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Abstract

Brain stroke belongs to the most common causes of human disability and death, and though we know a lot of its mechanisms, it
still needs to be more effectively diagnosed, treated and prevented. The standard method of brain infarct diagnosis is magnetic
resonance imaging (MRI), which detects magnetization answer of particles (typically hydrogen nuclei) in tissues. The standard
MRI method applied in brain stroke diagnosis is diffusion weighted imaging (DW1), which shows changes as early as 11 minutes
after ischemia. However, analytical steps from ‘what is being observed’ to understanding what truly lies beneath, should be
undertaken to establish a proper and prompt diagnosis and implement a personalized treatment strategy. The cellular swelling
mechanism leading to reduction of extracellular space and hence the restriction of diffusion is adopted as a sort of paradigm
explaining water diffusion restriction, and the enhancement of DWI signal in the early phase of brain ischemia. According to
widely accepted theory, stating that the early increase in DWI signal is caused by cellular (‘cytotoxic’) edema, the pathological
reality is much more complicated — different, small changes of magnetic signal and numerous ‘background’ factors are often
overlooked or ignored. A better understanding of the mechanisms underlying the changes in DWI is crucial to elucidate what is
really observed. Starting with the basic MRI physical principles, we consider some factors like: changes of pH, temperature,
insufficiency of energy, changes of activity of Na*/K*-ATPase, role of aquaporins and glucose transporters, and glutamate

excitotoxicity, which contribute to the ‘diffusion’ observed in DWI.
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Introduction
The magnetic resonance effect occurs to atomic nuclei that possess spin angular momentum. The spin angular momentum evince
particles like protons and electrons. The fundamental spin unit, namely £1/2% (where # is the reduced Planck constant, which is
described as h/2m), has two possible projections along an arbitrary spatial direction. The property of revealing a measurable
magnetic resonance (MR) signal is called a magnetic moment (i) and is explained as an effect of circulating charge (even if the
particle is a point). i is quantified (discrete not continuous variable) and described by the following equation:

i=vJ (1)
Where y is magnetogyric ratio, and J ~ angular momentum. The regime of MR effect is described by equation on energy of
radiofrequency wave (RF) and also is related to magnetic momentum and magnetic field strength:

AE=hv=yhB=—ji-B )
Typically, in MRI the magnetic field is constant and the absorbance of the electromagnetic wave is measured. The absorbed
energy is transferred to other particles with dissipation of colliding particles is known as longitudinal or thermal relaxation,
characterized by time constant of relaxation - T1 (spin-lattice time) and it reflects longitudinal magnetization component (Mz).
Spin-spin interactions, known as transverse relaxation, characterized by time constant — T2, give the transverse magnetization
component (Mxy), which in some cases may occur without energy transfer, for example by so called ‘flip-flop” exchanges. The
particle population ratio of those which may absorb energy and change of spin direction, to those which may emit absorbed
energy, describes the Boltzmann distribution. Without a magnetic field, the space has no direction for magnetic particles, spins
are randomly distributed. The average magnetization (M) in the tissue voxel is described by Bloch. The magnetic resonance
imaging signal of human body mainly comes from water, more precisely - protons (hydrogen nuclei). 1H The magnetic
resonance signal is sensitized to the movement of particles and, among others, to diffusion (water particles movement on the
microscopical scale). In fact, in biological objects DWI expresses rather restriction of diffusion i.e. its limitation by cellular and
subcellular structures (cell membranes, myelin sheath, etc.), and is additionally subjected to pathological changes of these
structures. These pathological changes significantly influence the MRI signal, which is especially useful in the early detection
of brain infarction. It is necessary to apply special sequences to reveal the effects of diffusion movement of particles. To this
end, typically the Stejskal-Tanner sequence is used, which strongly alters the spin echo (SE) in relation to movement in such a

way that with greater diffusion (lesser restriction), there is a smaller SE signal (the general concept is shown in Figure 1A).
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A. Diffusion and restriction phenomena in MRI
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Figure 1: Physical principles of diffusion weighted imaging (DWI): A - diffusion and restriction phenomena, Al —
graph of diffusion distance in structured and unstructured medium: A2 (A-C) - diagrams of Brownian movements by
paramagnetic particle — hydrogen nuclei (yellow ball - H*, cornflower balls — other particles, orange arrows — possible
random movements); B - representation of the behavior of particles’ spins (xy component) with regard to Stejskal-
Tanner sequence: B1 (A-F) - sequence without movements (designations according colors in schemes i.e. violet arrow
- magnetic field; navy blue flags — radiofrequency pulses (RF); yellow balls- protons, red arrows — spins, gray/black
triangle and rhombus denote, respectively, free induction decay signal (FID) and spin echo (SE)); B2 (A-D)- the scheme
representing particles with Brownian movements during readout of DWI signal: A and C- mustard color represents
particles diffused from neighborhood with dephased spins (thick red arrows); B and D - projections of 'radial’ vectors in
a voxel — thin red arrows represent spins in voxel that give the resultant magnetization vector (thick cherry arrow), in B
more spins are dephased than in D, which results in lower DWI signal (shorter thick cherry arrow in B than in D); C -
DWI imaging scheme: C1 - summated phenomena in time-line; C2- example of brain infarct DWI with graph presenting
differences of the DWI1 signal - in cases of restricted and unimpeded ‘water diffusion’. Abbreviations: G — gradient pulse
amplitude/magnitude; 8 — duration of pulse; A;—time between pulses). DWI image of brain stroke adapted from Hussain
etal. [1].
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Imaging sensitized to diffusion is called diffusion weighted imaging (DWI). However, in biological systems (like brain tissue)
true ‘Brownian’ (random) diffusion makes only a small contribution to many forms of non-random movements of particles (like
movement trough ion channels, water channels, facilitated transport of metabolites and neurotransmitters against chemical
gradient, energy dependent proton transport, etc.). To these 'micro-movements' add 'macro-movements' such as perfusion (blood)
and movements of the whole body. DWI can never be entirely ‘purified” from all these non-random movements. Nevertheless,
diffusion weighted imaging exploits the physical concepts of diffusion expressed in terms of mathematics. The mass flow (J) in
diffusion is given by the Fick equation (Fick’s I law):

J=-D5 ©)
Where D is the diffusion coefficient [m2/s] and the sign minus is placed because the movement (change of location x) is from
the space with higher concentration (c) to lower one. However, diffusion exists even without mass transfer. And this concept
was exploited by Einstein and Smoluchowski in their famous equation (see below) of Brownian movements, which was
published independently [2] in the same year 1905:

(7 = 7)(7{ — 79)) = 6DT (4)
Where: r - localization, D - diffusion coefficient, T — temperature [K]. This equation relates the average distance of displacement
of a particle in Brownian movement to the time. It is noteworthy that this range of displacement is obviously limited in brain
tissue by histologic structures (cell membranes, cytoskeletons filaments, myelin, etc.), which is crucial in understanding of MRI
observed diffusion changes. The DWI signal is described as:

S(b) = Sye~PPmri (5)
Where b value = y2G282(At - 8/3); G — magnitude of the diffusion gradient pulse; & — duration of pulse; At — time between
pulses, DMRI — diffusion or apparent diffusion coefficient (ADC).
Therefore (equation 5), the apparent diffusion coefficient (ADC) can be calculated [3]. The idea of DWI is presented in Figures:
1B and 1C.
The other theories which describe diffusion are the Fick’s second law and the Nernst-Planck law. The properties of diffused
particles and their interactions decide which description suits better. Classic diffusion relations do not take into account
anisotropy of human body structures nor homeostatic mechanisms and changes in the activity of membrane cell channels. In a
phasic-type structure containing pores, diffusion is attenuated and the diffusion coefficient is described herein by the Einstein-

Stokes equation (6):

RT RT
- 6mané - E (6)
Where: R — gas constant, T — temperature [K], a — particle size [m], n — viscosity (or hindered obstacles), & — Avogadro constant

[4].

The first tissue DWI measurements were done in the mid-1980s [3]. The DWI signal is weaker when diffusion is higher
(which means that restriction is lower). Currently, DWI and ADC are the best methods to detect and visualize acute brain stroke
and stroke-like lesions, but they are also very helpful in the diagnosis of other disorders, including psychiatric and neoplastic
[5-8]. Additionally, DWI and Perfusion Weighted Imaging (PWI; one of the MRI techniques) are the most useful methods to
outline the penumbra area, which denotes ischemia-changed but still viable brain tissue [9,10]. Other techniques which can
assess brain blood flow (for example Positron Emission Tomography, PET) are long-lasting and are not commonly accessible,

furthermore, the brain tissue differs between people in terms of being prone to hypoxia [9].
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The new implementation of diffusion MRI techniques in physiology, diagnostics and treatment planning are ongoing. Some
examples of usefulness of diffusion MRI methods are the monitoring of photodynamic therapy of glioblastoma and ultrasound
lung cancer ablation, where paramagnetic nanoparticles, which can be conjugated to specific proteins, might be both contrast
agents and sensitizers [8,11]. Another important application of diffusion MRI techniques, named Diffusion Tensor Imaging
(DTI), is applied in fibers-tracking (also called tractography). DWI allows earlier and more reliable prediction of the necrotic
area after brain injury compared to standard MRI T2, and moreover, spinal cord injury can be detected more precisely with MRI
water diffusion methods [5,8,12,13]. Biological systems and structures affect Brownian movements among others by the virtue
of their level of complexity (tortuosity). Tortuosity is, in turn, related to viscosity of fluid in the the Einstein-Stokes relation.
The directional differences in diffusion refer to its anisotropy. The restriction of diffusion in the brain is most profoundly related
to its cytoarchitecture and ultrastructure. The question is how to objectively measure and visualize diffusion and separate it from
many other forms of movements of molecules. Here comes with the help MRI, which can be sensitized to diffusion. However,
itis not possible to extrude entirely the non-diffusional movements like blood pulse, breathing, perfusion, extra- and intracellular
fluid movements and obviously whole body movements from ‘pure’ diffusion. Therefore, it is important to decode the complex
truth of what is being observed in diffusion MRI techniques. In fact, despite the well-developed implementation of diffusion

MRI techniques, we are not entirely aware of what precisely is being measured and visualized in MRI.

Literature Review

Changes in Brain Tissue after Stroke

The good example of an unsatisfactory answer to the question of WHAT is truly observed in DW1 is brain ischemia. The variety
of physico-chemical phenomena of stroke, their particular tissue and cellular localization, and their contribution to the DWI
signal are not fully understood. Brain necrosis starts about 4 minutes after hypoperfusion, in which subjective symptoms of
ischemia appear. It was demonstrated that DWI signal changes as early as 11 minutes after closing the brain artery [14]. Both
the DWI and ADC methods are the current standard in brain stroke detection [5]. DWI provides the earliest possible detection
method of brain ischemic changes. Moreover, the directional movement of water traced with DT can detect brain infarction in
late vasogenic edema [15]. Therefore, it seems that the phenomena that lie behind the 'water movement' are not entirely identical
in these methods. The higher DWI signal from fresh injured tissue is typically explained by the higher restriction of ‘water’
diffusion caused by the reduction of intracellular space due to cellular swelling, which is understood as cytotoxic edema
[1,3,16,20]. This view is practically reiterated in all the literature related to MRI in brain ischemia; however, we are not truly
convinced that this tenet, repeated in many books, articles and reports, really reflects the truth [21,24]. This a priori concept
assumes that the reduced extracellular compartment underlying the higher restriction intuitively cannot be balanced by a less
obvious restriction in the enlarged (swollen) intracellular compartment. Soon after the water level in the intracellular
compartment increases (ionic/cytotoxic edema; Figure 2), then the blood-brain barrier is damaged, rendering vasogenic edema
and, furthermore, hemorrhagic edema [25,26]. The literature mentions that brain infarct-related cytotoxic changes appear first
in astrocytes, which are closely adjacent to arterioles and render the blood-brain barrier. Regarding the newest discovery, edema
first appears in neurons, which conduct an electric signal in the brain and need a lot of ATP to sustain an appropriate membrane
potential [26,27]. In addition, ionic imbalance was shown to cause cortical spreading depolarization (CSD), which induces

vascular contraction, increased intercellular space, and cerebrospinal fluid leakage into brain tissue [28].
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Cerebrospinal fluid is controlled by the so-called glymphatic system and swelling of brain tissue is caused by its impairment
in the early phase of ischemia [27,28]. The later phase of brain tissue edema is caused by leakage of water from blood vessels
[26]. Astrocytic oedema is caused by exposure to endogenic factors (eg. K+ outflow, increase in H+ in cells and glutamate influx
into extracellular space) and exogenic ones (eg. ammonia) or due to ATP insufficiency [26,29]. According to the newest view,
neural edema despite being a sequel to injury could protect against further severe complications such as post-traumatic increase
in excitability [30]. The ‘cellular swelling’ theory of changes in DWI in ischemia assumes that the increasing signal soon after
the brain stroke incident, which usually appears after 0,5-2 h, is related to cellular edema. This first phase of DWI changes has
not been convincingly verified by histology [17,31,33]. In fact, the newer reports show more complicated timeline changes in
the DWI signal. The new concept claims that in the earliest phase of ischemia, the DWI signal may gently decrease and
consecutively increase, and usually that increase in the DWI signal is the first sign of ischemia. Ultimately, after a long period
(months), DWI decreases to a basic level [9,22,28,33,37]. Cytotoxic edema could appear in a similar time as vasogenic edema.
The hemorrhage decreases the DWI signal, and it is noteworthy that the brain infarction might be hemorrhagic in the early stages
[33]. Furthermore, the multifarious phenomena underlying the infarction can affect DWI (see Figure 3). The time sequence plays
arole in the outcomes of central nervous system infarction [38]. Incomplete understanding of water displacement in brain stroke
results in the absence of targeted pharmacological edema treatment [27]. In this paper we try to consider possible mechanisms
underlying DWI changes in very commencement of ischemia other than those that prevail in the current paradigm. These
mechanisms include: pH and temperature changes, insufficiency of energy and ionic pumps drop (especially Na+/K+-ATPase)
furthermore, changes in the activity of water channels (aquaporins (AQPSs), glucose transporters (GLUTS)), and furthermore the
excitotoxicity induced by glutamate. The factors mentioned above are consecutively addressed below. The supposed tenet is
that ‘diffusion’ is rather a misnomer, since the nature of the movements of water particles reflected in the DWI signal is only of

some degree of probabilistic nature (random), but it is also the result of specific biological and physico-chemical phenomena.

Hypercapnia and pH Decrease

Acidosis (pH below 7.35) induces cellular swelling [26]. In the acute phase of brain stroke, the decrease in pH is caused by
hypoxia and hypercapnia (blood partial pressure of O, below 5.3 kPa and CO; above 6 kPa, respectively) and induces metabolic
changes, of which the most important is the increase in lactate. In particular, in ischemic areas, pH decreases from 7.4 to 6.0 and
interestingly, during the subsequent reperfusion phase, pH increases to 7.6 [16,39,40]. When pH decreases, the so-called zeta
potential (defined as a potential between the fluid attached to the particles and the ‘mobile’ fluid) of the cations decreases. It
results in dissociation of proteins and decoupling of their water coating. This effect depends on the dissociation constant (pKa)
values. Furthermore, it modifies the spatial structure of proteins by changing the interactions of charge-charge and charge-dipol
and also due to the born effect (dehydratation) [41]. This in turn causes the water layer to become thinner, which consequently
facilitates folding to more compact assemblages of molecules, which ultimately can limit the effective diameter of the particles
[42]. The water coating around the ionic particles increases the effective diameter (that it can be evaluated in dynamic light
scattering - DLS), which is one of the variables in the Einstein-Stokes relation [43,46]. The ratio of free and bound water is also
changed in relation to pH, and if pH falls down to a very low level, the protein denatures [42,47]. Furthermore, the diffusion is
affected by the changes of van der Waals’ and electrostatic forces [48]. This phenomenon may explain the drop of the DWI
signal. At different pH, the pores within any membrane structures can change their diameter, which would result in impaired

permeability (e.g., acidosis increases permeability of AQP4) [27,49,50].
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The pH changes can be traced with chemical exchange saturation transfer and MRI amide proton transfer or with phosphate
(P®1) magnetic resonance spectroscopy (MRS) [9]. The pH-related DWI changes have two-fold effects. Firstly, increased lactate
levels entail decreased DWI signal. Secondly, acidosis-induced intracellular swelling should also increase diffusion, diminishing
the DWI signal. It should be noted that lactate can be detected with C*2 or H! MRS [9]. Low pH increases the permeability of
channels, among others of the proton activated Cl- channels (PAC) [40]. Acidosis can be diminished by the expression of
bicarbonate-independent and amiloride sensitive Na*/H* exchanger (NHE) as well as by bicarbonate dependent Na*/HCO3-
cotransporters (NHC), which also play a role in cytotoxic edema [24], see Figure 2. Furthermore, acidosis induces de novo
expression of acid sensing ion channels (ASICs), arginine vasopressin, sulfonylurea receptor 1 and transient receptor potential
cation channel subfamily M member 4 (STRPM4), which elevates water flow through the blood-brain barrier and these
secondary edema-associated water channels blockage has a protective role after brain infarction [25,26]. In this context the
important question arises: is the MRI signal coming from hydronic cations bounded to water or from ‘free’ protons? It is well
known that acidosis (pH) as well as temperature decide the complex water structure [51]. Hence in turn, the next question arises:
is the complexity of the water structure changed enough to influence the DWI signal? It turns out, that the resonant frequencies
of the ‘pure’ protons are slightly different from the protons ‘trapped’ in water molecules - the ‘chemical shift” associated with
electron shielding is involved here [52]. What follows, water movements are not only ‘Brownian’, but also related to water-

molecule interactions.

Temperature Decrease and Insufficient Energy Supply

The alternative concept that explains the changes in DWI during stroke is the local decrease in brain temperature. It is noteworthy
that according to the Einstein-Stokes equation (nr 6) absolute temperature is directly related to diffusion. This relation may even
be used in noninvasive temperature assessment using MRI [52,53]. It seems obvious that temperature must be related to the
level of metabolism, hence, its decrease might be related to the decrease of ATP production. The ATP is produced in
mitochondria, and likewise other energy-related metabolites can be traced with the use of 3!P MRS [54]. The drop in ATP
production belongs to the very first phenomena in consequence of ischemia. Moreover, hypoperfusion should drop the
temperature by simply slowing the flow of warm blood. However, this relation is not that simple, as the temperature of the tissue
around the stroke actually increases (the mitochondrial decoupling proton from ATP production leads to that heat effect) [55].
Importantly, the DWI signal resulting from water Brownian movements depends in turn on: extracellular volume (affected by
the cellularity and volume of cells in tissue), the extracellular viscosity (due to the presence of macromolecules), and also
temperature (see the Einstein-Stokes equation) [4,56]. The Brownian movements within the very intracellular compartment is
frequently neglected. Indeed, macromolecules affect viscosity and the DWI signal with a nonlinear dependence, which was
proved with glycerol/water mixtures [57]. Furthermore, hydrogen as well as molecules in body fluids and ions, have an electric
potential, which induces overlapping the simple mechanical gas model with non-Newtonian fluid transport mechanisms
described by the Helmholtz-Smoluchowski equation [58]. Still it seems that the temperature-diffusion relationship in brain tissue
awaits proper and convincing elucidation and description.
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lonic Pumps

Another issue is the decrease of Na*/K* pump activity decrease or even its blockage (due to ATP depletion) [59]. This model
was classically investigated with ouabain administration for a single neuron and tissue [60]. In modern times, Na*/K* pump
activity and ATP depletion were investigated in the buccal ganglia and single neurons of Aplysia with the use of DWI MRI
(magnetic induction 17.2 Tesla) [9,23]. It turned out, that after ouabain administration in isolated neurons water diffusion
increases (and the DWI signal decreases). On the contrary, in the buccal ganglia (tissue level) the effect was opposite. There
was no clear explanation for that discrepancy [32]. Moreover, the administration of furosemide, which blocks the neuron-specific
K*/CI™ cotransporter (KCC2), as well as Na*/K*/2CI" cotransporter (NKCC1), and thus stops water influx into cells, prevented
brain swelling and stopped the increase of ADC in brain structures.[21,25] What is of special importance, these two mentioned
cotransporters (KCC and NKCC), as well as sodium glucose transporters (SGLT1), Na*-coupled glutamate transporters (known
as EAAT1 or EAAT2), Na*-coupled GABA transporter (GAT1) and H*-coupled monocarboxylate transporter 1 (MCT1) — all
have the property of water ‘transport’ or rather displacement [27]. GLUT1, GLUT-2 and SGLT1 (transport might be against
gradient) and AQPs (passive transport) render pores that are water permeable, although the AQPs are approximately 100 times
more effective in water transport than GLUTS [26,27]. Also it has been suggested, that swelling following trauma and ischemia
could be attenuated by bumetanidyne (another NKCC1 inhibitor) [30,61]. Experiments with anesthetics - isoflurane (which
blocks potassium channels and activates calcium ATPase) and medetomidine (02 adrenergic agonist which does not affect ionic
pumps), showed interesting results regarding diffusion measured by the DWI and perfusion, observed in the Blood Oxygenated
Level Dependent (BOLD) signal. Both agents caused an increase in the DWI signal (greater diffusion restriction), whereas they
showed opposite effects on the BOLD signal (reflecting blood perfusion) [21]. These results suggest the existence of other
mechanisms underlying the 'water restriction' than the change in water ionic cotransports and also showed the decoupling of
blood perfusion from diffusion.

Water Channels — Aquaporins

Up to the 1990s of the XX century, it was assumed that small molecules such as H,O as well as gases diffuse directly through
cell membranes and thus reach cellular 'destinations’, but the reality turned out to be more complicated. Specifically, water was
found to take advantage of ‘contraptions' dedicated to the passive passage of cellular membranes with a channel-like structure,
which gained the name aquaporins (AQPs). Aquaporins are a large family (more than 100 types) of tetrameric compound
molecules that are dedicated to permit osmosis-driven water passage [62]. Some aquaporins may also permit glycerol or urea
(eg. AQP-4) [27]. The AQP-1, AQP-4, and AQP-9 aquaporins were found in the brain [63]. Interestingly, under physiological
conditions in humans, AQP4 is found to have the highest expression of all AQPs, especially in the brain, where its expression
is several times higher in astrocytes than in neurons [27]. Most aquaporins are blocked by mercury compounds and CO; (the
exception is AQP-4) [49]. Aquaporin-1 (AQP-1) is present in the brain in choroid plexus cells. It has been calculated, that the
narrowest place in the water channel has a diameter of about 3 A. The selectivity of the channel is so high, that it does not even
allow the passage of protons (hydronium ions) [63]. Having that in mind, its seems reasonable to think, that movement of
paramagnetic H* by that highly selective aquaporins (AQP-1 or with analogous structure) should not contribute to DW1 signal.
AQP-4 is found in the astrocyte cell membrane in the capillary contact zones (‘sucking feet’ of the astrocytes surrounding the

vessels) and in the zones of contact with the subarachnoid space (membrana limitans gliae).
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AQP4 in astrocytic endfeet was found to be co-localized with K* transporter (Kir4.1) [27]. AQP-4 is also present in the retina
and osmotic ‘detectors’ in the hypothalamus adjacent to antidiuretic hormone (ADH) producing cells [49,63]. AQP-4 with
endothelin 1 induce brain edema (especially in white matter) in animal models, however, the AQP-4 knock-out mice can also
develop swelling of astrocytes [26,64,65]. Resveratrol and low temperature decrease the performance of AQP-4, which is
protective for the brain after its damage, and moreover, correlate with the down-regulation of metaloproteinase-9 [66,67]. The
AQP4 blockers have a different impact on treatment in cytotoxic edema (they block cellular swelling, K* clearance and signal
transduction) and vasogenic edema (the blockage of edema resolution, glial scar formation) as well as neurogenesis and synaptic
plasticity [27,65]. In fact, the administration of TGN-020 (AQP-4 blocker), which enhances astrocyte swelling and reduces the
flow of water from capillaries, does not the change DWI signal [68]. Glyceroaquaporin AQP-9, which is normally expressed in
astrocytes and in catecholaminergic neurons, increases after presence of hypoxia inducible factor (HIF) in traumatic brain injury,
which in turn leads to accumulation of glycerol in the brain [69,70]. Increased expression of AQP-9 exacerbates gliosis, what is
also observed in some brain tumors or after brain injury [71]. APQ-9 is essential for retina nutrition and it causes lactate
production. Lactate is not only an energy substrate, but it protects against glutamate excitotoxicity and ischemia, and it has
signaling properties that regulate cell functions [72]. In turn, hypoxia results in increased DWI and induces changes in the
structure and localization of aquaporins [27,63]. Taking all of this facts, it seems that the change in the DWI signal is related not

only to water transport through AQP but at least also to metabolic changes.

GLUTs

Glut-1 is the main glucose carrier in the endothelial and perineurial blood tissue barrier, which is not expressed at birth, but
appears in the brain structures and ganglia of adults and is believed to reflect the quality of an adult, mature perineurial and
blood nerve barrier [73]. GLUTSs are present both in neurons and astrocytes. In the case of Glut-1, the movement of one molecule
of glucose and Na+ ion is accompanied by the movement of about 200-250 water molecules [74]. Transient brain ischemia and
brain infarction cause firstly, the elevation and subsequently reduction of glucose metabolism in brain [9,32]. Although, Glut-1
has quite low contribution to cell swelling, its expression is increased after traumatic brain injury [75]. Furthermore, in
hypoglycemia the increase in DWI signal can be also observed [76,77]. Current investigation proved higher lactate uptake to
neurons (via monocarboxylate transporters - MCTs) due to ischemia and elevated K* concentration in extracellular fluid in the
early phase of ischemia are responsible for neuronal swelling in cortical spreading depolarization (CSD). CSD is a complex
phenomenon accompanied with vascular, blood perfusion and metabolic changes called spreading depression [29,78]. Herein it
is worthy to mention, that the original definition of penumbra stems from electroencephalography (EEG) changes and that
electric prolonged silence is one of the signs of brain ischemia and injury [29]. Furthermore, astrocytic swelling occurs later
than that of neurons [27,37,72]. The increase in the DWI signal in brain ischemia might be related to the decreased glucose
uptake trough GLUTSs in the late phase of infarct, due to the metabolism slowdown since it is well known that glucose uptake is

bound with metabolic needs of neurons [79].
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Cytotoxicity

Cytotoxicity is a process by which neurons degenerate and die as a result of overactivation induced by excess of glutamate in
intercellular space. Glutamate is the most common excitatory neurotransmitter [26,80]. One of the examples of glutamate
deleterious action is ischemia, in which there is a massive leakage of glutamate [27,80]. Glutamate in the intercellular space of
normal brain is around 10-20 uM, whereas following CNS stroke it amasses to 200 uM and seems to be caused by either
depolarization spreading or elevated synaptic release or else by neuronal lysis and reverse glutamate membrane transport [26,81].
Astrocytes swell when glutamate concentration is above 50 uM [81]. That fact leads to so called neurons pseudoactivation and
excitotoxicity. The excitotoxicity theory poses, that overactivation of NMDA receptors (NMDARSs) which allow calcium ions
to enter neurons, induces cytoskeleton reorganization and cells swelling and ultimately destruction [25,27,82]. Moreover, the
pseudoactivation leads to higher neuronal and astrocytic metabolism, insufficient ATP and Na+/K+ -ATPase failure, and

exaggerates the ionic ‘vicious circle’ of changes (ionic changes are depicted in Figure 2).

Interstitial fluid l |

[Na*] =150 mM Physiological = Bloodinsufficient supply ~ Ischemia Brain [Na*]=50mM

[K*]=3mM hypoxia (O, pressure below 5.3 kPa) . [K*]=60mM

[CF1 =120 mM state and hypercapnia (CO, above & kPa) infarct [Ca®*]=0.1mM
[Ca**]=1.2mM [CI]=50mM

HY Nav/Ke/cr Glutamate = 15 pM : e Nat/Kefcr Glutamate = 200 uM
(iifx; I‘m* HcoE]IEm @Dm dem :*: :ﬁ mm
2+ 2+ Na‘ HCO
Ca* K0 H,0 Glucosa Glutamate: T Ca Glucose Glutamate py,+
Na'/K*  NCX NHE NHC NKccl H,0, Na® HO  HONa yo
-ATPase Jr oxygen metabollsm

de novo
expression of

. ) ca™ AQPs GLUTs EAATs | “"’
000 0 0 pH =74 i( 000! !Oi i0> * > lactate > pH =6 o

Intracellular space of astrocyte

Figure 2: The changes in ionic concentration and channels activity after brain ischemia [26,27,29,78]. Abbreviations:
AQPs — aquaporins; EAAT - Na*-coupled glutamate transporters; GLUTs — glucose transporters; NCX - Na*/Ca%
exchanger; NHE — Na*/H* exchanger; NHC - bicarbonate dependent Na*/HCOj™ cotransporter; NKCC1 — Na*/K*/CI
cotransporter; STRPM4 - sulfonylurea receptor 1 and transient receptor potential cation channel subfamily M member
4, red crossing “X” — means decrease or blockage of ion channels and ATPase activity.

Furthermore, prolonged depolarization and diminished Mg?* blocks NMDARs. Neuronal overactivation leads to CSD
(mentioned above), loss of astrogial uptake buffering K* capacity and Ca?* overload of cells (impaired activity Ca®* -ATPase
and Na*/Ca?* exchanger (NCX; can work in both directions) [83]. The presence of CSD worsens brain infarct outcomes [29,78].
The ionic, metabolic, chemo-physical and pathophysiological changes in CSD related to other triggers (migraine, hypoxia,
hypoglycemia, subarachnoid or cerebral hemorrhage, traumatic brain injury) are similar to those in brain infarct [78]. A decrease
in diffusion was observed in the area of visual cortex almost immediately after its activation by visual stimuli [17,31,68]. The
authors of this experiment speculate that the brain cortex undergoes changes during activation, which may resemble cytotoxic
edema (mainly of astrocytes). Furthermore, CSD leads to activation of the glycolytic pathway and lactate production, which
changes the distribution of NMDAR and is related to altered mitochondrial metabolism [78,84,85].
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It was proven that the DWI signal increases during CSD [29]. Blockage of NMDARSs is related to a lower elevation of the DWI
signal and a lower infarct volume [29,85,86]. The treatment of CSD can be achieved by: control of hypotension, pyrrexia and
hypoxia, and by low plasma glucose, as well as the use of NMDARSs blockers, nimodipine and NO donors [29,78]. Noteworthy,
together with the facilitated transport of glutamate into astrocytes, water molecules pass into the their cytoplasm in quite
significant amounts [25]. Glutamate absorption from the synaptic cleft and its vicinity to astrocytes is carried out by dedicated
excitatory amino acid transporters (EAATS), which are present in the cell membrane of these cells. Excess of glutamate might
be induced by EAATS impaired function or even their reverse action [80]. What is especially important for our considerations,
EAATS couple glutamate transport with Na* (EAAT1) and water. It has been calculated that for every glutamate molecule, up
to several hundred water molecules enter the astrocyte [80]. Glutamate could be elevated during spreading depolarization after

a few hours of the first episode of artery occlusion, which aggravates the brain damage [87].

It is interesting that EAAT2 with AQP-4 and Na*/K*-ATPase a forms sort of multiprotein complex, which plays a role in glial
edema [25]. As a result, EAAT-related water movement into astrocytes can contribute substantially to the increase of water
diffusion restriction by decreasing the volume of extracellular space. Stroke treatment with the use of glutamate receptor
modifiers has been investigated [88]. Recently, excitotoxicity has been found to play arole in stroke-like lesions in mitochondrial
disorders, where the neuron-rich occipital area is particularly prone to show an increase in the DWI signal [77,89]. Mitochondrial
activity is responsible for different outcomes and radiological changes comparing young and elderly patients. Mitochondrial
activity can be examined with 3P or *C MRS and modified by preconditioning [29,54,84,90,91]. Furthermore, the physical
activity plays a role in mitochondrial metabolism and mitochondria-based treatment of brain stroke is currently investigated
[92,93]. Interestingly, uric acid have bivalent role in brain infarct — it is both a risk factor as well as free radical scavenger
[82,94,95]. Free radicals, by decrease of glutamate re-absorption, exaggerate excitotoxicity and via activation of
metalloproteinases (MMPS) lead to vascular edema and hemorrhagic transformation of infarction [82,96]. The above mentioned
reports indicate the contribution of excitotoxicity-related phenomena to changes of DWI signal but they do not necessarily refer

to changes of water diffusion sensu-stricto (Figure 3).
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Figure 3: The DWI findings and co-occurring pathological phenomena with related crucial molecular factors.
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Complex Radiological and Biochemical Findings

In view of infarction/ischemic time-related phenomena, the change in the DWI signal appears to represent more complex ‘water'
displacements than merely Brownian water movements [9,25,97,99]. Immediately after complete closure of the middle cerebral
artery, neuron potential activity (electrophysiological), oxygen level, then pH and phosphocreatine decrease, while the lactate
level increases. The earliest consequence of hypoxia is the decrease in ATP, which occurs after about 2 minutes after artery
occlusion. In penumbra MRI measurements, when the artery is not completely closed, at first the cerebral blood volume slowly
increases and the blood flow decreases. Then the cerebral metabolic rate of oxygen and the cerebral glucose metabolic rate reach
a peak value, after which they soon drop [9]. With the decrease in the cerebral metabolic rate of oxygen, the clinical symptoms
of ischemia appear. DWI signal changes about 10 minutes after artery occlusion and that change occurs synchronically with the
decrease in glucose metabolism and, in reverse, the increase in glutamate metabolism [9,14]. Additionally, neuronal and then
astrocytic changes (increase in cellular volume, drop in pH, and mitochondrial depolarization) occur in a few seconds after
cortical spreading depression [27,83]. Astrocytic changes appear after external elevation of K* [27]. That time-related
biochemical and magnetic resonance changes indicate not only ionic edema of brain cells but also glutamate excitotoxicity and
hypoxia-related metabolic change to intensify lactate production, also reflected in increased DWI signal. Noteworthy, T2-
weighted MRI signal, which generally reflects water content, increases later than DWI [9]. DWI is solely the best method to
assess necrosis after brain stroke, whereas DWI/PWI mismatch changes are essential in penumbra area valuation and
additionally, the PWI/pH changes are merged in outer zone which is not at risk of necrosis [9]. Last but not least, the fact that
insulin as well as glutamate antagonists administration protect the brain after stroke, indirectly emphasizes the importance of

metabolic changes related to ischemia (like lactate production and accumulation of glycerol) [70,75,79,88].
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Conclusion

In light of all the facts mentioned above, it is worth to be remembered, that changes in DWI signal in stroke reflect not only
‘true’ Brownian water molecules movements, but are underlined by complex physico-chemical and metabolic phenomena. These
phenomena include: decrease of Na*/K*-ATPase activity, increase of lactate, increase of glutamate and K* level, and decrease
of pH. Probably also local changes in temperature and ‘water microcurrents' through AQPs and GLUTs contribute substantially
to changes in DWI signal. The discernible changes in DWI in human brain infarction are seen as early as after 11 minutes. The
DWI signal does not change only in the stroke/ischemia, the increase of the DWI signal appears in many conditions like:
hypoglycemia, prolonged brain activity (related to glutamate) and in mitochondrial disorders. Brain ischemia induces metabolic

changes and reorganization of water channels (distribution of their particular types) in the brain.

Brain swelling can be modified by many factors such as furosemide or anesthetics. Rarely does the DWI signal decrease or
do not increase in the very early phase of brain stroke, which could be related to vessel leakage and hemorrhage. Treatment of
brain swelling might not always be beneficial, and it depends on the phase of the infarction. Changes in the DWI signal bear
valuable information that needs to be reliably deciphered for better treatment and a more precise prediction of the outcome in
brain stroke. One has to bear in mind, that the real nature of molecular movements is not so simple as in the model of ideal gas
and that water molecules do not behave like “billiard balls’, but the complexity of many physico-chemical phenomena like the
electric charge of H*, different molecules and metabolites’ levels are also reflected in what is observed as changes in the DWI
signal. The substantial step toward the observation of non-random water particle movement, i.e. those directly resulted from
physiological or pathological phenomena, would be desirable and could possibly be achieved by synchronous combination of
DWI MR, EEG, and MRS.

Abbreviations

a: particle size; ADC: apparent diffusion coefficient; AQPs: Aquaporins; ASICs: acid sensing ion channels; B: magnetic field;
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Weighted Imaging; E: energy; EAAT: Na+-coupled glutamate transporters; EEG: electroencephalography; n: viscosity (or
hindered obstacles); FID: Free Induction Decay signal; y: is magnetogyric ratio; GABA: y-aminobutyric acid (GABA); GATL:
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