRI is difficult to achieve. In EAE,
macrophage infiltration into brain tissue due to increased blood brain
This journal is ª The Royal Society of Chemistry 2009

Fig. 5 The contrast (DB) generated by the nanostructures versus number
of labeled cells is linear (Pearson Correlation, R2 ¼ 0.9967, p < 0.001). Six
cell phantoms were prepared in 2 ml cylindrical Eppendorf tubes, each
containing 1 ml of 0.5% warm agarose gel and 1 ml of nanostructure
treated mixed glial cell suspension containing either 2.0  106, 1.0  106,
0.5  106. 0.25  106, 0.05  106 or 0.01  106 cells/ml. Homogenous
distribution of the cells was ensured by 30 seconds of trituration. The field
inhomogeneity, DB, due to the presence of the nanostructures was
calculated, for each of the phantoms, using DBg ¼ (1/T2*)  (1/T2),
where g is the gyromagnetic ratio for hydrogen (42.58 MHz/T).

Fig. 6 Confocal microscopy of fluorescent-magnetic nanostructures
following overnight placement in the earth’s magnetic field (A) and a 7 T
magnetic field (B).

barrier permeability, occurs 7 days after injection of myelin oligodendrocyte glycoprotein to induce the disease. At present, correlation
of T2-weighted MR data of contrast agent-labeled macrophages is
achieved using light microscopy staining for iron and secondary
staining of macrophages or microglia in post-mortem brain tissue.21
The use of the nanostructure removes the need to stain for iron and
enables confocal microscopy to be utilised for MR correlation and
subsequent analysis, for example the expression of cell surface
markers. Furthermore, subsequent recovery and investigation of
nanostructure labeled cells using fluorescence-based cell sorting
technologies becomes possible. Fluorescence-based identification of
labeled cells enables differentation between cells tracked to a certain
location, since nanostructure administration, and those present
beforehand. In animal models of stroke, modifying the timepoint of
nanostructure administration would enable the differentiation
between macrophages that migrated to the stroke site immediately
following stroke onset, and macrophages that migrated following
tissue reperfusion. This could be examined using confocal microscopy, to preserve spatial information, or by flow cytometric analysis
for macroscopic evaluation.
It is anticipated that nanostructure degradation with dye release
will occur following internalization and this property suggests that
J. Mater. Chem., 2009, 19, 4081–4084 | 4083

these nanomaterials could potentially serve as the basis for new
subcellular imaging contrast agents or for targeted drug delivery.
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