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Abstract

Epilepsy can develop as a consequence of known etiology like traumatic brain injury, stroke, or prolonged
febrile seizures. Brain insult is typically followed by a latent period (i.e., epileptogenesis) during which various
neurobiological changes occur, including neurodegeneration, gliosis, neurogenesis, angiogenesis, alterations in
the extracellular matrix, molecular changes in cellular membranes and axonal sprouting. The axonal plasticity
and circuitry reorganization is believed to underlie the change in network excitability, and eventually lead to the
occurrence of spontaneous seizures. Traumatic brain injury (TBI) launches insidiously progressive brain
pathology which can, in addition to epilepsy, lead to functional and cognitive impairment.

In this thesis work multiple in vivo magnetic resonance imaging (MRI) techniques including quantitative
mapping of relaxation and diffusion, a novel technique called manganese enhanced MRI (MEMRI),
susceptibility contrast enhanced MRI of cerebral blood volume changes, and magnetic resonance spectroscopy
were targeted to probe the pathological cellular phenomena during the pre-symptomatic latent phase. The aim
was to find surrogate markers for epileptogenesis and predictive factors for long-term functional and
histopathological outcome after TBI utilizing experimental animal models.

It was shown that MEMRI was able to detect axonal sprouting in the hippocampus of the epileptogenic rat.
Manganese accumulated in the the dentate gyrus and CAl sub regions of the hippocampus, where axonal
sprouting was present. The fact that the signal rose from mossy fibers was verified by cross comparison of
MEMRI findings with several histological stainings and eliminating astrogliosis, microgliosis, seizure activity
and the leakage of blood-brain barrier as the primary sources of MEMRI signal. Thereby, enhancement by
manganese was proven to be a potential surrogate marker for epilepsy in the experimental setting.

The progression of tissue damage was followed by quantitative MRI for over 11 months after fluid percussion
induced TBI and a distinct temporal pattern was found in the irreversibly damaged lesion area as compared to
the more mildly affected perifocal and hippocampal regions. The chronic metabolic changes in the hippocampi
were studied using 'H magnetic resonance spectroscopy (MRS), and the long-term outcome was assessed by
Morris water maze testing the learning ability, by brain atrophy measurements, and by histological stainings.
Importantly, correlations between the early quantitative MRI findings (T,, T,,, average diffusion, atrophy,
hemorrhage) and the long-term outcome were found promoting the predictive value of quantitative MRI after
TBI.

Furthermore, since haemodynamic disturbances may be one factor affecting the secondary damage progression
after TBI, the CBV changes in different brain regions were followed for two weeks post-injury. Simultaneously
the impairment of motor functions was tested by a composite neuroscore test. The main finding was that the
perilesional CBV drops rapidly acutely after injury and then slowly recovers over the 2 weeks period, and this
accurately coincides with similar drop and recovery in the motor function performance.

Taken together, MRI probes tailored for epilepsy, TBI or other neurodegenerative diseases have potential to
provide early biomarker and may aid the prediction the long-term outcome.

National Library of Medicine Classification: WL 141, WL 354, WL 385, WN 185, QY 58

Medical Subject Headings: Brain Injuries; Epilepsy; Magnetic Resonance Imaging; Magnetic Resonance
Spectroscopy; Manganese; Markers, Biological; Hippocampus; Mossy Fibers, Hippocampal; Behavior; Maze
Learning; Motor Activity; Hemodynamics; Histological Techniques; Prognosis; Disease Models, Animal






From the largest scale of the infinite space

to the smallest scale of atomic interactions.

From the detailed mechanisms of brain function

to the intriguing capabilities of human mind.

As far as you can imagine - and beyond

One could not ask for more fascinating subject to study
than the combination of abstract and concrete

in the field of neurobiological NMR...
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Abbreviations

ADC apparent diffusion coefficient

AEDs antiepileptic drugs

By external magnetic field

B, magnetic field component of radio frequency pulse
Bist spin-lock magnetic field

BBB blood-brain barrier

CBF cerebral blood flow

CBV cerebral blood volume

CCI controlled cortical impact injury

CNS central nervous system

CSF cerebrospinal fluid

CHESS chemical shift selective radio frequency pulse
Cho choline containing compounds

Cr creatine and phosphocreatine

D.y 1/3 of the trace of the diffusion tensor

DTI diffusion tensor imaging

DWI diffusion weighted imaging

EEG electroencephalography

FASTMAP fast automatic shimming method along projections
FID free induction decay

FOV field of view

FPI fluid percussion injury

GABA y-aminobutyric acid

Y gyromagnetic ratio

GFAP glial fibrillary acidic protein

h Planck's quantum constant

Lp. intraperitoneally

Lv. intravenously

IR inversion recovery

J coupling constant

k Boltzmann's constant

KA kainic acid

LASER localization by adiabatic selective refocusing
M magnetization

i magnetic moment

MEMRI manganese enhanced magnetic resonance imaging
MION monocrystalline iron oxide nanoparticle

MR magnetic resonance

MRI magnetic resonance imaging

MRS magnetic resonance spectroscopy

NAA N-acetyl aspartate

NMR nuclear magnetic resonance

OVS outer volume suppression

PTZ pentylenetetrazole

r correlation

R, apparent transverse relaxation rate (measured by spin echo sequence)

Ry« transverse relaxation rate (measured by gradient echo sequence)



SNR
STEAM

T
Tip
T,
T,*
Tc
TBI
TE
TI
TLE
TR
®o
®sL

radio frequency

region of interest

signal intensity

initial signal intensity

status epilepticus

standard error of mean

spin-lock

signal-to-noise ratio

stimulated echo acquisition mode

flip angle

temperature (in Kelvin)

longitudinal relaxation time / spin-lattice relaxation time
longitudinal relaxation time / spin-lattice relaxation time in a rotating frame
apparent transverse relaxation time / spin-spin relaxation time
transverse relaxation time

correlation time

traumatic brain injury

echo time

inversion time

temporal lope epilepsy

repetition time

frequency of the main magnetic field / Larmor frequency
frequency of the spin-lock field
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1 Introduction

Magnetic resonance imaging and spectroscopic methods offer a variety of approaches to study
the different features of the brain pathologies non-invasively. Particularly, in complex
nervous system diseases with slow progressive nature and largely unknown mechanisms the
application of multimodal MRI techniques that target different underlying phenomena can
provide crucial information about the spatio-temporal developments of the tissue damage and
thereby provide more insight into the disease mechanisms.

Epilepsy is one of the most common groups of neurological diseases affecting over 1% of the
worlds population, which means over 68 million people worldwide, and it can develop as a
consequence of different etiologies: febrile seizures, stroke, brain infection, status epilepticus
or traumatic brain injury (Engel 1989). After the initial insult there is a latent period,
epileptogenesis, that can last from weeks to years, during which several neurobiological
processes take place eventually leading to the occurrence of spontaneous seizures, that is, to
the beginning of the actual epilepsy phase. The neurobiological sequels include
neurodegeneration and neurogenesis, gliosis and axonal sprouting, angiogenesis and
reorganization of the extracellular matrix (Jutila et al., 2002).

Traumatic brain injury (TBI) is the most common cause of new-onset epilepsy among young
people (Annegers, Rocca, Hauser 1996). In addition to being one of the etiologies of epilepsy,
traumatic brain injury itself is a devastating condition and a prevalent cause of disability and
mortality in industrialized countries (Leon-Carrion et al., 2005a). TBI possess a progressive
complex nature and variety of functional and cognitive outcome disabilities which can
manifest several years after the initial insult (Cohen et al.,, 2007; Gennarelli and Graham
1998; Mclntosh et al., 1996). In TBI the primary impact causes immediate damage through
mechanical forces and launches a cascade of secondary damage. The direct consequences are
lesion formation at the contusion site, diffuse axonal injury and intracerebral hemorrhages,
while the secondary processes include progressive neuronal death, glial hypertrophy,
haemodynamic disturbances and problems with energy metabolism leading to further tissue
atrophy (Graham et al., 2000b). The mechanism of destructive cascades and the role of
recovery processes are still mainly unknown.

Experimental animal models of epilepsy and TBI express many of the features of the human
conditions and allow a targeted investigation of the pre-symptomatic period. The chemically
induced status epilepticus in rat launches epileptogenesis and the pathophysiological cascades
cause the seizures to appear a few months later. Histological studies have verified
reorganization of neural circuits, that is, axonal sprouting called mossy fiber sprouting in the
hippocampus of these animals similarly to the human patients (Sutula et al., 1989; Tauck and
Nadler 1985b) and cellular level alterations mimicking the complex human condition
(MclIntosh et al., 1996; Pirttila et al., 2001; Pitkanen et al., 2000). Fluid percussion induced
brain injury is the best characterized animal model for TBI and it has been proven to develop
functional deficits, such as memory decline, resembling the symptoms in patients (Thompson
et al., 2006).

Several drugs could potentially benefit epileptogenic or TBI patients if only the treatment

could be started in the early latent phase and targeted to the patients undergoing the early
steps of the pathological cascades. There is a great need for diagnostic methodology that
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could detect the early surrogate markers of the disease, help to predict the long-term outcome,
guide interventions and monitor the treatment response.

The full potential of available MRI methodology needs to be investigated with the help of
animal models in order to tailor for each disease modality an optimal combination of MRI
assessments, which could then be transferred into clinical use.
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2 Literature overview

2.1 Theory and principles of NMR

The nuclear magnetic resonance phenomenon is an interaction between the charged nuclear
particles, possessing a property called spin, and the external magnetic field. Atomic nuclei
with an uneven number of protons or neutrons possess a non-zero angular momentum, called
spin angular momentum s. Intuitively, the electromagnetic nature of the nuclei, nuclear
magnetism, can be visualized as a small loop with electrical current creating a magnetic field
through the loop, perpendicularly (Faraday’s law of inductionl) and causing the loop (atomic
particle) to behave as a small bar magnet when interacting with the external magnetic field.
Further in the classical mechanics point of view, this small bar magnet can be thought to
rotate about its own axis, that is, to spin, and thereby have property analogous to mechanical
angular momentum’. Strictly speaking this analogy can not be taken too far, and according to
the quantum mechanical point of view the spin, described by wavefunctions and propability
distributions, carries intrinsic angular momentum, which has nothing to do with motion in
space (Griffiths 1995). In the following presentation, the theory of NMR starts with a
quantum mechanical approach and moves then to classical physics, because the concepts of
classical physics enable a more fluent description of the phenomena in the context of practical
applications and NMR techniques. The theory beyond the scope of this thesis can be found in
several books (de Graaf2007; Gadian 1995; Griffiths 1995; Haacke 1999).

Key features in the quantum mechanical principles of NMR are briefly described in the
following section. The physical property of spin angular momentum is quantised, meaning
that it can have only certain discrete values. This derives from the fact that the spin of the
nucleus (/), also called as the quantum number of the nucleus, can have only integral or half-
integral values: integral if the nucleus has an even mass number, zero if there is an even
numbers of both protons and neutrons, and half-integral if the nucleus has an odd mass
number. The spin angular momentum s is a vector property and is in turn defined as s = mh,
where m (magnetic quantum number) can only get values /7, I-1,/-2,...,-I, hence spin angular
momentum is quantised with the respect of both magnitude and orientation. The most studied
nucleus in the field of in vivo NMR, the hydrogen 'H, has nuclear spin quantum number (/) of
1/2, m of either +1/2 or -1/2 and the spin angular momentum § = +1/2 h. This means that the
hydrogen has two possible eigen states (and the spin state is a superposition of them), and
upon measurement the spin state is determined to be one of the two states. The external
magnetic field creates an energy difference between these states (so called Zeeman effect)
while in the absence of external magnetic field the states would be at the same energy level
(degenerate). The external magnetic field interacts with the nuclei because the spin angular
momentum § causes the nuclei to possess also adjacent magnetic moment p

—

u=yS (1]

which depends on its characteristic gyromagnetic ratio y.

'According to the Faraday's law of induction a moving electrical charge creates a magnetic field and, vice versa,
a changing magnetic field induces electromotive force (emf) and thereby current in a closed loop.

% A rigid object in classical mechanics admits orbital angular momentum, associated with the motion of the
center of mass, and spin angular momentum, associated with the motion about the center of mass.
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Due to the magnetic moment the nucleus behaves as a magnetic dipole and experiences a
torque, 7 = X B , which depends on the field strength and tends to align the dipole parallel

to the external field. Now, hydrogen nucleus has two allowed energy states in a magnetic
field, parallel to the magnetic field is the lower energy state (with population of n” ) and anti-
parallel the higher (with population of n” ). The energy difference AE between the eigenstates
depends on the magnetic field By

AE = 1B, (2]

The NMR signal is based on the transitions between the adjacent energy states. Irradiating the
object with an energy-quantum that satisfies the so-called resonance condition, that is carries
energy equal (or multiple) to the energy difference between the levels, can induce a transition
from the lower energy state to the higher one. In NMR techniques this excitation is
accomplished by applying an additional oscillating magnetic ficld B;. When the object is
thereafter returning towards the lowest energy state (favourable state) and transitions back to
the lower energy state take place, the object transfers a quantum of energy corresponding to
the AE to its surroundings as heat. The requirement for energy absorbance (and transfer) is as
follows

AE = hv, [3]

where h is the Planck constant and v is the frequency of the electromagnetic radiation quanta’.
When combining equations 2 and 3 (and noting that h = h/2m) the resonance condition
becomes

Vo= JB%;; ,and further @, =98, , !

where ® is called Larmor frequency (angular frequency, oy = vo2r). The applied oscillating
magnetic field B; is generated with electromagnetic radiation (often referred as RF-pulse)
having frequency is in the order of hundreds of megahertz (~10® Hz), which is within the
radiofrequency (RF) range. In the case of hydrogen the gyromagnetic ratio is 2.67 *10°
rad/s/T and the magnetic field strengths range from typical clinical 1.5 T scanner to in vivo
experimental 9.4 T and even 16.4 T scanners.

The imbalance between the spin populations in the two energy states is the fundamental
feature that gives rise to the NMR signal. In the absence of any external magnetic field the
magnetic moments of a nuclei population would be randomly oriented, cancelling each other
out, but in the magnetic field By they find a new equilibrium defined by the Boltzmann's
distribution

h A _ T
P =€ (5]

which states that the number of antiparallel and parallel nuclei depends on the external
magnetic field strength By and the absolute temperature T (k is the Boltzmann's constant).

3The NMR techniques use the magnetic component of the electromagnetic radiation
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In this equilibrium there is a small excess of nuclei in the lower energy state n* parallel to the
By field and this generates a net magnetization My. The magnitude of the population
difference is only about 10 spins out of every million, however since a few grams of tissue
contains ~10% protons the excess population gives rise to a detectable signal. The 'H
concentration in human body is about 88 M while the concentrations of other nuclei of
interest in NMR (possessing non-zero spin angular momentum), such as *'P, *’Na, '’O or '°F,
range from pM to mM and therefore give rise to a notably smaller signal.

From this point onward the NMR theory and principles are easiest to explain by using the
concepts of classical physics. The above mentioned net magnetization My can be thought as a
sum vector which is slightly tilted and precesses about the By at so called Larmor frequency
oo (rad/s), w,=17B, as derived in equations 3 and 4. The following description of

magnetization is done in a Cartesian coordinate system of rotating frame of reference which
rotates at the Larmor frequency about the By and where the orientation of M, (net
magnetization at equilibrium) is defined to be along the z-axis. The M, component of the
magnetization is termed longitudinal magnetization. At the perpendicular x and y orientations
there is no magnetic field, hence the net transverse (xy) component of the magnetization
vector (Myy) is zero.

Only the xy-component of the magnetization can be detected. The magnetization
oscillating/precessing on the xy-plane induces an alternating current into the receiver coil
(that is, a conductor wire loop perpendicular to the xy-plane and tuned to the Larmor
frequency). The tilting of the magnetization vector onto the xy-plane, excitation, is achieved
when an oscillating magnetic field B, is applied on the resonance frequency . The
characteristics of the applied RF-pulse determine how strong torque it imposes on the net
magnetization and how much the net magnetization becomes tilted. A pulse which causes a
90° flip onto the xy-plane is called 90° pulse, and a pulse causing a 180° flip is a 180° pulse,
respectively.

NMR signal induced in the receiver coil is called a free induction decay (FID), an alternating
current carrying frequency and phase [phase change A8 = ot] information and showing
exponential decay of amplitude. The amplitude decay begins immediately when the applied
RF-pulse (electromagnetic radiation) is turned off, because the system starts to return back to
the equilibrium recovering the M, and losing the My,.

This so-called relaxation of the components of magnetization vector M, and My, is the key
concept in magnetic resonance imaging since the relaxation rates depend on the
biochemical/physical surroundings of the nuclei. The relaxation can be described by the
Bloch equations (Bloch, 1994)

dM, M,-M, [6]
dt T,

aMm M

—=-— [7]
dt T,

2.1.1 Recovery of M,: T; relaxation

T relaxation is the relaxation of the longitudinal z-component of the magnetization [Eq. 6]
and happens because the system returns towards equilibrium by transferring energy between

19



the nuclear spin and the surrounding lattice. T, relaxation is therefore termed spin-lattice
relaxation. The nucleus transfers energy to its molecular environment as heat energy
(spontaneous emissions are so unlikely that they have only negligible role in the loss of
energy). The thermal translational, rotational and vibrational motion of the nucleus itself and
the motions of the surrounding molecules cause the nuclei to experience fluctuating magnetic
field variations. Those fluctuations taking place at the Larmor frequency or at double the
Larmor frequency evoke stimulated emissions and lead to the recovery towards the
equilibrium, that is, recovery of the M, component. The spectral density function J(w)
describes the frequency distribution of the random tumbling of the molecules.

T
J(@) o« —— 8
@ s 8]

where t. is the time required for the molecule to rotate one radian (1. is short for fast
molecular motion and long for slow molecular motion). In the case of dipole-dipole
interactions the dependency of T, relaxation on the frequencies of the surrounding molecular
motion can be formalized as follows

1 T 4t
U P . [9]
T, 1+, 7] 1+40,7;

and it can be noted that relaxation rate is at highest (meaning T is at shortest) when t.= 1/,
that is when the molecular tumbling happens at Larmor frequency (corresponding t. of 107-
10 * s depending on the external magnetic field strength).

2.1.2 Transverse relaxation: T,* and T,

T, relaxation is the relaxation of the transverse xy-component of the magnetization [Eq. 7]
and it takes place due to interactions of spins with other spins, and is therefore termed spin-
spin relaxation. Furthermore, all phenomena contributing to the T; relaxation affect also the
T, relaxation. T, relaxation time is always shorter (or equal) to the T, relaxation time.
Immediately after the 90° pulse the individual spins are in phase coherence at the xy-plane.
Their precession frequency depends on the magnetic field they experience [Eq.4], and
because of the local field inhomogeneities and the interactions between individual spins, the
spins experience different local fields, start to precess at different frequencies and dephase
(i.e. lose their phase coherence) and hence the net My, magnetization starts to decay.

A transverse relaxation time constant T>* describes the combined effect of all the dephasing
processes on transverse relaxation. 1/T»* is the decay rate of the FID signal. The main two
effects on transverse relaxation are the dephasing due to the static magnetic inhomogeneities
(T2,aB0), caused by inhomogeneous static magnetic field By or large magnetic susceptibility
differences within a heterogeneous sample, together with so called apparent transverse
relaxation T,

L*: + 1 [10]
TZ TZ,ABO TZ
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The apparent transverse relaxation T, can be further divided into the dephasing caused by
intrinsic relaxation properties T2y, dephasing caused by diffusion T, 4 and dephasing by
proton exchange T exch.

L=1+1+1 [11]
T, T T. T.

2 2,int r 2.diff 2,exch

The dephasing effects caused by inherently inhomogeneous static magnetic field By (T2.s0)
are referred as static dephasing and can be reversed by a 180° refocusing pulse in a spin echo
measurement (described below in chapter 2.1.4). The dephasing caused by diffusion through
local field gradients or due to exchange processes is referred to as dynamic dephasing (if the
time scale of the changes is faster than the echo-time or the interval between refocusing
pulses) and it can not be reversed. The dephasing effects caused by microscopic field
fluctuations by neighbouring spins and dipole-dipole interactions (T,,n) are irreversible. The
term apparent T is used, because T, measured with spin-echo contains several different
dynamic dephasing mechanisms in echo-time dependent manner.

In the case of dipole-dipole interactions the dependency of T, relaxation on the frequency
distribution of surrounding molecular motion can be formalized as follows

5 2
LI P R L/ [12]
T2,im r 1 + wg TLZ 1 + 40)0 TL‘

and it can be noted that slow molecular motion (large 1. value) has a dominant effect on the
T, relaxation (the first term of the equation causes the T, relaxation rate to be highest when 1.
is large) and thereby T, probes the slow molecular motion. The very fast molecular motion is
non-significant regarding the T, relaxation, because in the case of extreme fast molecular
rotational motion (small t., such that o 12 <<1) T, becomes longer, and approaches T;. This
is called motional narrowing, and the condition T,~T; is true, for example, in the
cerebrospinal fluid (CSF), which in its physical properties is close to free water with only low
consentration of molecules.

2.1.3 Ty, relaxation

T, measures the relaxation at very low magnetic fields while benefiting from the high signal-
to-noise ratio at a high By field (Sepponen et al., 1985). The idea of T, experiment is that the
spins are flipped first by 90° and are then locked in the xy-plane by a continuous RF-pulse,
that is, an additional on-resonance spin-lock field B;s;. Spins precess now about the Bjsp
field. This continuous spin-lock pulse causes the net magnetization vector to remain in the xy-
plane and creates preferred energy states for spins in that direction while there is no net
magnetization orthogonal to B;s.. The system starts to return towards the equilibrium and the
magnetization starts to relax along the Bjs. (Santyr et al., 1994). In the relaxation process
spins at the higher energy level lose energy via heat transfer (analogous to the T; spin-lattice
energy transfer, and the T, relaxation is therefore often referred as T, relaxation in the
rotating frame.). However, the quanta of energy transfered are now much smaller than in T,
relaxation due to much smaller difference AEg. between the energy states, and therefore, the
T, measurement probes different molecular interactions than T;. Taken together, T, probes
the relaxation under the influence of very low magnetic fields, typically <1 mT). The
dependency of T, relaxation on the frequencies of surrounding molecular motion (dipole-
dipole interactions) can be written
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where the wer 1s frequency of the effective spin-lock field and T, relaxation rate is highest
when the molecular motion is close to wer = YBis. which corresponds to slow motion with
frequency in kHz range and 1. around 10%-10™ .

2.1.4 Measurement of the different relaxation times

Signal can be detected only from the xy-plane where the oscillation of the xy-component of
the net magnetization induces wave-form signal in the receiver coil. The magnitude of
measured signal determines how much of the longitudinal magnetization had recovered at the
moment of signal acquisition. The choice of the timing of signal refocusing actions (pulses or
bipolar gradient) and signal collection in the sequence determines which relaxation process is
probed, that is, if transversal or longitudinal relaxation process is dominating the acquired
signal.

Measuring the T; relaxation can be done with a so-called inversion recovery experiment. In
the inversion recovery procedure the magnetization is first inverted by 180°, that is, to the -z
direction, and allowed to recover along the z-axis for a time period called inversion time (TI)
before applying the 90 ° pulse and acquiring the signal. The magnitude of the detected signal
is

M. = M0(1—2ein/n ) [14]

and depends on the initial net magnetization My, T, relaxation and inversion time. T,
relaxation time has been defined to be the time when magnetization has recovered to 63% of
its initial maximal value. When repeating the measurement with different known inversion
times and fitting the Eq.14 to the acquired signal intensity values the absolute T, relaxation
time constant can be calculated. Eq.14 assumes exponential recovery with a starting point of
M at -z direction. Another option to measure T} is the so-called saturation recovery technique
where the 90° pulses (or pulses of smaller flip angle) are repeated in intervals short enough so
that the longitudinal component of magnetization M, does not have time to completely
recover (system does not return to equilibrium) within the repetition time (TR). The formulae
of magnetization in the saturation recovery approach is similar to Eq.14 with factor 2
removed (because now the flip is only half of full inversion) and repetition time term
replacing the inversion time term

M. :Mo(l—e_m/“) [15]

Measuring the T, relaxation can be done by first tilting the magnetization to the xy-plane by
90° pulse and, after some dephasing, rephasing the spins on the xy-plane and thereby
generating a so-called echo. A technique called spin-echo or Hahn spin-echo sequence (Hahn
1950; Carr and Purcell 1954) achieves this by applying a 180° pulse that reverses the phase of
spins (flips them 180° at xy -plane), which causes the dephased spins to rephase again, and
restore (most of) the net M,, magnetization. The time from 90° pulse to the restored
coherence (i.e. the echo signal) is called echo time (TE). When the echo signal intensity is
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assessed with different known TEs, T, relaxation time can be calculated by fitting the
exponential decay function

—TE,
M, =Mge P [16]

T, relaxation time has been defined to be the time when xy magnetization has decayed to 37%
of its original value. Multiple echoes can be obtained by adding refocusing pulses to the spin
echo sequence and again (similar to the Hahn echo) the amplitude of the consequent echoes
decay according to the apparent T, relaxation. By shortening the interval of refocusing pulses
the contribution of dynamic dephasing phenomena to the observed transverse decay can be
minimized (Carr and Purcell 1954).

The echo signal can be also created without the 180° refocusing pulse by using bipolar field
gradients instead. The presence of a gradient accelerates the dephasing of the spins, but by
applying a field gradient in the opposite direction the spins can be rephased, the coherence
restored and the echo signal generated. Gradient echo techniques can be used to measure the
T,* since they do not reverse any of the relaxation phenomena listed with Eq. 10 and Eq. 11.

T, measurement (principles described in chapter 2.1.3) can be made as follows. First, a 90°
pulse is applied in the x' direction (that is x in the rotating frame of reference) and it tilts the
net magnetization to the y' axis. Then a long lasting RF-pulse called the spin-lock pulse B;st
is applied along the same y' axis. The magnetization relaxes along the y' (field defined by
Bis1) and signal decays exponentially according to

—TSL,
M=Mye Ve [17]

where TSL is the duration of the spin-lock pulse. T, can be assessed by recording the signal
decay (free induction decay, FID) immediately after the spin-lock pulse. The absolute T},
relaxation time constant can be calculated when repeating the measurement with different
known TSL times.

2.1.5 Diffusion

The physical phenomenon of diffusion is caused by the thermal Brownian motion of
molecules. The diffusion properties of the sample provide information about its morphology,
whether there are diffusion limiting structures or the diffusion is unrestricted. In the case of
isotropic unrestricted diffusion the random thermal motion of molecules can be written as

(r*) = 6Dt [18]

where «% is the mean square displacement. The signal decay caused by diffusion can be
measured either by a bipolar gradient setup or by adding an identical pair of gradients in the
spin-echo sequence both before and after the 180° refocusing pulse (Stejskal and Tanner
1965; Tanner 1983). If the spins are stationary the first gradient dephases the spins and the
second gradient rephases the spins. Depending on the measurement technique this second
gradient can be either the second half of the bipolar gradient with opposite direction or the
second identical gradient after the 180 phase reverse. However, if the spins are not stationary
but diffuse around and therefore do not experience the second gradient completely, the result

23



is signal decay. The stronger the diffusion (i.e., the higher the diffusion coefficient D), the
greater the signal decay. The decay is also affected by the configuration of the diffusion
gradients

M =M™ , where b:}/252G2(A—%) [19]

Here the b-value is shown for two rectangular gradients and vy is the duration of the diffusion
gradients,  is the amplitude and A is the delay between them. Diffusion coefficient D can be
quantified by repeating the diffusion measurement with different b-values and fitting the
decay function to the measured signal intensities.

By using a combination of diffusion gradient pairs in different directions and thereby
measuring a diffusion tensor, a more complete description of diffusion can be achieved
(Basser, Mattiello, Le Bihan 1994; Le Bihan et al., 2001)

D
D=|D_ D [20]
D

Xy
»y
zy

which describes the water diffusion in 3D and thereby in biological samples provides
information about the the favourable directions for water diffusion dictated by fiber structures
and membranes as well as the density of the diffusion restricting structures. Diffusion tensor
imaging (DTI) is currently applied particularly in research of brain connectivity and neuronal
pathway integrity. The sum of the diffusion along the main axes x, y and z is called the trace
of the diffusion tensor (de Graaf, Braun, Nicolay 2001; Mori and van Zijl 1995). This divided
by three is the average of the diffusion in x. y and z directions can be called the average
diffusion D,y

D, +D,

D, +
D,, = V4 TraceD = ; [21]

The average diffusion provides information about the amount of water (edema for example),
mobility of water, turtuosity of the microscopic structures restricting the free diffusion,
cellular density and so forth. The average diffusion is not orientation dependent, thus it
describes the total diffusion more reliably than any of the individual diffusion directions does,
avoiding any errors due to the positioning of the sample.

2.2 Magnetic Resonance Imaging

2.2.1 Image formation and signal localization

Magnetic resonance imaging (MRI) generates 2D or 3D signal intensity images about the
object by translating the amplitude, frequency and phase information of the detected FID
signal is into information about the signal intensity in the voxel of the signal origin. The fact
that the precession frequency of a nucleus linearly depends on the local field strength
(@ =19B,) is the main principle of the signal localization in MRI. The localization is based
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on application of linear magnetic field gradients across the imaged sample in the directions of
principal axis x, y and z. The gradients linearly alter the magnetic field strength along the
direction of application and as a consequence the spins experience location dependent field,
and thereby have location dependent ® or change of phase. This property of location
dependent effective precession frequency can be used to selectively excite only a certain slice
or volume of the sample object. Selective excitation pulses have certain nominal carrier
frequency and frequency bandwidth and they can transfer energy only to those nuclei, whose
resonance frequency matches the carrier frequency of the excitation pulse (or are within the
frequency bandwidth). Thereby, with linear magnetic field gradient across the sample, the
excitation pulse flips only the spins within the slice selected by carrier frequency of the pulse,
and the slice thickness is dictated by the slope of the field gradient and the pulse bandwidth.
The stronger the field gradient the steeper is the change of field strength in adjacent points
along the gradient direction and the thinner is the slice excited by the pulse with a certain
bandwidth.

The acquired FID is decoded by the mathematical technique called Fourier transform, which
converts the signal from the time domain into the frequency domain, that is, reveals the
frequency components of the signal. In order to form a 2D or 3D image of the sample a range
of field gradient conditions are introduced and arising signals recorded. The waveform
information is collected in a 2D or 3D matrix called k-space, where the N different rows of N
by M matrix (the vertical encoding) are encoded with different phases (characteristic phase
offset) and the M points of each row along the horizontal encoding direction (so called read-
direction) are determined by different frequencies. That is, during the read-gradient
application the signal is recorded and encoded to a k-space row as a function of time. The
third dimension can be encoded by adding a second phase gradient along this third (or slice)
direction. The k-space data can be collected in numerous different ways depending on the
required speed, resolution and nature of the measurement. Then the Fourier transform is
applied to form the image. The data in the center of the k-space define the contrast in image
and the edges of k-space determine the fine details, such as sharpness, of the image.

2.2.2 Contrast

One great advance of MRI is that just by small modifications to the measurement technique
and parameters several contrasts can be generated that each depend on, and thereby are
descriptive of, a variety of tissue properties and molecular interaction phenomena. The
contrast can rise from proton density (in the case of hydrogen imaging), relaxation properties
of tissue, diffusion environment in the tissue or a variety of other phenomena out of the scope
of this thesis. The techniques to sensitize the measurement to T, T2, Ty, or T,* relaxation or
diffusion are described in chapter 2.1.

2.2.3 Contrast agents

Substances can be divided into categories according to how they interact with magnetic field.
Paramagnetic substances enhance the magnetic field locally when placed into a magnetic
field. As a response to the external magnetic field paramagnetic material experiences small
positive magnetization, that is, it has small positive magnetic susceptibility. This property can
be utilized to create contrast in MRI. The magnetic-susceptibility contrast agents cause
alterations in to the local magnetic field and the resultant non-homogeneous field has an effect
on the local magnetization. Upon administration, the contrast agents locally enhance (with
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appropriate selection of imaging parameters) the obtained signal by accelerating the T,
relaxation.

Iron oxide and gadolinium

Iron oxide particles coated with dextrans or siloxanes are used as a MRI contrast agents both
in clinical and experimental settings. When administered intravenously, iron decreases the T
time of blood and also enhances the T,* relaxation. Ultrasmall superparamagnetic iron oxide
(USPIO) particles have diameter less that 50 nm. Gadolinium is also a paramagnetic
substance and gadolinium compounds in a chelated form (chelated to reduce the toxicity of
the metal ion), such as DTPA, are also in routine clinical use. Intravascular contrast agents are
mainly used for the evaluating of tissue perfusion, integrity of blood-brain barrier and for the
detection of angiogenesis related to tumor growth.

Manganese enhanced MRI

Manganese as free Mn®" ion is paramagnetic. A novel and presently very intensively studied
MRI technique, manganese enhanced magnetic resonance imaging (MEMRI), can reveal
structural, connectional and also functional alterations at high spatial resolution (Natt et al.,
2002; Silva Afonso C. , L.J.H., Aoki Ichio and Koretsky Alan P. 2004; Watanabe et al., 2002;
Watanabe, Frahm, Michaelis 2004). Manganese is administered as MnCl,. The manganese
shortens T; (and to some extent T,) relaxation times causing a local signal enhancement in T
weighted images. Manganese is known to have some neurotoxic effects in higher
concentrations but it is in use in animal studies because of the fact that in addition to the
paramagnetic property Mn®" is a calcium Ca”" analogue and this enables studies of several
biological systems that involve calcium. The free Mn?" ion can bind to similar sites and
behave similarly to Ca®" in neurons. Upon neuronal depolarization, i.e an action potential
event, voltage gated Ca’" channels open and Mn®" can enter cells. Thus MEMRI can provide
information about neural activity. After uptake manganese can be transported both
anterogradely and retrogradely by axons and it can also pass synapses.

2.3'H- Magnetic Resonance Spectroscopy

'H - MR spectroscopy allows the identification and quantification of a large number of
biologically important compounds in vivo. After its excitation the system emits a set of
radiofrequency quanta each characteristic of different nuclei. The acquired FID signal is the
superposition of these individual signals, which can be extracted by Fourier transform and
plotted as a frequency spectrum. The spectrum presents the amplitude and phase content of
the (detectable) frequencies. The real part of a spectrum is the absorption spectrum and the
imaginary part is the so-called dispersion spectrum.

2.3.1 Chemical shift and other features of the spectrum

When exciting a certain nuclei, such as hydrogen 'H (which is highly sensitive to NMR due to
its high gyromagnetic ratio and high natural abundance), in a simple case the resonating
nuclei would induce an FID of plain exponential decay shape and that would produce a
spectrum with perfect Lorentzian-line-shape peak at the characteristic frequency. However, in
the case of more intriguing true biological samples the collected spectrum contains complex
biochemical information and consists of multiple resonance peaks at different frequencies.
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The shift in frequency peaks, called chemical shift 8, happens because the nuclei resonate at
different frequencies in dissimilar chemical environments. The nuclei can be partially
shielded from the magnetic field by the electrons surrounding it. This so called shielding
effect can be described as

B, =(1-0)B, [22]

where B, is the magnetic field that the shielded nucleus experiences and o is the chemical
shield constant depending on the electron density. The chemical shift d is

GOy 6
6= *10 [23]
wO
and it quantitatively measures the difference between the resonance frequency of the
reference compound and the frequencies that are shifted due to the shielding. This difference
is denoted as part per million (ppm). The reference compound at 0.00 ppm by default is the
nine equivalent protons of 2,2-dimethyl-2-silapentane-5-sulfonate (DSS).

The spectrum can display further information by its fine splitting of resonances (fine
structures or multiplicity). The splitting can arise due to the existence of so-called scalar
coupling (referred to also as spin-spin coupling or J-coupling), which arise from interactions
through electrons in chemical bonds between two protons in different chemical groups.
However, in in vivo spectra the spectral resolution is rarely high enough (i.e. line width is not
narrow enough) to distinguish the fine splitting, but the coupling does have echo time
dependent effect on the spectrum trough so-called J-modulation which have to be taken into
account in designing (N)MR spectroscopy (MRS) experiments and in data analysis.

2.3.2 Water suppression and spatial localization

In the case of '"H - MRS, water resonance originating from the two protons in a water
molecule at about 4.7 ppm is several orders of magnitude larger than the resonances from low
concentration metabolites. This can be overcome by water suppression techniques where the
frequency selective excitation and dephasing gradient (crusher gradient) are used to
selectively destroy the water signal by a magnetic gradient dephasing pulse (CHESS) (Frahm
et al., 1989). The idea of the CHESS pulse is that it excites only frequency bandwidth of the
pulse in the spectrum, and in a typical in vivo water suppression scheme would then consist of
3 to 7 CHESS pulses. An efficient water suppression method derived from CHESS is the use
of seven variable power pulses with optimized relaxation delays (so called VAPOR water
suppression technique) (Tkac et al., 1999).

Another prerequisite for metabolic detection and good spectrum quality is the accurate spatial
localization which excludes the unwanted signals emerging outside the ROI. The choice of a
restricted voxel translates into more homogeneous magnetic field within the acquisition voxel
as well as more homogeneous tissue within the sample voxel. Benefits are seen as narrower
resonances and elimination of large unwanted resonances. In the single voxel spectroscopy
the voxel of interest is selected by using a combination of gradients and selective RF-pulses.
Stimulated echo acquisition mode (STEAM) is one of the localization methods and it selects
the volume element where to acquire the signal from by a pulse sequence utilizing a
combination of three orthogonal slice selective 90° pulses [90-TE/2-90-mixing time-90-TE/2-
acquisition].

27



Outer volume (outside of the volume of interest) can be excluded by a method called outer
volume suppression where the outer volume is first exited and then dephased by crusher
gradients.

2.3.2 'H-MRS Metabolites detectable at 4.7 T

The field strength and the nuclei of interest determine which metabolites can be detected. The
short T, prevents the direct observation of several metabolites by traditional spectroscopy
methods. The spectral resolution is limited by the chemical shift range which is only 5 ppm
for non-exchangeable protons. In this range many of the metabolic resonances overlap
hindering their separate quantification. In the optimal cases of in vivo 'H spectroscopy (high
magnetic field with short TE acquisition) up to 20 brain metabolites can be simultaneously
obtained (Mlynarik et al., 2008; Tkac et al., 1999). The most important metabolites of the
central nervous system (CNS) studied by in vivo "H-MRS are listed here.

N-acetyl aspartate (NAA) gives rise to one the most prominent resonance in '"H-MRS at 2.01
ppm and the NAA concentration in the normal adult human brain is 7.5-17.0 mmol/L. NAA is
often used as a marker of neuronal density. However, the NAA concentration differs among
neuron types (Simmons, Frondoza, Coyle 1991), increases during development (van der
Knaap et al., 1990), and has been reported to change dynamically, suggesting that NAA levels
may also reflect neuronal function / dysfunction rather than simply neuronal number. The fact
that NAA levels have been reported to recover after reversible ischemia (Brulatout et al.,
1996) and brain injury (De Stefano, Matthews, Arnold 1995) and show reduction even in the
absence of neuronal loss in multiple sclerosis (Tsai and Coyle 1995) support this suggestion.
N-acetyl aspartate glutamate (NAAG) is a source of glutamate and is thought to have a role
in excitatory neurotransmission. NAAG resonates at 2.04 (the largest resonance) and is
therefore difficult to distinguish from NAA at 2.01 ppm. The combined peak of NAA+NAAG
provides, however, a good estimate of NAA containing compounds. NAAG concentration in
the normal adult human brain is 0.5-2.5 mmol/L.

Creatine (Cr) and phosphocreatine (PCr) are the next prominent resonances at 3.03 and 3.93
ppm, respectively. Together they are referred to as total creatine (tCr). They are present both
in neuronal and glial cells, and have an important role in the energy metabolism (Wallimann
et al., 1992). The total creatine is often used as an internal concentration reference in
spectroscopy since its concentration is relatively constant across ages and in several diseases.
However, creatine has been found to decrease in the chronic phases of some pathologies, such
as stroke (Federico et al., 1994; Fenstermacher and Narayana 1990) and tumors (Okunieff et
al., 1986; Stubbs et al., 1990), and in Huntington's disease evident reduction in the creatine
level can be seen already in the presymptomatic phase (Sanchez-Pernaute et al., 1999; Tkac et
al., 2001). Creatine concentration in the normal adult human brain is 4.5-10.5 mmol/L and
phosphocreatine 3.0-5.5 mmol/L.

Choline  containing compounds (free choline, glycerophosphorylcholine and
phosphorylcholine) sum up to total Choline (tCho), which is one of the most evident
resonances in 'H-MRS besides NAA and Cr compounds. The choline resonates at 3.2 ppm.
Choline reflects membrane turnover since it is involved in phospholipid synthesis pathways
and degradation. Choline concentration is found to be increased in multiple sclerosis
(Narayana 2005), cancer (Gillies and Morse 2005) and Alzheimer's disease (Firbank,
Harrison, O'Brien 2002), and decreased in stroke (Malisza, Kozlowski, Peeling 1998).
Choline (tCho) concentration in the normal adult human brain is 0.5-2.5 mmol/L
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Glutamate (Glu) has multiple roles in brain biochemistry. It is a nonessential amino acid and
important excitatory neurotransmitter (Erecinska and Silver 1990) as well as precursor for
another neurotransmitter GABA. Glutamate also is involved in the synthesis of other
metabolites and large peptides and proteins (Erecinska and Silver 1990). Glutamate is present
in all cells but at highest amount in glutamanergic neurons and a smaller concentration in
astroglia and GABAergic neurons. Glutamate has multiple resonances at 3.75 and between
2.04-2.35 ppm. Glutamate is transformed (by glutamine synthase) into glutamine (Gln) in the
glutamate-glutamine neurotransmitter cycle. Glutamine structure is thereby very close to
glutamate structure with similar chemical shift and scalar coupling features causing the
resonances to be similar as well (distinguishable only in higher fields). Glutamate
concentration in the normal adult human brain is 6.0-12.5 mmol/L and glutamine 3.0-6.0
mmol/L (glutamine resonances are 3.76, 2.12, 2.46, 6.82 and 7.53). Glutamine is primarily
present in astroglia, it has essential role in intermediary metabolism and its main function is
ammonia detoxification.

y-aminobutyric acid (GABA) is an inhibitory neurotransmitter (in mature brain). Altered
concentrations of GABA have been associated with several neurological disorders such as
epilepsy (Petroff et al., 2001), depression (Sanacora et al., 1999; Sanacora et al., 2004) and
panic-disorder (Goddard et al., 2001). Antiepileptic drugs (for example vigabatrin) have been
developed to increase GABA level. GABA has three resonances (1.89, 2.28 and 3.01 ppm)
which overlap with other metabolites and (at 4.7 T field) the spectral editing methods are
needed to detect GABA. GABA concentration in the normal adult human brain is 1.0-2.0
mmol/L.

Mpyo-inosotol (Ins) is a cyclic sugar alcohol including six NMR detectable protons. The
resonances are located at 3.52, 3.61, 3.27, 4.05 ppm. Myo-inosotol concentration in the
normal adult human brain is 4.0-9.0 mmol/L but its exact role is unknown. It has been thought
to be a glial marker (Brand, Richter-Landsberg, Leibfritz 1993), but it has been found in
neurons as well (Godfrey et al., 1982; Sherman et al., 1977). Changes in the Myo-inosotol
concentrations have been reported in mild cognitive impairment, Alzheimer's disease and
after brain injury (Ross et al., 1998).

Lactate (Lac) concentration in the normal adult human brain is only 0.2-1.0 mmol/L, however
in pathologies such as stroke, hypoxia and tumors, where the blood supply, and thereby the
oxygen supply, is impaired so lactate is greatly increased. This is because lactate is an end
product of anaerobic glycolysis. Transient increases in lactate levels can also be linked to
functional activation (Prichard et al., 1991). Lactate resonances are at 1.31 and 4.10 ppm.

Macromolecule resonances affect the observed signal by underlying the metabolite
resonances and greating superimposition effect on the spectrum (Behar and Ogino 1993;
Kauppinen, Kokko, Williams 1992; Kauppinen et al., 1993). Macromolecules give rise to at
least 10 characteristic resonances (between 0.93 and 4.3 ppm) associated to methyl and
methylene resonances of protein amino acids. Macromolecules have much faster T, and T,
relaxation rates that the metabolites, and that feature can be utilized to either emphasize or
eliminate the macromolecular signal. Alterations in the spectrum of macromolecules have
been reported in stroke (Graham et al., 2001) and tumors (Howe et al., 2003).

Taurine (Tau) is a nonessential amino acid, but it is mostly obtained from food. The function
of taurine is partially unknown, but it has osmoregulatory role and it modulates the
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neurotransmitter action. Taurine concentrations differ between brain regions but it is present
in all cells in CNS. Taurine levels decrease by age and the concentration in normal adult
human brain is 2.0-6.0 mmol/L. Taurine resonances are at 3.21, 3.25 and 3.42 ppm.

Metabolite concentrations in the rat brain are very close to the above mentioned
concentrations for humans. The concentration values are taken from a recent book of Robin
de Graaf (de Graaf2007).

2.4 Imaging of epileptogenesis and epilepsy

2.4.1 Epilepsy

Epilepsies are a neurological disorders affecting about 1-2% of people worldwide. Epilepsy is
defined as a central nervous system disorder where excessive or abnormal neuronal activity
causes the subject to experience recurrent seizures (Engel 1989). Epilepsies are classified
according to the etiology as idiopathic or symptomatic, where idiopathic refers to epilepsy
without any predisposing pathology or incident, and symptomatic refers to epilepsy developed
as a consequence of such predisposing disorder or incident.

Temporal lobe epilepsy (TLE) is the most common of the symptomatic epilepsies (Engel
1996). In TLE the seizures arise from structures of thehippocampus, subicular complex,
amygdala, entorhinal cortex, perirhinal cortex, parahippocampal cortex and lateral cortex
(Squire and Zola-Morgan 1991). TLE can develop as a sequel from pathologies like stroke,
febrile seizures, brain infections, brain tumor, head trauma or status epilepticus (SE). SE is a
life-threatening situation of prolonged seizure or repeated seizures (for over 30 minutes
without full recovery of consciousness in between, Waterhouse, 2001). In TLE there is a
latent period after the initial insult and before the occurrence of the spontaneous seizures. This
latent period is called epileptogenesis and it can last from weeks to several years. During
epileptogenesis several neurobiological processes take place, such as neurodegeneration,
gliosis, neurogenesis, angiogenesis, alterations in the extracellular matrix, and molecular
changes in cellular membranes (Jutila et al., 2002). Particularly the hippocampus has been
well documented (both in human patients and more extensively in experimental models) to
suffer from early pyramidal neuron cell loss in the CA1 and CA3 sub regions of hippocampus
proper and pyramidal and granule cell dispersion as well as marked loss of hilar neurons
(including hilar mossy cells and neurons containing somatostatin and neuropeptide Y)(Babb
et al., 1992; Houser 1990; Mathern et al., 1993; Mello et al., 1992; Mello et al., 1993). Loss of
hippocampal hilar cells may be one cause for the seizure activity in the dentate gyrus since
hilar mossy cells normally excite neurons that mediate granule cell inhibition (Sloviter 1994).

Another potential cause of seizures is neuronal plasticity, manifested as axonal sprouting and
thereby circuitry reorganization, which is known to occur during epileptogenesis. Mossy fiber
sprouting is abnormal axonal sprouting from the granule cell layer of the dentate gyrus into
the inner molecular layer and it has been reported both in human epilepsy patients, in tissue
samples of operated drug-refractory patients (Houser et al., 1990; Isokawa et al., 1993;
Mathern et al., 1994; Sutula et al., 1989), and in experimental models (Nissinen et al., 2000a;
Pitkanen et al., 1999; Pitkanen et al., 2000; Tauck and Nadler 1985a; Wenzel et al., 2000). In
animal models, mossy fiber sprouting has been shown to occur before the spontaneous
seizures start (Nissinen, Lukasiuk, Pitkanen 2001).
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2.4.2 MRI findings in epilepsy patients and in experimental models of epilepsy

MRI imaging is used in epilepsy patients mainly when trying to find an underlying cause for
the seizures and thereafter to guide the possible surgical treatment. The structural MR
imaging techniques in the clinic aim to detect lesions, tumors or signs of brain infections, and
the volumetric atrophy of epilepsy related brain structures. Functional MRI is used prior to
epilepsy surgery to identify the regions the surgeon needs to avoid, or to identify the abnormal
activation patterns.

In experimental models for epilepsy the scale of the MRI methods are used on a wider scale.
The studies have concentrated on lesion size and distribution, and also quantification of the
volumetric atrophy of related brain structures using volumetric methods together with T, and
diffusion contrasts (Grohn and Pitkanen 2007). The findings can be divided into the edematic
alterations during the first few days after the induced seizures and the delayed tissue changes
and atrophy during the epileptogenesis. The reports include acute diffusion decrease due to
cytotoxic edema caused by seizures (Zhong et al., 1995), increased T, weighted signal
intensity (King et al., 1991) and increased T, (Dube et al., 2004) due to the vasogenic edema
during the following days. Thereafter the delayed diffusion increase (Tokumitsu et al., 1997),
secondary delayed T, increase (Roch et al., 2002b) the enlargement of ventricle and cortical
atrophy (Nairismagi et al,, 2004) and the detection of mossy fiber sprouting by MEMRI
(Nairismagi et al., 2006b) are the major epileptogenesis related findings. Furthermore, the T,
hyperintensity 24 hours after status epilepticus in the piriform and entorhinal cortices has
been found to have predictive value for the development of temporal lobe epilepsy in the
lithium-pilocarpine rat model (Roch et al., 2002a).

2.4.3 MRS findings in epilepsy patients and in experimental models of epilepsy

Metabolic changes during epileptogenesis and particularly in the chronic epilepsy phase are
one important focus of research since the ultimate underlying cause of epileptic seizures is an
imbalance between inhibitory and excitatory functions. The mediators of these functions
could potentially be detected by MRS. MRS can also detect the neurodegenerative and
inflammatory processes that histologic studies have reported to take place (Hammen et al.,
2003). In epilepsy patients decreased levels of NAA have been reported reflecting both
decreased neuronal number and transiently disturbed neurometabolism by the insult (Connelly
et al., 1994; Simister et al., 2008). Creatine and choline levels have found to be increased in
the hemisphere ipsilateral to the seizure focus in TLE patients suggesting reactive astrocytosis
((Connelly et al, 1994). Also other disturbances in glutamate-glutamine metabolism,
especially in the levels of glutamate (which is one major exitatory neurotransmitter), are
common feature in epilepsy (Simister et al., 2003a). The inhibitory neurotransmitter GABA is
found to be decreased in epilepsy (Simister et al., 2003b), however in immature brain GABA
functions as an excitatory neurotransmitter and increased levels at this developmental stage
may in turn promote seizures (Ben-Ari and Holmes 2005). In experimental models, decreased
NAA and creatine levels in the ipsilateral hippocampus have been reported 3 - 84 days after
kainic acid induced epileptogenesis (Tokumitsu et al., 1997). Lactate levels have been found
to increase as a consequence of seizures, presumably since lactate is the product of anaerobic
glycolysis (Petroff et al., 1986).
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2.4.5 MEMRI findings in experimental studies of epilepsy and brain activation

MEMRI has been recently widely used in research into neuronal connections. In the context
of epilepsy it has been shown that intracerebral injection of MnCl, into the entorhinal cortex
results in Mn®" transport via the perforant pathway to granule cell dendritic regions, and from
there to the mossy fibers that thereby become labelled (Nairismagi et al., 2006a). Animal
studies report that Mn>" can enter the hippocampus also after systemic administration with
intact blood-brain barrier (BBB) (Kuo et al., 2005; Lee et al., 2005). This approach is used
mainly to visualize the whole neuroarchitecture, since the transfer of manganese into the brain
through choroid plexus and ventricular system is slow (optimal contrast after about 22 hours)
and non-specific to any neural circuit (as compared to the activity induced uptake).

One way of manganese to reach the brain is by circumventing the BBB. This can be done by
nostril injections, which have been used in mice to study olfactory activation (Pautler and
Koretsky 2002). Nostril injections and administration into the eye are two examples of
activity induced tract tracing techniques with Mn. Another option is to induce trancient
opening of the BBB by an osmotic challenge (Aoki et al. 2002). Manganese administration
directly into the brain parenchym have been used to stydy the projections from that target area
(Van der Linden et al., 2004a; Soria et al., 2008). Upon combining with specific stimulus this
becomes again activity induced tract tracing and it is used to show cerebral activation
patterns. Recent studies show that even without breaking the BBB, Mn®" uptake after
systemic administration can be promoted by inducing brain activation, such as hypothalamic
activation due to fasting (Kuo et al., 2006) or by persistent exposure to acoustic stimuli
(Watanabe, Frahm, Michaelis 2008). In the latter case a combination of activating the region
of interest to promote the manganese uptake from extracellular fluid, and thereafter activity
induced tract tracing were used to highlight the stimulated pathways.

The transport of manganese across the BBB and its subsequent transport in the extracellular
space, inside the cells and across synapses are not fully understood and manganese can have
neurotoxic effects (Aschner and Aschner, 1991). Therefore manganese contrast enhanced
MRI techniques are non-transferable to clinical trials. However, for the purposes of
experimental studies MnCl, has variety of uses, and the toxic effects have been found
negligible or absent when administrating doses low enough. Even with repeated
administration directly into the somatosensory cortex, lesioning, astrogliosis, functional
impairment and distress can be avoided (Soria et al. 2008).

2.5 Imaging of Traumatic Brain Injury

2.5.1 Traumatic Brain Injury

Traumatic brain injury is one of the underlying etiologies of epilepsy development. According
to epidemiologic studies approximately 53% of patients with penetrating head injury develop
epilepsy later in life (Salazar et al., 1985). Even without the epileptic seizures TBI itself is a
devastating disease with variety of cognitive and motor function deficits manifesting both
immediately after the impact and even several years later. According to data from Center for
Disease Control (Traumatic Brain Injury in the United States: A Report to Congress) on
average every 21 seconds one person in the USA sustains a traumatic brain injury. Two recent
large reviews of TBI epidemiology in Europe show that the long-term outcome and the level
of disability among patients are mixed and inconsistent (Leon-Carrion et al, 2005b;
Tagliaferri et al., 2006).
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The mechanisms of TBI are largely unknown. The primary damage is caused by the shear
forces of the impact itself, which initiates ionic, molecular, and cellular alterations within
seconds (Dietrich, Alonso, Halley 1994a; MclIntosh 1994; Rink et al., 1995) followed by
immediate cytotoxic edema and later vasogenic edema (Faden et al., 1989; Katayama et al.,
1990). Thereafter the secondary injury begins to develop and continues to worsen for days to
months, or even years. The secondary injury cascades are composed of a complex
combination of molecular, cellular (Karhunen et al., 2005), and metabolic (Kharatishvili et al.,
2006b) alterations. Finally, these cascades lead to functional disabilities including
somatomotor impairment, cognitive decline, emotional disturbance, or epilepsy (Kharatishvili
et al., 2006b; Thompson et al., 2006).

Histological studies have verified the robust cellular loss and cavity formation in the primary
cortical contusion site during the first weeks post-injury (Bramlett et al., 1997; Pierce et al.,
1998; Smith et al., 1997). The degeneration has found to be selective to cell types and brain
regions (Conti et al., 1998; Cortez, Mclntosh, Noble 1989a; Hallam et al., 2004; Raghupathi
et al., 2002; Rink et al., 1995; Sato et al., 2001) and it has been demonstrated to go on up to 1
year (Bramlett et al., 1997; Pierce et al., 1998; Smith et al., 1997). Histological studies of TBI
report also chronic inflammation, glial hypertrophy, and axonal injury (Lenzlinger et al.,
2001; Morganti-Kossmann et al., 2002; Philips et al., 2001; Soares et al., 1995; Toulmond and
Rothwell 1995).

2.5.2 MRI findings in humans and experimental models

In patients, intracerebral hemorrhage (Caroli et al., 2001; Kurth, Bigler, Blatter 1994; Morais
et al., 2008; Scheid et al., 2007), lesion and edema formation in the acute phase are common
clinical MRI findings. Axonal damage following TBI has been frequently detected using
diffusion tensor imaging (DTI) and the changes in the diffusion anisotropy have been reported
in both acute and chronic TBI patients (Sidaros et al., 2008).

In experimental studies MRI findings resemble the clinical findings, but most of the
experimental MRI studies of TBI have focused only on the time period extending from hours
to days or a few weeks post-injury. MRI alterations associated with edema and hemorrhage
have been reported (Graham et al., 2000b; Iwamoto et al., 1997) and axonal damage has been
linked to changes in diffusion MRI (Mac Donald et al.,, 2007). TBI studies in rats have
described T, hyperintensity (edema related, neuronal loss related or a consequence of tissue
atrophy and partial volume effect) and decreased apparent water diffusion (ADC) acutely
(<24 hours) after TBI followed by increased diffusion days or weeks after TBI (Albensi et al.,
2000; Obenaus et al., 2007; Onyszchuk et al., 2007; Van Putten et al., 2005; Vink et al.,
2001). The hippocampal T, relaxation time has been reported to decline in mild fluid
percussion injury and increase in controlled cortical impact during 7 days post TBI (Obenaus
et al., 2007). A 3 month follow-up showed enlarged ventricles, cisterns and that the necrotic
tissue in the primary contusion site was absorbed and replaced by cerebrospinal fluid
(Iwamoto et al., 1997).

2.5.3 Hemodynamic disturbances in both human and experimental TBI

In severely brain injured patients also the cerebral autoregulation has been found to be
impaired (Bouma and Muizelaar 1990; Golding, Robertson, Bryan 1999; Overgaard and
Tweed 1974). Three distinct cerebral hemodynamic phases in severe head trauma patients
have been recognized based on cerebral blood flow (CBF) changes (Martin et al., 1997):
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hypoperfusion (decreased CBF during the day of the injury), hyperemia (i.e. the increased
amount of blood in the tissue / tissue vasculature during the next 3 days), and vasospasm
(including fall in the CBF, lasting the next two weeks). CBV reduction has been reported in
sub acute phase following severe traumatic brain injury (Marmarou et al., 2000). Decreased
CBF acutely after impact has been documented (Kelly et al., 1996; Kelly et al., 1997; Martin
et al., 1997). Even patients with symptomatic mild traumatic brain injury but without any
other abnormal MRI findings have shown persistent regional hypoperfusion (Bonne et al.,
2003). In the primary contusion site there is often hemorrhagic focus of necrosis, blood-brain
barrier (BBB) disruption, vasogenic edema and decrease in regional blood flow (Graham et
al., 2000a). There are also recovery processes, such as angiogenesis known to take place in
the later post-injury phase (Dunn et al., 2004).

Hemodynamic disturbances have been found also in experimental models of TBI. Cerebral
blood volume (CBV) and flow has been found to decrease 3 - 4 hours post-injury in the rat
model of closed head injury (Prat 1997; (Thomale et al., 2002)). Local CBF has been found to
decrease 15 minutes post-injury and remain decreased up to 4 hours in LFP rat models
(Ginsberg et al.,, 1997; Muir, Boerschel, Ellis 1992; Ozawa et al.,, 1991). In experimental
models transient hypoperfusion has also been detected in the contralateral hemisphere (Pasco
et al., 2007). Perfusion deficits after impact can lead to local ischemic state of the tissue
where the oxygen and glucose delivery is so severely impaired that it causes disturbances in
energy metabolism and mitochondrial function. This has been studied in the fluid percussion
TBI model by Dietrich and collaborators who report severe ischemia (i.e., mean local CBF <
0.25 ml/g/min) after severe TBI within lateral parietal cortex, moderate reductions in CBF
throughout the traumatized hemisphere, including the frontal and occipital cortices,
hippocampus, thalamus, and striatum and milder decreases in CBF also throughout the
contralateral cerebral cortex. In histological studies they also report subarachnoid
hemorrhage, blood-brain barrier (BBB) breakdown overlying the pial surface and superficial
cortical layers of the injured hemisphere, focal leakage at the gray-white interface of the
lateral cortex, petechial hemorrhages associated with small venules and focal platelet
accumulation. (Dietrich et al., 1994; Dietrich, Alonso, Halley 1994b; Dietrich et al., 1998).

Impact may locally generate contusional damage to the vasculature, blood clots causing
occlusions or other conditions where the blood supply to tissue is seized or hindered. The
thresholds for tissue perfusion reductions and adjacent cellular consequences are common for
both TBI and ischemia. In cerebral ischemia the tissue in the core region suffers the
irreversible damage when the perfusion drops below threshold level of around <10-15 ml/100
g/min, corresponding to the anoxic cell depolarization (Hossmann and Schuier 1980), and is
not restored immediately. The hemodynamically compromised surrounding region with
reduced tissue perfusion is called the ischemic penumbra. Tissue with impaired perfusion
suffers from protein synthesis inhibition [cerebral blood flow (CBF) 35-55 ml/100g/min] and
impairment of glucose metabolism [CBF 22-35 ml/100g/min] which causes anaerobic
glycolysis, adjacent build up of lactate and acidosis (Allen et al., 1993; Obrenovitch et al.,
1988). The functional impairment, cessation of evoked potentials and
electroencephalographic (EEG) activity, follows marked reduction in adenosine triphosphate
(ATP) [CBF <20 ml/100g/min]. Ischemic penumbra is defined as the CBF region between
the functional impairment and the anoxic depolarisation [CBF: 10-15 ml/100g/min <
penumbra < 20 ml/100g/min] and it is thought to be salvageable if the blood supply is
restored in time. The aforementioned perfusion thresholds are approximate and the factors
such as the variability between species and measurement techniques should be considered in
each case (Baron 2001; Takasawa et al., 2008). Regarding the state of the tissue the perfusion
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findings are complemented by data from diffusion studies. Diffusion is found to reduce about
40-50% hours after severe focal ischaemia in experimental models, thereafter pseudo-
normalization of values is observed followed by a gradual secondary increase (Hoehn-Berlage
et al., 1995). Chronically increased values coincide with cell death, gliosis and cyst formation
(Garcia et al., 1995; Takahashi et al., 1993). Acute diffusion decrease is indicating the region
of ischaemic core and the region of reduced perfusion extends further including the penumbra
(Baird et al., 1997; Finelli et al., 1992; Pierce et al., 1997; Roberts et al., 1993; Sorensen et al.,
1996). The shifting of water between intra- and extracellular space is observed both in the
initial phase of perfusion disturbances due to anaerobic glycolysis (the anaerobic glycolysis
elevates intracellular osmolarity and thereby leads to influx of water from extracellular space),
and later after the anoxic cell depolarization and failure of the function of ion pumps leading
to cytotoxic edema in the severely impaired core region. This shift of water between
compartments causes the observed diffusion to decrease because of the influx of water from
extracellular space to more diffusion restricting intracellular space. The destructive signalling
cascades (triggered by intracellular calcium and neurotransmitters) launched at the time of
cytotoxic edema lead to the development of secondary damage. In the experimental models of
ischemic stroke the final lesion volume detected by diffusion imaging has been reached
within 24 hours (Minematsu et al., 1992b), and in the case of restored blood flow (early
reperfusion) the lesion size is decreased as compared to the situation with permanent
occlusion (Minematsu et al., 1992a; Mintorovitch et al., 1991). While in traumatic brain
injury the lesion development and expansion is slower continuing up to several months, and is
therefore most likely mediated by different cellular cascades. Also, the oedema formation
after traumatic brain injury is most likely much more complex than after ischemia, and the
origins of oedema after impact can include free oxygen radicals etc. Thus one consequence of
traumatic impact has been shown to be local ischemia which causes disturbances in brain
metabolism and functionality, but the role of perfusion and blood supply deficits in head
injury mechanisms are largely unknown.

2.5.4 MRS findings in humans and experimental models

Nuclear magnetic resonance spectroscopy (MRS) has been used to assess metabolite changes
during the acute and sub acute phases after TBI, but there are no thorough long-term studies
available on chronic metabolic profile after TBI. The acute and sub acute studies have
reported a decrease in N-acetylaspartate/creatine ratio (NAA/Cr) and an increase in
choline/creatine (Cho/Cr) ratio in the lesion area and/or in the ipsilateral parietal cortex in
rodents that have experienced fluid percussion injury or controlled cortical impact injury
(Berry et al., 1986; Choi et al., 2005; Schuhmann et al., 2002). Also, in the pericontusional
zone Cr+PCr, NAA, and Glu have found to be decreased from 1 hour to 28 days post-injury
(Dube et al., 2001) and persistently continue to decrease in the combined hippocampus basal
ganglia region up to 4 weeks after trauma (Schuhmann et al., 2002). These studies suggest
that tissue damage in the hippocampus and pericontusional cortex may share similarities in
their MRS signature. Importantly, the metabolic changes found in experimental models
resemble the metabolic changes found in TBI patients (Ashwal et al., 2004; Shutter et al.,
2006).

2.5.5 Prediction of the outcome based on MRI findings

In clinical studies the intracranial and intracerebral hemorrhage has been found to be
associated with poor long-term outcome, as assessed with the Glasgow Outcome Scale
(Chieregato et al., 2005). Correlation between increased diffusivity of white matter structures
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and later impairment of learning and memory functions have also been reported (Salmond et
al., 2006; Sidaros et al., 2008). In the case of mild TBI (MTBI; Glasgow coma score > 13)
there are only weak associations with the outcome found to date and the only quantitative
correlations are related to the diffuse axonal injury. The lowered magnetization transfer ratio
in the corpus callosum and abnormal fractional anisotropy values obtained by diffusion tensor
imaging also in other white matter tracts reveal diffuse axonal injury which correlates with
cognitive recovery in MTBI (Belanger et al., 2007). In a recent review Metting and collagues
listed the early MRI findings that had displayed predictive value for the chronic outcome in
mild-to-moderate head injury (defined by having Glasgow coma score > 8) (Metting et al.,
2007). The list included the number of lesions (detected by T,* weighted gradient echo
technique), lesion size, perfusion abnormalities, reduced cerebral blood volume and lowered
N-acetyl aspartate/creatine ratio observed days to weeks (< 3 weeks) post-injury. These
findings could be linked to the outcome 3 to 12 moths later. In moderate-to-severe TBI the
metabolic abnormalities detected by magnetic resonance spectroscopy (MRS), such as
decreased level of N-acetyl aspartate, increased level of choline containing compounds, and
increased level of lactate, have been found to correlate with functional outcome measured 1-2
months after TBI (Garnett et al., 2000; Marino et al., 2007; Signoretti et al., 2008). Acute
diffusion drop 3 hours post lateral fluid percussion injury has been recently reported to have
predictive value for seizure susceptibility one year later (Kharatishvili et al., 2007). However,
overall the MRI findings and their correlations with outcome have been inconsistent. Recent
reviews emphasized the need for predictive markers (Belanger et al., 2007; Catroppa et al.,
2008; Gallagher, Hutchinson, Pickard 2007; Lewine et al., 2007; Metting et al., 2007).
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3 Aims of the study

In the research projects presented in this thesis work a variety of NMR techniques were used
to study the complex pathophysiology of epileptogenesis and traumatic brain injury. The dual
goal was to study the nature and characteristics of these progressive pathologies, and to find
out the potential of different NMR techniques and their combination to function as diagnostic
and prognostic tools in these diseases.

To be able to meet these goals each step of these pathologies was followed. Several different
advanced MRI techniques were used to target the different destructive and/or recovery
processes in the brain.

A crucial question was how did the observed MRI changes correlate with the functionality?
Did the abnormal MRI findings reveal the functional impairment? The functionality was
evaluated with different carefully conducted behavioural tests. Another question was what
were the true histopathological changes underlying the MRI findings? To characterize the
complex cellular phenomena: degeneration of neurons, proliferation of glia, axonal plasticity
etc. several histological stainings were conducted.

Different experimental models were chosen to provide novel information about the spatio-
temporal progression of these devastating diseases and the unique features of each model
were utilized to mimic different aspects of brain changes. The transferability of the techniques
to the clinics was considered as an important starting point for the studies, and besides the
MEMRYI, all the presented 'tools' can be relatively easily integrated to the clinical use.

The major questions addressed in this thesis work were divided among the four studies as
follows:

First, can MEMRI detect the axonal sprouting in the epileptogenic hippocampus and can it
therefore function as a surrogate marker in the epileptogenic and epileptic animals?

Secondly, how does the tissue damage in different brain regions differ after traumatic brain
injury, and how long and at what rate do the brain alterations progress?

Thirdly, can the early MRI findings predict the long term outcome, final extent of the atrophy,
functional outcome and the severity of the final histopathology?

Fourth, how does the CBV change in different brain regions in acute and sub acute phases
after traumatic brain injury, and do the changes correlate with the motor performance?
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4 Materials and Methods

4.1 Animal models

When studying neuronal diseases animal models are needed because they provide
homogenous populations, allow frequent follow-up of the complex and slow disease
development and the outcome, and most importantly, allow complete analysis of cellular level
changes by histological methods. This is crucial when aiming to understand the mechanisms
and thereafter develop treatments. There are several models available for epilepsy that all
characterize different etiologies and different aspects of the disease. In this thesis work three
different animal models were used. For the MEMRI project I the rat model of kainic acid
induced status epilepticus was chosen because in that model the epilepsy develops within two
months and all the cellular processes along with the mossy fiber sprouting are well
characterized and very pronounced already at the 2 months time point. For the long-term MRI
follow up of TBI (study II) and study III searching predictive factors for the long-term
outcome, a rat model of lateral fluid percussion (LFP) induced TBI was chosen because it is
the most widely used and best characterized animal model for closed head injury in humans.
For the last study IV assessing the CBV changes during 2 weeks after TBI another model for
TBI, namely the controlled cortical impact injury model (CCI), was chosen.

All animal procedures were approved by the Animal Care and Use Committee of the
University of Kuopio, and all procedures were conducted in accordance with the guidelines
set by the European Community Council Directives 86/609/EEC. The rats were housed in
individual cages and kept under controlled laboratory conditions (ad /libitum access to food
and water,12 hours-12 hours light-dark cycle with lights on at 07:00 a.m., temperature 22 +
1°C, air humidity 50-60%,).

4.1.1 Kainic acid induced epilepsy

To induce epileptogenesis a generalized seizure called status epilepticus (SE) was inflicted to
adult male Wistar rats (n=27, weight 305-355 g, University of Kuopio, National Laboratory
Animal Center, Finland). The rats were treated with kainic acid (KA, Sigma-Aldrich, St.
Louis, USA, 10 mg/kg, ip.), which induced SE. After the kainate administration the
development of behavioural seizure activity was observed. Rats were considered to
experience SE if they expressed continuous generalized seizure activity for 30 minutes (this
could be a series of consecutive seizures without full recovery in between). The beginning of
SE was defined as the time point when the animals expressed their first Class 3 seizure on
Racine's scale (Racine 1972). About two hours after the beginning of SE, that is three hours
after the KA injection, the seizure activity was suppressed by halothane (and the animals were
imaged under halothane anesthesia).

4.1.2 Lateral fluid percussion induced TBI

The lateral fluid-percussion (LFP) brain injury was induced as previously described
(Kharatishvili et al., 2006a; McIntosh et al., 1989) to adult male Harlan Sprague Dawley rats
(total n=48 for TBI animals, of which 34 survived the operation, weight 305-390 g; Harlan
Netherlands B.V., Horst, the Netherlands). Identical anesthetic and surgical operation without
the fluid percussion impact was performed on the control animals (i.e. the sham-operated
animals, n=15). A mixture containing sodium pentobarbital (58 mg/kg), chloral hydrate (60
mg/kg), magnesium sulfate (127.2 mg/kg), propylene glycol (42.8%), and absolute ethanol
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(11.6%), (i.p., 6 ml/kg) was used as anesthetic. A 5 mm diameter craniectomy was drilled
with a trephine between bregma and lambda on the left convexity (anterior edge 2.0 mm
posterior to the bregma; lateral edge adjacent to the left lateral ridge). The temperature was
monitored by rectal probe and maintained at 37.5+£1.0°C using a homeothermic blanket
system. The impact injury was induced by a brief (21-23 ms) transient pressure fluid pulse
against the exposed dura using a fluid percussion device (AmScien Instruments, Richmond,
Virginia, USA). The pressure of the impact was adjusted to 2.6-3.3 atm and measured by a
transducer extracranially. The visual inspection was made to verify that the dura remained
intact.

4.1.3 Controlled cortical Impact injury induced TBI

A controlled cortical impact injury (CCI) was induced to 61 adult male Sprague-Dawley rats
weighting 250-350 g while 12 rats served as sham-operated controls (total n=73, Charles
River Laboratories, Sulzfeld, Germany). In CCI the pressure impact is delivered similarly via
craniectomy, but now with mechanical tip. The CCI was first described in the ferret (Lighthall
JW.1988), and later adapted for use in the rat (Dixon et al, 1991). In the study IV the
unilateral TBI was induced as follows. Rats were anesthetized with halothane (1% halothane
in 30/70 O2/N,) rats were placed in a stereotaxic frame. Craniectomy of 6 mm in diameter
was performed unilaterally in the midway between the bregma and the lambda (1 mm lateral
to the midline). The dura was kept intact and care was taken not to cause any injury to
vascular structures. The rectal temperature was maintained at 37.0+1.5°C by a homeothermic
blanket system. Controlled cortical pneumatic impact (CCI) device (AmScien Instruments,
Richmond, VA) was used to induce severe grade traumatic brain injury. This device has a 5-
mm-diameter tip travelling at a velocity of 3 m/s which created a 2.0-mm-deep deformation
when it entered the brain for 50 ms. After delivering the impact the exposed cortex was
covered with the previously removed piece of skull and sealed with Spongostan™, and the
wound was closed and disinfected.

4.2 NMR Methods

4.2.1 Hardware

The NMR measurements in this thesis work were all performed using a horizontal 4.7 T
magnet (Magnex Scientific Ltd, Abington, UK) with actively shielded imaging gradients
(Magnex) interfaced to a Varian (Palo Alto, CA) wirvINOVA console. The transmitter/receiver
system was either a quadrature half volume RF coil (diameter 28 mm, HF Imaging LLC,
Minneapolis, MN) (studies LII and III) or an actively decoupled volume transmission coil
and quadrature surface receiver coil (Rapid Biomedical, Germany), in study I'V. All analysis
was performed using an in-house written program in Matlab 7.1 (MathWorks, Natick, MA).

40



4.2.2 Study designs, MRI protocols and data analysis

4.2.2.1 Study design and MRI protocol in MEMRI study (I)

The MEMRI study was designed to answer two major questions. Does the epileptiform
activity affect the manganese accumulation after systemic manganese administration? And
how do the structural cellular level changes, particularly the axonal sprouting, affect the
observed MEMRI signal? The study is outlined in Fig. 1, in I. Briefly, the total number of 38
rats in the MEMRI study were divided into five experimental groups. Group 1 (n=11) was the
main group of interest including rats receiving both KA (that is, epileptogenic and later
epileptic rats) and the manganese contrast agent. The imaging of Group 1 acutely after KA
administration was performed to address a the question whether the generalized seizure (now
SE) related neuronal activity affects Mn>" accumulation. First MnCl, (45 mg/kg in 0.1 M
bicine buffer, pH 7.4) was administered intraperitoneally (i.p.). After 12 hours Mn®" had
already reached the hippocampus and Mn”" accumulation was still ongoing (Lee et al., 2005).
At this point rats were treated with kainate (KA, Sigma-Aldrich, St. Louis, USA, 10 mg/kg,
i.p.) which induced SE. Development of behavioural seizure activity was allowed to continue
for three hours (actual status therefore lasted about 2 hours) and then animals were
anesthetised for MRI by halothane (1 % halothane in 7:3 mixture of N,O:0,). MRI data were
assessed 3 and 25 hours after KA injection (i.e., 15 and 37 h after MnCl, injection). The same
Group 1 was imaged also 2 months later to address the second major question and investigate
the association of Mn®" accumulation with chronic structural neuropathologic changes,
particularly neurodegeneration, astrocytosis, microgliosis, and sprouting of granule cell axons
(mossy fibers). This chronic time point MRI was performed before and 24 hours after
systemic MnClL, injection. Thereafter, animals were implanted with electrodes to detect
spontaneous seizures using video-EEG monitoring, and finally, they were intracardially
perfused for histology. Groups 2 and 3 were control groups for Group 1. Group 2 (n=6)
underwent the same protocol as Group 1 (including video-EEG) but did not receive KA (i.e.
experienced no SE), thus providing information about the MEMRI contrast in the normal
brain. Group 3 (n=6) received KA and experienced SE but was not injected with MnCl,, and
therefore, provided control data to differentiate the changes caused by KA induced brain
pathology only, without the effects of Mn®" on signal intensity and T). Since the contribution
of gliosis to the manganese contrast was unknown, Group 4 (n=5) was added to test that
aspect. The SE was induced with KA and suppressed by halothane 3 hours post-KA to keep
the duration of SE comparable to that in Groups 1 and 3. The MRI was performed 3-4 days
after SE, when the cell loss and gliosis are already present but there is not yet any mossy fiber
sprouting contributing to the MEMRI signal. MRI data were assessed without manganese at 3
days post-SE, then MnCl, injection was given, and 24 hours later MRI scanning was repeated.
Thereafter, rats were transcardially perfused for the histological examination of the gliosis
and other cellular phenomena. Group 5 (n=5) was added to investigate, whether BBB damage
could contribute to enhanced MEMRI signal in the hippocampus. Again, SE was induced
with KA and gadolinium (0.5 M Gd-DTPA, 0.4 ml/kg i.v., Gadovist, Schering) enhanced
MRI was performed at 1 day, 4 days, and 2 months post-SE. Imaging took place before and
13 min after Gd injection and subtraction images (post-Gd minus pre-Gd at the given time
point) were calculated. The timing of Gd imaging corresponds to that of MEMRI imaging in
the Group 1. Group 6 (n=5) received only Gd and served as a control group for the Group 5.

The MRI protocol was as follows. The coronal slice of interest (-3.6 mm caudally from
bregma according to Paxinos rat brain atlas, (Paxinos and Watson 1986)) for the single slice
T maps was chosen among the T, weighted multi-slice image set that was acquired using a
spin echo sequence (TE = 65 ms, TR = 2.5 s, 128%256 points over field of view 3.5%3.5 cm’,

41



slice thickness 0.9 mm, 17 slices covering rat cerebrum). Data for T; maps were then acquired
from a 0.9 mm slice using an inversion recovery fast spin echo -sequence with adiabatic BIR-
4 refocusing pulses (TR =4 s, echo spacing 13 ms, 4-8 echoes / excitation, 128*256 points,
field of view 2.56*2.0 cm? array of inversion times (TI) 10, 400, 1000, 1600 ms). T,
weighted 3D images from the whole brain were collected using a gradient echo sequence (TE
= 2.7 ms, TR = 120 ms) incorporating an adiabatic 70° BIR-4 excitation pulse to reduce the
influence of B, inhomogeneity. A 3D volume of 2.5%2.5*3.5 cm’ was covered with
192*64*256 points, with 2 averages per phase encoding step. The identical protocols were
used both with and without manganese contrast agent.

The MEMRI data were analyzed using manually drawn ROIs (cortex, hippocampus, DG,
CALl, see Fig. 2A in I) and profiles across the hippocampus (Fig. 2B in I). The bias due to the
possible differences in background manganese level was eliminated by normalizing the values
to a reference area (cortex or corpus callosum).

4.2.2.2 Study design and quantitative MRI protocol in TBI studies II and III:

The study of quantitative MRI changes in TBI had two major goals. To characterize the
dynamics of long-term developments of tissue damage with MRI, and to compare the early
MRI findings with the chronic outcomes. The study is outlined in Fig. 1 in II and Fig. 2 in
II1. Taken together, a first group of animals (14 TBIs and 5 controls) was imaged at 3 hours,
3 days, 9 days, 23 days, 2 months, 3 months and 6 months after TBI. Later, a second group
was added (20 TBIs and 10 controls) and it went through MRI at 7 and 11 months after TBI
and MRS at 5 and 10 months after TBI. For the first group with acute and sub acute MRI data
we performed later behavioral Morris water maze test (7 months post-injury) and histology
after 12 months to evaluate the long-term outcomes.

The MRI protocol was as follows. Anatomical details and structures were detected using a T
weighted spin echo multi-slice sequence with two adiabatic refocusing RF pulses to minimize
the influence of the moderately inhomogeneous B, field (TE =70 ms, TR = 3 s, field of view
30*30 mm’ covered with 128*256 data points, slice thickness 0.75 mm, 19 consecutive slices
covering rat cerebrum). The presence of hemorrhage in the brain tissue was determined by
T,* weighted multi-slice images measured using a gradient echo sequence (TE = 15 ms, TR =
1500 ms, flip = 70°, 128*256 points). Quantitative maps of T, T, and the 1/3 of the trace of
diffusion tensor (D,y; Day = 1/3 trace D) were quantified from the same single 1.50 mm
coronal slice (corresponding to the antero-posterior level of -3.80 mm from the bregma
according to Paxinos rat brain atlas) using a magnetization prepared fast-spin-echo sequence
with adiabatic BIR-4 refocusing pulses (TR = 3.0 s, 16 echoes/excitation, center-out k-space
filling, echo spacing 10 ms, field of view of 30¥30 mm’ covered with 128*256 data points).
T, relaxation time was measured using a spin-echo preparation block consisting of 90°-180°-
180°-90° series of adiabatic pulses, that is, adiabatic half passage (AHP), two hyperbolic
secant (HS) adiabatic full passages, reverse AHP and crusher gradient in front of the fast spin
echo sequence (TE = 20, 38, 52, 76 ms). On-resonance longitudinal rotating frame (T,)
relaxation time was measured using a preparation block with variable-length adiabatic spin
lock preparation pulse (spin lock times (SL) = 18, 38, 58, 78 ms, Bls;= 0.8 G) and crusher
gradients placed in front of the fast spin echo sequence. The spin lock pulse consisted of three
parts: AHP, continuous wave on-resonance spin lock period and reverse AHP pulse, (Grohn
et al., 2005). 1/3 of the trace of the diffusion tensor (Da.y) was quantified using the same pulse
sequence as in the above described T, measurement with a diffusion sensitising gradient pair
added around each refocusing RF pulse in the magnetization preparation block. Three images
with different degree of diffusion weighting (b = 90, 496, 1014 s/mm?, diffusion time = 29
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ms) were all obtained in each three different orthogonal orientations: x, y and z. To assess the
possible B, heterogeneity within the regions of interest the B field was mapped. Data for B;
field map were acquired using variable length square preparation pulse with a crusher gradient
in front of a FLASH pulse sequence (TR = 4.5 ms, TE = 2.2 ms), thereafter by fitting a cosine
function to the measured signal intensity oscillation B; maps could be calculated.

Quantitative T, and T, relaxation times and diffusion maps were calculated by fitting the data
voxel wise to standard single exponential formulae. The diffusion coefficient D was measured
and calculated separately in three different orthogonal orientations (D, Dy and D,) and the
average of these three coefficients was determined as an orientation independent measure of
water diffusion D,,. The data analysis was performed manually. The volumes of lesion and
hippocampi were calculated as a sum of the voxels in the outlined regions in multi-slice T,
weighted images. When analyzing the single slice maps the ROIs were first drawn into the
corresponding slice of T, weighted images and overlaid thereafter to the maps. The focal area
refers to the lesional cortex that was outlined based on hyperintensity in T, weighted images
and using the visual aid of T, maps with standardized scaling 0-150 ms. Perifocal area refers
to the ipsilateral parietal cortex that appears normal in T, weighted images excluding the focal
lesion. In addition, we assessed the contralateral parietal cortex and the hippocampus
bilaterally (Fig. 2A, II). When outlining the perifocal and hippocampal ROIs, the voxels
overlapping with the enlarged ventricles were excluded to avoid partial volume effect, and to
detect the possible degenerative process ongoing in the normal appearing tissue.

4.2.2.3 Study design and MRI methodology of CBV study IV

The last study aimed to characterize the CBV changes during two weeks frequent follow-up
after TBI. The study design is shown in Fig.1. in IV. Briefly, rats were divided into 8
experimental TBI groups imaged at different time points: 1 hour (n=6), 2 hours (n=12), 4
hours (n=13), 1 day (n=6), 2 days (n=6), 3 days (n=6), 4 days (n=6), 7 days (n=6) and 2
weeks (n=14, repeated MRI for animals that had been previously imaged at days 1-3) post-
injury. The neuroscore test was performed to a sub group of animals (n=29) repeatedly before
and 2 days, 7 days and 14 days after the TBI induction to assess the impairment of motor
functions post-injury. To monitor the level of CO; in blood a bench test was performed
(additional n=6) with identical operation and anesthesia procedures and blood samples were
taken 2 hours, 1 day, 4 days and 14 days post-injury.

For the intravenous administration of contrast agent the cannula was implanted into the right
femoral vein. (The cannula was filled with saline to keep the line open prior to the actual
contrast agent administration.) Animals were anesthetized by isoflurane (carrier gas of O,
30% and N,O 70%). After cannula implantation the animals were positioned into the
stereotactics lying on their stomach, the leg position was stabilized and the head were
stabilized using ear and bite bars. Upon imaging the breathing rate of the animals was
continuously monitored with a pressure probe under them and the isofluorane level was
adjusted accordingly (isoflurane between 1.3-1.7%). Animals were kept warm with water
circulating heating bed under them and the bed temperature was maintained at +38.5°C.
Imaging was then performed prior and post the iron oxide contrast agent (ultrasmall
superparamagnetic iron oxide, Sinerem, 3 mg/kg) injection into the femoral vein cannula
(injection time was about one minute, after the injection 5 minutes delay before starting the
post-contrast imaging sequence allowed the contrast agent to reach the target area; the animal
was not moved in between pre and post measurements).
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The MRI protocol was as follows. The RF coil setup used was the actively decoupled volume
transmission coil and quadrature surface receiver coil (Rapid Biomedical, Germany). First, in
addition to the CBV data, the multi-slice diffusion maps (D,y) were assessed using a spin echo
sequence (b-values = 0, 700, 1000 *10° mm?s, TE = 60 ms, TR = 2 s and 64*128 points),
FOV = 4.0%4.0 cm®, 17 coronal slices, slice thickness = 1.0 mm and 2 averages per phase
encoding step. Then, to quantify the CBV, identical image acquisitions pre and post contrast
agent consisted of T,* weighted images measured using a gradient echo sequence (TE = 15
ms, TR = 1500 ms, flip = 70°, 128*256 points), and T, weighted images measured using spin
echo sequence (TE = 70 ms, TR = 2500 ms, 128*256 points).

The AR2 and AR2* maps (IV) were calculated by subtracting images taken post and pre
contrast agent administration and using a formula derived from the difference between T,
with and without the contrast agent, where the T, decay is fitted to a standard mono-
exponential decay function. The AR2 and AR2* are here assumed to be directly proportional
to CBV (as previously described Wu et al. 2003) with a contribution of only small vessels
(diameter 8-12 pum) or both large and small vessels, respectively. The ROIs were manually
outlined in T, weighted images and overlaid on top of the quantitative maps thereafter. The
lesion volume was determined through 17 slices. The CBV and diffusion values were
quantified in the lesion, perifocal cortical area surrounding the lesion, both ipsilateral and
contralateral hippocampus and contralateral cortex as an average of three consecutive 1mm-
slices around the lesion epicenter (see Fig 2A, 1V). The AR2 and AR2* were normalized
animal by animal to a reference muscle area. This eliminated the effect of differences in the
background contrast agent level. The reference area was a muscle area outlined in the most
frontal slices distant from the operation site (visually corresponding the level of +1.00 mm
from Bregma in Paxinos rat atlas (Paxinos and Watson 1986)) since it appeared to be
unaffected by the impact. In this approach of CBV assessment the CO; level in blood is
assumed to remain constant and within normal physiological limits and to verify this, the CO,
level was measured in additional bench test in four different time points (2 hours, 1 day, 4
days and 2 weeks after CCI induction) and in each time twice during a procedure identical to
the imaging setup (that is, identically operated and anesthetized animals, blood samples taken
in time points corresponding the mid point of pre and post contrast imaging).

4.2.3 Magnetic resonance spectroscopy (MRS) measurements and analysis

In the study II in vivo single voxel spectroscopy data were obtained 5 and 10 months after
TBI induction. Stimulated echo acquisition mode (STEAM) localization with a short echo
time was used (Tkac et al., 1999) (TE =2 ms, TR =4 s, bandwidth of 2.5 kHz was covered
with 3336 points, 512 averages were collected as a sum of 16 blocks of 32 averages each) and
VAPOR water suppression scheme, after automatic FASTMAP shimming (Gruetter 1993)
was incorporated. Typical achieved line width was around 13-15 Hz. Voxels (2.5*%3*3 mm)
were located around both the ipsilateral and contralateral hippocampus (Fig. 2B, II). The
spectral analysis was performed using LC model and only results from metabolites with SD%
< 20 were included in further analysis. All values were presented as relative concentrations to
total creatine peak at 3.04 ppm consisting of creatine and phosphocreatine.
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4.3 Behavioural testing

4.3.1 Cognitive test: Morris water maze

The Morris water maze tests hippocampal related spatial learning and memory functions. The
water maze testing system was composed of a black pool of water (20 + 2 °C), where the pool
was surrounded with visual cues to enable the rats orient themselves. The pool diameter was
150 cm and it was divided into four quadrants. A platform (10 cm % 10 cm) was located in the
middle of the northwest quadrant (25 cm from the pool rim) and it was hidden 1.5 cm below
the water surface. When placed into the water the rats started to search a way out and
eventually found the platform. The swimming pattern, speed and time of the rat were recorded
using a video camera that was positioned above the pool and connected to a computerized
image analysis system (HVS image, Imaging Research Inc., UK). The goal was to evaluate
how the rats gradually learned the location of the platform. The rats were tested on three
consecutive days, 5 trials in each day. There were four different starting positions for the rat
(north, south, east and west) and the starting position of the rat was changed in each trial. The
rat was allowed to swim for 70 s to find the platform and if it failed to find the hidden
platform within 70 s, it was guided to the platform. After each trial, the rat was allowed to
remain and rest on the platform for 10 s. Thereafter, it rested in the cage for 30 s (after trials 1,
2, and 4) or 1 min (after trials 3 and 5). On the third testing day, a sixth trial, so called probe
trial, was performed without the platform. Four parameters were recorded: (a) latency to the
platform (max 70 s), (b) length of the swimming path from the starting position to the end of
the trial (cm), (c) mean swimming speed (cm/s), and (d) percent total time rat spent in the
correct quadrant of the pool. (Karhunen et al., 2003)

4.3.2 Motor function test: neuroscore

The motor functions of the rats were tested by composite neuroscore procedure with small
modifications to the previously described procedure (Mclntosh et al., 1989; Okiyama et al.,
1992;). Briefly, the rats were scored on a 0 (severely impaired) to 3-4 (normal) integral scale
for several motor performance tasks. The test protocol was as follows: circling (scoring 0-4)
and motility (scoring 0-3) when placed on the floor, general condition (scoring 0-3), paw
placement back to the bench when taking each paw one by one over the edge of the bench
(scoring 0-4), righting reflex when placed to lie on its back (score 1 for successful righting, 0
for failure), the ability to climb up when placed hanging on a ribbed horizontal bar by its
forepaws (scoring 0-3), the ability to turn around on a 45° inclined plane when placed face
'downhill' (scoring 0-3), the ability to swivel around contralaterally to the rotation when
rotated by the base of the tail clockwise and then counterclockwise (1 score for each side),
visual forepaw reaching on suspension by the tail with vibrissae next to a bench top (score per
paw if the animal arches and places forepaws on the bench), contralateral reflex when animal
is held by the base of the tail (1 score for no reflex, 0 for a reflex), and finally, a grip strength
onto bars on cage when dragged by the tail (score 0-2). Then the scores of each task were
summed up to make a composite neuroscore (scoring 0—-28).

4.3.3 Seizure activity: video-EEG recording

To detect the development of spontaneous seizures in study I and assess their possible effect
on MEMRI signal, we performed continuous video-EEG monitoring for 2 weeks.

For electrode implantation the animals were anesthetized with a single i.p. injection (6 ml/kg)
of a mixture containing sodium pentobarbital (58 mg/kg), chloral hydrate (60 mg/kg),
magnesium sulfate (127.2 mg/kg), propylene glycol (42.8%), and absolute ethanol (11.6%).
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The head of the rat was secured in a stercotaxics and the skull periosteum exposed by a
midline skin incision. Two stainless steel cortical screw electrodes (E363/20 Plastics One
Inc., Roanoke, VA, USA) were inserted one over the left and another over the right frontal
cortex (2 mm lateral and 3 mm rostral to Bregma). Two additional screw electrodes were
placed into the skull over the cerebellum bilaterally (10.3 mm caudal to Bregma, 2 mm lateral
to the midline) and they served as indifferent and ground electrodes. Then all electrode pins
were inserted into the plastic pedestal and the entire assembly was cemented to the calvarium
with dental acrylic.

The continuous two weeks video-EEG monitoring was performed as described previously
(Nissinen et al., 2000b). Briefly, electrical brain activity from the motor cortex was recorded
with the Nervus EEG Recording System connected to a Nervus magnus 32/8 amplifier
(Taugagreining, Iceland), and filtered with high-pass 0.3 Hz and low-pass 100 Hz cutoffs.
The behaviour of the animals was monitored using the WV-BP330/GE video camera
(Panasonic) that was positioned above the cages and allowed simultaneous videotaping of 8
animals. The camera was connected to a SVT-N72P time lapse VCR (Sony) and a PVM-145E
video monitor (Sony). If the animal experienced a high amplitude rhythmic discharge with a
clear onset, offset, and temporal evolution in wave morphology and amplitude, that lasted
more than 5 seconds, it was defined to be an electrographic seizure. If such seizure was
detected, its behavioural severity was assessed on video according to Racine's scale
(Kharatishvili et al., 2006c; Racine 1972). Electrographic interictal discharge (ID) was
defined to be a high amplitude rhythmic discharge containing spike-wave and/or polyspike-
wave components and lasting less than 5 s.

4.4 Histology

Perfusion and fixation procedure

At the end of studies I-III rats were transcardially perfused according to the Timm fixation
protocol (Nairismagi et al., 2004). After perfusion the brains were removed, postfixed in 4%
PFA for 4 hours, cryoprotected in a solution containing 20% glycerol in 0.02 M KPBS (pH
7.4) for 48 hours and then frozed in dry ice in -70 °C. The frozen brains were cut with a
sliding microtome (30 pum thick coronal sections, 1-in-5 series) and sections were stored in
tissue collecting solution (30% ethylene glycol, 25% glycerol at -20 °C).

Nissl staining for neuronal loss

Every fifth section (1-in-5 series) was stained for thionin or cresyl violet to identify the
cytoarchitectonic boundaries and to locate and quantify the neuronal damage. The severity of
neurodegeneration in the hippocampus was evaluated either by calculating the hilar neuron
cells (III) or using a semi-quantitative scoring system evaluating the percentual damage in
each sub areas of interest, that is CAl, CA3 or hilus (I and IIT): 0 = no damage, 1 < 20%
damage, 2 = 20-50% damage, 3 > 50% damage as described before (Nissinen et al., 2004).
The mean scores were calculated from consecutive sections corresponding to the coverage of
single slice MRI map, 6 sections in study I and 9 sections in study IIL

Fluoro Jade B staining for recent cell death

Another series of every fifth section (1-in-5 series) was stained for Fluoro-Jade B to detect
ongoing neurodegeneration and recent cell death (in study I). Staining was performed
according to Schmued et al. (Schmued, Albertson, Slikker 1997). Briefly, sections were
washed three times for 10 min with phosphate buffer, then mounted on glass slides and dried
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overnight at +37 °C. In the next day the sections were then first rehydrated in absolute ethanol
(3 min), 70% ethanol (2 min) and dH,O (2 min), then incubated in 0.06% potassium
permanganate for 15 min, rinsed briefly in dH,O (2 min) and finally incubated for 30 min in a
solution containing 0.001% Fluoro-Jade B (Histo-Chem, Jefferson, AR, USA) and 0.1%
acetic acid. Thereafter the sections were washed with dH,O, dried, dehydrated in a series of
xylenes and coverslipped. One representative brain section per animal was analyzed in study
I, and fluorescence microscopy was used for image capturing. Semi-quantitative scoring from
0-3 described both the amount and coverage of Fluoro Jade positive cells.

Immunhistochemical staining for astroglia and microglia

In study I the degree and distribution of both astrogliosis and microgliosis was assessed by
immunostaining. Astrogliosis was analyzed from sections stained with an astroglial marker
GFAP (glial fibrillary acidic protein) and microgliosis from sections stained with Ox-42
microglia marker. Free floating sections were immunohistochemically stained with
monoclonal mouse anti-mouse GFAP antibody (Boehringer Mannheim #814369) or with
monoclonal mouse anti-rat Ox-42 antibody (Serotec MCA275G). Procedure was similar for
both antibodies and the method described below is the method when using GFAP antibody.
Briefly, the free floating sections were treated with 1% hydrogen peroxide to remove
endogenous peroxidase, and washed in 0.02M KPBS, pH 7.4 before blocking in 10% normal
horse serum (NHS) and 0.5% TritonX-100 in KPBS. Then, sections were incubated for 2 days
(+4 °C) in primary antibody (1:40 000) in 1% NHS and 0.5% TritonX-100 in KPBS. Sections
were then washed three times (2% NHS in KPBS), and incubated for 60 minutes in
biotinylated anti-mouse IgG (1:200, #BA-2000; Vector Laboratories, Burlingame, CA)
diluted in 1% NHS, 0.3% TritonX-100 in KBPS. Thereafter, the sections were incubated for
45 minutes in avidin-biotin-peroxidase complex according to manufacturer's instructions
(Standard ABCkit; #PK-4000, Vector Laboratories). The incubations in the secondary
antibody and in the avidin-biotin solution were repeated. At the end the peroxidase activity
was visualized with 0.05% 3,3' -diaminobenzidine (DAB; Pierce Chemical Company,
Rockford, IL) and 0.08% H,O, in KBPS. Finally, the sections were mounted in gelatin-coated
glass slides, dried, and intensified with osmium tetroxide and thiocarbohydrazine according to
the method of Lewis et al. (1986).

In the analysis both the GFAP and Ox-42 immunostainings were semiquantitatively scored in
the hippocampal subfields CA1, CA3b, CA3c, and the hilus of the dentate gyrus: Score 0, no
GFAP/Ox-42 immunorective cells present; Score 1, light; Score 2, moderate; Score 3 high
number of immunoreactive cells present (Fig. 4 in I shows representative photomicrograph
with gliosis Scores 1-3). For the final analysis, we summed the scores of the CA3c and the
hilus to match the histologic analysis with the ROI drawn onto the MRI images.

Timm staining for mossy fiber sprouting

To detect abnormal growth of granule cell axons (mossy fiber sprouting) one series of
sections was stained with the Timm sulfide/silver method (Sloviter 1982). The density of
mossy fiber sprouting was evaluated separately in the tip, mid, and crest portions of the
granule cell layer of the hippocampus. The density of sprouting was scored from 0 (no
sprouting) to 5 (entire inner molecular layer covered with sprouted mossy fibers) according to
Cavazos et al. (Cavazos, Golarai, Sutula 1991). The density of sprouting in each animal was
assessed. First the mean sprouting score for each section (mean of the scores in the tip, mid,
and crest portions) was calculated, and then the scores in 5 to 8 sections were averaged. The
set of histological sections included corresponded to the region of the MRI analysis.
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4.5 Statistics

Statistical analysis was done using SPSS for Windows software (Chicago, IL, version 14.0).
Differences between groups were analyzed with Student's t-test for MRI data and with
Kruskal-Wallis followed by post hoc analysis with Mann Whitney U test for non-parametric
behavioural or histological data or MRI data with low animal number. All values are
expressed as mean = standard error of mean (SEM). Spearman rank correlation coefficient
was used to assess correlations between MRI and functional or histological results.
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5 Results

5.1 MEMRI detects axonal sprouting

The first aim was to demonstrate the ability of systemic MEMRI to detect structural axonal
plasticity during epileptogenesis. To induce epileptogenesis and mossy fiber sprouting rats
were treated with kainate and then later, to visualize the axonal sprouting, they were imaged
after contrast agent MnCl, administration. The first major finding was that the chronic
kainate-treated animals showed a remarkably enhanced MEMRI signal both in the DG and
CALl sub regions of the hippocampus as compared to controls. MEMRI signal of the DG
differed from that in controls in 9/11 rats in Group 1 showing hyperintensity and/or shape
alterations. An average relative signal intensity in the DG in those rats with hyperintense DG
was 1.37 + 0.02 and in controls (Group 2) 1.25 £ 0.02 (p<0.05). When quantifying the
alterations in the shape of the DG (i.e., in the spread of the MEMRI signal), we found that the
thickness of the signal from the CA3 region was increased to 260 + 40% of that in controls
(Group 1 versus Group 2, p<0.05). Interestingly, there was also increased MEMRI signal in
the CA1 in 8/11 of the chronic KA-injected animals suggesting accumulation of Mn®" in that
layer. Relative signal intensities were 1.33 + 0.03 in these § animals in Groupl and 1.13 +
0.02 in the controls in Group 2 (p<0.01). Analysis of T, profiles revealed this same
manganese accumulation in the CAl as a drop of absolute T, relaxation time in the CAl
below the control level (Fig. 3. in I, right panel).

To investigate the cause for the signal enhancement and manganese accumulation, groups
with different cellular level pathology were added and detailed histologic analyzes were
performed. The second major finding, based on the series of histological stainings, was that
the observed MEMRI hyperintensity was associated with axonal sprouting rather than other
ongoing histopathologic alterations, such as neurodegeneration, astrogliosis, or microgliosis
(Fig. 4 and 5 in I). The inter animal variation and individual analysis of each animal led to
elimination of neurodegeneration, astrogliosis and microgliosis as the primary sources of
signal enhancement in systemic MEMRI (Tables 1-2, Figs. 3-4, I). Furthermore, the observed
enhanced MEMRI signal in DG and CA1 were found not to be associated with local BBB
leakage either, since the Group 5 receiving intravenous Gd contrast agent at corresponding
time points post-SE did not display similar signal enhancement pattern in the hippocampus
(Fig.o, I).

The third major finding was that MEMRI hyperintensity was not associated with seizure
activity. Because the neuronal activity is one possible factor causing accumulation of
manganese and contributing to MEMRI signal, this had to be addressed as well. The
emergence of spontaneous seizures in the chronic phase was studied by video-EEG (the
electroencephalograph was recorded from 6 rats of Group 3 and 4 rats in Group 1) and 75%
of the recorded rats in both groups had epileptiform activity or spontaneous seizures in EEG
(no difference between the groups). But the seizure frequency in epileptic animals and
MEMRI hyperintensity did not correlate (Table 1 and 2). Another approach was the imaging
acutely after KA induced SE, which was done to examine how the ongoing generalized
seizure would affect the manganese accumulation. MnCl, injection was given prior to the
seizure induction, hence manganese was available during SE. No MEMRI hyperintensity in
the DG or CA1 during SE (i.e. 3 hours post-KA or 25 hours post-Ka in Group 1) was found.
Rather, we found that during SE (i.e., 15 h after MnCl, and 3 h after KA injection) T, was
longer in the hippocampus of Group 1 (receiving both KA and MnCl,) as compared to control
Group 2 receiving only MnCl, (DG 1117 £ 16 ms and 1042 £ 21 ms, respectively, p<0.05;
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CAl1 1178 + 11 ms and 1120 + 27 ms, respectively, p<0.05). The slight increase of T,
relaxation time could be due to edema formation during and after SE. In other studied brain
areas there were no T, differences between the post-SE and control groups. This data showed
that seizure activity does not lead enhanced Mn®" accumulation per se even though Mn®" is
present in the brain. (Fig. 5, I)

One more result to report was that the data from control group 2 receiving only MnCl,
demonstrated that Mn®" did not influence the histologic outcome or epilepsy phenotype.

After summing up and cross comparing all these findings it was demonstrated that MEMRI,
after systemic administration of MnCl,, actually detects the axonal sprouting. According to
this data the density of mossy fiber sprouting had to be high enough to be detectable, a density
of score 1.19 did not cause detectable signal enhancement (table 1, I)).
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Figure 1. Manganese enhanced T; weighted images of a control animal (top row) and three representative
kainate treated (and therefore epileptogenic) animals (second, third and fourth rows). The left column shows the
images taken at the acute stage 25 hours after KA administration and status epilepticus (that is, 37 hours after
MnCl, administration) and the right column shows the same animals at chronic stage, 2 months after the status
epilepticus with a manganese contrast agent given 24 hours prior to the imaging. Chronic animals displayed
hyperintensity in the CA1 region and shape and intensity changes in the CA3 and DG regions (arrows). Some
chronic animals had also atrophy and enlarged ventricles (see the chronic case at bottom row as an example).
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5.2 Quantitative MRI after TBI detects distinct temporal damage progression in
different brain regions

The second major aim was to explore the potential of different MRI methodologies to detect,
follow and characterize brain pathology after traumatic brain injury. The fluid percussion
impact generated local contusion and hyperintense primary lesion was detected in the cortex
immediately in the T, weighted images (Figure 2A, below). In addition, intracerebral
hemorrhage was detected adjacent to the lesion and also more distantly (Figure 2B, below).
The first major finding was that the MRI detectable tissue alterations continued for several
months. The volume of the primary focal lesion continued to expand for 3 months, and
quantitative MRI observations showed progressive changes at the primary cortical lesion site
for 6 months. In the perifocal region and in the hippocampus the slow secondary increase in
quantitative D,y, T> and T, continued steadily for the first 2-3 months (significant further
increase in the hippocampus until 3 months and in the perifocal area until 2 months).

The second major finding was that in the primary lesion site and in the perilesional areas the
MRI contrast parameter alterations differed evidently. In the lesion the drastic increase of all
Ts, Ty, and D,,, which was detectable already 3 hours or 3 days post-injury and rapidly
increasing henceforth, was several fold in magnitude as compared to the more subtle
alterations detected in the perilesional regions. For example, when considering the situation 9
days after injury, the observed changes at that time in the perilesional regions were maximally
+8% (for Ti,) or even undetectable (for T, and D,,) while in the primary lesion the
irreversible damage was revealed by 70% increase in diffusion, 54% increase in T and 80%
increase in Ty,. Thereafter the lesion values rose up to the values equal to those in CSF, that
is, the tissue was absorbed and the cavity filled with CSF was generated (Fig.3B, in II). In
addition to the magnitude differences the temporal pattern of MRI changes differed between
lesion and surroundings. In the primary lesion the T,, Tj, and D,, values simply shot up,
continuing the rapid irreversible increase, while in the perilesional regions (the perifocal
cortical area and the hippocampus) the values first displayed acute edema related increase and
recovery and then begun a delayed, slow, persistent secondary increase. The magnitude of
quantitative MRI contrast parameter deviations during the delayed secondary increase
remained around 10-13% for the relaxation times in the ipsilateral hippocampus (4-7% in the
contralateral hippocampus and 3-9% in the perifocal area) and around 7-15% for the diffusion
in the ipsilateral hippocampus (6-8% in the contralateral hippocampus and 4-6% in the
perifocal area). [See Figure 3 shown below, and Figs. 5, 6 and 7 in II.] Taken together, both
the magnitude and the temporal pattern of the observed MRI changes differ between the
primary lesion site and in the perilesional regions around it. This feature enables the
distinction of the irreversible damaged tissue region from the more mildly damaged,
potentially salvageable region.

Furthermore, the results demonstrated that quantitative MRI values in the perilesional tissue
are direct measures of the current severity of damage in that area, while the size of the nearby
lesion is not. The lesion volume 23 days post-injury did not correlate with the tissue MRI
parameters in the perifocal or hippocampal region at that same time point. (See Fig.8 in II)
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Figure 2. A representative animal 3 days after fluid percussion induced TBI. Rows A and B are showing the
same four 0.75 mm thick slices (with 0.75 mm gap between them, arranged in rostral to caudal direction) imaged
with spin echo and gradient echo techniques, respectively. (A) T, weighted signal intensity images showing the
cortical hyperintense primary lesion (contusion) in the impact site and adjacent hypointense spots (arrows). (B)
T,* weighted signal intensity images showing intracerebral hemorrhages as signal void areas. Arrows in row B
are pointing at the hemorrhagic spots that can also be seen in T, weighted images above.

5.3 Quantitative MRI findings early after TBI correlated with the long-term outcome

Since quantitative MRI was able to provide multifaceted information about the brain damage
after traumatic brain injury, the next question was if it could help to predict the long-term
outcome. Therefore, in the long follow-up studies the associations between the MRI findings
already at the acute (3 hours) to sub acute (3-23 days) phases after initial impact and the long-
term outcome 6 to 12 months later were the major interests. As outcome measures the final
atrophy extent 6 months post-injury, memory and learning ability tested in Morris Water
maze 7 months post-injury, and histopathological neuronal loss 12 months post-injury were
assessed. At the chronic phase after TBI the animals displayed largely expanded lesion cavity,
the ipsilateral hippocampal volume was decreased by 21%, the number of hilar neurons was
decreased by 63% and the hippocampus related learning and memory performance was
impaired in trauma animals (Fig. 5, in III). Several correlations were found between the early
MRI data and these chronic measures supporting the hypothesis that early MRI findings could
predict the long-term outcome. Table 1 summarizes the found correlations.

The lesion volume measured and the amount of intracerebral hemorrhage in the acute and sub
acute phases after injury correlated with the final lesion extent 6 months later. The increased
T}, in the focal cortical lesion at 23 days post-injury and the T, increase in the perifocal area
surrounding the lesion at 9 days post-injury both correlated with the final cortical lesion
volume. The edema related transient increase in T, and T, in the ipsilateral hippocampus 3
days post-injury (Figure 1, above) correlated with the chronic volume reduction of the
ipsilateral hippocampus and with the hilar neuron loss - and so did the T}, increase 9 days
post-injury. The delayed secondary increase 23 days post-injury in Ti,, T» and D, in the
ipsilateral hippocampus, which was already an indicator of the severity of the secondary
injury cascades, correlated with the later hippocampal volume decrease at 6 months and with
the final hilar neuron loss. This same delayed diffusion increase (in the ipsilateral
hippocampus 23 days post-injury) correlated also with the long-term learning impairment.
Also, the severity of hemorrhage at the sub acute phase was indicative of the long-term
learning impairment. (See III results chapter for more details.)
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Figure 3. Early progression of D, T, and T, in the lesion (left column), in the perifocal area (middle column)
and in the ipsilateral hippocampus (right column). Data from TBI and sham groups at 3 hours, 3 days, 9 days and
23 days after TBI induction are shown. The lesion: D,, increased rapidly in the lesion area starting from day 3.
Both T, and T, also increased steadily, and T, was significantly elevated already at 3 hours after TBI induction.
The perifocal area (i.e. ipsilateral cortex excluding the lesion): D,, dropped acutely (3 hours) after TBI. T, and
T,, show transient peak at day 3 post TBI, but unlike T, T, remained elevated still at day 9. The ipsilateral
hippocampus: D,, dropped acutely (3 hours) after TBI and increased 23 days later. Both T, and T,, peaked at
day 3 post TBI and were elevated at day 23, but T, recovered at day 9 while T,, remained elevated. Differences
between groups are indicated as **, p<0.01 and *, p<0.05 (Mann Whitney post hoc test), and the differences
between time points as #, p<0.05 and ##, p<0.01 (Wilcoxon post hoc test). Note that the scaling of the lesion
graphs differ from the scaling of perifocal and hippocampus graphs.
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Table 1. The found correlations between the acute and sub acute MRI findings and the long-term outcome
measures.

LONG-TERM OUTCOME

CORRELATIONS Cortical atrophy Functional Hippocampal atrophy

) WM correct ipsi HC neuronal
Lesion volume
Quadrant % volume loss
ACUTE / SUB ACUTE MRI FINDINGS

Hemorrhage 3h-9d r=0.664* r=-0.643 ** r=-0.824 ** -

Lesion 3d 3d r=0.811 ** ) - -

volume 9d 9d r=0.864 ** ) - -

23d 23d r=0.956 ** ) - -

T, hippocampus 3d ) ) r=-0.642 ** r=-0.580 *
23d ) ) r=-0.555 * r=-0.715 **

perifocal 3d 20720 ** )

T, hippocampus 3d - ) r=-0.755 ** r=-0.612 *
9d - ) r=-0.707 ** r=-0.739 **
23d - ) r=-0.650 ** r=-0.652 **

perifocal 9d r=0.748 ** - - -
lesion 23d r=0.560 * - - -

D,y hippocampus 3h - - - -
23d - =-0.512 * r=-0.807 ** r=-0.665 **

* p<0.05; ** p<0.01; only the found correlations are shown, both TBI animals and controls are included (n=17)
in the correlations regarding the hippocampal atrophy, hippocampal (hilar) neuron number and water maze
performance, while in the correlations regarding the lesion volume and hemorrhage score only the TBI animals
were included (n=14)

5.4 CBV changes in the acute and sub acute phase after TBI and their association with
the recovery of the motor functions

Upon contemplating the role of hemodynamic alterations in the secondary damage and repair
processes after traumatic brain injury, a study about CBV changes in the acute and sub acute
time points was conducted. Distinct CBV alterations were found and their nature changed
over time and between brain regions. The first phenomena in all regions was the acute
decrease in CBV, probably reflecting the initial hypoperfusion, but thereafter the different
brain regions displayed different CBV patterns. In the primary lesion site (where the tissue
appeared to be very severely damaged based on T, weighted anatomical images) the CBV in
both large and small vessels was decreased during the first day, then the values seemed to
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recover (AR2* still had a trend of reduced values but AR2 seemed to return to control level)
until they dropped again at 2 weeks post-injury (47% decrease in AR2* and 61% decrease in
AR?2). In the cortical perifocal region the CBV values were decreased until day 4 post-injury
and then the values slowly recovered towards the control level during the 2 weeks follow-up.
Interestingly, this recovery happened in parallel with the recovery of motor functions, which
were evaluated by repeated composite neuroscore behavioural tests. (Fig. 3 shows the CBV
recovery and Fig. 6 the motor function recovery, in IV). According to the neuroscore the
animals had 33 % worse performance 2 days after TBI than they had before the TBI. Then the
impairment alleviated and 7 days post-injury the performance was 16% below the healthy
level and 2 weeks post injury only 8% below the healthy level (all p<0.01).

In the hippocampus the CBV changes were different from the changes in the cortical regions.
The acute drop in CBV was seen also in the hippocampi, but in the ipsilateral hippocampus
there was persistent increase in capillary level CBV after day 1 post-injury (Fig. 4 in IV). The
CBYV values in the contralateral hippocampus showed only a small increase in the capillary
level 2 weeks post-injury.

Acute diffusion drop within hours was seen in all brain regions. In this CCI trauma model
diffusion drop revealed physiological disturbances even in the contralateral cortex, and
therefore a distant muscle area was chosen as a reference area. The rate of diffusion increase
in the following two weeks was very different between primary lesion and perifocal areas,
again highlighting the ability of MRI to differentiate between irreversibly damaged and more
mildly damaged tissue. In the sub acute phase the diffusion values were elevated in the
perifocal region (only at day 4, p<0.05) and in the ipsilateral hippocampus (significant
increase at day 2 and at 2 weeks post-injury, p<0.05). The contralateral cortex and
hippocampus displayed a trend of low diffusion. (Figs. 3C and 4C in IV)

5.5 Metabolic findings in the hippocampus of chronic TBI animals

Metabolic changes preceed the structural changes and the spectroscopic methods could
therefore provide a more sensitive measure of brain damage than MRI. Five months after the
TBI induction the metabolic alterations detectable by '"H-MRS in both the ipsilateral and in
the contralateral hippocampus were studied. The relative concentration (relative to total
creatine) changes as compared to controls were reported. We found decreased y-aminobutyric
acid (GABA), glutamate (Glu), N-acetylaspartylglutamate (NAAG), N-acetylaspartate + N-
acetylaspartylglutamate (NAA+NAAG) and glutamatetglutamine (Glu+Gln) levels in the
ipsilateral hippocampus (p<0.05, Figs. 9-10, in II), and increased level of myo-inositol (Ins).
No significant metabolic alterations were detected in the contralateral hippocampus. The only
progressive change from 5 months to 10 months was the further decrease in Glu level.
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6 Discussion and conclusions

6.1 MRI read out for epileptogenesis - detection of axonal plasticity

The first major aim of the thesis was to test if systemic MEMRI can detect the axonal
sprouting in the epileptogenic hippocampus and can the MEMRI findings therefore function
as a potential surrogate marker for the epileptogenesis and epilepsy (regarding the plausible
role of axonal plasticity in the hippocampal circuitry reorganization leading to epilepsy).
Several groups were included to test if systemic injection of MnCl, can label axons and reveal
axonal sprouting and what are the contributions of other cellular phenomena, seizure activity
and the possible leakage of BBB to the MEMRI signal.

We demonstrated that systemic MEMRI indeed can detect structural axonal plasticity during
epileptogenesis. Systemic administration of the MnCl, contrast agent two months after KA
induced status epilepticus and epileptogenesis led to manganese accumulation into the CAl
and dentate gyrus sub regions of the hippocampus and caused them to be highlighted in T,
weighted signal intensity images (corresponding to the T relaxation time decrease quantified
in T maps). Alterations in the signal intensity, thickness and shape of the DG could be
attributed to mossy fiber sprouting, since the neurodegeneration, astrogliosis and microgliosis
could be eliminated as a primary cause of the observed contrast enhancement. Histological
stainings and individual analysis pointed out the density of mossy fiber sprouting needed for
an observable change in MEMRI. Interestingly, the CAl region in several epileptic animals
appeared hyperintense, indicating possible plasticity manifestation there as well. However,
the underlying reason could not be determined since our zinc-based histological staining
procedures were not able to stain axonal alterations in the CA1. Still, previous cellular studies
have reported axonal plasticity triggered by kainate treatment also in the CAl (Cavazos,
Jones, Cross 2004; Smith and Dudek 2001). The manganese administration systemically led
to the detection of mossy fiber sprouting in the DG of epileptic and epileptogenic animals.
This means that systemic MEMRI can be utilized in experimental epilepsy studies as well as
in studies of other nervous system diseases with potential axonal damage present.

It is important to note that generally the contribution of other neurobiologic changes to
MEMRI signal can not be excluded. Glia cells, both astroglia and microglia can take up
manganese. In a different context, particularly in situations with significant neurodegeneration
and glial hypertrophy during aggressive inflammation etc. manganese accumulation and
consequent signal enhancement can be largely due to the gliosis (Haapanen et al., 2007).
Phagocytosis can also lead to manganese accumulation into the macrophages. The dominant
reason for the manganese accumulation in most of the situations, however, is the neural
uptake and the axonal transport thereafter. The latest MEMRI applications have concentrated
on studies of neural circuits, integrity of axons and fiber bundles as well as stimulated
neuronal activation related manganese uptake (Chuang et al., 2008; Serrano et al.,, 2008;
Tucciarone et al., 2008; Van der Linden et al., 2004b).

Based on this study the role of seizure activity to the manganese accumulation is either non
existent or negligible. We did not find any T, decrease (that is, no hyperintensity in T
weighted images) acutely after status epilepticus, rather we found a T, increase. This
indicates that there is no detectable Mn®" accumulation caused by prolonged seizure activity.
The control data of the animals receiving only KA but no manganese showed that the effect of
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only status epilepticus to the T, values (i.e. the pathological findings not related to manganese
or its properties) was elevating [the animals suffering status showed elevated T, values 3
hours post KA as compared to naive rats, unpublished data]. This suggests that counteracting
T, increasing physiological processes may also mask potential manganese accumulation
related T, decrease. Kainic acid causes a sub group of neurons to die very rapidly, only hours
after insult (Fujikawa, Shinmei, Cai 2000; Tuunanen et al., 1999). Hippocampal CA3
pyramidal neurons and interneurons in the hilus are particularly vulnerable to kainate and
CAl pyramidal neurons degenerate as well (Ben-Ari 1985; Covolan and Mello 2000; Covolan
et al., 2000).

Because the manganese was administered systemically the availability of manganese in the
brain tissue, that is inside the BBB, is of course one key question. To make sure that the lack
of MEMRI enhancement in the most acute 3 hours post status (15 hours post MnCl,) was not
because of lack of available manganese, we repeated the imaging 22 hours later (37 hours
from MnCl,, 25 hours from KA). We found that in the control animals (receiving only
manganese) Mn”" accumulation and consequent T; decrease continued from 15 hours to 37
hours time point after MnCl, administration both in the cortex and the hippocampus.
Similarly, further decrease was also observed in rats suffering status epilepticus. Actually,
there were no significant differences in the cortical or hippocampal T, relaxation times
between the SE and control groups at either of the two time points analyzed. This all suggests
that there indeed is no manganese accumulation due to the seizure activity. The manganese
accumulation due to long lasting stimulus activity has been reported in several studies, but the
nature of activity during seizures differs drastically to that during for example, sound or scent
stimuli. Furthermore, considering the neural activity during seizures there are studies
suggesting that the granule cells of the DG there might not even be activated ((Fernandes et
al., 1999) and personal communication with Dr. Astrid Nehlig).

6.2 The MRI detectable alterations after TBI are distinctively different in different
brain regions, reveal the tissue at risk and may help to predict the outcome

The second major effort in this thesis work was the MRI characterization of brain changes
after traumatic brain injury. Several MRI techniques were harnessed to answer questions
about the tissue damage in different brain regions and about the progression of the damage. A
main objective was to find out if the MRI performed shortly after injury could predict the
long-term outcome and if it would reflect the concurrent functional impairment. The
multifaceted approach included determination of quantitative T,, T, D,y and evaluation of
the hemodynamic changes in the acute and sub acute phases post-injury.

In order to understand the dynamics of brain damage after TBI, the status of the brain tissue
by quantitative in vivo MRI and MRS after fluid percussion induced TBI was followed for 11
months. There is a variety of cognitive and functional ramifications for head injury and some
of these were evaluated by behavioral tests at the chronic stage of the disease. Also the
structural pathology and cellular changes were quantified about a year after the injury. Only
the use of animal models and totally non-invasive techniques, such as MRI, enable this
intensive follow-up without any interference with the disease progression, and finally the
access to the histological outcome. The rat model of lateral fluid percussion induced TBI is
the most widely used experimental model of human closed head injury (Thompson et al.,
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2005). The long-term outcome measures assessed 6-12 months post-injury in rat could
temporally correspond to the outcome of patients several years post-injury.

Here, the focus of analysis were the areas of injured cortex, the perifocal area and the
hippocampus, which are reported to suffer most as a consequence of an impact injury (Hallam
et al., 2004; Sato et al., 2001). The role of these brain structures in the impairment of a patient
is undoubtedly essential, but one must recognize that they do not provide a complete picture
of the brain damage since there are other brain regions involved as well. For example, the
thalamus and amygdala are known to undergo histopathologic changes after experimental TBI
(Abrous et al., 1999; Rodriguez-Paez, Brunschwig, Bramlett 2005).

The temporal pattern and magnitude of measured T, Ti,, Day, AR2 and AR2* changes varied
substantially between the different brain areas revealing different types of tissue damage. The
focal lesion area displayed values of irreversible tissue loss, the adjacent perifocal area
displayed initially milder damage with delayed start but progressive nature, the ipsilateral
hippocampus displayed also delayed progressive changes but with distinct hemodynamic
alterations, and remote areas including the contralateral hippocampus and the contralateral
cortex were affected as well to some extent. This means that quantitative MRI can be used to
differentiate the regions with risk of delayed secondary damage from those of continuously
progressing irreversible damage or from the intact areas. Importantly, quantitative MRI could
also identify how far advanced are the pathological processes in each region, which is a major
advantage in targeting treatments and following the treatment response.

6.2.1 The slowly progressive nature of the brain damage provides a wide window of
opportunity for interventions

This data showed that the brain damage after TBI continues to progress for several months in
rats, which corresponds to several years in humans. In rats the MRI detected further
progression up to 6 months in the lesion site and up to 3 months in the hippocampus. After
this all of the values remained elevated and some of them even showed a trend of further
increase. These observations are in line with the previous cross-sectional histological studies
demonstrating ongoing pathology for up to 1 year, including chronic inflammation,
neurodegeneration, and axonal injury (Bramlett et al, 1997; Lenzlinger et al, 2001;
Morganti-Kossmann et al., 2002; Philips et al., 2001; Pierce et al., 1998; Rodriguez-Paez,
Brunschwig, Bramlett 2005; Smith et al., 1997; Soares et al., 1995; Toulmond and Rothwell
1995). The facts that the state of the tissue does not seem to stabilize for a long time after the
impact, and that in vivo MRI can detect even the late progression, may promote the use of
MRI in patients with old-established TBI diagnosis but possibly still with deteriorating status.
Furthermore, this data reveals the long temporal window of opportunity for interventions,
particularly those that aim to alleviate or stop the destructive molecular cascades in
hippocampal and perifocal regions.

6.2.2 Primary lesion and irreversible damage

The primary contusion site could be easily detected by MRI, even with just T, weighted
anatomical images. Lesion was seen as a hyperintense region, which appeared transiently
larger around day 3 due to a strong edematic effect, became brighter with sharp edges at 23
days post-injury and thereafter started to slowly expand. Only after 6 months was the lesion
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growth seized. The magnitude of the increase in relaxation times and diffusion values just
days after injury revealed the drastic cellular degeneration and irreversible destruction. This
was followed by tissue absorption and possibly by formation of a glia envelope around the
lesion. Even though after this the border between primary lesion and the perifocal area was
easy to detect, determining that border during the first week after injury was ambiguous.
During this period only the quantitative MRI could differentiate the voxels with changes
exceeding alarming thresholds. Some of the early MRI findings predicted the later lesion
development. Initial lesion volume and amount of hemorrhages correlated with the final
lesion size.

The hemodynamic disturbances were studied in CCI model and assessed as AR2 and AR2*.
The changes were found to be close to the same magnitude in the lesion and in the perifocal
area. The CBV pattern also proceeded quite similarly in both regions (acute hypoperfusion
followed by partial recovery), except for the sudden decrease in CBV values at 2 weeks post-
injury in the lesion site. This drop at 2 weeks could represent dramatically reduced circulation
in the capillary bed consistent with the vasospasm phase, which is seen in humans 4-15 days
post-injury (Martin et al., 1997). Even though the CBV values did not seem to differ much
between lesion and perifocal region, the big difference arose from the diffusion values, which
in the sub acute phase were several fold higher in the lesion than elsewhere. It can be
concluded that CBV measurements are able to detect circulation deficits in the perifocal
region as well, but can not differentiate perifocal area from the primary lesion. This resembles
the situation in ischemic brain injury. In the case of cerebral ischemia the perfusion reduction
expands over the lesion to cover also the ischemic penumbra, while the diffusion
abnormalities (decreased diffusion due to cytotoxic edema) are present only in the ischemic
core region. In spite of the plausible appearing CBV results inside the primary lesion, a
question remains how to interpret the results obtained by utilizing intravenous contrast agent
when the vasculature inside the primary lesion is most likely leaking. Histological studies
confirm vascular ruptures and BBB leakage in the lesion site after TBI (Beaumont et al.,
2000; Whalen et al., 1998).

6.3.3 Perifocal cortical area - tissue at risk but potentially salvageable

One potentially clinically relevant observation was that the viability of the perifocal tissue did
not depend on the size of the focal lesion. The perifocal tissue surrounding the lesion was
displaying only mild MRI changes in the sub acute phase and the severity of these sub acute
MRI changes did not correlate with the current lesion size. That is, large lesion size in the sub
acute phase after TBI should not be thought as an indicator of severe perifocal tissue damage.
Even in cases with very large initial focal hyperintense lesion the tissue surrounding the lesion
can be viable and thus a potential target for interventions. On the other hand, the severity of
the observed MRI changes in the perifocal tissue in the sub acute phase does seem to indicate
the later fate of that tissue if no actions are taken. The magnitude of T, increase in the
perifocal area surrounding the lesion at 9 days post-injury correlated with the final lesion
extent and thereby already predicted whether the perifocal tissue shall be later absorbed and
merged into the lesion cavity.

The perifocal tissue displayed transient edema related changes in T», Ti, and D,y during the
first days after injury and then a delayed secondary increase after 23 days. In the course of the
following months the relaxation time values obtained from ROI analysis remained increased
by 3-9% and diffusion values by 4-6%. The increases appear small, but they are significant.
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The corresponding values in healthy tissue can vary even ~2% over time. However, when
taking into account that the perifocal ROI includes also healthy voxels that (when calculating
an average over the whole ROI) causes the observed abnormality to attenuate, these small but
still significant increases can be regarded as a true pathological change.

The hemodynamic study revealed association between the CBV drop and recovery in the
perifocal cortical area, and the simultaneous loss and recovery of motor functionality. These
phenomena seemed to happen in parallel and may have a direct causal relation, since the
motor cortex and somatosensory cortex were included into the perifocal ROI (if they were not
within the primary lesion). This indicates that hemodynamics, and thereby indirectly the
underlying reason for the dysfunction of motor cortex, can be potentially evaluated by MRI
measurement of CBV changes.

One aspect to discuss is the interrelationship between oedema and CBV changes. The oedema
(vasogenic or cytotoxic) may compress microvessels and hence impair perfusion. Thus the
detected strong oedematic increase of tissue water around 3 to 9 days post-injury can interfere
with the tissue perfusion pressure and the tissue perfusion particularly in the perifocal area as
well as inside the primary contusion area and in the ipsilateral hippocampus.

6.3.4 The MRI findings in the hippocampus, underlying cellular alterations and the
interrelation with the cognitive impairment

The hippocampus has a complex role in the function of brain and mind. The significance of
hippocampal integrity has been shown in relation to cognitive spatial learning and memory
functionality, and in the temporal lobe epilepsy. After the primary contusion site, the
hippocampus ipsilaterally to the impact site suffers second most severe consequences. This
was detected by MRI as 10-13% increase in relaxation times, 7-15% increase in average
diffusivity, volumetric atrophy (hippocampal sclerosis) and metabolic changes detected at the
chronic stage by MRS. Decreased NAA indicated decreased neuronal number, which was
perfectly in line with histological findings, that is, massive neuronal loss in hilus. Increased
Ins is an indicator of inflammation and gliosis, which have both been shown to be present in
previous cellular studies of TBI (Lenzlinger et al., 2001; Philips et al., 2001; Soares et al.,
1995). Decreased GABA is associated with loss of inhibitory tone and might have a role in
the epilepsy development after TBI.

Histological studies have shown that the hippocampus is very sensitive to several types of
brain insults. For example, kainic acid causes primarily hippocampal and amygdala
neurodegeneration, TBI causes cortical and hippocampal damage (Kharatishvili et al., 2006a)
and febrile seizures cause hippocampal axonal plasticity (Bender et al., 2003; Jansen et al.,
2008). After lateral fluid percussion TBI, neuronal degeneration begins in the parieto-
occipital cortex and the hippocampus of injured hemisphere 1-24 hours after impact and leads
to significant neuronal loss in these areas 1-4 weeks post-injury (Cortez, McIntosh, Noble
1989b). This time frame is congruent with the presented results of the delayed increase of
MRI parameters in the hippocampus. Reactive astrogliosis has also been reported to be
present throughout the injured hemisphere, most densely around the lesion (Cortez, Mclntosh,
Noble 1989b). This may explain the clear sharp edges of the lesion seen in the MRI.

In unilateral head injury the hippocampus ipsilateral to the impact is the first to be injured,
however, the delayed damage was now detected in the contralateral hippocampus as well by
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quantitative MRI. In the investigation about the hemodynamic disturbances in the
hippocampus, the ipsilateral and contralateral hippocampus both showed similar trends of
altered CBV, but ipsilaterally the observed changes were much more pronounced. The found
quantitative T,, Ty, and D,, abnormalities contralaterally were also much milder than
ipsilaterally, but they were significant. In the histological analysis performed in the chronic
stage no neuronal loss in the contralateral hippocampus was found, nor was any volumetric
atrophy present in that side. Moreover, the MRS of the contralateral hippocampus did not
show any significant metabolic abnormalities in the chronic phase either. There are several
possible pathological processes and cellular changes that we did not directly test for, that
could be the underlying cause of the contralateral T,, T;, and D,, observations. When
speculating possible reasons for the bilateral damage, one could be that some mechanical
shear forces of the impact extended to the contralateral side, and even though in the LFP
model there was no damage in the contralateral cortex, the hippocampus might be more
sensitive to the disturbances. Another explanation could be the interconnectivity of left and
right hippocampi and that the damage then progresses from the ipsilateral side to the
contralateral side through some signalling cascades. In any case, the fact that in vivo MRI was
able to detect the subtle contralateral hippocampal damage is a further demonstration of the
sensitivity of quantitative MRI.

Considering the prognostic value of early hippocampal MRI findings we found that the acute
and sub acute increase of Ty, T» and diffusion in the hippocampus already correlated with the
severity of long-term hippocampal atrophy and hilar neurodegeneration. This is logical since
the relaxation and diffusion properties of the hippocampal tissue are indicators of the cell
density and if notable cell loss is found in the hippocampus already at early stage, the
neurodegenerative processes are most likely to continue and the severity of the final situation
mirrors the severity of the initial starting status. In line with the hippocampal atrophy and
neuron loss, the cognitive test revealed chronic learning impairment indicating deteriorated
hippocampal function. The learning impairment was most severe in those animals with most
severe sub acute increase in water diffusion in the ipsilateral hippocampus. The amount of
intracerebral hemorrhage appeared to be associated with the performance in water maze as
well. This indicates that early MRI (D,, and hemorrhage) could have predictive value for
chronic learning impairment.

The hippocampus seemed to have a distinct pattern of T», T, and D,, during the progression
of TBI, reflecting the unique role of the hippocampus as a ground for destructive and
restructive biological processes. This was seen also in CBV findings. In the ipsilateral
hippocampus the CBV in capillaries was increased from day 1 onwards indicating local
hyperemia, which in turn could be a sign of angiogenesis (Dunn et al., 2004). However,
previous studies have also reported BBB leakage after experimental TBI both in the ipsilateral
cortex and in the ipsilateral hippocampus (Schmidt and Grady 1993) which must be
accounted for when interpreting the CBV data. The novel hippocampal observations of the
CBV approach supports the usefulness of MRI in detecting different brain injury related
processes and speaks for the benefits of monitoring also CBV alterations after TBI.

6.3.5 Which MRI approaches should be used after head trauma?

Based on the experiences built up by this thesis work, what would then be the optimal MRI
method to use after traumatic brain injury? Time to perform the imaging is limited, so the
number of techniques used is limited as well. The palette for imaging TBI should include
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standard anatomical T, weighted (or T; weighted) signal intensity image set covering the
whole brain to detect hyperintense lesion and atrophy and to perform volumetric analysis. T,*
weighted scanning is fast and would be required to detect the hemorrhages. Collecting the
data for quantitative maps takes slightly more time, and therefore only two are chosen here.
Considering the sensitivity and accuracy, the combination of T, and D,, appeared to be the
most sensitive measure for detecting both acute and sub acute as well as chronic progressive
damage. T, was elevated in the lesion region already 3 hours post-injury while acute D,, drop
revealed perilesional milder damage at the same time point. In the primary lesion all T,, Ty,
and D,, easily detected the tissue degradation from day 3 onwards, but D,, was the most
sensitive to the chronic progression even after 6 months post-injury. Similarly in the perifocal
and the hippocampal regions D,, was the most sensitive to the continuous progression from 2
to 3 months. In the sub acute phase, around 9 days post-injury, T, was the only parameter to
detect the pathological state of tissue while T, and D,, appeared misleadingly normal. These
findings highlight the need to use multimodal approach when imaging progressive brain
diseases. Combining of different MRI contrasts both aids to eliminate false negative findings
and brings out more subtle changes than a simplified approach with just one contrast
parameter would bring. Adding a imaging modality of tissue perfusion or CBV may not be
feasible in every case, but should be considered at least in cases where ischemic condition is
suspected or functional deficits are present that are not explained by the location of the
primary lesion.

6.3 Methodological considerations

In the case of different MRI techniques it is essential to recognize the challenges in the
interpretation of the findings, but equally important is to realise the vast range of applications
and targets of MRI probes. With the a priori knowledge about the neuropathology and the
symptoms, the boundary conditions can be set to aid the interpretation of NMR data. The
results presented in this thesis work are based on TBI and epileptogenesis but can be to some
extent extrapolated to other neurodegenerative diseases as well. The similar underlying
biophysiological processes are present in characteristic form and in characteristic brain
regions in several brain pathologies. The introduced MRI methods are equally equipped to
probe these other disease processes as well. The sensitivity of diffusion to several type of
cellular changes has been reported both in the context of TBI (Graham et al., 2000b; Iwamoto
et al., 1997) and epilepsy (Grohn and Pitkanen 2007) as well as in the context of other
neurodegenerative diseases such as hippocampal sclerosis (Bote et al., 2008), ischemic stroke
(Aronen et al., 2007; van der Zijden et al., 2008), multiple system atrophy (Ito et al., 2007),
Parkinson's disease (Au et al., 2006) and Alzheimer's disease(Lehericy et al., 2007). The
sensitivity of T, has been previously demonstrated in experimental stroke studies (Grohn et
al., 2003; Grohn et al., 2000), in experimental glioma studies (Sierra et al., 2008), and
recently in Parkinson's (Michaeli et al., 2007) as well as in Alzheimer's patients (Borthakur et
al., 2008), but not in the case of TBI. Our results, however, strongly advocates the potential of
T\, in the context of TBI and other neurodegenerative diseases as well.

In this thesis work the biggest methodological question rose from the interpretation of CBV
data. The obtained values of AR2 and AR2* are indirect measures of change in the
susceptibility contrast agent amount. Drawing conclusions about the actual tissue perfusion
based on AR2 and AR2* is at its best a crude approximation and relying on the assumption
that the intravascular contrast agent is indeed remaining inside the vasculature. The
interpretation of the situation gets more difficult when head injury is introduced causing
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disturbances in autoregulation, mechanical damage to the vasculature and leaking of the BBB.
Supported by several cerebral blood flow studies, the acute observed CBV decrease can be
linked to hypoperfusion. Since the CO; levels in blood do not seem to increase too much after
the TBI and during the imaging related anesthesia, the CO, can be ruled out as a cause of the
observed CBV changes. However, the results about the increase of CBV in the hippocampus
must be taken with caution, while the contribution of BBB leakage is not determined.
Generally, in this frequent and 2 weeks lasting follow-up the persistent type of CBV increase
or decrease most likely reflects a corresponding CBF increase or decrease, of some amount.

The animal models can never completely correspond to the human condition, yet they have
provided indispensable information about the underlying processes of the neuropathologies,
and about the effects of different interventions. Particularly the complex interactions and
progression of neurodegenerative processes can not be studied without the involvement of the
complete biological system, and therefore animal models are still needed in the attempt to
uncover the molecular biology behind the brain pathologies. In the case of TBI and epilepsy
the disease mechanisms are largely not known. The status epilepticus animal model used in
the epileptogenesis study was chosen because it develops dense mossy fiber sprouting, which
is seen also in epilepsy patients, and which may have an important role in seizure generation.
Traumatic brain injury was studied in two different models that complement each other. The
CCI injury causes larger initial contusion than the LFP model, and is not as reproducable as
the LFP, where the pressure impact is mediated by saline rather that by mechanical tip. Both
models are widely used and for both histological and behavioural data are available for both.
LFP model has been said to mimic human closed head injury with a rather confined lesion,
while CCI represents perhaps more penetrating head injury with more frequent intracortical
hemorrhages. The MRI results obtained from these models are in line with each other and can
be regarded to describe some common alterations taking place after the impact injury.
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7 Summary

This thesis work has extensively studied the potential of multimodal MRI to in vivo
characterize and identify the progression and status of the complex pathological processes
during epileptogenesis and traumatic brain injury. The results support the potential role of
multimodal MRI in detecting surrogate markers and predicting the long-term outcomes.

The novel information provided by this thesis is straightforwardly applicable to animal
studies. The researchers of these same diseases have to take into account the spatio-temporal
development of tissue damage when planning and testing the interventions. On the other
hand, similar promising MRI procedures should now be applied to several other
neurodegenerative diseases in experimental settings. Importantly, most of these MRI
techniques can be readily transferred into clinics. If the prognostic value of early in vivo MRI
can be established with further experimental studies, quantitative multimodal MRI could
potentially be integrated into the standard clinical practise after brain insult.

Furthermore, this thesis sheds light on the interpretation of alterations in different MRI
contrast parameters by providing an example of the combined and interrelated behaviour of
D.y, T> and T, (as well as T and AR2 and AR2*) in the case of traumatic brain injury (and
epilepsy) in different states of the disease.

The key findings and conclusions of this thesis work are as follows:

1. The manganese enhanced MRI even after systemic administration was able to detect axonal
plasticity in the hippocampus of the epileptic rat, and thereby MEMRI can potentially
function as a surrogate marker for epileptogenesis in the experimental setting.

2. Quantitative MRI was able to detect the tissue at risk after traumatic brain injury and
revealed a distinct pattern of damage progression in the primary lesion site, perifocal region
and in the hippocampus. The ability to non-invasively monitor the long-lasting pathological
processes after TBI is of great interest when developing and applying treatments first in pre-
clinical and thereafter in clinical studies.

3. The multimodal quantitative MRI measured in the acute (3 hours) and sub acute (3 to 23
days) phases after TBI correlated with the long-term (6 months to 1 year) histopathological
and functional outcome. This means that the early MRI assessment may aid to predict the
long-term impairment and thereby help with diagnosis and treatment strategy.

4. The iron-oxide contrast enhanced measurement of relaxation rate changes yielded
information about the CBV changes after TBI during two weeks follow-up. Regional
differences of CBV deviations were revealed and the drop and recovery of CBV in the
perifocal cortical region was found to be associated with the parallel drop and recovery of
motor functions.
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