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Analyse av manganforsterket MRI av
sentralnervesystemet til rotte med og
uten skade

Skader eller sykdom i sentralnervesystemet som f.eks. ved hjerneslag eller
Alzheimers sykdom kan ofte ikke helbredes, og pasienter med slike tilstander har
darlige prognoser. To viktige faktorer ved denne typen skader og sykdom er
sentralneversystemets manglende evne til regenerering, samt endringer i trans-
port langs nervebanene. Blant flere sykdommer i sentralnervesystemet er feil i
nervebanenes (aksonenes) transportmekanisme den underliggende arsaken til syk-
dommen. Selv om nerver i sentralnervesystemet ikke repareres etter skade slik
som i det perifere nervesystemet finnes det eksperimentelle metoder som frem-
mer regenerasjon. Det er viktig a studere disse mekanisme i dyremodeller for
man overfgrer behandlingsmetoder til mennesker.

MR-avbildning (MRI) er en teknikk som gjor det mulig & studere sentralnervesys-
temet over tid uten & gjgre operative inngrep, i motsetning til tradisjonelle
metoder hvor man i dyreforsgk ofte ma avlive dyrene fgr man tar vevsprgver
som analyseres. Mangan (Mn®") er et paramagnetisk ion som hovedsaklig re-
duserer Tj-relaksasjonstiden i vev og dermed gker kontrasten i T;-vektede MR
bilder. I tillegg kan mangan komme inn i nerveceller gjennom nervecellenes kal-
siumkanaler og bli transportert langs aksonene. Dette gjgr mangan velegnet til &
studere celler og nervebaner i sentralnervesystemet. Denne teknikken, hvor man
bruker mangan som et MR kontrastmiddel, er ofte omtalt som manganforsterket
MRI (MEMRI).

I dette PhD arbeidet er det utviklet metoder for & segmentere aksoner og hjern-
evev med mangan i MR bilder samt metoder for & kvantifisere signal- og kon-
trastendringer langs nervebanene. Synsnerven og hjernen til rotte er brukt som
eksperimentmodell for sentralnervesystemet.
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I forste del av arbeidet ble en metode for segmentering og beregning av MR-bilde-
kontrast langs den manganforsterkede synsnerven er utviklet. Metoden gjor det
mulig & se hvordan mangan fordeles langs nerven og hvor transporten av mangan
eventuelt stopper opp. Denne metoden ble brukt til & detektere regenerasjon
av aksoner i synsnerven etter skade ved hjelp av MRI og etter stimulering av
gjenvekst. Videre ble mekanismene for tilfgrsel og transport av mangan i aksonene
undersgkt. Resultatene tyder pa at tilfgrselen er uavhengig av konsentrasjon
over et visst niva samt at mangan transporteres med en rekke hastigheter i friske
aksoner. Studier av hvordan denne hastighetsfordelingen endres ved sykdom kan
gi verdifull informasjon om sykdomsutvikling og eventuell respons pa behandling.
Til slutt i arbeidet ble en billedanalytisk metode for sammenligning av MEMRI og
korresponderende histologi av hjerneslag hos nyfgdte rotter utviklet. Resultatene
fra denne studien tyder pa at mangan akkumuleres i deler av hjernen etter slag
som en fglge av aktiviserte glia celler.

Metodene som er utviklet i dette arbeidet har bidratt til & gi en dypere kunnskap
om hvordan mangan kommer inn i og transporteres langs nervebanene. I tillegg
har de forbedret teknikkene for & studere regenerasjon av nerver i sentralnervesys-
temet og tolke betydningen av akkumulasjon av mangan i hjernevev i forbindelse
med hjerneslag hos nyfgdte rotter. Dette har betydning for videre studier i dyre-
modeller hvor det endelige malet er & utvikle behandling for mennesker.

QOystein Olsen

Institutt for sirkulasjon og bildediagnostikk.
Veiledere: Olav Haraldseth, Christian Brekken og Pal Erik Goa.

Overnevnte avhandling er funnet verdig til a forsvares offentlig for graden
Philosophiae Doctor i medisinsk teknologi.

Disputasen finner sted 1 MTA, Medisinsk-teknisk forskningssenter,
fredag 19. mars 2010 kl 12:15.
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Summary

Injury or disease in the central nervous system (CNS) such as stroke or Alzheimer’s
disease is often irreversible, thus patients suffering from such injuries or diseases
have poor prognosis. Important factors in CNS injury and disease are absence of
axonal regeneration and axonal transport disturbances. Axons in the mammalian
CNS do not regenerate after injury but few experimental procedures have shown
to promote CNS regeneration. In some neurodegenerative diseases failure in the
axonal transport system is the underlying cause of the disease. Studies of these
mechanisms in animal models are important before translating any treatments to
humans. Magnetic resonance imaging (MRI) is a non-invasive imaging technique
which allows in vivo longitudinal CNS studies in contrast to traditional meth-
ods which requires sacrificing the animals before tissue sampling and microscopic
analysis of neurons. Manganese (Mn*") is a paramagnetic ion which reduces the
Th-relaxation time, thus increases tissue contrast in 7;-weighted MR images. In
addition, Mn?" enters neurons through voltage gated calcium channels and is
transported along neural axons which make Mn?" well suited as a contrast agent
in MRI studies of the CNS and neural pathways.

In this PhD-thesis methods for segmentation of axons and brain tissue with Mn*"
accumulation together with methods for quantification of signal- and contrast
changes along axons related to Mn?*" accumulation and transport have been
established. The rat optic nerve (ON) and brain was chosen as experimental
models for the mammalian CNS. A method for semi-automatic segmentation of
the manganese enhanced rat ON and calculation of contrast variation along the
ON was developed in Paper 1. In Paper II, this method was used to in vivo detect
ON axon regeneration after injury and axon re-growth stimulation. In Paper III,
the transport kinetics of Mn?*' in the healthy rat ON was investigated. The
results indicate that input of Mn>* into axons is restricted and are transported
along the ON axons in a wide range of velocities. In Paper IV, a method for
comparison of manganese enhanced MRI and corresponding histology of stroke
in the perinatal period was developed. The methods have enabled more reliable
in vivo studies of axonal damage and repair in parts of the CNS and provided
more profound knowledge about axonal manganese transport kinetics, as well as
novel insight into the relationship between manganese enhancement and neural
death related to ischemic insult in the neonatal brain.
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Symbols and abbreviations

Ca?*
CNR
CNS

dpl
DTI
EPI
FLASH
FOV
a3t

HI
MEMRI
min

Mn**
MnCl,
MnDPDP
MR

MRI

flip angle

diffusion weighting factor

calcium ion

contrast-to-noise ratio

central nervous system

days

temporal width of diffusion gradients
temporal spacing between diffusion gradients
days past lesion

diffusion tensor imaging

echo planar imaging

fast low angle shot

field of view

gadolinium ion

hour

hypoxic-ischemic injury
manganese-enhanced magnetic resonance imaging
minutes

manganese ion

manganese chloride

manganese dipyridoxyl diphosphate
magnetic resonance

magnetic resonance imaging
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Symbols and abbreviations

MSME multi-slice multi-echo

ON optic nerve

ONC optic nerve crush

PNG peripheral nerve graft

p proton density

RGC retinal ganglion cells

ROI region of interest

SD standard deviation

SE spin echo

SI signal intensity

SNR signal-to-noise ratio

T: time constant for spin-lattice relaxation
Ty time constant for spin-spin relaxation
Ty* time constant for effective spin-spin relaxation
TD saturation recovery delay

TE echo time

TR repetition time
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Chapter 1

Introduction

1.1 Clinical background

Injury in the central nervous system (CNS) often results in paralysis and per-
manent loss of function. CNS damage occurs in traumatic injuries such as brain
trauma, hypoxic-ischemic injury (HI) and neurodegenerative diseases such as
Alzheimer’s disease and Parkinson’s disease. Few clinical treatments are cur-
rently available which means that for those suffering from CNS injury or disease,
many will experience loss in quality of life and in many cases CNS injury or
disease will be the causative event for death.

Axonal damage may cause axons to be isolated from its cell body. Within few
days after injury, the distal part of the axon degenerates [8] in contrast to the
proximal part where the axon survives to a greater degree [42]. However, in the
CNS axons will not regenerate spontaneously [23, 74].

During HI in the perinatal period, necrotic cysts within the brain cellular tissue
are produced which is then followed by a delayed phase of tissue injury which is
characterized by apoptotic cell death [31]. In addition, an over-activation of the
brain inflammatory response worsen the primary neuronal injury [31].

A hallmark for many neurodegenerative diseases is accumulations of organelles
and other proteins in the cell body [25]. The pathogenic accumulation of or-
ganelles suggests that defective functioning of the axon, including damage to
axonal transport, contributes to disease and is now known to be true for several
neurodegenerative diseases [25, 56].

Histology and immunohistochemistry is the gold standard to study cellular and
axonal damage in the CNS. However, this requires tissue sampling and is often
done post mortem and thus unsuited for longitudinal real time in vivo stud-
ies. This is also true for axon transport studies which traditionally use viruses,
radioactive, or non-fluorescent tracers [64, 47, 100, 114, 82].
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A versatile MRI technique is manganese-enhanced MRI (MEMRI) which com-
bines the strengths of MRI with the physical and biological properties of man-
ganese (Mn?"). This technique makes it possible to visualize the neuroarchitec-
ture [51, 4], neural pathways [71, 98, 70, 83, 113] and to map functional brain
activity [3, 116]. In addition, MEMRI has been used for detecting brain ischemia
[1, 2] and abnormal brain function associated with neurodegenerative disease
[91, 93, 57].

1.2 Animal models

1.2.1 Rat optic nerve

The rat optic nerve (ON) contains about 120 000 axons [14, 15] which arise from
retinal ganglion cells (RGC) in the eye and project towards the optic chiasm where
the ON from both eyes meet. From the optic chiasm, the ON project through
the contralateral optic tract to the thalamic lateral geniculate nucleus (LGN),
midbrain pretectum, and superior colliculus (SC) [42, 108]. Visual information is
processed in the LGN before it is relayed to the primary visual cortex while the
SC is involved in the coordination of head and eye movements [102, 108].

1.2.2 Neonatal rat brain

The neonatal brain differs from the adult brain in several ways and normal mat-
uration of the mammalian brain is characterized by periods of limitations in
glucose transport capacity and increased use of alternative cerebral metabolic
fuels lactate and ketone bodies [106]. Rates of cerebral energy metabolism are
low in the immature brain and relate primarily to the level of neuronal matura-
tion and synaptic activity at the developmental stage [106]. In contrast to adult
stroke, the development of energy failure and subsequent neuron death because
of HI in the immature brain results in a prolonged evolution of injury days and
weeks after the primary insult [106, 30, 59].

1.3 Axonal transport

Neurons are highly polarized cells which consist of a cell body from where a single
axon and shorter multiple dendrites emerge. The axon transmits signals while the
dendrites are specialized to receive signals. Inside neurons and other eukaryotic
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cells, microtubules are part of the cytoskeleton and are formed by alpha- and
beta-tubulin into 24nm wide hollow tubes with a plus and minus end. Inside
axons, microtubules are uniformly oriented with plus end pointing towards the
synapse and the minus end towards the cell body [19].

Kinesin and Dynein are the major molecular motors responsible axonal transport
[78]. Kinesin walks along microtubules toward the plus ends, facilitating material
transport from the cell interior toward the synapse while dynein transports ma-
terial toward the microtubule minus ends and transport material the cell interior
[32, 78]. Kinesin has been shown to walk in 8-nm steps along a single microtubule
protofilament [96, 121] and Dynein seems wander with steps that vary from 8 to
32 nm [53, 75, 112] including runs in the reverse (plus-end) direction [79]. Even
though Kinesin and Dynein have preferred directions of movement their cargos
can be moved bi-directionally as a result of a tug of war between Dynein and
Kinesin being attached to the same cargo [58].

The transport rates of various substances are independent of the electrical activity
within the axons [7, 65] and are traditionally grouped in fast and slow components
with speeds of approximately 4-16mm/h and 0.004-0.25 mm /h respectively in
the healthy axon, [11, 29, 65]. The same "fast" molecular motors are involved in
both fast and slow axonal transport, but during slow axonal transport there are
prolonged pauses between phases of movements [81, 110]. Dynein tends to tether
its cargo at microtubuli intersections, a tendency which increases with increasing
density of dynein [78]. Kinesin, which is smaller in size than dynein, tends to
transverse microtubule intersections without stopping or reversing its direction,
thus, kinesin may have a higher speed along the microtubule than Dyenin [78§].

1.4 Manganese-enhanced MRI

1.4.1 Properties of manganese

Manganese is an essential trace metal found at low levels in food, water, and
the air, and is a co-factor in several biological processes [6]. Mn®" is a calcium
(Ca?") analogue and can enter cells through voltage gated Ca”"-channels [60, 62]
and also be transported along axons [44, 48]. By substituting Ca’" with Mn?7 it
is also possible to get intracellular accumulation of Mn** in neurons undergoing
cell death [1, 2].
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1.4.2 Contrast agents

Paramagnetic materials (e.g. Mn®", Gd**, Fe3t and Cu?t) have unpaired elec-
trons resulting in a net magnetic moment. The magnetic moments are randomly
distributed and will cancel each other out unless they are placed in an external
magnetic field where they align with the external field and produce an increase in
the local field. In tissue, paramagnetic substances will interact with tissue pro-
tons through dipole-dipole interactions and create fluctuations in the magnetic
field. This can affect both the longitudinal relaxation time 7; and transver-
sal relaxation time T of the protons, and result in increased tissue contrast in
T1-weighted images or reduced tissue contrast in Ts-weighted images in regions
where the paramagnetic substances are present [36, 55]. In pure water, the re-
laxation rates are linearly dependent on the concentration of the paramagnetic
substance [50].

Mn?" was early recognized as an MRI contrast agent and in vivo, Mn?'can
bind to a variety of materials which influence the magnetic properties in the sur-
rounding tissue leading to a reduction in T3 relaxation time and increased tissue
contrast in Th-weighted imaging [45, 63]. A widely used Mn?" contrast agent in
animal research is manganese chloride (MnCly). In water, MnCl, dissolves into
Mn?T and CI2~ and the solution can be injected intravenously, subcutaneously,
intraperitoneally or directly into the area of interest where Mn?" will enter cells
through the Ca®"-channels. However, overexposure of Mn®" may cause toxic re-
actions [6, 21, 80] and Parkinson-like symptoms [6, 21]. In addition, high Mn?*
concentrations may inactivate the voltage gated Ca?*-channels which leads to un-
restrained Ca*"entry [12, 62]. Mn?* may also increase the production of reactive
oxygen species which can lead to apoptosis of neurons [27, 123].

Manganese dipyridoxyl diphosphate (MnDPDP) (Teslascan, GE Healthcare AS,
Oslo, Norway) is a chelated Mn?*-compound which is clinically approved for MRI
of the human liver and has also been used in imaging of the human myocardium
[92]. The chelate consists of Mn and the organic ligand dipyridoxyl diphosphate
(DPDP). In blood, MnDPDP is metabolised by dephosphorylation to manganese
dipyridoxyl monophosphate (MnDPMP) and manganese dipyridoxyl ethylendi-
amine diacetate (MnPLED). The MnDPDP and MnPLED metabolites are si-
multaneously transmetalled with zinc (Zn) releasing Mn** [101].

1.4.3 Image sequences

Ti-weighed image sequences such as the fast low angle shot (FLASH) sequence are
characterized by short TR and TE [36]. The FLASH is an incoherent steady state
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sequence which uses small flip angle excitations and spoiling of the transverse
magnetization before the next RF pulse [36]. In steady state the signal is given
by:

_IR
. 1—e T1 _TE
S =psina——g——e T2 (1.1)
1—e T cosa

where p is the proton density, « is the flip angle, TR is the repetition time, TE
is the echo time and 77 and T,* are the longitudinal and transversal relaxation
times, respectively.

The centric reordered saturation recovery turbo-FLASH sequence consists of a 90
degree inversion pulse followed by a saturation recovery delay and a turbo-FLASH
readout [67]. The approximated signal is given by :

S =8, (1—e*%) (1.2)

where Sy is is the maximum available signal when the longitudinal magnetization
is fully relaxed, TD is the saturation recovery delay and 77 the longitudinal
relaxation time. Since the centre of k-space is read out first (centric reordered)
the image contrast is mainly determined by the saturation recovery delay.

1.5 Image processing

1.5.1 Mathematical morphology

Developed during the 1960s and 1970s mathematical morphology has become a
powerful tool in signal and image processing applications [11]. Since its intro-
duction, mathematical morphology has been used in a wide range of applica-
tions including biomedical image processing [86, 89], shape analysis [37], coding
and compression [41, 122], automated industrial inspection [54], texture analysis
[5, 40] and radar imagery [39].

Mathematical morphology has a rigorous mathematical foundation based on set
theory where an image is regarded as set in the 2D integer space Z2 (binary
images), Z3 (gray scale images) or in higher dimensions which can include colour
images and time varying components [33]. An image is probed with a smaller
set called a structuring element which explores the image and modify the image
by one or a set of rules which constitute an operation. The basic operations
are erosion and dilation which "contracts" and "expands" the boundary of a set
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and is the basis for operations like opening, closing, boundary extraction and
top-hat transformation [33]. Openings can be used to remove small objects (e.g.
noise), protrusions and thin connections between objects while closing smoothes
contours, eliminates small holes and fuses narrow breaks. The top-hat transfor-
mation is defined as the difference between the original image and its opening by
an structuring element and extracts small elements from the image [33, 124].

1.5.2 Image segmentation

Image segmentation is the process of extracting regions or objects from images
and numerous methods exists and where the choice of method often depend of
the a priori knowledge of the objects to be detected [73, 87, 99, 117]. In medical
imaging, segmentation using mathematical morphology has been used in various
studies including 3D MRI of the human skull [28], microscope images and MRI of
blood vessels [69, 77|, MRI of the human ventricular system [85], MRI of multiple
sclerosis lesions [68], CT images of neuroblastoma [26] and fMRI data [52].

Central elements in mathematical morphological segmentation are pixel connec-
tivity and region growing. The connectivity defines which pixels in the image
meeting specific criteria are connected and forms objects or connected compo-
nents. A region growing procedure utilizes the connectivity and extract objects
by grouping pixels which are connected as defined by the connectivity. The con-
nectivity can be defined in various ways in order to extract objects with certain
shapes. To explain connectivity, the standard 3D connectivities 6-connected, 18-
connected and 26-connected can be used as examples. A 3D pixel (voxel) has
6 faces, 12 edges and 8 corners. If the connectivity is 6-connected, voxels are
connected if one of their faces touches. If the connectivity is 18-connected (6
faces + 12 edges), voxels are connected if faces or edges touch while 26-connected
(6 faces + 12 edges + 8 corners) connectivity connect voxels where either faces,
edges or corners touch [33].

Segmentation of colour images uses the same paradigms as gray scale images [18§]
as for example in detection of exudates in colour images of the human retina
[109]. Colour images are usually stored and displayed in the RGB vector space
where the Euclidian distance between two colours not necessarily correspond to
the human perception of the colour difference [18] and can cause problems in
segmentations. This may be bypassed by transforming the image into the Luv
colour space which approximates the human perception of colour differences [88].
However, the transformation is non-linear and may significantly increase noise in
the transformed image [88]. A way to segment images in the RGB vector space is
to use the Mahalanobis distance [24] as a threshold which include the covariance
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matrix of a sample (ROI) representative to the colour we want to segment [33].
In contrast to the Euclidian distance where all colours within a certain distance
from an "average" colour describes a solid 3D sphere, the locus of points using
the Mahalanobis distance describes a solid 3D elliptical body. This means that
the Mahalanobis distance, as opposed to the Euclidian distance, is sensitive to
different spread in colours along the three colour axis and may therefore yield a
better segmentation.

1.5.3 Image registration

Image registration is the process of aligning two or more images of the same scene
and was actualized in the 1970s concerning problems of aligning satellite images
[94]. Image registration algorithms can use landmarks [13, 43, 66, 119], contours
[22, 115], surfaces [72, 97] or volumes [49, 118] to manually or automatically
define correspondence between images. Traditionally intra-subject images have
been registered using rigid body transformations while inter-subject images have
required non-rigid body transformation. Recently, it has been shown that intra-
subject data in fMRI studies improves by using non-rigid transformation [120].

A fundamental step in image registration is to determine the transfer function
which maps the points in one image into the other. The transformation should
be one-to-one, i.e., each point in one image is mapped to only one point in the
other and vice versa [16]. A method which obey this rule in addition to be
able to handle geometrical distortions between the images is the piecewise linear
mapping [34] using manually placed landmarks. Based on a set of manually
placed landmarks in the images an optimal triangulation of the convex hull is
calculated. For each pair of corresponding triangles a linear transfer function
is found which will overlay the triangles. Outside the convex hull, the transfer
function is based on extrapolated boundary triangles which may result in poor
alignment [34, 35]. The area of interest should therefore be situated within the
convex hull of the landmarks.

1.5.4 Model optimization

Optimization is the action of finding the best solution to a problem. Optimizing a
model to fit observed data can be done by constructing a function which describe
the difference between the model and data and search for the model parameters
which minimizes the difference.

A mathematical model with a set of variables x1, ..., z, can be optimized to fit a
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set of data by finding the set of variables which minimize the L-norm. Generally,
the L, norm can be written as:

=

L, = (Z |Model(xy, ..., x,) — Data(zy, ...,xn)\p) p=>1 (1.3)

where minimizing the Lo norm (p = 2) equals the least square fit.

A simplex method for finding a local minimum of a function of n variables, e.g.
the L-nom, has been developed by Nelder and Mead [61]. The method is a
systematic search that compares function values at each vertex of a simplex, a
generalized triangle in n dimensions, and rejects the worst vertex (largest function
value), replaces it with a new and repeats the procedure. The process creates a
sequence of simplexes for which the function values of the vertices gradually get
smaller until a minimum has been found. Since the procedure terminates at any
local minimum several searches with different initial conditions should be carried
out to increase the probability to find the global minimum.



Chapter 2

Aims of study

The main objective of this thesis were to develop and apply methods for analysing
MEMRI of the normal and injured rat central nervous system.

More specifically, the aims of this thesis were:

1. Develop and scientifically evaluate methods for segmentation of axons and
brain tissue with manganese accumulation (Paper I & IV).

2. Develop and scientifically evaluate methods for quantification of signal /contrast
changes related to manganese accumulation and transport (Paper I & III).

3. Adapt these methods to scientific studies of:
a) Nerve damage and regeneration in CNS (Paper II).
b) Uptake and transport kinetics in brain neurons and axons (Paper III).

c¢) Tissue damage after ischemic insult in the neonatal brain (Paper IV).






Chapter 3

Materials and Methods

3.1 Animal models

3.1.1 Animal handling

Fisher (Paper I & II), Sprague Dowley (Paper III) and Wistar rats (Paper IV)
were used in the studies. The animals were kept in a 12:12h light:dark cycle
and allowed free access to food and water. All experimental procedures were
performed under anaesthesia and analgesia was provided afterwards if required.
Guidelines approved by the local ethics committee for animal research were fol-
lowed and all experiments were approved by the responsible governmental au-
thorities.

3.1.2 Contrast agent injections

Anesthetized animals were placed in a purpose-built head frame and a single
dose of MnCly (Paper I-III), MuDPDP (Paper I) and Gadodiamid (Paper I)
was injected through the sclera posterior to the ora serrata of the left eye us-
ing a purpose-built injection device consisting of a plastic syringe connected via
polyethylene tubing to a glass micropipette with a tip diameter of 50 pum. After
the injection the pipette was slowly withdrawn to minimize reflux. In Paper IV,
animals were given a single dose of MnCl, intraperitoneally.

3.1.3 CNS injury

Optic nerve crush (ONC) was performed according to the method described by
Berry et al. [10]. In brief, the dural sheath of the ON was incised longitudinally
after intraorbital exposure through a superior palpebral incision, and the ON was
crushed for 10 seconds, 2 mm distal to the lamina cribrosa with microforceps,
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leading to a complete transaction of all axons. Hypoxic-ischemic injury (HI)
(Paper IV) was performed according to Vannucci-Rice model for HI brain damage
[76, 105]. Through a mid-neck incision, the right common carotid artery was
thermo-cauterized and severed. After surgery, the animals were exposed to pre-
heated air (36 deg C) with 8% O3 in 92% N» for 75 minutes.

3.2 MRI

3.2.1 T;-weighted MRI

Paper I: 2.35 T Bruker Biospec Avance DBX-100 with water-cooled BGA-12
(200 mT/m) gradients (Bruker, Ettlingen, Germany). A 72-mm volume coil was
used for RF transmission and an actively decoupled quadrature rat head surface
coil for receive. Data acquisition: Tj-weighted FLASH with TR/TE = 15/4.2
ms, and a flip angle of 25 deg. Field of view (FOV) = 5x5x2 ¢m3. With an
acquisition matrix of 256x256x64, the voxel resolution was 195x195x312 pm3.

Paper II: 7 T Bruker Biospec Avance 70/20 with water-cooled BGA-12 (400
mT/m) gradients. A 72-mm volume coil was used for RF transmission and an
actively decoupled quadrature rat head surface coil for receive. Data acquisition:
Ty-weighted FLASH with TR/TE = 12.5/3.7 ms, and a flip angle of 20 deg. FOV
= 4x4x2.3 em®. With an acquisition matrix of 192x192x112, the voxel resolution
was 208x208x205 um?.

Paper III: 7 T Bruker Biospec Avance 70/20 with water-cooled BGA-12 (400
mT/m) gradients. A 72-mm volume coil was used for RF transmission and an
actively decoupled quadrature rat head surface coil for receive. Data acquisition:
3D centric recorded saturation recovery turbo-FLASH sequence, with saturation
delay=500ms, flip angle = 15 deg. TR/TE = 9.25/2.7 ms, echo train length 445
ms and number of segments = 4. FOV = 3.5x3.5x2.64 cm?. With an acquisition
matrix of 192x192x66, the voxel resolution was 182x182x400 pm3.

Paper IV: 7 T Bruker Biospec Avance 70/20 with water-cooled BGA-12 (400
mT/m) gradients. A 72-mm volume coil was used for RF transmission and an
actively decoupled quadrature mouse head surface coil for receive. Data acquisi-
tion: Tj-weighted FLASH with TR/TE = 12/3.0 ms, flip-angle = 30 deg. FOV
= 20x20x17.5 mm. The acquisition matrix was 128x96x84 giving an acquired
resolution of 156x208x208 pm?>. With zero-filling of the matrix to 128x128x112,
the interpolated resolution was 156 pum? isotropic.
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3.2.2 T,-maps

Paper IV: 2D Ty-maps were obtained with a spin-echo sequence (MSME) with
TR/TE = 2500/7.6 ms, 40 echoes, slice thickness 1 mm. FOV = 18x18 mm and
acquisition matrix 128x96 giving an in plane resolution of 140x187 ym?. With
zero-filling of the matrix to 128x128 the interpolated resolution was 140 pm?
isotropic.

3.2.3 Diffusion tensor imaging

Paper II: A 2D multishot (four segments) DTI-EPI scan with five oblique axial
slices containing the ON was obtained with TR/TE = 1500/ 32.6 ms, A = 15
ms, 6 = 6 ms. Diffusion sensitizing gradients along 12 non-collinear directions
and six b-values in the range of 0-3000 s/mm? (five A0 images, and 300, 600,
1000, 1600, 2300, and 3000 s/mm?) were used. The slice thickness was 0.8 mm
(no gap), FOV = 5x5 em?, and the acquisition matrix size — 160x160 (zero-filled
to 256x256).

3.3 Data analysis

3.3.1 Optic nerve segmentation

In Paper I, a technique for semiautomatic segmentation of the manganese-enhanced
ON was developed. In brief, the 3D image was binarised using a global threshold
close to the mean signal of the non-enhanced ON. Then morphological segmen-
tation of the manganese-enhanced ON was done by a 6-connected region growing
resulting in an image containing the manganese-enhanced eye, ON, and part of
the brain. The ON was separated from the eye and brain using a morphologi-
cal top-hat transformation with a spherical structuring element with a diameter
slightly largger than the ON diameter. Furthermore, a sliding box technique
was developed to ensure correct definitions of the ON co-ordinates. The ON
co-ordinates was re-sampled with 0.2 mm resolution and the signal in a 1 mm
diameter ROI centred on the ON in 2D planes perpendicular to the ON was
calculated every 0.2 mm.

Due to image distortions (Paper II) and low signal to noise ratio (SNR) (Paper
III), the segmentation procedure failed to segment the ON in the DTI datasets
(Paper II) and in the study of manganese kinetics (Paper IIT). In these cases
the co-ordinates of the centre were manually identified along the ON. The set of
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co-ordinates were re-sampled with 0.2mm resolution by either bi-linear (Paper
IT) or tri-linear (Paper III) interpolation which gave an intensity curve of the ON
for each scan.

3.3.2 Axonal Mn?* transport model optimization

In Paper III, approximated ON Mn?" concentration curves at various time points
were constructed by subtracting a mean pre Mn?" intensity curve from the post
Mn?* injection curves. Three different transport functions were evaluated; 1) a
single component anterograde convection together with random walk and clear-
ance as described in [20] and [57], 2); a pure anterograde convection with a ma-
jority of fast velocity components, and 3); a pure anterograde convection with a
majority of slow velocity components. The transport functions together with two
different functions which described Mn** entrance into RGC axons were fitted to
the concentration curves. The fit was done by optimizing the model parameters
in order to minimize the L; and Lo norm.

3.3.3 Segmentation of manganese enhanced areas in the
ischemic brain

In paper IV, a binary mask of the manganese-enhancement in the injured hemi-
sphere was defined by signal intensities above a threshold set by the mean signal
intensity (SI) of a ROI placed in the thalamus of the contralateral non-injured
hemisphere + 1 SD of the image noise.

3.3.4 Histology

Histological counting of the RGC in retina (Paper IT) was obtained after injection
of 1 pl FluroGold into the ON between the lamina cribrosa and ONC 20 days past
lesion (dpl). After preparation, the retina was whole mounted on a slide, defining
the temporal, nasal, superior and inferior retinal quadrants with radial incisions.
A 349.0x440.4 pm? counting grid was projected onto the mid radial point of
each retinal segment and the total number of FluroGold-filled RGC recorded
per grid. Details on the preparations are given in the Material and Methods
section in Paper II. The ON was dissected, straightened on a stiff card, and dried
in room temperature for a couple of minutes. After preparation, the ON was
frozen at -80 deg. C and 5 pum thick frozen longitudinal sections were cut and
mounted onto dedicated microscope slides. After further preparation, sections
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were stained with anti-GAP43. After preparation, 8 um coronal sections of the
HI brain corresponding to -3.25 mm from the bregma (Paxinos and Watson, 1998)
were cut and stained with among others anti-MAP2, anti-GFAP and anti-CD68
(Paper IV).

3.3.5 Segmentation of stained areas in the histology images

Images of whole histological slices stained for MAP-2, CD68 and GFAP (Paper
IV) were segmented in the RGB vector space using the Mahalanobis distance
from an average colour calculated from a ROI manually placed in an area with
uniform staining. The segmented colours were defined to be in a distance equal
or less than 1 SD from the average colour, where the SD was selected from the
RGB component with the largest variance within the ROI. From this a binary
mask for the area of staining was created.

3.3.6 Image registration

The T;-weighted MR images and the histology images (Paper IV) were co-
registered using landmark based image registration. After manually selecting
approximately 15 pairs of anatomical points of reference in the two images, the
transformation was calculated using piecewise linear mapping. The transforma-
tion was applied to the segmented histology image which enabled comparison of
manganese-enhanced areas and segmented histology staining on a pixel-to-pixel
basis.

3.3.7 Statistical analysis

Statistical analyses were conducted using the statistical software package SPSS
(SPSS Inc., Chicago, IL, USA), with a significance level of 5%. The statistical
analyses are described in detail in the Material and Methods sections of each
individual paper.
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Chapter 4

Summary of papers

Paper |

Axon tracing in the adult rat optic nerve and tract after intrav-
itreal injection of MnDPDP using a semi-automatic segmenta-
tion technique

@ystein Olsen, Marte Thuen, Martin Berry, Vassili Kovalev, Maria Petrou, Péal
Erik Goa, Axel Sandvig, Olav Haraldseth, and Christian Brekken.

Journal of Magnetic Resonance Imaging 27:34—42, 2008

The aims of this study were to:

1. Develop and validate an objective technique for 3D segmentation of the
manganese enhanced optic nerve in adult rats and to improve CNR calcu-
lations.

2. Use the technique to ascertain if manganese dipyridoxyl diphosphate (MnD-
PDP) gives sufficient Mn?" enhancement compared to MnCl, when used
for functional imaging of the visual pathway.

Intravitreal MnDPDP injection resulted in significant MRI contrast enhancement
of the retina and ON after 12-24 hours. The enhanced optic nerve was success-
fully segmented and CNR calculated accurately within 2 minutes on a standard
desktop PC in a representative 3D MR image volume using a semi-automated
procedure.

Mn?" was found to be released from MnDPDP after intravitreal injection in
sufficient amounts to obtain functional tracing of the adult rat primary visual
pathway. This study also indicated that a slow release contrast agent formulation
might be useful to prevent the high initial Mn?" concentration that follows from
MnCl; injections for such tract-tracing studies.
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Paper Il

Combination of Mn2*-enhanced and diffusion tensor MR imag-
ing gives complementary information about injury and regen-
eration in the adult rat optic nerve

Marte Thuen, Qystein Olsen, Martin Berry, Tina Bugge Pedersen, Anders Kristof-
fersen, Olav Haraldseth, Axel Sandvig, and Christian Brekken.

Journal of Magnetic Resonance Imaging 29(1):39-51, 2009

The aims of this study were to:

1. Evaluate manganese MEMRI and diffusion tensor imaging (DTI) as tools
for detection of axonal injury and regeneration after peripheral nerve graft
(PNG) implantation in the rat optic nerve.

2. Investigate retinal ganglon cell survival after optic nerve crush (ONC) and
PNG implantation.

This study showed that MEMRI and DTI enabled detection of functional and
structural degradation after rat ON injury, and there was correlation between
MEMRI and immunohistochemical measures of axon regeneration. The DTI-
derived parameters fractional anisotropy, mean diffusivity, axial diffusivity, and
radial diffusivity were unaffected by the presence of Mn®" in the ON.

At 1 dpl, both CNR (MEMRI) and axial diffusivity were reduced at the injury
site, while at 21 dpl they were increased. ONC reduced RGC density in retina at
21 dpl compared to noninjured ON without MnCl; injections. Both intravitreal
PNG and intravitreal MnCly injections improved RGC survival in retina after
ONC.

18



Paper Il

Manganese transport in the rat optic nerve evaluated with
spatial- and time-resolved MRI

@ystein Olsen, Anders Kristoffersen, Marte Thuen, Axel Sandvig, Christian
Brekken, Olav Haraldseth, Pal Erik Goa.

Submitted to Journal of Magnetic Resonance Imaging

The aim of this study were to:

1. Utilize spatial- and time-resolved MEMRI and different models of how
Mn?* enters RGC axons and axonal transport of Mn?' to evaluate Mn?*
RGC axon entrance, multiple transport rates, dispersion and clearance in
the healthy rat ON after intravitreal manganese injection.

2. Compare predictions from the new models with previously reported exper-
imental data.

The study showed that the rate of Mn?" entrance into the RGC axon is not
proportional to the Mn?T concentration in the vitreous body. Instead a model
with constant rate of Mn?* influx, termed rate limited axonal entrance, gave a
good fit to the experimental data. In addition, the model simulations showed that
rate limited axonal entrance explains the semi-logarithmic relationship between
intravitreal Mn®" dose and ON contrast enhancement seen in-vivo [98].

The study did not give any clear answers regarding the transport along the ON.
Both a random-walk like model with bi-directional transport and a convection-
like model with uni-directional transport gave similar fit to the data. However,
what did seem clear, was that components of both fast and slow transport is
necessary in order to fit the data, which might indicate that manganese does not
depict synaptic vesicle transport rates directly. Clearance of Mn** along the ON
is slow or non-existent. Two of the models gave an infinite time constant for
exponential axonal clearance while one model gave a time constant of 100h.
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Paper IV

Manganese-enhanced magnetic resonance imaging of hypoxic-
ischemic brain injury in the neonatal rat

Marius Widerge, Qystein Olsen, Tina Bugge Pedersen, Pal Erik Goa, Annemieke
Kavelaars, Cobi Heijnen, Jon Skranes, Ann-Mari Brubakk, Christian Brekken.
Neuroimage 45(3):880-90 2009

The aims of this study were to:

1. Depict delayed neuronal death by MEMRI up to several days after the
initial hypoxicischemic insult (HI) in the neonatal rat brain.

2. Evaluate the specificity of MEMRI in detection of cells related to injury by
comparison with histology and immunohistochemistry.

Seven days after HI, increased Mn enhancement was seen on Tj-weighted im-
ages in parts of the injured cortex, hippocampus and thalamus among HI+Mn
pups, but not among HI+Vehicle or Sham+Mn pups. Comparison with immuno-
histochemistry showed delayed neuronal death and inflammation in these areas
with late Mn enhancement. Areas with increased Mn enhancement corresponded
best with areas with high concentrations of activated microglia. Thus, late Mn
enhancement seems to be related to accumulation of manganese in activated mi-
croglia in areas of neuronal death rather than depicting neuronal death per se.
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Chapter 5

General discussion

5.1 Main findings

The main objective of this thesis was to develop methods for segmentation of
manganese enhanced axons and brain tissue and apply the methods for studies
of axonal damage and repair, axon transport of Mn®", and studies of ischemic
insult in the neonatal brain. The main finding of Paper I was that the manganese
enhanced ON could be segmented and CNR calculated along the ON using a
combination of global thresholding, region growing and a sliding box technique.
Furthermore we showed that a top hat transformation resulted in a consistent
separation of the ON from the manganese enhanced retina at lamina cribrosa
which defined a reliable zero point for measuring distance along the ON. In Paper
IT we applied MEMRI and the method developed in Paper I to detect blocking of
Mn?*transport in and beyond the site of a nerve crush 1 dpl and increased Mn?"
enhancement 21 dpl and implantation of a peripheral nerve graft. The increase
of Mn** enhancement 21 dpl corresponded well with histological findings which
showed axon re-generation at the lesion site and beyond.

In paper III, model fitting to time- and spatial resolved ON MEMRI data indi-
cated that entrance of Mn?' into RGC axons after intravitreal injection is rate
limited and independent of the Mn** concentration above a certain threshold.
Furthermore, the model optimization indicated that Mn>* is loosely bound dur-
ing axonal transport which means that the apparent Mn?" transport velocities
are different from the genuine synaptic vesicle transport velocities.

In Paper IV, T;-weigthed images and T5-maps of hypoxic ischemic rat pup brains
were segmented using a global threshold and region growing while stained areas
in the histology images were segmented in the RGB vector space. Compari-
son of segmented Mn?' enhanced areas and areas with reduced T, showed a
53% match. Comparison of Mn?" enhanced areas with segmented immunohis-
tochemical staining showed best spatial agreement between Mn*' and activated
microglia/macrophages.
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5.2 Methodological considerations

The initial process of segmentation of the Mn** enhanced volumes (Paper I and
IT) and areas (Paper IV) was based on a threshold which binarised the image and
included voxels for further morphological image processing steps. The threshold
was based on the SI in the non-enhanced ON (Paper I and II) and SI in the
non-injured brain hemisphere (Paper IV). At least three factors influenced which
voxels were included for further analysis: 1) the threshold level, 2) the image
noise and 3), any gradient in the image which may change the overall signal level
from where the threshold level was determined to where it was applied.

In Paper I and Paper II the threshold was determined by the mean SI in a ROI
manually placed in the non-enhanced ON. Since the diameter of the rat ON is
about Imm and the voxel size was 0.2mm the mean SI in a small ROI manually
placed on the ON is susceptible for both inherent partial volume effect and an
artificial partial volume effect caused by slight misplacement of the ROI. This
will cause an error in the estimate of the mean SI but as the validation of the
method showed (Paper I) the centre of nerve co-ordinates were not sensitive for
variation within 10% of the threshold level. In Paper IV, the threshold was
determined by the mean of a ROI placed in the corresponding non-injured hemi-
sphere. Enhanced areas (7T:-weighted images) and reduced T, areas (Th-maps)
were defined to be above and below 1 SD of the mean, respectively. The use of
a large ROI made the determination of the threshold level less sensitive of the
exact positioning of the ROL

During data acquisition, thermal noise enters the signal and ad to the intrinsic
object noise formed by the statistical behaviour of the spin populations [111]. The
noise is generally known to be characterized by a zero mean Gaussian probability
function which is transformed into a Rice probability function after reconstruc-
tion of the complex MR signal into a magnitude image [90]. Because of noise,
some voxels may wrongly be included in the binarised image after applying a
threshold. In Paper I and Paper II, 6-connected region growing was applied to
the binarised 3D image to segment theMn®" enhanced ON. This included only
voxels where neighbouring voxel faces touched as expected in the ON which is
a heavily elongated object. Wrongly included voxels because of noise showed a
more random spatial distribution appearing either alone or in groups connected
by edges and corners in addition to faces. 6-connected region growing omitted
the corner- and edge-connected voxels and resulted in a smooth segmented nerve
(Figure 5, Paper I). In Paper II the method was applied to detect axon regen-
eration after ON nerve crush and intravitreal implantation of a peripheral nerve
graft (PNG). The use of PNG in this model results in few percent regeneration
of axons [9] and a small but significant increase of CNR was detected beyond
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the crush 21 dpl (Paper II, Figure 7). Because of few regenerating axons the
MEMRI signal in the regenerating area was small and close to the noise. Low
signal MEMRI voxels wrongly omitted by 6-connected region growing may have
been included in the segmented nerve if 18- or 26-connected region growing had
been applied. However, the contrast was calculated based on re-sampled slices
perpendicular to the nerve which was independent of the choice of connectivity.
Higher degree of connectivity may have leaded to longer part of the ON being
segmented but also increased the risk for including noise voxels in the definition
of the segmented ON.

In Paper III, the dynamic changes in MEMRI signal along the ON was inves-
tigated which included the low MEMRI signal from the first time points after
intravitreal Mn®T injections. The weak MEMRI signal at these time points gave
unreliable segmentation results and the ON was therefore manually identified in
the image volume. This was also the case for the EPI-DTI data in Paper II
where the segmentation method also failed to give reliable results because of the
image artefacts. EPI is prone to several artefacts such as chemical shift and eddy
current in addition to distortions due to field inhomogeneity and magnetic sus-
ceptibility variations. SE-DTI may have produced maps with sufficient quality
for the segmentation procedure to work but because of the long scan time [95]
this technique was difficult to combine with the other MRI protocol in the study.

A surface coil was used for signal detection. The advantage of a small surface
coil is the high sensitivity close to the coil and the small volume form where noise
is received, both of which contribute to a good SNR. However, the sensitivity
is highly inhomogeneous and results in a gradually decreased tissue signal as
a function of distance form the coil [17]. This leads to gradients in the image
which may impact both segmentation and calculation of CNR. In Paper I, no
corrections of the image gradients before segmentation were made but this did
not affect the segmentation of the ON because of the high MEMRI signal in the
enhanced nerve. In Paper II and Paper IV, low resolution correction scans were
used to correct for the image gradients. This was important in order to segment
the low MEMRI signal from the regenerating axons (Paper II) and areas with low
Mn?" accumulation (Paper IV) which else may have been below the threshold and
not included for further analysis. The rat ON projects ventrally from the retina
towards the optic chiasm away from the dorsally located surface coil which result
in a gradually reduced signal along the ON. In Paper I, this was corrected for by
using a linear regression model based on non-enhanced ON data when calculating
CNR profiles. However, the signal do probably not vary linearly along the ON,
both because the surface coil field does not vary linearly [107] and because the
ON curves from the retina towards the optic chiasm (Paper 1, Figure 5a). As
a result of the linear approximation, the CNR curves presented in Paper I may
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include variations caused by the surface coil. In Paper III, the signal variation
along the ON was corrected by subtracting the mean signal from the ON (n=>5)
before intravitreal MnCl, injection. Since these data were obtained almost in
the same positions as the Mn?" enhanced data relative to the surface coil the
result was not susceptible spatial change in the coil field as we could expect if
we used data from the contralateral non-enhanced ON. The use of low resolution
correction scans in Paper II and Paper IV removed the gradients in the images
caused by the coil.

In pure water, the relaxation rate T% is a linear function of the concentration
of a contrast agent [50]. Ti-mapping which gives the true 7 value in tissue
[17, 38| therefore yield a method for studying absolute Mn?* tissue concentration.
However, a reliable 3D Tj-maping sequence was not available for use in this
project. Instead, 3D Tj-weighted imaging was used in the MEMRI studies where
CNR can be used to estimate Mn?T temporospatial variations since it reflects the
difference between enhanced and non-enhanced tissue . In Paper I and Paper II,
ON CNR curves were made based the segmented Mn?" enhanced ON and the
mean SI in a ROI manually placed in the non-enhanced ON. As discussed above,
manually placing a small ROI in the non-enhanced ON may induce errors in the
estimate of the non-enhanced ON signal. Correct calculation of CNR was crucial
in detecting nerve damage (Paper II) where a too high or too low CNR in and
beyond the ON crush could lead to opposite conclusions. However, the result
from the segmentation and CNR calculation was supported by both histology
and visual inspection, but the CNR sensitivity to errors in the estimation of the
enhanced and non-enhanced signal should be considered in these types of studies.

In Paper I11, signal intensity (SI) was used to estimate Mn?" temporospatial vari-
ations. There are two main issues to take into considerations when comparing
changes in SI between different animals at different time points and approxi-
mating SI to Mn?" concentration: 1), SI is a dimensionless quantity resulting
from the number of spins which have been manipulated and their coupling to the
coil, and scaling during image reconstruction; and 2), in a T;-weighted sequence
change in SI is not linearly related to changes in Mn*" concentration. Regarding
the first point, different sequence settings such as TR, TE and geometry, as well
as changes in subject shape, size, mass and positioning within the magnet will
alter the SI. SI is also sensitive to changes in tuning and matching of the coil,
receiver gain, inhomogeneities the excitation field (B1) and reception coil sensi-
tivity, and is independently rescaled during reconstruction for each scan. In this
study all sequence settings were identical in each scan, and equally sized animals
were put in the same position within the magnet. Differences in receiver gain
and reconstruction scaling were corrected and tuning and matching performed
equally, but spatial variations in the local reception coil sensitivity were not cor-
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rected and the B1 field was not mapped to check for B1 homogeneity. Those
parameters could affect our results but, since we compare SI at the same posi-
tions relative to the magnet iso-centre, these effects mainly represent a systematic
error and do not play an important role in the dynamic changes. Regarding the
second point, we assumed that changes in SI were proportional to changes in the
Mn?" concentration. This approximation is only true for small variations but, for
larger variations, SI tends to underestimate Mn?* variations. The approximation
probably holds for the changes we observe in the ON, but early time points of
the vitreous body data were probably in the non-linear regime and may have
influenced the estimation of the time constant for vitreal clearance used in the
input functions. However, our conclusions are based on the overall shape of the
input function rather than small changes the time constant for the exponential
decay.

In Paper IV, stained areas in histology images where segmented and compared
with Mn?" enhanced areas in T;-weigted images after co-registration of the im-
ages. The segmented colours were based on the colours within a sample ROI rep-
resentative to the coloured areas of interest. Since the ROI was placed manually
the selected colour sample was sensitive to user errors and may have influenced
the results. The segmented area was aligned with the Tj-weigted image using
a piecewise linear transform. Event though the transform can handle local geo-
metrical distortions [34], alignment of large distortions is sensitive to the number
and positioning of the landmarks. An example of large local distortion can be
seen in Paper IV Figure 7 where part of the cortex which in HI animals in vivo
was supported by cystic tissue, er vivo have moved substantially. This effect
might have contributed to misalignment of part of the images. However, a visual
inspection was carried out in every case to validate the result.

5.3 Intracellular manganese

Mn*" enters the cells through voltage gated Ca”"-channels [60] and the use of
the Ca?"-channel blocker diltiazem has shown to reduce uptake of Mn** [70]. In
Paper I, the T; contrast agents MnCls, manganese dipyridoxcyl monophosphate
(MnDPDP) and gadodiamide (Gd*") were injected intravitreally. Both MnCl,
and MnDPDP which probably released Mn*' through transmetallization with
intraocular zinc (Zn) [46, 101] gave enhancement in the retina, ciliary body and
ON, while no enhancement in these areas was seen with Gd®*". This supported
the hypothesis on specific uptake rather than unspecific uptake like pinocytosis.
Ca’*-channels have an ion turnover rate of approximately 3-10° Ca’* ions/s
[103] which means that there is a plateau of ion transport into the cell. In Pa-
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per III, model optimization of time and spatial resolved MEMRI data detected
a plateau of Mn®T input into the ON after intravitreal injection. However, the
plateau could also be due to restricted input of Mn?" into the axons, e.g. re-
stricted Mn?* vesicle packing, or a combination of both. To our knowledge this
is the first time such a plateau is detected.

The existence of a plateau was supported by simulations of dose-concentration
relationship in the ON which showed a semi-logarithmic relationship between the
doses of intravitreal injected Mn*" and ON Mn?*" concentration when restricted
Mn?* input was assumed, while the relationship was linear if we assumed a Mn?"
concentration dependent input (Paper III, Figure 8). A semi-logarithmic rela-
tionship between intravitreal Mn?' dose and ON CNR has earlier been reported
from in-vivo MEMRI of the rat visual system by Thuen et al. [98]. The exis-
tence of a plateau of maximum Mn?" input into the ON suggest that increased
ON signal enhancement observed with increased dose [98] is a consequence of a
greater duration of Mn?" availability when large doses are used. As a conse-
quence, the Mn®T exposure can be greatly reduced by using a slow release low
dose contrast agent with a release rate tuned to the uptake threshold, and ON
signal enhancement may even be improved if the contrast agent release time is
increased.

After entering the cell, Mn®*" complex with other molecules or enter subcellular
compartments for axonal transport [7] like mitochondria and vesicles. Mitochon-
dria travel slowly (0.18-1.08 mm /h) [84] while neural vesicles may travel as fast as
18 mm/h [104]. Mn®" may enter several of these compartments, and thus travel
at various velocities in the same axon [7]. The transport model optimization in
Paper III forced the centre of all tested velocity distributions towards zero which
indicated a high density of slow transporters. This may indicate a high degree
of transport in mitochondria. However, the two transport models which fitted
the data best both supported infinitesimal velocity components which means
that even slower velocities than reported for mitochondria seemed to be involved.
This could include slow transport, but an alternative hypothesis is that Mn?"
is loosely bound during transport fall off and re-enter transporters which create
apparent velocities different from the genuine transporter velocities, e.g. vesicle
and mitochondria transport velocities.

5.4 Conclusion

Methods for segmentation of axons and brain tissue with manganese accumu-
lation together with methods for quantification of signal- and contrast changes
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5.4 Conclusion

along axons related to manganese accumulation and transport have been estab-
lished. The methods have enabled more reliable in vivo studies of axonal damage
and repair in parts of the CNS and provided more profound knowledge about ax-
onal manganese transport kinetics, as well as novel insight into the relationship
between manganese enhancement and neural death related to ischemic insult in
the neonatal brain.
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Abstract

Purpose: 1) To evaluate a novel theoretical model for in vivo axonal Mn®" transport with
MRI data from the rat optic nerve (ON), and 2); to compare predictions from the new model
with previously reported experimental data.

Materials and Methods: Time resolved in vivo T; weighted MRI of adult female Sprague
Dowley rat (n=9) ON was obtained at different time points after intravitreal MnCl,-injection.
A concentration dependent and a rate dependent function for the Mn”" retinal ganglion cell
(RGC) axon entrance were convolved with three different transport functions and each model
system was optimized to fit the ON data.

Results: The rate-limited input function gave a better fit to the data than the concentration-
limited input. Simulations showed that the rate-limited input leads to a semi-logarithmic
relationship between injected dose and Mn®" concentration in the ON, which is in agreement
with previously reported in vivo experiments. A random walk transport model and an
anterograde predominant slow model gave similar fit to the data, both better than an
anterograde predominant fast model.

Conclusion: The results indicate that Mn>" input into RGC axons is limited by a maximum
entrance rate into the axons. Also, a wide range of apparent Mn®" transport rates seems to be
involved, different from synaptic vesicles transport rates, meaning that manganese does not

depict synaptic vesicle transport rates directly.



Introduction

In neurons many proteins are synthesised in the cell body and transported along axons by
molecular motors. Kinesin and dynein motor proteins generate force and move along
microtubules carrying protein cargos; Kinesin travels from the cell body towards the synapse
(anterograde direction) while dynein travels towards the cell body (retrograde direction) (1).
In many major human neurodegenerative diseases such as Alzheimer’s and Parkinson’s

disease disruption of the transport processes is an early significant event in the aetiology (2).

Various substances move at different rates independently of the electrical activity within the
axons (3.4) and are grouped in fast and slow components with speeds of approximately 4-
16mm/h and 4-250um/h respectively in the healthy axon, (3,5). The same “fast” molecular
motors are involved in both fast and slow axonal transport, but during slow axonal transport
there are prolonged pauses between periods of movements (6,7). Axon transport of
radioactive, fluorescent and non-fluorescent tracers is the basis of axon tracing and may be
specific for either antero- or retrograde transport. However, most techniques require tissue

sampling (8) and are therefore unsuited for longitudinal real time in vivo studies.

Rat optic nerve (ON) axons arise from retinal ganglion cells (RGC) in the eye and project
towards the optic chiasm and project through the contralateral optic tract to the superior
colliculus (SC) in the mid brain. Hence, ON anterograde transport is from the eye and towards
the SC while ON retrograde transport is directed towards the eye. The vitreous body makes a
well defined and easily accessible chamber for tracer injection from where a tracer can access
the RGC and be transported in their axons in the ON. The uniform orientation of the
trajectory of RGC axons in the ON and optic tract makes the visual pathway well suited for

axonal transport studies.

Pautler et al. introduced manganese enhanced MRI (MEMRI) as an in vivo anterograde
central nervous system (CNS) tract tracing technique by injecting an unchelated manganese
chloride (MnCl,) solution into the vitreous body of the mouse eye (9). Since then, MEMRI
has become an established technique for in vivo anatomical CNS tract tracing in various
animal models (9-13) and has recently been extended to dynamic tracing (14-16). MEMRI
utilizes the paramagnetic property of the manganese ion (Mn”") and takes advantage of Mn*"
being a calcium (Ca”") analogue in biological systems. Mn>" gives positive contrast on T)-

weigthed images and enters cells through voltage gated Ca®" channels on the cell membrane



(17). A working hypothesis for Mn”" transport is that Mn”" is packaged into vesicles and
transported anterogradely along axonal microtubules (18) and released into the synaptic cleft

for thereafter to enter post synaptic neurons through voltage gated Ca*" channels (11,19).

One way to describe the Mn®" transport processes is to use the analogy of vesicles being
carried on transport belts running in anterograde and retrograde directions. If Mn”" is bound to
vesicles until it reaches the synapse, the transport will be described as convection-like with
either 1) a single velocity if all transport belts run at the same speed or 2), a mean velocity
with dispersion if the transport belts run in the same direction at different speeds. However, if
Mn®" are loosely bound to the vesicles, detach during transport and re-bind to cargo on the
anterograde and/or retrograde running transport belts, the transport resembles that of random
walk, also called Brownian motion or diffusion. However, note that the diffusion coefficient
now is not that of the Brownian motion of free ions, but rather an apparent or effective

transport coefficient.

Even though Mn”" CNS axonal transport rates have been reported in various studies (9-13,16)
a more thorough investigation of Mn”" transport which addresses issues like entering of Mn**
into axons, multiple transport rates and axonal clearance are needed before MEMRI has
application in in vivo studies of neurodegenerative diseases. The previous studies have used
two time points and positions to estimate transport rates while several positions and time

points are needed to reveal multiple transport rates.

The response of ON contrast to various intravitreal Mn®" doses has been investigated by
Thuen et al (20) and a semi-logarithmic relationship between intravitreal Mn>" dose and ON
contrast to noise ratio (CNR) has been found. However, the transport mechanisms governing

this semi-logarithmic relationship are unknown.

The aims of the present study were to: 1) To evaluate a novel theoretical model for in vivo
axonal Mn”" transport with MRI data from the rat optic nerve, and 2); to compare predictions

from the new model with previously reported experimental data.



Materials and Methods

Animals

Adult female Sprague Dowley rats (n=9) (~200g) were kept in a pathological-free
environment on a 12:12 light:dark hours (h) cycle and allowed free access to food and water.
All experimental procedures were performed using isoflurane gas anaesthesia (3.5% induction
and 1.5% maintenance). Animal experiments were conducted in accordance to the National

Ethics Committee for Animal Research approved by the responsible governmental authority.

Intravitreal Mn** injections

Anesthetized animals were placed in a purpose-built head frame and 3pl of a non-toxic dose
of 150nmol MnCl, was injected through the sclera posterior to the ora serrata of the left eye
using a purpose-built injection device consisting of a plastic syringe connected via
polyethylene tubing to a glass micropipette with a tip diameter of ~50um. After the injection

the pipette was slowly withdrawn to minimize reflux (21).

Experimental design

Time resolved (15min resolution) in vivo MRI was obtained before MnCl,-injection and in
the periods 0-6h, 12-30h, 42-44h and 46-48h after MnCl,-injection. Each animal was in the
scanner for 2h and eyes were lubricated with Simplex (Ophtha AS, Copenhagen, Denmark) to
counteract corneal dehydration. In order to cover the time spans, each animal was scanned 2-4
times throughout the 48h period. For the time period 0-6h 2-4 animals were used to increase
the signal to noise ratio (SNR) at each time point while for all other time points one animal

was used. More details of the experimental design are given in Figure 1.
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Figure 1: a: The ON was sampled with 0.4 mm resolution from the retina to the optic chiasm every
15min. Data from 3.5mm to 9.5 mm were used in the analysis. b: To cover the first 6h of Mn’"
transport 2-4 animals were used (0-2h: n=3, 2-4h: n=4 and 4-6h: n=2), while for the 12-30h period

one animal was used for each time point with overlapping time slots.

MEMRI

MEMRI was performed at 7T using a Bruker Biospec Avance 70/20 (Bruker Biospin,
Ettlingen, Germany) with Water-cooled BGA-12 (400mT/m) gradients. A 72mm volume coil
was used for transmission and an actively decoupled quadrature rat head surface coil was used
for receive-only. During scanning, the anesthetized rats lay prone in a dedicated animal bed
heated with circulating water at 37°C. To plan a 3D data set, a gradient-echo pilot scan
consisting of three orthogonal slice packages (five slices per package) was obtained using
field of view (FOV) =5x5cm’, matrix =128x128, repetition time (TR) =200ms, and echo time
(TE)=5ms.

The 3D dataset was obtained using a centric reordered saturation recovery turbo-FLASH
sequence, with saturation delay=500ms, flip angle=15°, TE/TR=2.7/9.25ms, echo train length
445ms and number of segments=4. An oblique acquisition matrix of 192x192x66 voxels was
placed 45° to the rostral-caudal direction. With a field of view of 3.5x3.5x2.64cm’, the
resolution was 182x182x400um?”. The sequence was repeated every 15min over the 2h period

the animal was in the scanner.



Image processing

The co-ordinates of the centre of the left ON were manually identified in each slice
perpendicular to the nerve from the retina to the optic chiasm. The set of co-ordinates were re-
sampled with 0.2mm resolution by tri-linear interpolation which gave an intensity curve of the
ON for each scan. The intensities were normalized to the signal from a ROI placed in tissue in
the same anatomical position in each animal and integrated in 1mm steps. Data from the 12-
48h period were averaged along the time dimension (45min window size) to increase signal to
noise ratio. To construct approximated Mn?" concentration curves, SI.(x), a mean intensity
curve of ON data before Mn®" injection was calculated and subtracted from the post Mn*"
injection curves. The approximated Mn®" concentration curves were placed in a position-time
matrix, S/ .(x,¢), for model fitting. In addition, the vitreous body intensity was extracted and
normalized, and the time constant for vitreal clearance was calculated based on a mono-
exponential fit to the vitreous body data. The data were post processed using Matlab® (R14
SP3, MathWorks Inc., Natick MA, USA).

Description of the Mn** transport model system

The model system we used consisted of three elements as shown in Figure 2: 1), the vitreous
body and retina, where Mn®" is initially injected and subsequently cleared through blood
vessels and transport into the RGC axons; 2) The input function u(?) describing how Mn*"
enters the RGC axon as a function of time, and 3), the ON in which the Mn*" is transported
along RGC axons. The ON is mathematically represented by a transport function p(x,?)
describing how an input of Mn”" at time zero is transported and distributed along the ON at all
later time points. This transport function is analogous to what is often referred to as the
impulse response or Green’s function of a system. The total Mn?" concentration Cmod(X,t) along
the ON at any time point is then given by the mathematical convolution between the input

function and the transport function, as shown in Eq.1:

t

Cproa (X,1) = aJ‘u(z')p(x,t —-7)dtr (1)

0

where a is a scaling factor which includes the dose of injected Mn”" and the cross-sectional
area of the ON. The scaling factor was included in the input function in the parameter
optimization. For Eq.1 to be valid, one must assume that the biological system is both linear

and time-invariant.
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Figure 2: After injection of MnCl, into the vitreous body, intravitreal Mn’" concentration gradually
decreases as Mn’" enters the retina (retinal compartment) by diffusion and then passes through Ca’*
channels to enter RGC. Entering of Mn”" into RGC axons is described by the input function u(t) where
the input could either be M’ concentration dependent, or uptake rate dependent. Inside RGC axons,
the transport is described by the transport function p(x,t). ON clearance is described by an
exponential decay function with time constant Tciearance 1he ON Mn’" concentration is given by the

mathematical convolution of the input function and the transport function.

Vitreal clearance

A mono-exponential fit was made to the vitreous body time-intensity curve to obtain the
vitreous body clearance rate. Data points in the interval 0 — 30min were excluded to allow

Mn*" to distribute in the vitreous body.

Input functions

Two input functions were evaluated. 1): The concentration-dependent input function which
equalled the Mn®" concentration time-curve in the vitreous body as found from the above
mono-exponential fit. This describes the case where the entrance of Mn®" is determined by the
available amount of Mn”", i.e. the Mn®" concentration. 2): The rate-dependent input function
which is constant for a given time followed by a mono-exponential decay. This describes the
case when the uptake of Mn”" into the RGC axons is limited by a maximum rate. The same
time-constant as for vitreal clearance of Mn”" was used to describe the mono-exponential

decay part of this input function.

Transport functions

Three different transport functions were tested: A), Single component anterograde convection
together with random walk and clearance as described in (15) and (16); B) Pure anterograde
convection with a majority of fast velocity components, and C) Pure anterograde convection

with a majority of slow velocity components. Transport function A was recently used in



studies of age-related axonal transport rates (16) and Alzheimer’s disease (15) and describes
loosely bound Mn” in a uniform translation with a single velocity in one direction and random
walk transport in both directions. For functions B and C a distribution of velocities was
assumed instead of single components. As transport function B the Rice distribution was used
(Figure 3a), which has very few components close to zero even for the minimum average
velocity. For higher average velocity it resembles a Gaussian distribution. As transport
function C an exponential velocity distribution was used, which has the majority of velocity

components towards zero (Figure 3a). See Appendix A for more details.
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Figure 3: a: Velocity distributions of transport functions B and C with mean velocity 2mm/h.
Transport model B has very few components close to zero while transport function C has the majority
of velocity components towards zero. Transport function A consisted of a single velocity with bi-
directional random walk and as such, did not have a specific distribution of velocities b: Plot of
transport functions A, B and C with comparable model parameters. The curves describe the
concentration as a function of time at a given position x; in the ON after an instantaneous injection of
Mn’". ¢: The concentration dependent input function. d: The rate dependent input function. e:
Simulated concentration curves from the convolution of transport functions (b) and the concentration
limited input function (c). f: Simulated concentration curves from the convolution of transport models

(b) and the rate limited input function (d).



Model prediction of two-point velocity and dose-concentration relationship

The injected dose of Mn?", the input function and the transport function determine how the
Mn®" concentration in the ON develops (Eq.1). Figure 3 b-f show a simulation of how the
convolution of the transport functions A, B and C with the concentration dependent and the
rate dependent input functions generates different concentration curves after an arbitrary dose
of Mn**. We simulated ON Mn*" concentration for eight different intravitreal Mn>" doses to
investigate the model predictions of dose-concentration relationship in the ON 3mm from the

retina 24h after intravitreal Mn®" injection.

The two-point method used in previous studies to estimate apparent transport velocity was
based on measurements of the time taken for the MEMRI signal to reach a specific level (e.g.
detection level) at a given position from the Mn”" injection site, or at two different positions.
We applied the two-point method to the modelled ON concentration curves at three different
positions and levels of Mn”" concentrations to compare our models with previous data and to

investigate if choice of detection level and spacing of measurements would impact the results.

Model fitting
Data from the first part of the ON (0-3.5mm) and beyond 9.5mm were excluded from the fit
because of motion artefacts close to the eye and to avoid the optic chiasm (~10mm) where the

ON from both eyes meet and the axon density within each voxel probably change.

The models (Appendix A: Eq.6 - Eq.8) were fitted to the ON data SI.(x,?) by optimizing the
model parameters in order to minimize the L; and L, norm. Generally, the L, norm is given

by:

L, = [Z abs[c,q(x;,t,) _Sl"(xiﬂt_;)]pJp b3 o

ij
The norm described the difference between the observed data and a model, and the optimized
model which gave the smallest norm (difference) fitted the data best. The L, norm (p=2)
equals the least square fit but is more sensitive to outliers than the L; norm. Both norms were
used to evaluate the impact of choice of norm on the optimized model parameters. The
optimizing was done using a build-in Matlab routine which utilizes the Nelder-Mead simplex
method (22). The search was repeated 50 times for each model with randomly selected initial
conditions to increase the probability of finding the global minimum. The mean and standard

deviation (SD) of the seven best sets of model parameters (smallest L;/L, norms) were



calculated. The SD reflects the variation of estimated model parameters as a function of initial
conditions and SD = 0 indicates that the global minimum has been found while a large SD
indicates one or several local minima among the seven best fits. The fits were also inspected
visually since even though a small norm indicates a good overall fit, parts of the fit may not

describe the data well.
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Results

Figure 4 shows example MR images of the
eye and ON before, and at different time
points after intravitreal injection of MnCl,
into the vitreous body. While the
intravitreal Mn”" concentration gradually
decreased, Mn*" entered the RGC axons

and were transported along the ON.

Vitreal clearance

The vitreous body data are plotted as
function of time in Figure 5. The mono-
exponential fit to the vitreous body data
gave a time constant for vitreous body Mn*"

clearance of 2.46h.

4+ O Vitrous body data
g Mono-exponential fit
=
g
£
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o
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T
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0 10 20 30 40 50
Time/h
Figure 4: MRI of left eye and ON before (a) Figure 5: Mono-exponential fit to the vitreous
and 30min (b), 3h (c) and 5h (d) after body data time intensity curve.

intravitreal injection of 3ul 50nM MnCl,. The
enhancement in the vitreous body (1) gradually

2+ .
decreased as Mn*" enhancement increased

along the ON (2-4).
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Input functions

Figure 6 shows the best fit of model to data for transport function A convolved with the
concentration-dependent and the rate-dependent input functions. For the concentration
dependent input function, the model (solid line) overestimated the Mn®" concentration close to
the retina (Figure 6b) while underestimating the Mn”>" concentration further away from the
retina (Figure 6d) over the first 10h after MnCl, injection. For the rate dependent input
function, the model gave a better fit along the whole ON (3.5mm-9.5mm) (Figure 6f-h) at

early time points. The results were similar when using transport functions B and C.
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Figure 6: b-d: Best fit for transport function A with the concentration dependent input function (a).
Note how the model (solid line) rises too fast compared to the data (open dots) 3.5mm from the retina
(b) while it rises too slow at 8.5mm from the retina (d) over the first 10h after MnCl, injection. At
5.5mm from the retina, the model fits the data well (c). f~h: Best fit of transport function A together

with the rate dependent input function (e).

Transport functions

The convolution of three different transport functions with to different input functions
generated six transport models. Transport function A, B and C convolved with the rate
dependent input function constituted transport model A, B and C, respectively, while
convolved with the concentration dependent input function, transport model A, B and C
constituted transport model D, E and F. Table 1 gives the L; and L, optimized model
parameters for the different models and Figure 7 shows the best fit of model A, B and C at
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3.5, 5.5, 7.5 and 9.5mm from the retina. Table 2 gives apparent transport velocities for the L,

optimized models A, B and C based on the two-point method used in previous studies.

Table 1 Summary of the results from model fitting with the rate dependent and concentration

dependent input function. The numbers indicate the mean of the seven best sets of model parameters

with standard deviations in brackets.

t f
-admission

Input  Transport Transport Norm v® (% SD) D° (% SD) o (%SD) Totearance. (%SD) (%SD)
function  function  model (% SD) °
(mm/h) (mm?/h) (mm/h) (h)
L, L, L L, L L, L L, L, L, L, L,
A A 217 167 0.01 0.00 57.8 30.5 86.1 110 132 112
- (0.3) (0.4) (264) (185) (33) (21.5) (19.5) (36.4) (9.6) (5.8)
=
£
9] 272 202 0.15 0.28 278 285 = o 234 26.1
) B B - - infinite  infinite
g (0.9) (1.1) (246) (154) (21) (6.0) (3.00 (2.7)
2
e 215 175 106 12.5 194 201
C C - - - - infinite  infinite

(0.0) (0.0) (1.8) (0.0) (0.6) (0.0)
- 338 244 0.26 0.29 2.98 2.52 o o
= A D - - infinite  infinite - -
o (1.4) (1.00 (32) (11.4) (16.2) (8.3)
g
3 738 515 0.21 0.19 112 1.00 o
5 B E - - infinite infinite - -
= (5.2) (2.0) (86,7) (154) (27.2) (0.5)
! 325 240 0.99 0.87 o o
o C F - - - infinite  infinite - -
(&} (1.0) (1.9) (6.6) (6.5)

“L; and L, norm.

b Mean velocity except for the convection random walk model which includes only a single velocity

 Apparent diffusion coefficient

! Velocity dispersion parameter

¢ Time constant for exponential clearance of Mn®" from the ON

! Time of constant entry of Mn*" into RGC axons

The model fitting resulted in the smallest L; norm for model C (L;=21.5) which was only

slightly better than model A (L,=21.7). The L, norm optimization gave the smallest norm for
model A (L,=1.67) while model B had larger norms than both model A and C (L,=27.2/

[,=2.02). The L; and L, norms for model D, E and F were larger than any of the

corresponding norms of model A, B or C. The mean transport velocity was ~11mm/h for

model C while both model A and B gave a velocity parameter close to zero. Note that this

does not indicate zero transport but the centre of the velocity distributions. L; and L,

optimization resulted in similar model parameters except for the apparent diffusion coefficient
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D (random walk transport coefficient) where L; and L, -optimization differed almost by a

factor of two (D=57.8mm?*/h and D=30.5mm?/h, respectively).
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Figure 7: Best fit for transport models A, B and C at 3.5, 5.5, 7.5 and 9.5mm from the retina based on

L, optimization.

Table 2 Apparent transport velocities based on the time to reach various optic nerve Mn**

concentrations at 3.5mm, 5.5mm and 7.5mm from the retina (L, optimized data).

Optic nerve Mn**  Time (t) to reach Mn*" concentration at a Apparent velocity Apparent Velocity
Transport
concentration given position® (h) (mm/h) (mm/h)
model
(arbitrary units) a=3.5 mm b=5.5mm c=7.5mm alt b/t clt (b-a)/At (c-b)/ At
0,2 1,33 1,93 2,59 2,6 2,8 29 3,3 3,0
A 0,4 3,53 4,61 577 1,0 1,2 1,3 1,9 1,7
0,5 5,02 6,35 7,77 0,7 0,9 1,0 1,5 1,4
0,2 1,11 1,74 2,38 3.2 3.2 3,2 3,2 3.2
B 0,4 2,05 3,22 4,41 1,7 1,7 1,7 1,7 1,7
0,5 3,10 4,88 6,66 1,1 1,1 1,1 1,1 1,1
0,2 1,05 1,66 2,26 3,3 383 3,3 3,3 3,3
C 0,4 3,40 5,33 7,27 1,0 1,0 1,0 1,0 1,0
0,5 5,78 9,08 12,38 0,6 0,6 0,6 0,6 0,6

 Positions along the optic nerve measured from the retina
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Model prediction of dose-concentration relationship

Figure 8 show the simulated Mn”" concentrations in the ON 3mm from the retina 24h after
intravitreal Mn”" injection for a given set of comparable model parameters. The simulations
showed a linear relationship between intravitreal Mn** dose and ON Mn*" concentration 24h
after intravitreal injection when the concentration dependent input function was used. The rate
dependent input function resulted in near semi-logarithmic relationship between intravitreal

dose and ON Mn** concentration.

Rate dependent input function Concentration dependent input function
—l—— Transport function A —+—— Transport function A
- - @ - Transport function B ---©--- Transport function B
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Figure 8: Simulated Mn’" concentrations in the ON 3mm from the retina 24h after intravitreal Mn’"
injection using doses 1, 2, 10, 20, 30, 40, 50 and 60 times an arbitrary reference dose and comparable
model parameters. Simulations with the rate dependent input function and transport function A, B and
C gave a semi-logarithmic relationship (R’=0.99, R’=0.98 and R’=0.97 for transport function A, B
and C, respectively), while simulations with the concentration dependent input function showed a
linear relationship between intravitreal Mn>" dose and ON Mn’* concentration (R°=1.00 for all
transport functions). Similar results were obtained within a range of model parameters, including the

optimized parameters from the model fitting.
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Discussion

The main result from this study is that the input of Mn®" into RGC axons seems to be limited
by a maximum entrance rate rather than the vitreal concentration of Mn”". This conclusion is
supported both by the model fitting to the experimental data in this study and the simulations
of the dose-concentration relationship. A semi-logarithmic relationship between intravitreal
Mn*" dose and ON contrast to noise ratio (CNR) has earlier been reported from in vivo
MEMRI of the rat visual system by Thuen et al. (20) and correspond well with our
simulations with a rate dependent input function (Figure 8). The L; and L, norm from the

model optimization clearly indicated that the rate limited input function gave best fit (Table

1.

The input of Mn”" into RGC is through voltage gated Ca®" channels, but little is known about
transit time of Mn”" in RGC somata before axon transportation. Neither is it known if Mn*"
accumulates in RGC somata before/while it is transported in axons nor if it is a linear
relationship between Mn”" entering RGC and the transport of Mn** away from the cell body
by anterograde axonal transport. The limited input of Mn”" into the ON could be caused either
by restricted Mn®" vesicle packing in RGC somata, or by restricted Mn”" transport through the
voltage gated Ca®" channels, or a combination of the two. Ca*" channels have an ion turnover
rate of approximately 3-10° Ca®" ions/s (23) which means that there is a plateau of ion
transport into the cell which could account for the observed restricted input. The time of
which the retina is enhanced after vitreal clearance may indicate intracellular retinal storage of
Mn®" which could mean that the rate limited input we observe is caused by restricted Mn®"
vesicle packing. Future work should include a more comprehensive and detailed analysis of

these mechanisms.

An interesting and important observation from the above finding is that is not the injected
dose as such that determines the degree of manganese enhancement in the ON, but the
duration of which Mn?" is available from the vitreous body. The toxicity of Manganese is well
known and limits the dose used in MEMRI (21). If indeed the manganese enhancement is
uptake rate limited, one should be able to achieve increased manganese enhancement by using
a slow release contrast agent with a release rate tuned to the uptake threshold, and at the same
time maintain the local concentration safely below toxic levels. Moreover, this result suggests
that changes in dose-contrast relationship can be used to reveal information on how

neurodegenerative diseases affect the entering mechanisms of Mn”" into RGC axons.
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For the three different transport functions the results are less conclusive For model A, which
consisted of a single velocity convective component together with random walk and a
clearance factor, the best fit was found when the convection velocity was set to zero and the
clearance time constant was set to around 100 h. In practice this means that model A was
reduced to a pure random-walk model with an effective diffusion constant in the range 30-60
mm?®/h. Model A had the smallest L,-norm but the large SD for the optimized parameters
which indicated several local minima among the seven best fits. For model B, which
consisted of pure anterograde convection with a rician distribution of velocities, the best fit
was found for a mean and dispersion velocity of 0.15-0.28 mm/h and 2.78-2.85 mm/h
respectively. Also here, large SD of the optimized mean velocity indicates that there was not a
stable global minimum for this model. For model C, which consisted of pure anterograde
convection with an exponential distribution of velocities, the best fit was found for a mean
velocity of 10-12 mm/h. Model C had the smallest L;-norm (Table 1) and explained the data
with only one transport parameter (mean velocity) which is one parameter less than Model A
and B. From a modelling viewpoint this is an attractive feature. Overall, model A and model
C both described the data reasonably well, although they are based on different transport
functions. We interpret this as being a result of limited temporal and spatial extent in the

experimental data.

The optimized versions of both model A and model C involves a combination of slow and fast
transport, although the detailed velocities and mechanisms involved cannot be extracted from
this study. Furthermore, model B which involved a mean velocity with a gaussian spread was
forced into a regime where it had a broad distribution of velocities. Hence none of the
optimized models supports an interpretation where the transport velocity is well defined, as it
would be if Mn®" is tightly bound to its cargo. On the other hand, the observed wide range of
effective velocities is in agreement with a transport process where Mn”" are loosely bound
during transport, fall off, and then re-bind to either anterograde only moving cargos (model C)

or both anterograde and retrograde moving cargos (model A).

The apparent transport velocities for model A, B and C estimated with the two-point method
(Table 2) showed that the reference level was an important factor as the apparent transport

velocity increased as the reference level decreased. This could account for some of the spread
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of reported apparent Mn'? transport velocities in CNS axons estimated as 2.8mm/h in rat ON
(13), 2mm/h in the mouse ON (9), 2.1-2.6mm/h and 4.6-6.Ilmm/h in the rat (sub)cortical
structures and corticofugal pathways (10), 4mm/h in the rat olfactory bulb (16), 0.64-
1.42mm/h in the Macaque monkey striatum (11) and 2-6mm/h in a songbird brain (12).
Furthermore, the apparent transport velocity did not seem to reflect the mean of the velocity
distributions. For model B and C the apparent transport velocity was 3.2mm/h and 3.3mm/h at
a given reference level whereas the mean of their velocity distributions was ~0.2mm/h and
~10mm/h, respectively. Another interesting observation from the apparent transport velocity
estimation is the behaviour of random walk transport. Generally, with random walk like
transport, the apparent velocity will depend upon the selected spatial spacing of
measurements, with the apparent velocity becoming lower as the spacing of the two
measurement points is increased. However, in the case with a rate limited input function, a
random walk model may show the opposite behaviour (Table 2, model A). A thorough
investigation of apparent velocities was outside the scope of this study but this behaviour

seems to be connected to the rate limited input function.

In conclusion, RGC axonal entrance of Mn®" is rate dependent and not directly proportional to
the vitreal concentration, suggesting that increased Manganese enhancement could be
achieved using a slow-release contrast agent without reaching toxic levels of local
concentrations. Also, a wide range of apparent Mn”" transport rates seems to be involved,
different from synaptic vesicles transport rates, meaning that manganese does not depict
synaptic vesicle transport rates directly. Furthermore, our study illustrates that with spatial-
and time resolved in vivo MEMRI it is possible to assess different aspects of axonal transport
kinetics, and this suggests that changes in axonal Mn”" entrance and transport rate
distributions can be used to reveal new information about how white matter disease affects

axonal transport.
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Appendix A

Generally, a transport function, p, with only one velocity can be written:

p(x,t;v) = 8(x =) €)

where 9 is delta function, x position, v velocity and ¢ time. If the transport function contains
several velocities described by a velocity distribution function p(v;s) where s is a set of

parameters, the averaged transport function can be written:

p(xt58) = [ p(x,v) p(vss)dv )

Function (4) describes the transport of a tracer based on a spectrum of transport velocities. To

further model the transport, we included exponential clearance of the tracer:

PO61) = @XP(~1 T )| P15 V) P(Y) (5)
where Tejearance 18 the time-constant for exponential clearance of the tracer from the ON.
The following velocity distributions were used to test convection-like transport:

1. The exponential distribution
1 v
p(v)=—exp|—| v=20 (6)

where vy is the mean velocity.
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2. The Rice distribution

v — V2 + 2 v
p(v) = —exp ((—j‘)] I, (—‘z’j v>0 (7)

o 20 o
where ¢ and p are distribution parameters, and / is the modified Bessel function of the first

kind with order zero.

In addition to these velocity distributions, a one dimensional convection-diffusion transport
function recently used in studies of age-related axonal transport rates (16) and Alzheimer’s

disease (15) was tested. The transport function can be written:

1 (x=v,t)’ t
ex —_—— |- X - X > 0
p(x, t) =3V 47Dt p( 4Dt P T clearance (8)
0 x<0

where vy is the transport velocity, D is the diffusion coefficient and Tcjearance 1S the time-
constant for exponential clearance of tracer from the ON. The model describes an overall
transport with a single velocity in one direction with diffusion like transport in both

directions.
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Hypoxic-ischemic injury (HI) to the neonatal brain results in delayed neuronal death with accompanying
inflammation for days after the initial insult. The aim of this study was to depict delayed neuronal death after
HI using Manganese-enhanced MRI (MEMRI) and to evaluate the specificity of MEMRI in detection of cells
related to injury by comparison with histology and immunohistochemistry. 7-day-old Wistar rat pups were
subjected to HI (occlusion of right carotid artery and 8% O, for 75 min). 16 HI (HI+Mn) and 6 sham operated
(Sham+Mn) pups were injected with MnCl, (100 mM, 40 mg/kg) and 10 HI-pups (HI+Vehicle) received NaCl
i.p. 6 h after HI. 3D T;-weighted images (FLASH) and 2D T,-maps (MSME) were acquired at 7 T 1, 3 and 7 days
after HI. Pups were sacrificed after MR-scanning and brain slices were cut and stained for CD68, GFAP, MAP-2,
Caspase-3 and Fluorojade B. No increased manganese-enhancement (ME) was detectable in the injured
hemisphere on day 1 or 3 when immunohistochemistry showed massive ongoing neuronal death. 7 days
after HI, increased ME was seen on T;-w images in parts of the injured cortex, hippocampus and thalamus
among HI+Mn pups, but not among HI+Vehicle or Sham+Mn pups. Comparison with immunohistochem-
istry showed delayed neuronal death and inflammation in these areas with late ME. Areas with increased ME
corresponded best with areas with high concentrations of activated microglia. Thus, late manganese-
enhancement seems to be related to accumulation of manganese in activated microglia in areas of neuronal
death rather than depicting neuronal death per se.

© 2008 Elsevier Inc. All rights reserved.

Introduction in the neonatal brain. Inflammatory cytokines have been shown to

potentiate excitotoxic injury, and microglia, the resident macrophage
of CNS, has been shown to be activated both acutely and delayed in the
brain after hypoxia-ischemia. Although microglia by many means are
considered a renovation cell through its phagocytosis of dead cells and
debris, it is increasingly viewed as a possible cause of cell death
through its release of glutamate, free radicals and nitric oxide (McRae

Hypoxic-ischemic brain injury in the perinatal period results in
high mortality and morbidity among infants and children (Ferriero,
2004; Vannucci and Perlman, 1997; Vannucci and Hagberg, 2004). In
contrast to adult stroke, hypoxia-ischemia in the neonatal brain
results in a prolonged evolution of injury with neurons dying days and

weeks after the primary insult. This has presented a possible window
of opportunity for therapeutic intervention (Nakajima et al., 2000;
Geddes et al., 2001; Vannucci and Hagberg, 2004; Northington et al.,
2005), but in order to develop effective treatment strategies the
complexity of the underlying injury mechanisms and evolution of
injury has to be further investigated. One of the injury mechanisms
that we are just beginning to elucidate the consequences and
significance of is the inflammatory response after hypoxia-ischemia

* Corresponding author. Medical Faculty, LBK, NTNU, MTFS, 7489 Trondheim,
Norway. Fax: +47 73 55 13 50.
E-mail address: marius.wideroe@ntnu.no (M. Widerge).

1053-8119/$ - see front matter © 2008 Elsevier Inc. All rights reserved.
doi:10.1016/j.neuroimage.2008.12.007

et al., 1995; McLean and Ferriero, 2004; Ferriero, 2004).

The advances during the past decade in revealing the pathogenesis
of neonatal hypoxic-ischemic brain injury are in part due to new
neuroimaging techniques and a focus on mapping the cellular and
molecular mechanisms of injury through animal models (Ferriero,
2004; Vannucci and Vannucci, 2005). Combining the strengths of MRI
with neonatal animal models give the opportunity of longitudinal
studies of brain injury in vivo where mechanisms of the evolution of
injury can be investigated on a structural and cellular level. One novel
versatile MRI technique is manganese-enhanced MRI (MEMRI).
Manganese (Mn?*) gives positive contrast on T;-weighted images
due to its paramagnetic properties that primarily shortens T; in solid
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tissue (Koretsky and Silva, 2004; Silva et al., 2004). The divalent
manganese ion (Mn?*) functions as an analogue for Ca* in biological
systems and is known to enter neurons and glial cells through voltage-
gated Ca®*-channels. During normal homeostasis systemic adminis-
tration of Mn?* gives signal enhancement on T;-weighted images of
brain areas with high neuronal activity (Watanabe et al., 2002;
Wadghiri et al., 2004; Kuo et al., 2005). Under pathological conditions
the properties of Mn?* give MEMRI other potentials for use. Calcium
plays an important role in neuronal death during brain ischemia
either through rapid Ca%*-influx as a result of depolarisation caused by
energy failure or excitatory glutamate release or as a result of slow
continued accumulation of intracellular Ca?* associated with neuronal
apoptosis (Ankarcrona et al., 1995; Kristian and Siesjo, 1998; Won et
al., 2002; Aoki et al., 2003; Koretsky and Silva, 2004). Substituting Ca**
with Mn?* may lead to intracellular accumulation of Mn?* in neurons
undergoing cell death. Aoki et al. has demonstrated this during early
neuronal death in the adult rat stroke model (Aoki et al., 2003, 2004).
However, using the same principles we hypothesised that MEMRI may
be utilised for imaging delayed neuronal death which would be
particularly valuable for better understanding neonatal hypoxic-
ischemic brain injury.

The main aim of the present study was to depict delayed neuronal
death by MEMRI up to several days after the initial hypoxic-ischemic
insult in the neonatal rat brain. In addition, we aimed to evaluate the
specificity of MEMRI in detection of cells related to injury by
comparison with histology and immunohistochemistry.

Materials and methods
Animals

Wistar rats (Scanbur, Norway AS) were bred in the animal facilities
at the St. Olav University Hospital in Trondheim. Time-mated rats
(n=5) and their offspring (n=35) were kept on a 12:12 h light:dark
cycle. They had water and food ad libitum. Animal experiments where
conducted in accordance with Guidelines set by the Norwegian Ethics
Committee for Animal Research and the experiments were approved
by the responsible governmental authority.

Hypoxia-ischemia (HI)

The Vannucci-Rice model for hypoxic-ischemic brain damage was
used (Rice et al., 1981; Vannucci and Vannucci, 2005): P7 rats (mean
weight: 15.1£1.6 g) were anaesthetized with isoflurane (Baxter
Medication Delivery, Oslo, Norway) (4% induction, 2% maintenance)
in O,. Through a mid-neck incision, the right common carotid artery
was identified, thermo-cauterized and severed. Wounds were closed
and sprayed with Xylocaine (2%). Duration of operating procedure was
5-10 min. The pups were then placed back with their dam for recovery
and feeding for minimum 2 and maximum 4 h. Thereafter, pups were
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put in a fibreglass box inside an incubator. The temperature inside the
box was kept at 36+0.5 °C throughout the procedure. The box was
flushed with pre-heated humified air with 8% O, (in 92% N,) (15 I/min)
for approximately 3 min until the oxygen concentration in the box was
8%. Thereafter air flow was kept at 5 I/min and O, was measured to 8%
throughout the procedure using an OxyQuant S® (EnviteC GmbH,
Wismar, Germany). After 75 min of hypoxia, the box was flushed with
room air and the pups were allowed to recover for 5 min before being
placed back with their dam. This procedure resulted in a unilateral
hypoxic-ischemic insult (HI) to the right cerebral hemisphere. In
every litter pups were sham-operated; carotid artery was identified
under anaesthesia, but not damaged. Sham-operated animals were
not subjected to hypoxia.

Study groups and manganese administration

Six hours after the hypoxia one group of HI pups (HI+Mn) (n=16)
and the sham operated pups (Sham+Mn) (n=6) were given a single
dose of MnCl, (# 7773-01-5, Sigma-Aldrich Inc., St. Louis, USA)
intraperitoneally. A dose of 40 mg MnCl, per kg bodyweight
(~318 umol Mn?*/kg) at a concentration of 100 mM was mixed with
0.9% NaCl to make an isotonic injection volume of 0.1 ml. Another
group of pups (HI+Vehicle) (n=10) did not receive MnCl,, but were
instead injected with 0.1 ml of 0.9% NaCl to serve as controls (Fig. 1).

To evaluate whether there was active cellular uptake of manganese
7 days after hypoxia-ischemia (HI), one group of pups HI+Mn6 (n=3)
followed the described protocol for hypoxia-ischemia on day 0, but
received no injections until day 6 after HI. They were then injected
with 40 mg MnCl, per kg at 100 mM mixed with 0.9% NaCl (total
volume 0.1 ml).

Magnetic resonance imaging

MRI was performed on days 1, 3 and 7 after HI (day 0) usinga 7 T
magnet (Biospec 70/20 AS, Bruker Biospin MRI, Ettlingen, Germany)
with water-cooled (BGA-12, 400 mT/m) gradients. A 72 mm volume
resonator was used for RF transmission and an actively decoupled
mouse head surface coil was used for RF reception. Pups injected with
MnCl, on day 6 (HI+Mn6) were also imaged on days 8, 10 and 14 after
HI. All animals were imaged longitudinally at all time-points until they
were sacrificed for histology. During scanning the anaesthetized (2%
isoflurane in 30% O,, 70% N,) pups lay prone in a dedicated water
heated mouse bed (Bruker Biospin MRI) and the head of every animal
was fixed in the same position with inbuilt earplugs, tooth bar and
nose-mask. This assured the same placement of the head of the
animals within the magnet from scan to scan.

After a gradient echo FLASH pilot scan (acquisition time 1 min),
a 3D data set was obtained using a T;-weighted gradient echo
FLASH sequence with flip-angle=30°, TR=12 ms, TE=3.0 ms.
FOV=20x20x175 mm and acquisition matrix was 128x96x84

HI+Mn (n=16)| HI MnCl, MR (16) MR (14) MR (12)
Histo(2) Histo(2) Histo(8)
HI+Vehicle in=10)| HI Nacl, MR (10) MR (10) MR (10)
Histo(6)
Sham+Mn =6 MnCl, MR (6) MR (6) MR (6)
Histo(3)
HI+Mn6 (n=3)| HI MR(3) MR(3) MnCl, MR(3)MR(3) MR (3) MR (3)

| | 1 1 | | | | |

[T [ [ T [ [

Days after HI 06h 1 3 6 78 10 14

Fig. 1. Overview of the study design with study groups (HI+Mn, HI+Vehicle, Sham+Mn and HI+Mn6). Timing of hypoxia-ischemia (HI) and injection with MnCl, or Vehicle (NaCl,),

and timing of MR imaging (MR) and sacrificing for histological examinations (Histo).



882 M. Widerge et al. / Neurolmage 45 (2009) 880-890

giving an acquired resolution of 156 pmx=208 pmx=208 pum. With
zero-filling of the matrix to 128x128x112, the interpolated
resolution was 156 pm isotropic. Acquisition time was 25 min
with 16 averages. 2D T,-maps were obtained with a spin-echo
sequence (MSME) with TR=2500 ms, TE=7.6 ms, 40 echoes, slice
thickness 1 mm. FOV=18%x18 mm and acquisition matrix 128x96
giving an in plane resolution of 140 umx 187 pum. With zero-filling
of the matrix to 128x128 the interpolated resolution was 140 pm
isotropic. Acquisition time was 16 min with 4 averages. The
receiver gain was held constant for all scans and the signal scaling
during reconstruction of the images was corrected for before
quantitative analysis of the data.

The B1-field of the volume-coil was considered homogeneous
within the field of view, while the spatially inhomogeneous
sensitivity of the surface-coil used in the 3D T;-weighted FLASH
acquisition was corrected for using two additional scans in coupled
and single coil operation: 3D T;-weighted FLASH sequences: Flip-
angle=30°, TR=12 ms, TE=3.0 ms, matrix size 32x32x32, acquisi-
tion-time was 2 min for each scan. FOVs were the same as those
used to obtain 3D data set. The correction-procedure was performed
in Matlab (MATLAB ver 2007a, MathWorks Inc.). The MRI signal
intensity in a voxel at location (xy,z) was normalized using the
following relation:

Csc(x,y,2
Isc(x,y,2) =1cc(&}’l)% (1)

where Ccc and Csc is the coupled-coil and single-coil intensities in the
correction scan datasets respectively, Icc is the recorded couple-coil
signal intensity in the main 3D data set, and Isc is the resulting
normalized signal intensity.

Histology and immunohistochemistry

Animals were sacrificed after MRI acquisition on day 1 (HI+Mn,
n=2), day 3 (HI+Mn, n=2) and day 7 (HI+Mn, n=8; HI+Vehicle,
n=6; HI+Sham, n=3) following HI. They received an overdose
pentobarbital (300 mg/kg) and were perfused intracardially with 4%
paraformaldehyde (PAH) in phosphate-buffered saline (PBS). Brains
were removed and embedded in paraffin. Coronal sections (8 pm)
corresponding to —3.25 mm from the bregma (Paxinos and Watson,
1998) were cut and stained with either hematoxylin-eosin (Klini-
path, Duiven, the Netherlands), anti-MAP2 (Sigma-Aldrich, Stein-
heim, Germany), anti-cleaved-caspase3 (Cell Signaling) or anti-ED1-
fitc (Serotec, Raleigh, NC) and slices from HI+Mn pups on days 1 and
3 and 4 HI+Mn pups on day 7 were stained with anti-GFAP (Cymbus
Biotechnology, Southampton, UK). Sections were then incubated
with rat-anti-FITC-biotin (Roche, Basel, Switzerland), goat-anti-
rabbit-biotin (Vector Laboratories, Burlingame, CA) or horse-anti-
mouse-biotin (Vector Laboratories, Burlingame, CA). Visualization
was performed using a Vectastain ABC kit (Vector Laboratories). Full
section images were captured with a Nikon D1 digital camera
(Nikon, Tokyo, Japan). Sections were also stained with Flourojade B
(Chemicon International, Temecula, CA, USA) after incubation in
0.06% potassium-permanganate, embedded in DEPEX and visualized
using a fluorescence-microscope in the FITC channel.

MR image analysis

In-house developed software was used for MR image analysis
(MATLAB ver. R2007a, MathWorks Inc., Natick MA, USA). From the 3D
T,-weighted data set a coronal 2D image-slice (slice thickness
0.156 mm) approximately corresponding to the histological slice was
extracted by tri-linear interpolation and used for image analysis. Using
a rat brain atlas (Paxinos and Watson, 1998) for reference, regions of
interest (ROI) were manually placed in the cortex, hippocampus,

External capsule and thalamus in both hemispheres and mean signal
intensity (SI) was calculated for each ROL

To evaluate Manganese enhancement (ME), SI on T;-weighted
images in ROIs in the injured hemisphere (ipsilateral) was compared
to the contralateral (unaffected) hemisphere. To allow comparison
between animals and groups of animals, a measure of the relative
contrast (RC) was calculated for each structure (cortex, hippocampus,
external capsule and thalamus) in every animal using the 2D-image
slices acquired on days 1, 3 and 7. RC was calculated using the
following equation:

— SIRO[]ps:la[era] _SIROIConlralarera]

RC=5 +SI ‘
ROlpsilateral ROlcontralateral

(2)

Comparison of histology and manganese enhancement

The histological slices with different staining were evaluated using
standard and fluorescent microscopy. The extent and intensity of CD68
and GFAP staining and the number of stained cells in different areas of
the injured hemisphere were compared to the extent and intensity of
ME. The extent of MAP-2 loss was compared to the extent of ME. For this
comparison 2D T;-weighted images was viewed with a RGB lookup table
where the threshold for the colour yellow was adjusted to right above
the highest level of signal intensity recorded in the contralateral
hemisphere for every animal. High signal areas in the injured hemi-
sphere, indicating increased ME, would hence appear yellow.

The following computer-based method for evaluating agreement
between increased ME on T;-weighted images and histological
staining was developed: manganese-enhancement in the injured
hemisphere was defined by signal intensities above a threshold set by
mean SI of a ROI placed in the thalamus of the contralateral
hemisphere +1 SD of the image noise. A binary mask was created
for the area of ME in the injured hemisphere. Images of whole
histological slices stained for MAP-2, CD68 and GFAP were segmented
in the RGB vector space using the Mahalanobis distance from an
average colour calculated from a ROl manually placed in an area with
uniform staining (Gonzalez et al., 2004). The segmented colours were
defined to be in a distance equal or less than 1 SD from the average
colour, where the SD was selected from the RGB component with the
largest variance within the ROI. From this a binary mask for the area of
staining was created. The T; weighted MR images and the histology
images were then co-registered using landmark based image
registration. After manually selecting approximately 15 pairs of
anatomical points of reference in the two images, the transformation
was calculated using a piecewise linear model. The transformation
was applied to the segmented histology image which made us able to
compare the manganese-enhanced areas and segmented histology
staining on a pixel-to-pixel basis. The fit of the transformation was
evaluated visually. The overlap between the area of histological
staining (Areay;sioogy) and the segmented manganese-enhanced area
(Areaye) was evaluated using three different parameters, where the
intersection of the areas of ME and histological staining was divided
by either the union of the two areas, area of histological staining or the
area of segmented ME:

Areaye N AreaHismlogy

Match =
Areaye U Aredyistology

3)

Areaye N Areayistology

Sensitivity =
ty AreaHistology

Areayg N AreaHiSmlOgy

Prediction =
Areay
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Statistics

SPSS version 14.0 (SPSS Inc., Chicago, IL, USA) was used for all
statistical analysis and the level of significance was set to 0.05.
Signal intensity data and relative contrast data are presented in
figures as mean with error-bars representing+2 SEM. Mann-
Whitney U-test was used to compare the mean signal intensities
in ROIs and the mean relative contrast (RC) in different structures
between groups. T»-values are presented as meanz1 SD. Paired t-
tests were used to analyze differences in T,-values of the ROIs
between the two hemispheres. Results from the pixel-wise
comparison of T;-weighted images with histology and T,-maps are
presented as mean+SEM.

Results
MR signal enhancement with manganese

T,-weighted MR images of HI pups injected with MnCl, (HI+Mn)
showed high signal intensities in large parts of the dorsolateral
thalamus and in several animals also in parts of the hippocampus and
remaining cortex on day 7 (Fig. 2). In a few HI+Mn pups some small
spots were also seen in the thalamus on day 3, but no high signal
intensities was seen in the injured hemisphere among HI+Mn pups
prior to day 3. High signal changes were not seen in HI+Vehicle pups
in the injured hemisphere on day 3 or day 7 (Fig. 2).

ROI analysis of the injured hemisphere showed higher signal
intensities in cortex, hippocampus and external capsule among HI+Mn
than HI+Vehicle pups on day 1. On days 3 and 7 signal intensities of
ROIs in cortex, hippocampus and thalamus were higher among HI+Mn
than HI+Vehicle pups (Fig. 3). Also, on day 7 signal intensity of ROIs in
the injured hemisphere's cortex and thalamus of HI+Mn pups was
significantly higher than among Sham+Mn pups (Fig. 3).

Signal intensities in ROI in the contralateral hemisphere of HI+Mn
pups were similar to Sham+Mn at all times in all areas (data not
shown).

HI +
Vehicle

Contrast enhancement on T;-weighted MR images caused by manganese
onday 7

In order to identify areas of high or low signal intensities in the
injured hemisphere relative to the contralateral hemisphere and
compare these between animals, a normalized relative contrast (RC)
was calculated (see Materials and methods). In the dorsolateral
thalamus of the HI+Mn pups there was a mean negative RC on day 1
that increased to a highly positive RC (SI injured hemisphere>SI
contralateral hemisphere) on day 7. In cortex and hippocampus the
same trend was seen with RC increasing from negative (injur-
ed<contralateral) on day 3 to around zero (injured=contralateral)
on day 7. However, among HI+Vehicle pups the opposite trend was
observed going from positive RC in all areas on day 1 to negative on
day 3 and becoming more negative from day 3 till 7 (Fig. 4). This lead
to a large difference between HI+Mn and HI+Vehicle pups with far
more positive RCin cortex, hippocampus and thalamus among HI+Mn
than HI+Vehicle pups on day 7 (Fig. 4).

Increased manganese-enhancement after injection on day 6

Ti-weighted MR images of animals injected with MnCl, on day 6
(HI+Mn6) were also obtained on days 7, 8,10 and 14 after HI. On day 7,
increased signal intensities were seen primarily in the borders
surrounding the area of the dorsolateral thalamus of the injured
hemisphere (Fig. 5). The area corresponded to that seen on day 7 in
pups injected with MnCl, 6 h after HI. A ROI placed in this area showed
significantly higher mean signal intensities on day 7 among HI+Mn6
pups than among HI+ Vehicle pups. From day 7 till day 14 the contrast
in this area increased with more uniformly high signal intensity in the
centre of the area evolving during the week (Fig. 5). However, signal
intensity of this ROl among HI+Mn6 pups never became as high as the
equivalent ROl among HI+Mn pups on day 7 (i.e. one week after their
MnCl; injection). Among HI+Mn6 pups RC was negative in thalamus
and hippocampus on day 7, but steadily increased in both areas and
became positive on day 14.

Fig. 2. T;-weighted images of evolution of brain injury from day 1 till day 7 after hypoxia-ischemia in different groups. On day 7 high signal intensity is observed in the dorsolateral
thalamus, and parts of the remaining cortex and hippocampus of the injured hemisphere of HI pups with injected MnCl, (arrows). These changes were not observed in HI+Vehicle or

Sham+Mn pups.



884 M. Widerge et al. / Neurolmage 45 (2009) 880-890

12000 [[[] sham + Mn
B Hi + Vehicle .
10000 [l HI+Mn t
)
& 38000
Q
o
0 6000
[ =
[
Q
=

4000

%
fatetede
K35

2000

[0
iatete!

K8
0 kXX

12000

10000

8000

60004

4000+

Mean S| Hippocampus

2000

Day 3

120004

—+ %

10000+

8000

60004

4000

Mean Sl Thalamus

2000

120004

10000+

8000+

Mean S| External Capsule

Day 3

Fig. 3. Mean signal intensity (SI) in ROIs in cortex, thalamus, hippocampus and external capsule of the injured/ipsilateral hemisphere of Sham+Mn, HI+Vehicle and HI+Mn pups at
different scan times. The graph shows how the mean SI of ROIs in cortex, hippocampus and thalamus increased over time among HI+Mn pups, with the most noticeable increase in
thalamus, whereas among HI+Vehicle the SI steadily decreased in all areas. On day 1 SI among HI+Mn was on the same level as in Sham+Mn, but it was higher than among HI+
Vehicles (thalamus p=0.93), indicating presence of manganese in these areas. Sl in cortex and thalamus were significantly higher than both Sham+Mn and HI+Vehicle pups on day 7,
indicating a pathological presence of manganese. SI in the external capsule ROI showed the same trend among HI+Mn and HI+Vehicle with decreasing values from day 1 till day 7.
However, Sl in this area was still higher among HI+Mn pups than HI+Vehicle on day 1 and 7. *p<0.05 HI+Mn vs. HI+Vehicle, 'p<0.05 HI+Mn vs. Sham, *p<0.05 HI+Vehicle vs. Sham.

(Error bars+2 SEM).

T,-mapping

HI+Mn vs HI+Vehicles

At all scans times; the mean T, values measured in cortex,
hippocampus and thalamus were significantly lower in HI+Mn than
in HI+Vehicle pups. Among HI+Mn and HI+Vehicle pups mean T,
values were elevated in cortex, hippocampus and thalamus in the
injured hemisphere compared to the contralateral hemisphere on
day 1. In HI+Vehicle, T, values in cortex and hippocampus of the
injured hemisphere remained elevated, however slightly reduced
from day 1 till day 3. T, in the same areas among HI+Mn pups were
gradually reduced from day 1 till day 7 and was on the same level
as in the contralateral hemisphere. In the dorsolateral thalamus,
mean T, values were gradually reduced from day 1 till day 7 in both
groups with the largest reduction among the HI+Mn pups. The
mean T, value in dorsolateral thalamus of the injured hemisphere
on day 7 was 24.5 ms+8.3 among HI+Mn pups vs. 54.3 ms+4.5
among HI+Vehicles (p=0.001) (Fig. 6). In the contralateral thalamus
there were also a tendency to lower mean T, values among HI+Mn
than HI+Vehicle pups (mean 48.6 ms+14.8 vs. mean 61.3 ms*6.9;

p=0.064). The differences in T, values in thalamus between the
injured and the contralateral hemisphere on day 7 were significant
for both groups.

HI+Mn vs Sham+Mn

On day 1 there were increased mean T, values in cortex, hippocampus
and thalamus of the injured hemisphere among HI+Mn pups compared
to Sham+Mn. On days 3 and 7, mean T, values in these areas were
reduced, resulting in significantly lower mean T, values in dorsolateral
thalamus among HI+Mn pups than among Sham+Mn on day 7.

T2-mapping and manganese-enhancement

The area with reduced T, in dorsolateral thalamus of the injured
hemisphere on day 7 in HI+Mn pups co-localized well with the
manganese-enhanced areas on T{-w images on visual analysis (Fig. 6).
Software-based pixel-wise comparison of the overlap between the
two segmented areas gave a mean match of 0.53+0.06, with a mean
probability of 0.69+0.08 for a manganese-enhanced pixel to have a
corresponding pixel with T,-reduction.
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Fig. 4. Mean Relative Contrast (RC) in ROIs in cortex, thalamus, hippocampus and external capsule of Sham+Mn, HI+Vehicle and HI+Mn at different scan times. There was a
highly positive relative contrast in thalamus among HI+Mn pups on day 7, meaning higher signal intensity in the injured- than the contralateral hemisphere. Notice the
difference in development of RC between HI+Mn pups and HI+Vehicle in cortex, hippocampus and thalamus over time, with decreasing levels of RC among HI+Vehicle,
whereas HI+Mn pups showed increasing RC from day 3 till 7. RC was significantly more positive in these areas on day 7 among HI+Mn than HI+Vehicle. External capsule
showed the same development among both HI groups. *p<0.05 HI+Mn vs. HI+Vehicle, 7p<0.05 HI+Mn vs. Sham, p<0.05 HI+Vehicle vs. Sham. (Error bars+2SEM).

Fig. 5. T;-weighted images 7, 8, 10 and 14 days after HI in rat pup injected with MnCl,
day 6 after HI. Increasing signal intensity from day 7 till day 14 can be seen in an area of
thalamus in the ipsilateral hemisphere (arrows).

Histology and immunohistochemistry

Day 1

On day 1 there was neuronal loss (areas not stained for MAP-2) in
large parts of cortex, hippocampus and thalamus in the injured
hemisphere with accompanying high number of cleaved caspase 3
positive cells in cortex and hippocampus and some in thalamus.
Reactive astrocytes (staining positively for GFAP) and a few activated
microglial cells (CD68 positive cells) were seen in widespread areas of
the injured hemisphere.

Day 3

Histology on day 3 showed the same pattern of neuronal loss and
cleaved caspase 3 positive cells as on day 1. Reactive astrocytes with
intense GFAP staining were seen in all injured areas. Activated
microglia/macrophages were evenly spread out in cortex, hippocam-
pus and thalamus.

Day 7

Histological examination of brain sections showed no difference
in lesion size, morphology, or immunohistochemical staining
between HI+Mn and HI+Vehicle pups. The contralateral
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HI+Vehicle

Fig. 6. T;-weighted images and T,-maps 7 days after HI of pups with and without
injected MnCl,. An area with highly reduced T, is seen in the dorsolateral thalamus of
HI+Mn pups, corresponding to the manganese-enhancement on T;-weighted image
(arrows). In HI+Vehicle a smaller reduction in T, is observed in the same area, but with
no corresponding increased signal intensity on T;-weighted images (arrows).

hemisphere in these groups and among Sham+Mn pups showed no
injury or abnormal pattern of staining. Immunohistochemical
examination of the injured hemisphere in HI pups on day 7 showed

widespread loss of tissue and cyst formation in the cortex and
external capsule of the injured hemisphere. In the remaining tissue,
neuronal loss was prominent and there were high numbers of
Flourojade B positive dying neurons in cortex, hippocampus and
dorsolateral thalamus in all HI animals (Fig. 7). Active caspase 3
positive cells were also present in all these areas, but in low
numbers. Activated microglia/macrophages with intense CD68
staining were numerous in all these areas with the highest
concentration in the dorsolateral thalamus. Numerous reactive
astrocytes with intense GFAP staining were seen in large parts of
the injured hemisphere with the highest concentration in hippo-
campus, cortex and dorsolateral thalamus.

Histology and manganese-enhancement on day 7

Areas with activated microglia (CD68 positive cells) had the best
agreement with the areas of increased ME on T;-weighted imaging.
In 7 out of 8 HI+Mn pups increased ME was seen in the same
areas that had high numbers of CD68 positive cells and vice versa.
Also, the areas with activated microglia/macrophages and the areas
of increased ME showed a similar morphological appearance,
especially in the dorsolateral thalamus (Fig. 7). Furthermore, in
two animals (HI+Mn) with very low density of activated microglia
in the thalamus, there was almost no detectable ME on MRIL
However, one animal had high density of CD68 positive cells, but
little ME.

_:k:_‘,, b

%

Fig. 7. T;-weighted image (A) acquired day 7 after HI in pup injected with MnCl,. Corresponding histological slices stained with HE (B) MAP-2 (C), Caspase-3 (D), CD68 (E) and GFAP
(F) are shown. Arrows points to areas with increased manganese-enhancement in the T;-weighted image and corresponding areas on histology. Comparison shows areas with dead
neurons (not stained for MAP-2), activated microglia (CD68) and reactive astrocytes (GFAP) in areas with increased manganese-enhancement, but with best morphologic correlation

between manganese-enhancement and staining for activated microglia.
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Fig. 8. Immunohistochemical staining with MAP-2, Caspase-3, CD68, GFAP and Flourojade B in different areas of varying intensity on T;-weighted MR Image acquired day 7 after HI in
pup injected with MnCl,. Intensity of increased manganese-enhancement correlates well with staining for reactive astrocytes (GFAP) and activated microglia (CD68) and less with

dying neurons (Flourojade B) and marker for apoptosis (Caspase-3).

Neuronal death (MAP-2 loss) and dying neurons (Fluorojade B
positive cells) as well as reactive astrocytes (GFAP positive cells) were
also found in the areas with increased ME on T;-weighted images
(Fig. 8). The morphological appearance of neuronal loss and the
distribution of dying neurons (Fluorojade B positive cells) corre-
sponded well with that of increased ME, but the degree of neuronal
loss and density of dying neurons did not always agree well with the
signal intensity of ME. The distribution of reactive astrocytes in the
injured hemisphere was far more extensive than the detectable

Table 1
Overlap between manganese-enhancement and immunohistochemical staining

n Match Sensitivity Prediction
CD68 4 0.34 (£0.16) 0.44 (+0.23) 0.53 (£0.24)
GFAP 4 0.25 (£0.10) 0.27 (£0.12) 0.87 (+0.11)
MAP-2 loss 6 0.28 (£0.08) 0.31 (+0.09) 0.74 (+0.09)

Shows the results of a computer based comparison of immunohistochemical stainings
and manganese-enhancement in the thalamus. Match gives the degree of overlap
between the areas of manganese-enhancement and histological staining. Sensitivity
gives the probability of manganese-enhancement of a pixel, given positive histological
staining. Prediction gives the probability of positive staining on histology when a pixel is
manganese-enhanced. The relative small area of CD68 positive staining made the
predictive value very sensitive to errors in geometric overlap between MRI and histology.
(Mean+S.E.M).

increased ME (Fig. 7). Also, the density of GFAP-staining in different
areas did not always correspond with the degree of ME.

Areas with GFAP-staining, CD68 staining and MAP-2 loss were
segmented and compared to areas of increased ME on a pixel-wise
basis. The uncertainty in co-registration of images, made the
comparison of ME and immunohistochemical staining in the small
areas of cortex and hippocampus unreliable. Results of the comparison
in the thalamus on day 7 are presented in Table 1 and suggest that the
best match was found between increased ME and CD68 positive areas,
in accordance with the results from the visual microscopic analysis.

Discussion

In the present study we have shown increased manganese-
enhancement (ME) on T;-weighted images in specific brain areas
seven days after hypoxic-ischemic injury in the neonatal rat. High
signal intensity on T{-weighted images as well as reduced T,-values
were seen in the dorsolateral thalamus and parts of hippocampus and
the remaining cortex of the injured hemisphere in pups that were
injected with MnCl,. Increased ME in these areas co-localized with
reactive astrocytes, dying neurons and activated microglia/macro-
phages on immunohistochemical analysis, with the best spatial
agreement with the activated microglia/macrophages.
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Increased manganese-enhancement only detectable on day 7

In order to study pathological processes with MEMRI, the
pathological ME always has to be compared to the normal physiolo-
gical enhancement of the brain tissue architecture as shown by several
studies (Wadghiri et al., 2004; Kuo et al., 2005; Watanabe et al., 2002;
de Sousa et al., 2007). The strength of the current animal model is that
only one hemisphere is injured, while the other is considered
physiologically normal. In this study we have calculated a relative
contrast parameter (RC) as a semi quantitative measure of the relative
signal intensity and manganese enhancement in the two hemi-
spheres. This also compensates for any variations in SI between days
and animals. Considering the fact that RC was consistent with zero in
Sham+Mn pups at all time points, any deviation of RC from zero in the
injured animals was most likely due to different tissue characteristics
and/or differences in manganese uptake in the two hemispheres and
not to any acquisition artefacts or inhomogeneity of the B;.

In the thalamus of the injured hemisphere, a specific increase in ME
was observed on day 7 in the HI+Mn group (positive RC significantly
different from shams). In hippocampus and cortex of the injured
hemisphere, the positive and significantly higher RC among HI+Mn
than among HI+Vehicle on day 7 indicates the presence of manganese
in these structures, but is difficult to distinguish from the normal
uptake in the uninjured hemisphere, as RC was not significantly
different from shams.

The differences in RC between HI+Mn and HI+Vehicle pups on day
1 are interesting. The positive RC among HI+Vehicle pups indicates
reduction of Ty in the injured structures, compared to the uninjured
hemisphere, which contradicts a study that showed increased T, (Qiao
etal., 2004). The increase in T, in the same areas is more in accordance
with the previous study, but the simultaneous high signal on T;-
weighted images is somewhat puzzling. Increased proton density in
the injured hemisphere may be one explanation. Another may be that
paramagnetic effects of degraded haemoglobin gives hyperintensity
on T;-weighting, while oedema of the tissue gives a predominantly T,
increase. However, the exact cause of this finding remains unclear.
Furthermore, assuming the same underlying tissue-changes in HI+Mn
pups, the consistently lower RC among HI+Mn pups than among
HI+Vehicle pups at day 1 can actually be interpreted as a lower
Mn?* uptake in the injured hemisphere compared to the uninjured
hemisphere among HI+Mn pups at this time-point. Considering this,
the temporal trends of RC in cortex, hippocampus and thalamus
among HI+Mn pups suggest increasing Mn?* concentrations from
day 1 till day 7, which is also in accordance with the trends in signal
intensity.

No increased manganese-enhancement at time of maximum neuronal
death

Immunohistochemical analysis 1 and 3 days after HI showed
widespread cell death and apoptosis in the affected hemisphere, in
accordance with results from previous studies that cell death peaks
24-72 h after hypoxia-ischemia (Nakajima et al., 2000; Northington et
al.,, 2001; Vannucci and Vannucci, 2005). The lack of increased ME at
time of maximum neuronal death is in contrast with the results by
Aoki et al, who found increased ME immediately after ischemia in the
adult rat (Aoki et al.,, 2003, 2004). However, differences in animal
model and MEMRI methodology make it difficult to compare the
studies. Intra-arterial injection of MnCl, with disruption of the BBB
with mannitol shortly after ischemia in the study by Aoki et al. (2003,
2004) may lead to a much higher availability of Mn?* in the ischemic
areas and less unspecific uptake in normal tissue compared to a slow
diffusion of Mn?* over the choroid plexus. The intentional distribution
of Mn?" to the brain tissue via choroid plexus in our model was
confirmed on MRI on day 1 by better contrast of brain tissue
architecture and generally higher signal on T;-weighted images

approximately 18 h after IP injection of MnCl,. This is in accordance
with previous studies (Wadghiri et al., 2004; Kuo et al., 2005;
Watanabe et al., 2002; de Sousa et al., 2007). Some leakage of Mn?*
across the immature neonatal blood brain barrier (BBB) could also be
expected, and this may have been further potentiated by the effect of
hypoxia-ischemia (Takeda, 2003). Although caution must be exer-
cised when comparing signal intensity between animals, even when
the physical conditions during scanning are the same, the higher
signal intensity on T;-weighted images in the injured hemisphere on
day 1 among HI+Mn pups than among HIl+Vehicle pups indicates the
presence of some Mn?" in the injured brain tissue among HI+Mn pups.
However, any specific Mn?* uptake into dying neurons on day 1 or 3
seems to have been too small to give any significant T; contrast
compared to normal tissue. One limitation of this study was that we
were not able to quantify the concentration of Mn?* in tissue. For
future studies, quantification of T, could increase the sensitivity and
give more clarity to the present concentration of Mn?*in tissue.

Increased manganese-enhancement seven days after hypoxia-ischemia
relates to inflammation

A process of delayed neuronal cell death in the dorsolateral
thalamus several days after the initial injury has previously been
reported by others (Northington et al.,, 2001, 2005; Vannucci and
Hagberg, 2004; Ohno et al., 1994). Consistent with this, histology on
day 7 in our study showed high degree of neuronal loss and high
concentrations of dying neurons with some apoptotic cells especially
in the dorsolateral thalamus, but also in areas of the remaining cortex
and hippocampus. The increased ME found in the same areas
suggested that increased ME visualized brain tissue with neuronal
death. However, the increased ME was far better co-localized with
areas with glial cell activation and inflammation than with apoptotic
and dying neurons. The best co-localization was with activated
microglia/macrophages, which were largely confined to the areas
with ME, whereas the reactive astrocytes were found in a larger area
than the increased ME. This co-localization and probable relation
between activated microglia/macrophages and ME has also been
reported in a MEMRI-study of cathepsin D-deficient mice (Haapanen
et al.,, 2007). Moreover, the agreement between activated microglia
and increased ME in our study was further supported by two animals
that showed low density of activated microglia and almost no ME in
the thalamus. However, one animal showed little ME with a high
density of activated microglia, but this may be explained by reduced
absorption or distribution of MnCl,, for instance if the IP injection
went into the gut or bladder or by differences in slice thickness and
resolution between histology and MR-image slices or partial volume
effects on MRIL Furthermore, the increase in ME from day 1 till day 7
was paralleled by the increase in activated microglia/macrophages,
especially in the dorsolateral thalamus. This suggests that the
appearance of increased ME in injured areas 7 days after HI and
MnCl, injection could be explained by accumulation of Mn?* in
microglia/macrophages rather than specific uptake into dying
neurons.

Increased manganese-enhancement may represent accumulation in
phagocytes

Reactive astrocytes, activated microglia and macrophages all have
the capability of phagocytosis in the aftermath of brain injury (Ito et
al., 2007). A hypothesis that could explain our histological and MRI
results is that during the first days after the hypoxic-ischemic insult
these cells phagocytose dead cells and cell debris containing small
amounts of Mn?* in the large areas of early injury, resulting in an
accumulation of Mn?* in the phagocytes with time. When the
phagocytosing cells are no longer needed in the areas with early
injury that have been cleared of dead cells and debris, they may
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migrate to areas with delayed cell death — among these the
dorsolateral thalamus. Arrival of numerous manganese-laden phago-
cytes to the injury areas of the thalamus would give high concentra-
tions of Mn?" and a localized T;-shortening effect on MRI and may
hence explain the late increased ME and the high concentrations of
activated microglia we observe on day 7.

Circulating macrophages that are also stained by anti-CD68
antibody have a peak infiltration of the injury site between 3 and
6 days after brain ischemia (Schilling et al., 2003; Tanaka et al., 2003;
Ohno et al., 1994). These cells may have taken up Mn?* while in the
blood stream and contributed to the increased ME on day 7 that
coincides well with their late infiltration. Since MnCl, is rapidly
cleared from the circulating blood volume after a systemic injection,
at least in the adult rat (Zheng et al., 2000), such an accumulation of
Mn?* in circulating macrophages must most likely have occurred
during the first day after injection. Based on the estimates from Zheng
et al. and assuming the approximately same kinetics for an IP injection
of 40 mg/kg, the calculated time to return to baseline level of Mn2* in
our rat pups could be approximately 16 h. However, whether the
pharmacokinetics of MnCl, after systemic injection is the same in the
neonatal as the adult rat is unknown, and this needs further
investigation.

Possible active uptake of Mn>* one week after hypoxia—ischemia

Rapid clearance of Mn?* from the blood makes any active uptake
directly from the blood into the brain one week after the injection
seem unlikely. However, to investigate whether the ME we observed
on day 7 after HI and MnCl, injection could be due to active uptake at
the time, we injected MnCl, IP in 3 animals on day 6 after HI (not
previously injected with MnCl,) and imaged them repeatedly during
the following week. Increased signal around the edge of the injury
area of the dorsolateral thalamus was seen on day 7, progressing
towards a more uniformly increased signal in the whole injury area
during the following days (Fig. 5). Since free Mn?* or protein bound
Mn?* diffuses very rapidly across liquids, it is unlikely that the
increasing ME from the edge to the centre of the area could be
explained by passive diffusion of Mn?*. These results therefore
indicate that there may be a small active uptake in the area around
day 7 and during the following week.

In a study by Fujioka et al., high signal was found on T;-w-imaging
in stroke areas after 1 week. They related this to increased induction of
manganese superoxide dismutase (Mn-SOD) and glutamine synthe-
tase (GS) in reactive astrocytes in the injured area (Fujioka et al., 2003).
Increased induction of Mn-SOD occurring one week after a focal
cortical lesion has been reported by another study (Bidmon et al.,
1998). In our study, reactive astrocytes were found in the areas of ME
alongside the activated microglia and could therefore be involved in an
active Mn?" uptake around one week after hypoxia-ischemia. Induc-
tion of GS and Mn-SOD in astrocytes and neurons seen after hypoxia—
ischemia in the brain (Gunter et al., 2006; Takeda, 2003; Lindenau et
al., 2000; Wedler and Denman, 1984) can be further potentiated by the
release of free-oxygen radicals and glutamate from activated microglia
in these areas and hence contribute to the late ME seen in this study.
However, the increased signal intensity and the ME in animals on day 6
(HI+Mn6) never reached the level observed in animals injected 6 h
after HI (HI+Mn). This suggests that the ME seen on day 7 in HI+Mn
pups is mostly due to a steady accumulation of Mn?* during the 7 days
after injection, probably by activated microglia/macrophages, rather
than an active uptake around day 7.

Reduction of T, is not only related to manganese
In both HI+Mn and HI+Vehicle pups there were reduced T,-values

in the thalamus of the injured hemisphere compared to the
contralateral hemisphere. This reduction is contrary to previous

studies which have found normal or increased T»-levels in ischemic
areas (Meng et al., 2006; Wegener et al., 2006). However, the results
might be explained by the large injury that our pups suffered, as large
injuries may lead to hemorrhagic infarctions and small bleeding in the
tissue with subsequent iron deposits in phagocytes giving a T,-
reduction and Ty*-effect (Weber et al., 2005). Furthermore, the T,
among HI+Mn pups was more reduced compared to the HI+Vehicle
pups. Some of this reduction could be explained by a T»-effect caused
by the high concentration of Mn?" in the area (Silva et al., 2004). There
was a good co-localization of T,-reduction and increased signal
intensity on T;-weighted images in the dorsolateral thalamus on
visual examination (Fig. 6), where the pixel-wise comparison showed a
quantified match of 53%. The lack of a complete match on pixel-wise
analysis may in part be accounted for by differences in geometric
distortions of the T;- and T,-sequences, partial volume effects and
uncertainty in the geometric co-localization of images. The over-
lapping areas of ME and T,-reduction are however interesting and
although it is outside the scope of this study, a possible interpretation is
that it may represent an interaction between iron and Mn?*-uptake by
astrocytes through up-regulation of divalent metal transporter (DMT-
1) as previously reported in another setting (Erikson and Aschner,
2006).

Future and clinical implications

This study has shown that manganese-enhanced MRI (MEMRI)
may be a useful tool in future studies to follow the cellular
development of brain injury and detecting inflammatory processes
related to delayed neuronal death over time in the newborn animal.
Furthermore, MEMRI may also be utilised to evaluate the effect of anti-
inflammatory treatments of hypoxic—ischemic injury in the neonatal
brain in vivo. The results of this study suggest that late ME may be
related specifically to inflammatory processes rather than cell death.
Whether increased ME can be seen in relation to inflammation in
other disease models without massive cell death remains to be
investigated. However, MEMRI may prove to be a valuable tool to
detect and follow brain inflammation in other disease models as well.
It should be stressed that comparison of the MRI to histological
examinations is mandatory to be able to interpret the specificity of ME
in a given animal model.

Clinical use of MEMRI is still limited by safety issues concerning
cardio- and neurotoxic effects of high dose manganese. Although our
study was not designed for addressing this issue, no adverse effects of
MnCl, were observed among the pups. In the future, use of low dose
Mn?* or Mn?*-chelates as contrast agent for MEMRI of brain in human
patients may become a reality when the safety of such applications
has been established. In vivo high-resolution images of inflammation
in human brains would be extremely valuable in investigating a
number of different diseases including stroke and neurodegenerative
diseases such as Alzheimer's.

Conclusions

During the first days after hypoxia-ischemia, there was no
increased manganese-enhancement detected on MRI in areas of
massive neuronal death in the injured hemisphere. Therefore, the
method of MEMRI used in this study does not seem applicable for
depiction of neuronal death per se. However, late increased manga-
nese-enhancement was shown in brain areas with delayed neuronal
death and inflammation seven days after hypoxia-ischemia. The areas
with late manganese-enhancement corresponded best with areas with
high concentrations of activated microglia on immunohistochemistry.
The late manganese-enhancement may therefore be related to
accumulation of manganese in activated microglia. However, other
cell types may be involved and further studies are needed to reveal the
specific mechanisms causing the late manganese-enhancement.
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