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1. Introduction:
The extracellular space (ECS) represents the microenvironment of nerve
cells and serves as an important communication channel (Nicholson, 1979;
Syková, 1992). The diffusion of neuroactive substances through the ECS of the
CNS is the underlying mechanism of extrasynaptic or "volume" transmission ,

wh\ch \s an

\m~ortant

mode

o~

\ntetact\ons among neutons, axons and g\\a ce\\s

(Fuxe and Agnati, 1991 ; Angati et. al., 1995; Zoli et al., 1999; Nicholson and
Syková , 1998; Syková,

2004 , Syková

and

Nicholson,

2008).

Besides

extrasynaptic transmission, the ECS of the brain enables stable electrical
signalling by providing a reservoir of extracellular ions sufficient to maintain
resting, synaptic and action potentials and forms a conduit for essential
substances to move between blood vessels and cells by diffusion (Syková and
Nicholson, 2008) .

1.1. Diffusion in the extracellular space
The extracellular space of the brain is comparable to a porous medium
containing an interstitial fluid . Many experimental studies have established the
labyrinthine nature of the ECS, and substances that do not cross cellular
boundaries follow defined physical rules . Within the ECS , the dominant
mechanism of molecular transport is diffusion constrained by the geometry of
this

compartment

(Sykova

and

Nicholson,

2008).

The

diffusion

of

neurotransmitters, substrates and metabolites in the ECS is influenced by the
size of the extracellular clefts, the presence of membranes, fine neuronal and
glial processes, macromolecules of the extracellular matrix, charged molecules
and cellular uptake (Syková et al. , 2000 ; Syková, 2004).
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The distribution of substances in the ECS is modified by the loss of molecules
through removal across the blood-brain barrier, uptake into cells, or binding to
receptors. In contrast to a free medium, diffusion in the ECS can be
satisfactorily described by a modified version of Fick's law, if volume fraction a,
tortuosity A, and non-specific uptake k' are taken into account (Nicholson and
Phillips, 1981 ; Nicholson, 1992).

1.1.1 Extracellular space vol ume fraction
The extracellular space of the brain has been described as being similar
to the water phase within a foam, where the gaseous phase corresponds to the
cells of the brain (Kuffler and Potter, 1964; Sykova and Nicholson 2008). The
volume fraction is the proportion of the tissue volume occupied by the ECS. It is
denoted by a and can be defined as

a = VEscNTotal

where

V ESC

(1)

denotes the extracellular volume and

V Total

the total volume of the

tissue. The values of the extracellular volume fraction a are written as a
decima!. In a free medium, such as an aqueous solution or diluted agar gel, the
value of a is 1. It is well established that in healthy CNS tissue, the ECS
occupies about 20% of the total tissue volume (Nicholson and Phillips, 1981;
Lehmenkuhler et a!., 1993; Sykova, 2007; Syková and Nicholson, 2008), thus
the ECS volume fraction a is about 0.20. The concentrations of substances in
the ECS are related to the extracellular volume fraction if simple diffusion
occurs. If the substances are liquid soluable, or when cells actively transport or
6

accumulate them, their concentration in the ECS can not be easily calculated
because this process is more complex. In these cases, it is more appropriate to
refer to the "distribution space" of the substances.

1.1.2. Diffusion hinderances and tortuosity
Diffusion in the extracellular space can be influenced by increased
diffusion pathways, dead space microdomains, obstruction by macromolecules,
transient receptor binding and non-specific interactions with fixed charges.
Small molecules can diffuse through the ECS with an effective diffusion
coefficient D* that is two or three times les s than the free diffusion coefficient D
(Levin et al.,

1970; Syková and Nicholson, 2008). The hinderance in

extracellular diffusion compared with a free medium can be characterized by the
tortuosity A. It is defined as

A=.JD / D*

(2)

One factor that could increase A can be an increase in geometrie path length,
representing the necessity for molecules in the brain ECS to travel a more
circuitous path around cellular obstructions to arrive at their destination,
compared with the path in a free medium (Syková and Nicholson, 2008).
Another factor is the transient trapping of molecules in local dead-space
microdomains in the ECS, which transiently delay the diffusion of these
molecules (Hrabetova and Nicholson, 2000; Hrabetova et al., 2003). Additional
factors that can influence tortuosity 'Je are increased interstitial viscous drag by
macromolecules, transient binding to receptors and non-specific interactions
with fixed negative charges (Maroudas et al., 1988; Johnson et al., 1996;
7

Rusakov and Kullmann, 1998; Novak and Kaye, 2000). In the adult brain, a
tortuosity A of between 1.4 and 1.7 has been found (Nicholson and Phillips,
1981; Lehmenkuhler et al. 1993;

Voříšek

and Syková, 1997; Syková, 1997).

1.1.3. Uptake of substanees
During diffusion some molecules are lost irreversibly from the ECS by
diffusion across the blood-brain-barrier or by entering cells through active or
passive transport (Patlak and Fenstermacher, 1975; Nicholson, 1992). Usually
the loss of substances is proportional to their concentration and can be
described as
uptake = k'C

(3)

where k' is a rate constant and C the concentration in the ECS. In the absence
of diffusion, the decrease in concentration as a function of time would be
represented by an exponential curve governed by k' (Nicholson, 1992; Syková
and Nicholson, 2008).

1.1.4. Anisotropie diffusion
Anisotropie diffusion might preferentially channel the movement of
neuroactive substances in the ECS, and therefore it may be responsible for
some specificity in extrasynaptic transmission. In many brain regions, e.g. the
cerebellum, the effective diffusion coefficient D*, and hence the values of A,
varies along the different axes in the tissue as a consequence of the local
anatomie structure. Substances usually diffuse more readily along an axon
bundle than across it. The volume fraction a is always a scalar with a single
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value, but in anisotropic tissue, it is not possible to correctly estimate a with the
real-time iontophoretic method unless all components of A are determined
(Syková and Nicholson, 2008). If the effective diffusion coefficient D* and A are
the same when measured in any direction, then the tissue is said to be
isotropic. It was shown in several studies that in the cortex, isotropic diffusion is
present (Nicholson and Phillips, 1981 ; Syková, 2004).

1.2. Measurement of the extracellular space diffusion parameters
ln the extracellular space of the brain, diffusion is the dominant
mechanism of transport, constrained by the geometry of this compartment.
Early studies with radiotracers,

impedance measurements and electron

microscopy led to contradictory results regarding the dimension of the
extracellular space . In the first study with electron microscopy it was suggested,
that no extracellular space was present (Wykoff and Young, 1956). In contrast
to this finding, subsequent studies showed an extracellular space volume
fraction of about 5% (Horstmann and Meves, 1959; Villegas and Fernandez,
1966). The development of novel tissue preparation methods for electron
microscopy, based on rapid freezing and the freeze substitution of fixatives ,
enabled researchers to determine an extracellular space volume fraction of 1520% (Van Harreveld et al., 1972) . A relation between impedance and ECS
volume fraction has been found in many studies (Ranck, 1963; Hossmann,
1971), although frequently there was an implicit assumption that tortuosity
remained unchanged during any alteration in volume fraction (Syková and
Nicholson, 2008) .

9

The concept underlying other methods of direct diffusion measurements
is to introduce a detectable substance into the ECS and to measure its timedependend concentration distribution in the extracellular space. One possibility
is to use radiotracers to detect the size of the extracellular space . Radiotracer
studies of the extracellular volume fraction were made using different ECS
markers, but only studies used "good" markers such as Ca-EDTA, Cr-EDTA or
sucrose yielded reliable results for the size of the extracellular volume fraction
(Sykova and Nicholson, 2008) . The values of u obtained with the ECS
radiotracer method were about 15 % (Fenstermacher and Kaye , 1988), i.e.
somewhat less than the values obtained with newer methods.
More reliable methods are the real-time iontophoretic method and
diffusion-weighted MRl. A major advantage of these two methods is their ability
to not only determine the size of the extracellular space, but also to describe the
diffusion properties of the tissue. The difference between the two methods Iies
in their invasivity and the values that can be determined by their use. With the
TMA method the absolute values of u , A and k' can be determined very exactly,
but it is an invasive technique and thus only suitable for animal experiments.
DW-MRI is a non-invasive technique and thus can be used in humans, but it
can only determine A and the diffusion coefficient of water. Beside these
techniques , the size of the extracellular space can be determined satisfactorily
by the Integrative Optical Imaging (101) technique, in which macromolecules
carrying a fluorescent label are used as an extracellular marker. This technique
enables the description of diffusion processes for large molecules in the brain.
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1.2.1. Real-time iontophoresis
The diffusion parameters of the ECS and their dynamic changes can be
determined using the real-time iontophoretic method. The underlying concept of
this direct diffusion measurement method is to introduce a detectable substance
into the ECS and subsequently to measure its concentration distribution over
space and time. Based on microelectrodes for both delivering the molecules
and sensing them, tetramethylammonium (TMA+) - a substance to which cell
membranes are relatively impermeable - is released by iontophoresis and its
local concentration is measured with a TMA-selective microelectrode located
about 100-150 IJm from the release site. The behaviour of a large ensemble of
random walks can be described by the classical macroscopic diffusion equation
formulated largely by Fick in 1855 (Fick, 1995; English translation). The threedimensional diffusion can be described by Fick's second law as:

&:

-=\l*(D\lc)
5t

(4)

The concentration of the substance is denoted by C, which is a function of time t
and position. D represents the free diffusion coefficient of the substance and \l
is the Nabla-operator for the description of the diffusion in a three-dimensional
cartesian coordinate system.
The diffusion described by Fick's law applies to molecules moving in a
free medium such as water. In a complex environment like the ECS of the brain
the diffusion equation must be modified. Based on the original diffusion
equation, Nicholson and Phillips made an approach to describe the diffusion in
a porous medium taking the averaged properties of the medium into account
II

through the volume fraction u and tortuosity A. In the brain, diffusion can be
described by the following equation (Nicholson and Phillips, 1981; Nicholson
and Syková, 1988; Nicholson, 2001; Syková and Nicholson, 2008):

The actual concentration in the interstitial space is represented by C, a function
of time t and position. The symbols Vand V 2 symbolize the first and second
derivates. The first term on the right of the equals sign, tortuosity A enters the
equation in the form of a reduction in the free diffusion coefficient D to yield the
effective diffusion coefficient D* (D*=D/A2). The next term is a source term Q,
which is divided by the volume fraction u, reflecting the fact that the molecules
released into the ECS are restricted to a smaller volume than if they had access
to the entire brain tissue (Nicholson and Phillips, 1981; Sykova and Nicholson,
2008). The third term represents the distribution of bulk flow as a scalar product
of the velocity vector vand the concentration gradient VC. In short distance
diffusion such as that measured by the real-time iontophoresis method, bulk
flow has only a very small influence and can be neglected. The final term
represents the loss of substances by uptake into a cell, clearance over the
blood-brain barrier, enzymatic degradation or other processes . The loss is often
proportional to the local concentration and can be described as f(C)

= -

k'uC.

8ased on the equation for diffusion in the ECS, the TMA+ real-time iontophoretic
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method was developed. A micropipette released TMA+ by iontophoresis with a
constant source strength Q into the brain tissue or an agarose gel. An
ionselective microelectrode located about 100

~m

from the release point

measures the rising concentration of TMA + during and after the iontophoretic
application . The

recorded

concentration-time

profiles

of

TMA+

in

the

extracellular space during and after an iontophoretic pulse can be fitted to a
modified radial diffusion equation to yield the extracellular volume fraction a ,
tortuosity A and non-specific uptake k' (Nicholson and Phillips, 1981 ; Nicholson
and Syková, 1998). Based on the knowledge, that in cortical tissue no
anisotropy is present, the diffusion can be described as:

2

C(t) =

Q.-t

erJe( 2~ + Jk'i J ex{r;[~J

87íDar

+

erJe( 2~ - Jk'i}x{-r;[~J

(6)

The concentration C in dependence on time is recorded at a distance r from the
origin where the source Q is located. The free diffusion coefficient is
represented by D and the first-order kinetic constant k ' describes the loss of
probe ions from the ECS. During the iontophoretic application of the probe ions,
the source is defined by Q

=

IntfzF, where I is the current applied to the

iontophoresis pipette, nt is the transport number for the ion and the electrode, F
is Faraday's electrochemical equivalent, and z is the ion valency. The transport
number nt represents the fraction of the applied current that actually expels the
13

Ion, and it is determined from iontophoretic measurements in agarose gel.
During diffusion in an agarose gel, the diffusion values a=1, A=1 and k'=O are
set by definition. 8ased on these settings and equation (6), the iontophoretic
application in an agarose gel can be described as:

C(t)

= ~erfc[
4rrDr

~I

2-v Dt )

(7)

A value for D is also determined in agarose by curve fitting, although it is usually
taken as a known constant for a given temperature . During the whole
measurement period a small forward bias current is applied continually to the
iontophoresis electrode to expel the ions at all times and to maintain both a
constant value of nt and a finite baseline concentration value (Syková and
Nicholson, 2008) .

1.2.2. Integrative Optical Imag ing
The limitation of the real-time iontophoretic technique is that only a
restricted set of ions can be used for exploring the geometrical structure of the
ECS . Diffusion in the brain is not only dependent on small ions. Proteins and
various macromolecules form part of the traffic within the ECS and are
increasingly candidates for new drug vectors, so their diffusion behaviour is
important (Syková and Nicholson, 2008) . To improve the tools available to study
the diffusion of large molecules in the brain, the method of integrative optical
imaging (101) was developed (Nicholson and Tao, 1993). In the 101 method
macromolecules with a fluorescent label are released from a micropipette by a
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pressure pulse. The distribution of the fluorescent extracellular marker is
registered with high-resolution, charge-coupled device cameras . Based of the
intensity of the fluorescence around the point source and dependent on time,
the extracellular diffusion parameters can be calculated based on the diffusion
equation. Initially the 101 technique was used in brain slices, but now it is also
employed for in vivo measurements (Nicholson and Tao, 1993; Thorne and
Nicholson, 2006). There are many different fluorescent macromolecules
available, but dextrans are very often used with this method. Dextrans have a
large range of relative molecular masses between 3.000 - 70.000 Da and
above and thus allow researchers to study the diffusion of many varieties of
molecules. The 101 method is usually limited to the most superficial 200

~m

of

the gray matter or in brain slices where an epiflorescent image can be obtained
without appreciable light-scattering. The major advantage of the 101 method is
that it permits studying the diffusion of macromolecules of different sizes.

1.2.3. Diffusion-weighted MRl (DW-MRI)
Diffusion-weighted imag ing (DW-IVIRI)

IS

a non-invasive method that

allows the in situ measurement of water diffusion predominantly within the
interstitial space by determining the apparent diffusion coefficient of water (Le
Bihan, et al., 1986). The lVI Rl technique relies on applying magnetic field
gradients as a pair of pulses separated by a defined time interval, so that the
first pulse encodes the positions of the probe molecules into the phase of the
nuciear spin magnetization and the second pulse reverse s the effect of the first
to rephrase the magnetization. It has been used to demonstrate a shift of water
between the intra- and extracellular compartments following various types of
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brain injury in animals as well as in humans (Le Bihan and Basser, 1995;
Clough et al., 2007) . In all these studies, changes in the later postischemic
period were evaluated. However, up to now no study has investigated the
diffusion changes in the first hours after reoygenation and reperfusion and
compared them with the results from DW-MRI. This allowed for the analysis of
the relationship between the dynamic changes in the diffusion properties of the
complete brain cortex measured by MRl and the extracellular diffusion
properties measured by the real-time iontophoretic method.
ln this work an evaluation of the postischemic and posthypoxic changes
ln diffusion parameters, ADC w and metabolite concentrations and their
dependency on the severity of hypoxia/ischemia were studied. The combination
of real-time ECS diffusion measurements, microdialysis, MRl, DC-potentials
and extracellular potassium concentrations provides extensive data about the
behaviour of postischemic and posthypoxic brain tissue. The extracellular
diffusion parameters describe the properties of the extracellular compartment
and affect the extracellular concentrations of substrates and metabolites.
Therefore, changes in extracellular substrate and metabolite levels cannot be
explored separately. The evaluation of extracellular metabolite and substrate
concentrations and measurements of water diffusion allow the description of the
redox state of the brain tissue and identity whether a brain edema is of
vasogenic or cytogenic origin.
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1.3. Microdialysis
Diffusion in the ECS is also essential for the delivery of oxygen and
glucose from the vascular system to brain cells and the clearance of
metabolites produced by neuronal cells (Nicholson, 2001). Normal brain
function depends on a continuous supply of substrates, e .g. oxygen and
glucose, to maintain the extracellular/intracellular ionic distribution and to enable
synaptic as well as extrasynaptic transmission. Even short periods of ischemia
or hypoxia result in a loss of function, breakdown of membrane potentials and in
changes

ln

substrate

and

metabolite

concentrations

in

the

brain

microenvironment. Besides the knowledge of ECS diffusion parameters , the
concentration of extracellular substrate and metabolite levels are verv important
to describe the changes during and after hypoxia/ischemia.
Intracerebral microdialysis is a highly sensitive technique to monitor
cerebral energy metabolism . It allows the determination of brain metabolite and
substrate levels in the extracellular fluid (ECF) and the measurement of regional
metabolic tissue concentrations (Ungerstedt, 1991). In many studies, lactate
has been interpreted as one of the markers of anaerobic metabolism ,
accumulating as the end product of glycolysis , if an imbalance arises between
tissue O 2 supply and demand or when oxidative phosphorylation , as well as the
tricarboxylic acid cycle, are reduced (DeSalles et al., 1986; Inao et al., 1988;
Mizock and Falk, 1992; Magnoni et al. , 2003). Lactate is produced and
accumulates in the ECF during intense cerebral stimulation under normoxic
conditions and is thus an unreliable indicator of tissue hypoxia (Prichard et al. ,
1991).

For

the

detection

of

anaerobic

metabolism,

the

simultaneous

determination of pyruvate levels is necessary, because pyruvate is reduced to
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lactate

by

lactate-dehydrogenase

under

anaerobic

conditions.

The

lactate/pyruvate ratio (LIP ratio) specifies the degree of aerobic/anaerobic
metabolism and reflects the cytosolic ratio of the reduced/oxidized forms of
NAD. For this reason the LIP ratio is a reliable parameter for estimating the
energy state of a cell (Magnoni et al., 2003).
Beside the measurement of metabolic end products, a knowledge of
substrate levels, such as glucose , is important. The glucose concentration in the
ECF reflects the balance between supply from the blood and utilisation by cells
(Fellows et al., 1992). Glutamate, an excitatory amino acid released by active
neurons into the extracellular space (ECS) and taken up by astrocytes, plays an
essential role in normoxic and hypoxic conditions (Hillered et al. , 1989,
Magistretti et al., 1993). The measurement of glutamate efflux into the ECS
after

hypoxia

and

during

reperfusion

provides

information

about

the

compromised status of brain cells and the eventual neuropathological outcome
(Phillis et al., 2001) . The description of the redox state and the maintenance of
the brain tissue from the microdialysis measurements are completed by the
recording of DC-potentials and extracellular potassium concentrations .
Current
concentrations

knowledge

of

during

after

and

extracellular

substrate

hypoxia/ischemia

is

and

metabolite

insufficient

and

a

correlation with extracellular potassium concentrations and DC-potentials

IS

missing. Although early studies using in vivo microdialysis did not acknowledge
tissue diffusion properties, it is now recognized that the diffusion characteristics
of the brain must be taken into account to realize a meaningful quantitative
interpretation of microdialysis data (Syková and Nicholson, 2008) .
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1.4. Extracellular diffusion parameters in pathological states
Molecular diffusion in the brain extracellular space is an important
determinant of neural function. Changes in the diffusion parameters of the
cortical ECS may serve, on the one hand, as an important indicator of
pathological processes and , on the other, offer insights into their underlying
mechanisms (Sykova and Nicholson, 2008) . Consequently, diffusion changes
have been studied in several experimental pathological preparations and
models using the TMA+-real-time iontophoretic method together with DW-MRI in
some instances. Correlations between the results of the two techniques may be
useful for diagnostic purposes.

1.4.1. Hypoxia, ischemia and anoxia
Hypoxia, global and partial ischemia as well as anoxia are accompanied
by significant changes in the extracellular diffusion parameters and large ionic
shifts in the ECS. The extracellular potassium concentration

increases

dramatically up to 50-70 mM , while sodium, chloride and calcium levels and pH
decrease to 40-59 mM , 70-75 mM, 0.06-0.08 mM and 6.4-6 .8, respectively.
These ionic changes are accompanied by an extracellular accumulation of
excitatory amine acids, particularly glutamate, and a negative DC-potential shift
in the ECS (Syková, 1983; Hansen, 1985; Syková , 1997; Somjen, 2004;
Syková , 2004).

Additionally,

substantial

changes

in

the

ECS

diffusion

parameters occur. It has been repeatedly shown in vivo (Van Harreveld and
Ochs , 1956; Hansen and Olsen , 1980; Lundbaek and Hansen, 1992; Katayama
et al. , 1992; Syková et al, 1994,

Voříšek

and Syková, 1997) as well as in vitro

(Ames and Nesbett, 1983; Pérez-Pinzón et al., 1995) that the ECS of the brain
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shrinks during global ischemia, while the tortuosity increases from 1.5 to about
2.1 (Syková et al., 1994;

Voříšek

and Syková, 1997). This shrinkage is caused

by the movement of water from the ECS into the cells, which is accompanied by
cellular swelling and changes in cell geometry. The reasons for this water
movement are mainly ionic fluxes across the plasma membranes and resultant
changes in the osmotic pressure balance of the tissue (Hansen, 1985). The
ECS of the brain decreases to as little as 5-6% of the total brain volume during
anoxia

(Voříšek

and Syková, 1997), which is a reduction of 65%-80% from

preischemic values. Current knowledge about the behaviour of the extracellular
diffusion parameters in the postischemic and posthypoxic period is insufficient
and the relationship between the extent of diffusion parameter changes and the
severity of hypoxia/ischemia has not been previously described.

1.4.2. Spreading depression
Spreading depression (SD) is a self-propagating wave of cellular
depolarisation in the cerebral cortex with a velocity of about 3 mm/min (Bures et
al., 1974; Somjen, 2004). SD evokes many sirnilar changes in ECS ionic and
diffusion properties as do anoxia and ischemia. The distinction is that spreading
depression is a transient event that lasts for about one minute, and the affected
regions of the tissue return to apparently normal conditions. During SD
extracellular volume fraction a decreases to 0.05-0 .09, while tortuosity A
increases to 1.95-2 .07 (Anderova et al., 2001; Mazel et al., 2002). After SD a
and A remain elevated compared with controls, and this increase persist for
more than one hour. The changes which are found during and after SD are
quite similar to those seen during global ischernia.

20
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1.4.3. Seizures
An epileptic seizure is a transient symptom of abnormal, excessive or
synchronous neuronal activity in the brain. In the multifactorial development of
seizure activity, the size of the ECS is an additional factor (Traynelis and
Dingledine,

1989).

Reduction

of

the

ECS

volume

fraction

ex

under

hypoosmolaric conditions along with an increase in A is accompanied by an
increase in the frequency of epileptiform discharges, while hyperosmolar
conditions reduce neuronal excitability (Kilb et al., 2006) . A reduction of the
extracellular space and impaired diffusion thus may contribute to the greater
local accumulation of neuroactive substances and facilitate the development of
epileptic seizures (Syková and Nicholson , 2008). Therefore , the size of the
extracellular space influences seizure activitity in the brain by changing the
tissue resistance.

1.5. Aims
The aims of the present studies were to study the changes in extracelluar
space geometry and metabolite levels in the cortex during and after hypoxie and
ischemie events. In detail, the aims could be summarized as follows :

a) Evaluation of the changes in the extracellular diffusion parameters of the
ECS during and after transient hypoxia and ischemia of different severity.

b) Determination of energy-related extracellular metabolite and substrate
levels (Iactate, pyruvate, glucose and glutamate) during and in the
recovery from transient ischemia and hypoxia.
21

c) Measurement of ADC w using diffusion-weighted magnetic resonance
during and after transient ischemia.

d) Recording of extracellular potassium levels and the time courses of
cortical DC-potentials during hypoxia and ischemia and in the early
recovery period .

e) Comparison of the time courses of changes in the extracellular diffusion
parameters with those ofextracellular substrate and metabolite levels
during and after hypoxic and ischemic events of different severity.

f) Correlation of extracellular potassium levels and extracellular diffusion
parameters during and after different types of ischemia and hypoxia.

g) Comparison of extracellular diffusion parameters with ADC w maps of the
cortex to determine the cytogenic or vasogenic origin of edema
formation.

h) Evaluation of the changes in the extracellular diffusion properties due to
increased oxygen consumption during seizures and a comparison with
the changes seen during ischemia/hypoxia

The results from these studies allowed us to analyse the relationship between
the dynamic changes in diffusion properties , energy metabolism and electrical
field potentials of the brain cortex. These findings improve our knowledge of the
mechanisms that are involved in the development of tolerance to ischemic
insults.
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2. Methods:
2.1. Animal preparation
Three-month-old male Wistar rats (300-350g) were anaesthetised by an
intraperitoneal injection of urethane (1 .5 g/kg body weight, Sigma-Aldrich
Chemie

GmbH,

Germany),

tracheotomised

or

intubated ,

relaxed

with

suxamethonium chloride (20 mg/kg/h, Lysthenon, NycoMED Pharma , Vienna,
Austria) or pancuroniumbromide (0.6 mg/kg body weight, Pavulon , Organon,
Netherlands), and ventilated mechanically with oxygen. Before surgery, the
depth of anaesthesia was controlled by testing the corneal reflex . If necessary,
an additional 100 mg of urethane were injected intraperitoneally. The body
temperature was maintained at 3rC by a heating pad . The head of the rat was
fixed in a stereotaxic holder, and the somatosensory neocortex was partially
exposed by a burr hole 2-3 mm caudal from the bregma and :3-4 mm lateral
from the midline . When the dura was removed, the surface of the brain was
continuously bathed with a warm solution (36-3rC) containing 1mM TMA,
150mM NaCI and 3mM KCI. AII TMA+-measurements were done in the
somatosensory cortex at a depth of 1200-1500 ).lm from the cortical surface
(cortical layers IV and V). Microdialysis measurements were performed in the
somatosensory cortex over an insertion depth of 2000 !lm . For DW-MRI
measurements , the animals were placed in a heated MR-compatible cradle and
their heads fitted in a built-in head holder.
The experiments were carried out in accordance with the European
Communities Council Directive of 24 November 1986 (86/609/EEC). AII efforts
were made to minimize both the suffering and the number of animals used.
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2.2. Experimental protocol
ln our set of experiments we evaluated the changes in extracellular
diffusion parameters and metabolite levels during hypoxia , several types of
ischemia and seizure. In the first series of experiments a hypoxia of 30 minutes
duration was induced by reducing the inspiratory oxygen content to 6% in 94%
nitrogen,

and

the

extracellular diffusion

parameters,

DC-potentials

and

metabolite levels were measured . Following the hypoxie period, the animals
were again ventilated with air (0 2 =21 %) . The control animals were ventilated
with air throughout the experiment. In further experiments transient ischemia
was induced by unilateral common carotid arterial clamping for 30 minutes or
bilateral carotid clamping for 10 or 15 minutes and additionally reducing the
inspired oxygen concentration to 6% or 10% in 94% nitrogen. In the
experiments with unilateral occlusion, the extracellular diffusion properties and
metabolite levels were measured . In the experiments with bilateral occlusion
DC-potentials,
determined

extracellular

potassium

concentrations

instead of metabolite levels.

In the

and

ADC w

hypoxia and

were

ischemia

experiments, measurements were made before, during and up to 90 minutes
after the hypoxie/ischemie event. In the last series of experiments we evaluated
the changes causes by an increased consumption of oxygen due to seizure.
Seizure activity was evoked by the intraperitoneal injection of pilocarpine (300
mg/kg). To potentiate the action of pilocarpine , lithium chloride (127 mg/kg) was
given to the animals 14-18 hours before each experiment (Ormandy et al.,
1991). Extracellular diffusion properties, metabolite levels and ADC w were
measured over 240 minutes after the injection of pilocarpine in anaesthetized
rats .
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2.3. The TMA method for measuring the EeS diffusion parameters
The

ECS

diffusion

parameters

were

studied

by

the

real-time

iontophoretic method, described in detail previously (Nicholson and Phillips,
1981 ; LehmenkClhler et al., 1993; Syková et al., 1994). Briefly, an extracellular
marker that is restricted to the extracellular compartment is used, such as
tetramethylammonium ions (TMA+, MW = 74 .1 Da), to which cell membranes
are relatively impermeable. TMA + is administered into the extracellular space by
iontophoresis, and the concentration of TMA + measured in the ECS using a
TMA+-ion-selective microelectrode (ISM) is inversely proportional to the ECS
volume . Double-barreled TMA+-ISMs were prepared by a procedure described
in detail previously (Syková, 1992). The tip of the ion-sensitive barrel was filled
with a liquid ion exchanger (Corning 477317); the rest of the barrel was
backfilled with 150 mM TMA+ chloride. The reference barrel contained 150 mM
NaCI. The TMA+-ISMs were calibrated in 0.01, 0.03, 0.1, 0.3, 1.0, 3.0, and 10.0
mM TMA+ in a background of 3 mM KCI and 150 mM NaCI. Calibration data
were fitted to the Nikolsky equation (Nicholson and Phillips, 1981). The shank of
the iontophoretic pipette was bent so that it could be aligned parallel to that of
the ion-selective microelectrode and was backfilled with 150 mM TMA + chloride.
An electrode array was made by gluing a TMA+-ISM to an iontophoretic
micropipette with a tip separation of 100-200 J.!m . The iontophoresis parameters
were +20 nA bias current (continuously applied to maintain a constant electrode
transport number), with a +180 nA current step of 60 s duration , to generate the
diffusion curve. TMA+ was administered at regular intervals of 5 minutes (Fig.
1A). Before tissue measurements, diffusion curves were first recorded in 0.3%
agar (Difco, Detroit, IVII) dissolved in a solution containing 150 mM NaCI, 3 mM
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KCI, and 1mM TMACI. In agar,

CL

and Iv are by definition set to 1 (free-diffusion

values) . The diffusion curves were analyzed to obtain the electrode transport
number (n) and free TMA+ diffusion coefficient (D) by curve-fitting according to a
diffusion equation using the VOL TaRO program (Nicholson and Phillips, 1981).
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Fig 1:

Experimental setup and TMA + diffusion curves. Left side (A) : Experimental arrangement
of a TMA +-selective double barrelled ion-selective microelectrode (ISM) glued to an
iontophoresis microelectrode with a tip distance of 120-200j..Jm. Right side (B): Typical
diffusion curves of TMA + obtained with this setup in neocortex during normoxia
(neocortex) and in a free medium (agar). The concentration scale is linear and the
theoretical diffusion curve is superimposed on each data curve. Both recordings were
made using the same microelectrode array in the somatosensory neocortex of an adult
Wistar rat and in agar (From Zoremba et al. , 2007).

Diffusion curves were then recorded in the somatosensory co rte x at a
depth of 1200-1500 IJm. Knowing n and D, the values of

CL

and Iv can be

obtained from the recorded diffusion curves (Fig. 1B).
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2.4. Diffusion-weighted MRl (DW-MRI)
DW-MRI measurements were performed using an experimental MR
spectrometer BIOSPEC 4.7 T system (Bruker, Ettlingen, Germany) equipped
with a 200 mT/m gradient system (190 f-ls rise time) and a homemade head
surface coil. We acquired a sequence of T 2-weighted sagittal images in order to
position coronal slices. For DW measurements, four coronal slices were
selected (thickness = 1.0 mm, interslice distance

= 1.5

mm, field of view =

3.2x3 .2 cm 2, matrix size = 256x128). Diffusion weighting serve s to increase the
contrast in T 2-weighted images for water diffusion . The b-factor denotes the
strength of diffusion weighting . Acquiring at least two DW images with different
b-factors allows for the determination of the apparent diffusion coefficient of
water (ADC w). DW images from each slice were acquired using a stimulated
echo sequence with the following parameters : b-factors = 75, 499, 1235 and
1731 s/mm

2

,

~

= 30

ms, TE

= 46

ms , TR

= 1200

ms. Diffusion weighting is

accomplished by applying a gradient magnetic field; in our measurements the
gradient pointed along the rostrocaudal direction, and therefore ADC w was
measured in this direction. Maps of ADC w were calculated using the linear least
squares method and analyzed using ImageJ software (W. Rasband, NIH, USA).
The evaluated regions of interest (ROls) were positioned using a rat brain atlas
(Paxinos and Watson, 1998) and T 2-weighted images in both the left and right
hemispheres. The minimal area of an individual ROl was 2.5 mm 2. In each
animal four coronal slices from the interval between 0.1 mm frontal to bregma
and 5.6 mm caudal to bregma were analyzed. The resulting eight values of
ADCw (two ROls per slice, four slices/rat) were averaged to obtain a single
representative value for comparison to other rats. The reproducibility of ADC w
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measurements was verified by means of five diffusion phantoms placed on the
top of a

raťs

head. The phantoms were made from glass tubes (inner diameter

= 2.3 mm , glass type : KS80, ROckl Glass, Czech Republic) filled with pure

(99%) substances having different diffusion coefficients. The substances were:
1-octanol, n-undecane (Sigma Aldrich, Steinheim, Germany), isopropyl alcohol,
n-butanol and tert-butanol (Penta, Prague, Czech Republic) . The temperature of
the phantoms was maintained at a constant 3rC. The average diffusion
coefficient for each compound was determined at the same time as the
experimental measurements of each group of rats and compared to the average
diffusion coefficient of the same compound measured in conjunction with the
measurements of the other groups of rats .

2.5. Microdialysis
The technique of microdialysis is based on sampling fluid via a doublelumen probe with an integrated semipermeable membrane in which the
equilibration of substances in the extracellular space and perfusion fluid takes
place by diffusion according to the concentration gradient. We used a doublelumen microdialysis probe with a membrane length of 2 mm, an outer diameter
of 0.5 mm and a cut-off at 20 000 Dalton (CMA 12, 2mm membrane length,
CMA

Microdialysis,

Sweden).

The

inserted

microdialysis

catheter

was

connected by low-volume Fluorinated Ethylene Propylene (FEP)-tubing (1 .2
1-11I10cm) to a precision infusion pump (CMA 102, CMA Microdialysis, Sweden)
in order to maintain a constant dialysate flow. The microdialysis catheter was
continuously perfused with a dialysate (Perfusion fluid CNS, CMA Microdialysis,
Sweden) containing 147 mmolll NaCI, 2.7 mmolll KCI, 1.2 mmolll CaCI 2 and
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0.85 mmol/l MgCb at a flow rate of 2

~I/min.

Transient increases in metabolite

concentrations caused by probe insertion damage were avoided by a
stabilisation period of 60 minutes following insertion into the brain. It has been
shown that baseline values are stable within 30-60 minutes after probe insertion
(Valtysson et al., 1998). After this equilibration time, microdialysate samples
were collected over 10 minute intervals and immediately frozen at -40°C until
analysed .

Thawed

and

centrifuged

dialysate

samples

were

analyzed

enzymatically with a CMA 600 Microdialysis Analyser (CMA Microdialysis,
Sweden) for lactate, pyruvate, glucose and glutamate concentrations (Fig. 2) .

Microdialysis
probe

Fig 2:

Sample
Collector

Analyser

Experimental setup for microdialysis. The microdialysis probe was perfused
continuously with a dialysate at defined flow of 2ml/min. The samples were collected
over time intervals of 10 minutes and analysed by a microdialysis analyser (From
Zoremba et al., 2007).

The exchange of substances across the microdialysis membrane is
limited by the total area of the membrane, the perfusion flow rate , the
characteristics of the diffusing substance and the diffusion constant in the tissue
surrounding the probe (Arner and Bolinder, 1991 ; Ungerstedt, 1991).
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The recovery rate expresses the relation between the concentration of the
substance in the microdialysis probe effluent and the concentration in the
medium (Muller, 2002). Before and at the end of the experiments, the recovery
rates for each probe were determined by continuing the perfusion at the same
settings in a calibration solution containing known concentrations of the different
analytes. The calibration solution contained 2.50 mmol/I lactate, 250

~mol/I

pyruvate, 5.55 mmol/l glucose, 250 mmol/I glycerol and 25 mmol/I glutamate
(Calibrator A,

CMA microdialysis,

Sweden) . The

concentrations

in

the

calibration solution were compared with the concentrations of the in vitro
microdialysis samples to determine the relative recovery for each substance.
The measured experimental values were weighted by the relative recovery to
estimate the in vivo extracellular concentration of the substances in the
immediate vicinity of the probes. In vitro recovery rates were 21.5 ± 0.9 % for
lactate, 22.3 ± 0.5 % for pyruvate, 13.4 ± 0.6 % for glutamate and 10.8 ± 0.5 %
for glucose (n=15) . AII results are presented as weighted concentrations.

2.6. Measurement of DC-potentials and extracellular K+ concentrations
The recording of cortical DC-potentials is a powerful method to monitor
the dynamics of sensory and cognitive processing in the brain under normal
conditions and in the course of central nervous system disorders. DC-potentials
from the cortical surface were recorded by microelectrodes filled with 150 mM
NaCI, placed in the cortex and connected to a high impedance buffer amplifier
with Ag/AgCI wires. The common reference electrode was positioned on the
nasal bone (LehmenkOhler et al., 1999). The signal was amplified and
transferred to a PC using a Lab Trax acquisition system (World Precision
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Instruments Inc., Sarasota , USA). The extracellular potassium concentration
was measured by double-barreled K+ -sensitive microelectrodes as described in
detail elsewhere (Syková et al. , 1994). Briefly, the tip of the K+-selective barrel
of the microelectrode was filled with the liquid ion-exchanger Gorning 477317
and back filled with 0.5 M KGI, while the reference barrel contained 150 mM
NaGI. Electrodes were calibrated in a sequence of solutions containing 2, 4, 8,
16, 32 and 64 mM KGI, with a background of either 151,149,145,137,121, or
89 mM NaGI to keep the ionic strength of the solution constant. The data were
fitted to the Nikolsky equation to determine electrode slope and interference.
Based on these electrode characteristics, the measured voltage was converted
to extracellular concentrations.

2.7. Statistical analysis
The results of the experiments are expressed as the mean ± standard
error of the mean (SEM). Statistical analysis of the differences within and
between groups was performed using

Studenťs

paired t-test, a two-tailed

Mann-Whitney test or ANOVA for repeated measures combined with

Dunnetťs

post hoc test (InStat, GraphPad Software, San Diego, USA). Values of p<0.05
were considered significant.
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3. Results:
3.1. Hypoxia without a reduction in cerebral blood flow
Using a model of hypoxia, the effeets on extraeellular diffusion
parameter, energy-related metabolites and DC-potentials in the rat eortex
before, during and after the reduetion of inspiratory oxygen eontent without a
reduetion in eerebral blood flow were studied (Zoremba et al., 2006).

3.1.1. Extracellular space diffusion parameters and DC potentials
The mean values of extraeellular volume fraetion a , tortuosity A and nonspeeifie uptake k' during normoxia were a = 0.18 ± 0.01 , A = 1.54 ± 0.01 and k'=
3

(3.38 ± 0.32) x 10-

S-1

(n=7), values also observed in previous studies in vivo

(Cserr et al., 1991 ; Lehmenkuhler et al., 1993;

Voříšek

and Syková, 1997).

During hypoxia, a deereased by about 5% in the first 20 minutes. At 20-30
minutes, a deereased to 0.14 ± 0.01 (n=7), i.e. about 22% (Fig . 4A). Tortuosity
A inereased, also in two steps , reaehing a value of 1.61

± 0.02 in the first 20

minutes, then inereasing to 1.69 ± 0.03 (n=7) at 20-30 minutes into the hypoxie
period (Fig . 48) . During the reoxygenation period , a and A values normalised
within 20 minutes to 0.20 ± 0.01 and 1.55 ± 0.01 , respeetively, and remained
unehanged until the end of the measurement period of 90 minutes after
hypoxia. No signifieant ehanges in non-speeifie uptake k ' were seen during the
entire observation period. The reeorded DC-potentials showed an early initial
negative shift of up to 3 mV after the onset of hypoxia, whieh has also been
seen in previous studies (Lehmenkuhler et al., 1999). After this early negative
shift, the DC-potential returned to baseline levels. A seeond negative shift of up
to 2.5 mV was seen in the last 5-10 minutes of the 30 minute hypoxia. After the
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end of hypoxia and the return to ventilation with air, the negative DC-potentials
immediately returned to baseline levels (Fig. 4C).
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Fig 4: The time course of changes in extracellular space volume fraction a (A) and tortuosity 'A.
(B) during hypoxia and recovery . After establishing a stable baseline, 30 minutes of
hypoxia were induced by reducing the inspiratory oxygen content from 21 % to 6%
(shaded area). After hypoxia the animals were again ventilated with air. Measurements
were made at time intervals of 5 minutes. Values are presented as mean ± SEM. The
number of experiments was n=7. Part (C) show a typical recording of DC-potentials
measured by intracortical microelectrodes filled with 150 mM NaCI against a reference
electrode placed on the nasaj bone. During early hypoxia, a negative shift of up to 3 mV
was observed, returning to baseline within the first 15 minutes of hypoxia. A second
negative shift was seen during the last 5-10 minutes of hypoxia of up to 2.5 mV (From
Zoremba et al, 2007).
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3.1.2. Changes in lactate, the lactate/pyruvate ratio and glucose
8efore the induction of hypoxia, stable basal glucose levels of 2.27 ±
0.07 mmol/I (n=15) were found in both hypoxic and control animals. Hypoxia led
to a steep decrease in glucose dialysate levels, reaching a plateau of 1.18 ±
0.16 mmolll within 20 minutes. During the reoxygenation period extracellular
glucose concentrations returned to contral levels within 20 minutes (Fig. 5A).
After a stabilisation period of 60 minutes following probe insertion, basal cortical
lactate levels remained stable at 0.75 ± 0.03 mmolll (11=15). Hypoxia evoked by
a reduction of inspiratory oxygen content led to an immediate rise in lactate
levels. This rise continued thraughout the 30 minute period of hypoxia, reaching
a plateau at 25 minutes of 2.65 ± 0.24 mmolll, when a showed a second
decrease (Fig. 58) . The difference between contral and hypoxic animals was
extremely significant (p<0.001). For evaluating the anaerabic pathway, the
lactate/pyruvate ratio (LIP ratio) was calculated . In control animals no significant
change in the LIP ratio was seen during the entire observation period. In
hypoxic animals the LIP ratio increased from 20.88 ± 2.65 to 76.03 ± 13.04 at
the end of the hypoxic period (Fig. 5C) . In the reoxygenation period, lactate
levels as well as the UP ratio decreased to contral levels within 50-60 minutes
(Fig. 58 and 5C) .

3.1.3. Changes in glutamate
Extracellular glutamate levels prior to hypoxia were 2.37 ± 0.53 !Jmolll
(n=15). After the beginning of hypoxia, extracellular glutamate levels remained
unchanged for about 20 minutes. In the next 20-30 minutes a steep increase
was found, reaching concentrations of 35.81 ± 1 2.96 !Jmolll. These glutamate
34

concentrations were correlated with an increase in the extracellular volume
fraction a. While a returned to control levels within 20 minutes, the elevated
glutamate levels did not return to control levels until 40-50 minutes of the
reoxygenation period (Fig. 5D).
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Fig 5: Time eourse of interstitial glueose levels (A), laetate eoneentrations (B), the
laetate/pyruvate ratio (C) and glutamate eoneentrations (O) before, during and after
hypoxia of 30 minutes duration , eompared to eontrols. After a stabilisation period , 30
minutes of hypoxia were indueed by ventilating the animals with 6% oxygen in nitrogen .
The hypoxie period is marked by a time line. Mierodialysis samples were eolleeted over
time intervals of 10 minutes and the measured values were presented as vertieal bars.
Values are shown as mean ± SEM. The number of experiments was n=10 in the
hypoxie and n=5 in the eontrol group. Statistieally signifieant differenees (p<0.05)
between the hypoxie and eontrol animals are marked by asterisks. To show the inverse
eorrelation between ECS volume and glutamate eoneentration, an inverted time eourse
of the ehanges in extraeellular volume fraetion a (taken from Fig. 4A) was
superimposed onto Fig 50 (dotted line). For details see Zoremba et al., 2007.
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3.2. Hypoxia with a reduction in cerebral blood How
(unilateral occlusion of the carotic artieries)
ln the model of ischemia the effects of the reduction of inspiratory oxygen
content and the reduction in cerebral blood flow by unilateral clamping of the
carotic arteries in the rat cortex were studied. In this experimental setting
extracellular diffusion parameters and energy-related metabolites before, during
and after ischemia of 30 minutes duration were evaluated.

3.2.1. Extracellular space diffusion parameters
The mean values of extracellular volume fraction a and tortuosity A
during normoxia were a=0 .19 ± 0.03 and A=1.57 ± 0.01, (n=12, mean ± SEM),
which are similar to the values observed in rat cortex previously (Lehmenkuhler
et al. , 1993;

A

Voříšek

and Syková, 1997).
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Fig 6: The time eourse of ehanges in extraeellular spaee volume fraetion a (A) and tortuosity A
(B) during transient hypoxia/isehemia and subsequent reperfusion . Immediately after
the onset of hypoxia/isehemia a started to deerease and A inereased , reaehing
maximum values at the end of the hypoxie/ischemie period . During the reperfusion a
and A reeover within 20 minutes. Subsequently, a inereased over the preisehemie
values and stayed at this level until the end of the registration period. The time eourse of
ehanges in A was the inverse of the time eourse of ehanges in a (From Homola et al,
2006) .
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Immediately after the onset of hypoxia/ischemia, the extracellular volume
fraction u gradually decreased, reaching a minimum of 0.07 ± 0.01 at the end of
the hypoxic/ischemic insult of 30 minutes duration (Fig. 6A). Simultaneously
with the decrease in u, tortuosity A increased to maximum values of 1.88 ± 0.03
after 30 minutes of hypoxia/ischemia

(Fig 6B) . After the release of carotid

artery occlusion and the beginning of normoxic ventilation, both u and A started
to return to normal values, reaching them within 20 minutes of the recovery
period . During the next 20 minutes, u continued to increase up to 0.23 ± 0.01
while A decreased to 1.53 ± 0.06, then both parameters remained unchanged at
these levels until the end of the 90-minute recovery phase (Fig . 6A and 6B).

3.2.2. Microdialysis
After a stabilisation period of 60 minutes following probe insertion, the
basa I cortical level of lactate and the lactate/pyruvate ratio remained stable at
0.99 ± 0.06 mmolll and 23.44 ± 1.85, respectively (n=9) . There were no
statistical differentes compared

to the control group

(n=5).

Combined

hypoxia/ischemia led to an immediate rise in lactate dialysate levels, reaching a
plateau of 3.01 ± 0.62 mmolll within 20 minutes (Fig. 7A). The lactate/pyruvate
ratio showed a similar time course during hypoxia/ischemia, reaching a plateau
of 64 .79 ± 11.24 (Fig. 7B). After the release of carotid occlusion and
reoxygenation, lactate levels and the lactate/pyruvate ratio decreased, reaching
control values within 30-40 minutes. Taking into account the effect of the
changes in ECS volume fraction, the calculated extracellular concentrations of
lactate during hypoxia/ischemia would be 30-50% lower than those actually
measured (Fig . 7A).
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Fig 7: The time course of changes in the concentration of extracellular lactate (A), the
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glutamate (D) during transient hypoxia/ischemia and subsequent reperfusion, compared
to controls . The stated concentrations, representing the actual physiological
concentrations, may be underestimated . The time courses of the concentrations of the
evaluated metabolites corrected for changes in ECS volume are presented as dashed
lines , showing how much of the concentration change is due to the ECS volume change
(From Homola et al., 2006).

Before the induction of hypoxia/ischemia , stable basal glucose and
glutamate levels of 2.94 ± 0.18 mmolll and 6.85 ± 0.97

~mol/I

respectively (n=9)

were found, without any significant differences compared with contral animals
(n=5). Unilateral caratid occlusion and a reduction in inspiratory oxygen content
led to a steep decrease in glucose dialysate concentrations, reaching a
minimum of 1.45 ± 0.23 mmol/I after 20 minutes of hypoxia/ischemia.
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Ouring the reoxygenation period, extracellular glucose concentrations returned
to contral levels within 20 minutes and then slowly decreased, reaching a value
of 2.05 ± 0.17 mmol/I at the end of the experiment. The glucose concentrations
during hypoxia/ischemia would be even lower if we take into account the
accompanying changes in ECS volume fraction. Ouring reperfusion, the glucose
concentration corrected for the increase in a reached initial values within 20
minutes and remained at this level until the end of the experiment (Fig . 7C) .
Extracellular glutamate levels increased during hypoxia/ischemia, reaching
maximum values of 59.30 ± 15.90 !Jmol/I at the end of the hypoxie/ischemie
insult. Ouring reperfusion the extracellular glutamate levels decreased, reaching
control values 90 minutes after reperfusion. The concentration of glutamate
corrected for the increase in a would be lower with the greatest increase seen
within the first 10 minutes (Fig. 70).
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3.3.

Hypoxia with a reduction in cerebral blood flow
(bilateral occlusion of the carotic arteries)
ln a different model of ischemia the effects of the reduction of inspiratory

oxygen content and the reduction in cerebral blood flow by bilateral clamping of
the carotic arteries in the rat cortex were studied . In this experimental setting
extracellular diffusion parameters, the apparent diffusion coefficient of water,
DC-potentials and extracellular potassium concentrations before, during and
after ischemia of 10 or 15 minutes duration were evaluated.

3.3.1. Extracellular space diffusion parameters
ECS diffusion parameters were recorded in cortical layers IV or V (at a
depth of 1200-1500

~m)

of the somatosensory cortex prior to and after 10 or 15

minutes of ischemia . The mean values of extracellular volume fraction a and
tortuosity A during normoxia were similar in both ischemia groups (a=0.19 ±
0.01, A=1.55 ± 0.01 and a=0.19 ± 0.01, A=1.55 ± 0.02) and comparable to the
values found in previous in vivo studies (Nicholson and Phillips, 1981;
LehmenkOhler et al., 1993;

Voříšek

and Syková, 1997; Mazel et al., 2002).

During ischemia a decreased to 0.07 ± 0.01 in both groups, while A increased to
1.80 ± 0.02 and 1.81 ± 0.02 in the 10 minute and 15 minutes ischemia groups,
respectively. After releasing the clamps and reoxygenation , recovery to
preischemic values of a=0.21 ± 0.01 were found after 15-20 minutes of
reperfusion in the rats subjected to 10 minutes of ischemia; the values then
remained stable during the entire measurement period of 90 minutes. After
ischemia of 15 minutes duration, a recovered within 10-15 minutes of
reperfusion, but then increased substantially within a further 30-40 minutes up
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to 0.29 ± 0.03 and remained elevated during the postischemic measurement
period of 90 minutes. This indicates an ECS enlargement of 40-50% in the
somatosensory cortex of rats subjected to longer (15 minutes) ischemia. (see
Fig. 8, Table 1).

Before ischemia

30 min. after
ischemia

60 min. after
ischemia

90 min. after
ischemia

Ischemia
10 minutes
n=5

ex = 0.19 ± 0.01
A = 1.55 ± 0.01
k'=3.6.1Q·3 ± 0.8.10-3

ex = 0.20 ± 0.01
A = 1.54 ± 0.02

k'=3.3.1 0.3 ±0.9.1 0.3

ex = 0.20 ± 0.01
A = 1.55 ± 0.02

k'=3.9.10· 3 ± 1.0.10.3

ex = 0.19 ± 0.01
A = 1.56 ± 0.03

k'=4.1.10· 3 ± 1.0.10.3

Ischemia
15 minutes
n=6

ex = 0.19 ± 0.01
A = 1.55 ± 0.02

ex = 0.26 ± 0.01#
A = 1.57 ± 0.01

ex = 0.29 ± 0.03 #
A = 1.60 ± 0.02

ex = 0.30 ± 0.03 #
A = 1.62 ± 0.01#

k'=3.6.1 0.3 ± 0.6.10.3

k'=2.8·10· 3 ± 0.2·10-3

k'=3.6.10· 3 ± 0.5.10.3

k'=3.8·10·3 ± 0.4·10'3

Tab 1: Values of extracellular volume fraction a and tortuosity A and non-specific uptake k'
before and after transient ischemia of 10 or 15 minutes duration. Values of a, A and k'
are shown as mean values and standard error of the mean (SEM). Significant
differences (two-tailed Mann-Whitney test, p < 0.05) in postischemic values when
compared to values before ischemia are marked with crosshatches. n represents the
number of animals (From Zoremba et al., 2008).

The statistical difference between the pre- and postischemic values of a was
extremely significant (0.19 ± 0.01 versus 0.29 ± 0.03, p<0.001). Typical diffusion
curves recorded before and 60 minutes after ischemia of 10 or 15 minutes are
shown in Fig. 8. In both groups, preischemic values of A were observed after 510 minutes of reperfusion (10 minutes ischemia: A=1.57 ± 0.04; 15 minutes
ischemia: A=1.56 ± 0.04). In the group of 10 rninutes ischernia, A remained
stable at this level. In the group subjected to 15 minutes ischemia, a marginally
significant increase in A to 1.62 ± 0.01 was found at the end of the
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measurement period. The time-course of A after ischemia in both groups

IS

shown in Fig. 8.
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Fig 8: Time course of changes in the values of the extracellular space parameters (a, A) in the
cortex of adult rats before , during and after ischemia of 10 or 15 minutes duration,
calculated from TMA + diffusion measurements . Data are shown as mean values ± SEM
and the number of animals as n. The duration of ischemia is marked by a time line .
Upper graphs: Average values of extracellular volume fraction a. After 10 minutes
ischemia, a quick recovery of a occurs within 5-10 minutes and the values remain
stable atthis level. In the group subjected to 15 minutes ischemia, a increases
extremely significantly above starting values after 40 minutes of reperfusion (p<0 .001)
and remains at this level until the end of the measurement period . Postischemic values
that are significant different from preischemic values (p<0.05) are marked by an
asterisk. Lower graphs: The time courses of tortuosity A showed initially no difference
between the two groups (p<0 .05) . During ischemia an elevated A recovered to the
starting values within 5 minutes and stayed at this level without any significant
difference from preischemic values. In the group of 15 minutes ischemia , A increased
significantly at the end of the registration period (From Zoremba et al , 2008).
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3.3.2. MRl measurements
Diffusion-weighted

MRl

measurements

of ADC w

were

performed

bilaterally in the prim ary somatosensory cortex and showed similar preischemic
values in both groups (597

± 14 J..lm 2 s-1 vs. 594 ± 12 J..lm 2 s-1) . In the group of 10

minutes ischemia, no significant changes in ADC w in the postischemic period
were found, compared to preischemic values. In the animals exposed to 15
minutes ischemia, a statistically significant increase in ADC w to 665 ± 15 J..lm 2 s-1
was observed 60 minutes after ischemia . This elevated ADC w level remained
until the end of the measurement period, 120 minutes after ischemia (Tab . 2) .

Ischemia
10 minutes
n=6
Ischemia
15 minutes
n=6

ADC w (~m 2 s ·1 )
before
ischemia

ADC w (tJ.m 2s·1)
60 min. after
ischemia

ADC w (tJ.m 2s·1)
90 min . after
ischemia

ADC w (tJ.m 2s·1 )
120 min . after
ischemia

597 ± 14

608 ± 8

603 ± 10

605 ± 12

594 ± 12

665 ± 15 #

651 ± 11

647 ± 13 #

#

Tab 2: The apparent diffusion coefficient of water (ADC w) before and after 10 or 15 minutes of
ischemia was determined by magnetic resonance imaging . Significant differences (twotailed Mann-Whitney test, p < 0.05) between preischemic values and values after
ischemia are marked with crosshatches . n represents the number of animals . Data
expressed as mean ± SEM (From Zoremba et al. , 2008).

Typical MRl images before and after ischemia are shown in Fig. 9. As the
carotid occlusion was done outside the magnet, ADC w values during ischemia
were not measured . However, it is known from previous studies that global
ischemia induces a rapid drop in ADC w (Fischer et al. , 1995 , Van der Toorn et
al., 1996).
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Normoxia

15 min ischemia

<100
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1000 1200 1400 >1600

ADC w

Fig 9:

(~lm 2 s- 1)

Typical ADC w maps of a control rat brain and of a rat brain 60 minutes after ischemia of
15 minutes duration . ADC w was analyzed bilaterally in the primary somatosensory
cortex. The analyzed areas are outlined on the right part of the slices, and both images
are from the same coronal plane. The scale at the bottom of the figure shows the
relation between the intervals of ADC w values and the colours used for visualization
(From Zoremba et al. , 2008) .

3.3.3. DC-potentials and extracellular potassium concentrations
Before the induction of ischemia, extracellular potassium concentrations
of 3 mM were found in both groups. During 1-2 minutes of ischemia , a fast
increase up to 70 mM was registered, and the concentration remained stable at
this level during the ischemic period in both the 10 minute and the 15 minute
ischemia

groups.

After

reoxygenation

the

extracellular

potassium

concentrations dropped within 2-3 minutes to preischemic levels of 3 mM and
stayed at this level until the entire registration period (Fig. 10).
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20 mV

+

48 mM

12 mM
3 mM

20 min

Fig 10: Time course of extracellular potassium concentrations and DC-potentials during an
ischemia of 10 minutes (Ieft side) or 15 minutes duration (right side) . The duration of
ischemia is marked by the shaded fields. The registered depolarisation and recovery of
the DC-potential is correlated with an increase in extracellular potassium level during
ischemia and normalisation during the recovery (From Zoremba et al. , 2008).

The DC-potential changed in a negative direction simultaneously with the
increase in extracellular potassium, followed by a small positive change. During
the ongoing ischemia, the DC-potential showed a slight increase. Immediately
after reopening of the carotid arteries and ventilation with pure oxygen , the DCpotential showed a sharp negative shift, and after the normalisation of
extracellular potassium concentrations , DC-potentials recovered to preischemic
levels. Typical measurements of extracellular potassium concentrations and
DC-potentials during ischemia of 10 and 15 minutes duration are shown in Fig.
10.
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3.4. Elevated oxygen consumption due to seizure activity
ln the model of pilocarpine-induced seizure activity, the extracellular
diffusion properties, extracellular metabolite levels and ADC w were studied
before and up to 240 minutes after the administration of pilocarpine.

3.4.1. Extracellular space diffusion parameters
Before the application of pilocarpine the mean values of extracellular
volume fraction a and tortuosity A were 0.19 ± 0.004 and 1.58 ± 0.01, (n=7),
which represent the diffusion parameter values observed in normal brain tissue.
Volume fraction a started to decrease severa I minutes after the application of
pilocarpine, reaching a minimum of 0.13 ± 0 .01 after 80 - 100 minutes. After
reaching these minimum values, a started to increase again and reached
values of 0.18 ± 0.01 within 240 minutes after the application of pilocarpine (Fig.
11 A). Following pilocarpine application, there were no significant changes ln
tortuosity during the entire measurement period (Fig. 11 B).
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Fig 11: Time course of extracellular space volume fraction ex (A) and tortuosity )" (B) over a time
period of 240 minutes after the application of pilocarpine. The injection time point is
marked by an arrow (From Slais et al, 2008) .
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3.4.2. Extracellular potassium concentrations
The extracellular potassium concentration ln the brain somatosensory
cortex was 3.07 ± 0.02 mM (n=7) at the beginning of the experiments. After
pilocarpine application, the extracellular potassium levels started to increase
after severa I minutes, reaching a maximal concentration of 13.3 ± 1.04 mM 80
minutes after application. Subsequently, these elevated extracellular potassium
levels returned to normal values, reaching values of 4.17 ± 0.21 mM at the end
of the experiment (Fig. 12).
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Fig 12: Time course of extracellular potassium concentration over a time period of 240 minutes
after the application of pilocarpine. The time point of pilocarpine injection is marked with
an arrow (From Slais et al., 2008).
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3.4.3. MRl measurements
The mean value of ADC w before the application of pilocarpine was 603.2
± 8.6 IJm 2 s-1 (n=6). Following pilocarpine application , ADC w started to decrease,
reaching a minimum of 549.5±10.5 IJm 2 s-1 about 100 minutes later. After
reaching these minimum values ADC w started to increase again and reached
values of 612.7±14.7 IJm 2 s-1 within a period of 240 minutes after application of
pilocarpine (Fig 13).

100 min

ADC w = 534 J..im 2 s-1

>1100
1000
900
800
700

ROI-s

600
500
400
<300
ADC w
[J..im 2s-1]

Fig 13: Typical ADC w maps in a rat before and after pilocarpine injection in the primary
somatosensory cortex. The areas are outlined in the T2-weighted image (bottom-right
panel). The image shows ADC w maps taken from the identical coronal plane of the
same animal before, 100 and 240 minutes after pilocarpine injection. The scale at the
right side of the figure shows the relation between the intervals of ADC w values and the
colors used for visualization . There was a significant decrease in ADC w in the cerebral
cortex 100 minutes after pilocarpine injection . ADCw returned to control values within
four hours (From Slais et al. , 2008).
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3.4.4. Microdialysis
After a stabilisation period of 60 minutes following probe insertion, the
basal cortical level of lactate and the lactate/pyruvate ratio remained stable at
0.61 ± 0.05 mmol/I and 33.16 ± 4.26, respectively (n=8). The application of
pilocarpine led to a rise in lactate dialysate levels, reaching a plateau of 2.92 ±
0.60 mmol/I within 100 minutes (Fig. 14 A). The lactate/pyruvate ratio showed a
similar time course, reaching a plateau of 84.80 ± 11.72 during the same time
interval (Fig. 14 B). Subsequently, lactate levels and the lactate/pyruvate ratio
decreased, reaching control values at the end of the experiment. Taking the
changes in extracellular volume fraction a

into account, the calculated

extracellular concentrations of lactate during hypoxia/ischemia would be as
much as 30% lower than those actually measured. Basal glucose and
glutamate levels were 2.42 ± 0.13 mmol/I and 6.55 ± 1.31 I-Imol/I, respectively
(n=8). Following pilocarpine application, extracellular glucose concentrations
increased significantly, reaching a maximum of 3.49 ± 0.24 mmol/I after 40
minutes. In the subsequent recording period, glucose concentrations decreased
and dropped below starting values, reaching minimal values of 1.25 ± 0.40
mmol/I at the end of the experiment (Fig 14 C). The calculated glucose
concentrations would be even lower if we take the accompanying decrease in
ECS volume fraction into account. Extracellular glutamate levels started to
increase 40 minutes after the application of pilocarpine and reached maximum
values of 22.39 ± 5.85 I-Imol/I after 100 minutes. Subsequently, the extracellular
glutamate levels decreased, reaching control values at the end of the
experiment. The calculated concentrations of glutamate, if an increase in a
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were taken into account, would be lower than the acquired concentrations (Fig .
14 O).
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Fig 14: Time course of exlracellular lactate concentration (A), the lactate/pyruvate ratio (B) , and
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the concentrations of the evaluated metabolites were corrected for changes in ECS
volume and are presented as dashed lines. The injection of pilocarpine is marked by an
arrow (From Slais et al. , 2008).
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4. Discussion:
Diffusion

in

the

extracellular

space

is

an

important

mode

of

communication between brain cells, and many acute pathological processes in
the CNS (i.e . hypoxia, ischemia, seizures, hypoglycaemia), accompanied by
cellular swelling, can affect the diffusion of neuroactive substances. Cellular
swelling during cerebral hypoxia and ischemia has been described earlier by
severa I authors and is mainly a consequence of massive ionic fluxes across the
cell membranes, accompanied by the movement of water, and develops
concomitantly with ionic shifts (McKnight and Leaf, 1977; Hansen and Olsen,
1980, Syková et al, 1994). The swelling occurs quickly after the interruption of
the energy supply, but never before a rise in K+ and changes in pH (Sykova et
al. , 1994).
Before these present investigations, values of the ECS diffusion
parameters

and

values

of

ADC w

obtained

in

the

rat

cortex

under

hypoxie/ischemie conditions have been reported from experiments using a
terminal anoxia model (Van der Toorn et al., 1996; Lundbaek and Hansen,
1992; Sykova et al., 1994). Recently, knowledge of the behaviour of the
extracellular diffusion parameters, ADC w and metabolite levels during and after
transient ischemia and hypoxia has been enhanced (Homola et al. 2006;
Zoremba et al., 2007; Zoremba et al. 2008) . Hypoxia and ischemia of different
degree of severity cause substantial changes in the rat cortex. It has been
shown that a reduction of inspired oxygen to 8%, although a substantial
decrease in oxygen availability, produces no signs of distress in rats, but a
further reduction to :S 7% results in marked restlessness followed by changes in
EEG (Jones et al., 2000) . Additional reduction in cerebral blood flow can
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aggravate the changes and led to substantial changes in extracellular diffusion
parameters , metabolite levels, DC-potentials and extracellular potassium levels.
Therefore, in all experiments the inspiratory oxygen concentrations was set
minimally to 6%, because lower levels result in insufficient circulation due to
myocardial hypoxia. Different degrees of cerebral hypoxia and ischemia were
achieved by modification in cerebral blood flow .

4.1. Extracellular space diffusion parameters
It is well known that during terminal anoxia, the extracellular space
volume decreases to 5-6% of total brain volume

(Voříšek

and Syková, 1997),

which is equivalent to a reduction of 65%-75% from normal values. In the
experiments where the animals were exposed to hypoxia without carotid
clamping a maximum decrease of the extracellular space of 22% at the end of
hypoxia was registered . This hypoxie decrease in ECS volume showed a biphasic time course in which the ECS volume decrease during the late-hypoxic
period occurred simultaneously with a slow, continuous negative DC-shift
without anoxic depolarisation. It is known that negative cortical DC-shifts are
associated with changes in oxygen supply (Lehmenkuhler et al., 1999). It could
be hypothesized that these changes in extracellular space volume were caused
by movements of water between the extra- and intracellular compartment or
across the blood-brain-barrier into the cortical tissue.
ln the experiments in which the severity of hypoxia/ischemia was
increased by unilateral carotid occlusion, a continuous decrease of ex and an
increase of A during the hypoxie/ischemie insult were found. The final values
were not significantly different from those previously found in terminal anoxia

52

(van der Toorn, 1996;

Voříšek

and Syková , 1997). Similarly as during terminal

anoxia, we observed that the changes in ECS diffusion parameters were
accelerated by ischemic depolarization , which usually occurred between 5-10
minutes after the onset of hypoxia/ischemia, suggesting that ionic shifts were
also responsible for the initial cellular swelling also in this model. A similar time
course for the reduction of ECS size, measured by an electrical impedance
technique, was reported by Miyasaka et al. during transient hypoxia/ischemia in
the parietal cortex of 4-week-old rats (Oiao et al., 2002). During reperfusion , the
tortuosity A renormalized within 20 minutes , while ECS volume fraction
increased and remained elevated about 20% above original normoxic values.
This increase in size of ECS corresponds well with findings of increased signals
of T1-weighted images and elevated water content in brain cortex of 4-week-old
rats after a hypoxic-ischemic insult (Oiao et al. 2004). The authors concluded
that changes in T1- but not T2-weighted MRl best serve as indicator of edema
associated with an elevation in water content.
ln the experimental setting with severe ischemia caused by low
inspiratory oxygen content and bilateral carotid occlusion , changes in the
extracellular diffusion parameters initially showed the same time course as
found in the anoxia experiments. In the group with the shorter ischemic period,
the extracellullar diffusion parameter normalized within a short time period .
Thus , it could be suggested that this ischemic disturbance is not severe enough
to cause any changes. During recovery in the group with longer ischemia, a
significant increase in extracellular volume fraction a developed within 40-50
minutes ; a remained elevated about 40-50% above the normoxic values , while
the tortuosity was initially similar to preischemic values, increasing significantly
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at the end of the measurement period. These increase was probably caused by
an increase in extracellular water content. Similar time courses of ECS volume
fraction and tortuosity were observed in the spinal cord during the recovery from
ischemia (Syková et al., 1994).
ln the experiments with cerebral seizure activity, we demonstrated that
changes in the extracellular volume fraction correlate with changes in ADC w ,
similar to the results of a previous study (Syková, et al., 2005). The changes
seen in diffusion-weighted images in cases of epilepsy are similar to those
observed in early cerebral ischemia (Helpern and Huang , 1995). Our results
show that the decrease in ADC w during SE is caused by a decrease in the
volume fraction, without changes in tortuosity, in contrast to findings during
ischemia, where a decrease in ADC w is caused by both a decrease in volume
fraction and an increase in tortuosity (van der Toorn, et al., 1996) . Possible
explanations for this difference are the slower time course of changes in ex and
the fact that the decrease in ex during seizure activity is only moderate (about
30%) in comparison with the 65%-70% reduction in ex seen in experimental
models of ischemia (Homola, et al., 2006; van der Toorn , et al., 1996;

Voříšek

and Syková, 1997). It has also been shown that during increase of extracellular
potassium concentration up to 20 mM, a decrease of ex was registered, while A
stayed unchanged (Sykova et al. , 1994) . During further increase of extracellular
potassium concentration, a further decrease in ex was found, accompanied with
an increase in A. Therefore, a strong correlation between the extracellular
potassium concentration and the extracellular diffusion properties could be
postulated. This is in agreement with the hypothesis that besides excitotoxins
(e.g . glutamate), elevated extracellular potassium concentrations are the most
54
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likely mediators of glial cell swelling and, consequently, of changes in ECS
diffusion parameters (Sykova , 1992; Sykova et al., 1994; Vargova et al. , 2001).
It could be expected that an increase

ln

ECS volume would facilitate

extracellular diffusion, but our results show a small increase in tortuosity,
indicating a diffusion hindrance and an effect on volume transmission . One
reason for this hindered diffusion could be released macromolecules and fixed
surface charges, which affect free diffusion by charge-dependent bond ing or by
van der Waals forces. Increased viscosity impedes molecular movement and is
affected by the size and nature of the diffusing molecules and results in their
hydrodynamic interactions with macromolecules and fixed charges and the
boundaries that define pore structures . Changes in tortuosity A are influenced
by many factors that cannot be presently separated . These factors might
include membrane barriers, myelin sheaths, macromolecules, molecules with
fixed negative surface charges, extracellular space

siz~

and pore geometry. As

a result, A could be changed if certain pathways through the ECS are either
blocked off or opened up (Syková et al., 2000). Many studies have shown that A
and u can change independently during the exposure of brain slices to dextran
(Hrabetova and Nicholson, 2000), during X-irradiation (Syková et al. , 1996) or
during osmotic stress (Krizaj et al. , 1996; Nicholson and Syková , 1998; Chen
and Nicholson, 2000; Kume-Kick, 2002) .
The postischemic time course of changes in the extracellular diffusion
parameters varied systematically, depending on the severity of the ischemie
insult. It has been shown that hypoxia of 30 minutes duration without carotid
occlusion lead to a small decrease of u, followed by a quick normalisation
during recovery (Zoremba et al., 2007). In contrast to these findings , a hypoxia
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of 30 minutes duration with unilateral carotid occlusion caused a decrease in a
followed by an increase during recovery to about 20% above original normoxic
values (Homola et al., 2006). This postischemic increase in ECS volume
fraction was much larger after a more severe ischemia resulting from bicarotid
occlusion. Based on these findings, it could be suggested that besides the
degree and duration of hypoxia, cerebral blood flow influences the extent of the
damage.

4.2. Microdialysis
Microdialysis offers the possibility of obtaining local information on
energy metabolism and extracellular metabolite levels in vivo in any tissue by
introducing a probe directly into the region of interest (Ungerstedt, 1991;
Valtysson et al., 1998). In our studies, the microdialysis results were evaluated
in relation to the extracellular diffusion parameters to take into account the
volume effects on extracellular metabolite concentrations. The onset of hypoxia
and seizure activity was accompanied by a significant increase in extracellular
lactate concentration. In the experiments with a more severe ischemie insult
(unilateral carotid occlusion, 6% 02), a steeper increase in extracellular lactate
concentration was found immediately after the onset of ischemia. The large
immediate increase in lactate levels is similar to that reported in previous
studies (Harada et al., 1992; Ronne-Engstrom et al., 1995; Jones et al., 2000).
It is well known that the hypoxie elevation of lactate is accompanied by an
increase in cerebral blood flow, an increase in glucose uptake and an
unchanged rate of oxygen consumption (Hamer et al., 1976; Cohen et al.,
1967).
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These findings suggest that the increase in lactate concentration is due
to an increase in the rate of glycolysis during hypoxia. Extracellular lactate is
likely to be derived from glycolysis in both neurones and astrocytes and to
reach the extracellular fluid by the action of highly active lactate transporters
(Koehler-Stec et al., 1998). After reoxygenationlreperfusion and after reaching
maximum seizure activity, elevated lactate levels recovered to pre-ischemic
values. This normalisation must represent uptake and utilisation of lactate by
neurones and astrocytes , because no significant transport of lactate across the
blood-brain barrier has been found in other studies (Kuhr et al., 1988; Harada et
al. , 1992). In the past decades, lactate has been considered a dead-end waste
product of anaerobic glycolysis , contributing to acidosis and tissue damage.
Recent studies, however, have shown that lactate can be utilized by neurons as
an energy source during aerobic conditions (Bouzier-Sore et al., 2003) and can
even support neuronal survival and function during glucose deprivation in
organotypic hippocampal slice cultures (Cater et al. , 2001). Another study
demonstrated a beneficial effect of lactate during the initial phase of reperfusion
(Cater et al., 2003) . This finding of Cater and colleagues supports studies
suggesting that lactate is used as a preferred substrate for the immediate
restoration of neuronal ATP after hypoxia (Schurr et al., 1997). In the
experiments involving unilateral carotid occlusion , a decrease in extracellular
lactate concentration occured , reaching control values within 90 minutes of
reoxygenation. This indicates a return to a sufficient oxygen supply and the
uptake of lactate, possibly by neurons.
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Besides the lactate level as a marker for anaerobic metabolism, the
tissue-specific LIP ratio is an excellent indicator of cellular hypoxia, because it is
correlated closely with the redox potential (Cabrera et al., 1999; Magnoni et al.,
2003). As a marker of anaerobic metabolism, the tissue-specific LIP ratio
increased steeply during hypoxia/ischemia, indicating a reversal of the cytosolic
redox potential and a switch to anaerobic glycolysis. Another advantage of the
LIP ratio is that it is probably not influenced by alterations of the in vivo probe
recovery (Persson and Hillered, 1992). In these studies a steep increase in the
LIP ratio during hypoxia/ischemia as well as during seizure activity was found,
which reflects the fact that the cytosolic redox condition switched from aerobic
to anaerobic glycolysis. During recovery from hypoxia/ischemia and after
passing the maximum degree of seizure activity, a steep decrease in the LIP
ratio indicated a return to the aerobic pathway of energy production. These
results show that the metabolic enzymes and their related cellular components
(e.g. mitochondria) may tolerate longer hypoxic periods without any serious
damage. Despite a number of studies showing that lactate and ketone bodies
are used for energy supply, particularly for neurons, glucose stili plays an
essential role in brain metabolism (Pellerin et al., 2004).
The concentration of glucose in the ECF is a balance between supply
from the blood and utilization by the cells, and possibly both mechanisms are
involved in the decrease seen during hypoxia/ischemia in these experiments.
During hypoxia, a fast decrease in glucose levels was found in the experiments,
similar to the findings of Silver and Erecinska (1994) using an implanted
glucose sensor. A possible explanation for this drop in extracellular glucose
could be the increased uptake and utilisation by glycolysis found during hypoxia
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(Hamer et al., 1976; Fray et al., 1997). Increased glycolysis results in the
consumption of glucose and the production of lactate, which is transported into
the extracellular space. This hypothesis is supported by the correlation seen in
our results between a decrease in glucose and an increase in lactate levels. In
the recovery from hypoxia, a normalisation of extracellular glucose levels occurs
within 20 minutes, indicating on the one hand a quick normalisation in the
uptake and utilisation by the cells and on the other hand a sufficient supply from
the blood. In the recovery from severe ischemia (unilateral carotid occlusion)
the glucose concentration returned to initial values within 20 minutes and then
slightly decreased again. This small drop is probably caused by a dilution effect
of vasogenic edema. The time course of changes in extracellular glucose levels
during seizure activity was different and initially showed a small increase.
Similar results were found in the rat striatum after maximal electroschocks
(Darbin et al., 2005). The ECS volume fraction is possibly a factor contributing
to the transient increase in glucose concentration. However, as seizures
continue, high cerebral metabolic rates (Fernandes et al., 1999) caused by
increased uptake and glycolysis during increased neuronal activity during the
seizure (Fray et al., 1997) could be the cause of the subsequent decrease in
glucose concentration starting one hour after pilocarpine administration and
continuing until the end of our experiments.
ln

the

hypoxia

experiments,

changes

ln

extracellular

glutamate

concentration occurred in the late hypoxic and early reoxygenation phases. It
has been shown that hypoxia-induced anoxic depolarisation can be delayed at
least up to 60 minutes and that during this time a hypoxic transient hypoxic
extracellular glutamate increase is seen, derived from the Ca 2 + dependent
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neurotransmitter pool (Kunimatsu et al., 1999; Katayama et al., 1991). The
inhibition of the reversed action of Ca 2 + transporters such as the Na +/Ca 2 +exchanger or Ca 2 +/H+ -ATPase might constitute a source of cellular Ca 2 +
accumulation during hypoxia (Blaustein and Lederer, 1999; Kulik et al., 2000). It
seems that an increase in cellular Ca 2 + occurs during hypoxia until criticallevels
are reached. The consequence is a glutamate release, which is initiated at the
end of the hypoxie period and proceed in the early posthypoxic period. Based
on the time course of changes in extracellular volume fraction ex, it can be
hypothesized that a massive glutamate release occur after 30 minutes of
hypoxia. This release elevated the concentration of glutamate in the sample
which was collected in the last 10 minutes of hypoxia only to a minor degree.
The main effect of the glutamate release at the end of hypoxia was found in the
first postischemic sample. Thus, it appears that a considerable release of
glutamate at the beginning of the first postischemic collection period caused a
large increase of glutamate levels in the first postischemic sample, which was
collected over a time period of 10 minutes. During reoxygenation, glutamate
levels recovered to basal values, indicating a sufficient reuptake by astrocytes.
ln the ischemia experiments with unilateral carotid occlusion, the concentration
of glutamate in the ECF started to increase soon after the onset of
hypoxia/ischemia and continued to increase to a level 10-fold above control
values at the end of the insult. If the concomitant reduction in ECS volume
fraction is taken into account, the actual glutamate concentration would be
about 50% lower. The activation of glutamate receptors may result in rapid
cellular swelling (Hansson, 1994). However, only verv high concentrations (10-2
M) have been shown to cause a substantial decrease in the ECS volume in the
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isolated spinal cord of rat pups under normoxic conditions (Vargova et al.,
2001). Because such concentrations are not achieved even under pathological
conditions, it was suggested that glutamate-induced astrocytic swelling in vivo
could be indirect and mediated by glutamate's effects on neuronal cells , such
as increases in the extracellular potassium concentration promoted by neuronal
depolarization (Kimelberg, 2005) . Increases in the extracellular concentration of
glutamate during brain ischemia and the excessive activation of its receptors is
believed to be a major cause of ischemia-related neuronal injury (Benveniste et
al'., 1984).

4.3. Diffusion weighted MRl
Although a substantial amount of data obtained by DWI-MRI exists on
extra- and intracellular diffusion in areas affected by an ischemic/hypoxic insult,
the absolute values of the extracellular diffusion parameters measured in the
brain cortex during recovery from severe ischemia have not been available. In
our severe ischemia experiments, the increase in ECS volume fraction after
reperfusion correlated well with changes in the ADC of brain water. The values
of ADC w obtained 60 and 90 min after reperfusion were significantly elevated,
suggesting an increased amount of water in the ECS , where ADC w was
reported to be higher, compared to the intracellular compartment (Van Zijl et al.,
1991). A correction of orientational dependence was not made , because it was
shown in previous studies that there is no significant anisotropy in this part of
the rat brain

(Voříšek

and Syková, 1997). In an earlier study a full recovery of

the diffusion constant of brain water was found after 12 minutes of incomplete
global ischemia (Davis et al., 1994). The results are comparable with the results
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in the 10 minute ischemia group. In contrast to this study, we also performed
measurements during and after an ischemia of 15 minutes duration, i.e. , a more
severe ischemie insult. During recovery from this longer-Iasting global ischemia ,
a significant increase in extracellular volume fraction developed within 60
minutes, probably caused by an increase in extracellular water content. The
increase in ECS volume fraction after reperfusion correlates well with changes
in the cortical ADC w . These findings support the hypothesis that in the recovery
from severe ischemia, a cerebral vasogenic edema develops.
Using an experimental model of pilocarpine-induced seizure activity,
different results were found because during seizure activity a decrease in ADC w
was observed. Similar results have been seen in previous studies (van Eijsden,
et al., 2004, Wall, et al., 2000). The changes that have been seen in ADC w , in
combination with a decrease in the extracellular volume fraction, can be
explained by a reduction in the size of the ECS due to cellular swelling. The
changes seen in diffusion-weighted images in cases of epilepsy are similar to
those observed in early cerebral ischemia (Helpern and Huang, 1995).
DW-MRI , a non-invasive method to determine A and the diffusion
coefficient of water, can be used without known complications in humans.
These parameters describe diffusion in the brain, but without knowledge of the
extracellular diffusion

properties measured with

the

TMA method,

the

interpretation of the registered changes could be misleading. Therefore, a
combination of both of these methods allows a satisfactory description and
interpretation of the changes in the diffusion properties in the brain cortex after
ischemie/hypoxie events .
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4.4. Extracellular potassium concentration and DC-potentials
Hypoxic and ischemic periods can affect the extracellular potassium
concentrations and cortical DC-potentials (Lehmenkuhler et al., 1999). In the
experiments during hypoxia without carotid clamping, a late-hypoxic continuous
negative DC-shift was registered. This indicates changes due to a disturbance
in oxygen supply,

but not severe enough to evoke a cortical anoxic

depolarisation. Anoxic depolarisation was found in the ischemia experiments
with bilateral carotid clamping. In comparing the DC-potentials, a longer
recovery period was necessary in animals subjected to an ischemia of 15
minutes. During ischemia an increase in extracellular potassium levels up to 70
mM was registered, while recovery in both groups was comparable within a few
minutes. These findings indicate that the cellular energy state is affected in the
same way in both groups, but that the intercellular integrity due to neurotoxicity
was more affected in the group that underwent a longer ischemia. It is well
known that after ischemia, functional damage of the blood -brain barrier occurs
(Qiao et al., 2001) and the hypoxic-ischemic insult initiates a series of events
that leads to the disruption of tight junctions and increased permeability
mediated by cytokines, VEGF and NO (Ballabh et al., 2004) . Due to increased
permeability, reperfusion may lead to an early postischemic increase in cerebral
water content and to the formation of cortical edema of "vasogenic" origin
(Papadopoulos et al., 2005) . These changes could also additionally be caused
by elevated postischemic tissue osmolarity (Gisselson et al., 1992) or by
postischemic shrinkage of nerve cells. It is evident that an ischemia of 10
minutes duration is too short to initiate a cascade of events that lead to a
disr~ption

of the blood-brain barrier and the development of vasogenic edema .
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This hypothesis is supported by the different time courses of the DC-potential
recovery seen in the two groups.
During seizure activity extracellular potassium concentrations increased
markedly. It has been shown in previous studies , that experimental convulsions
increase extracellular potassium concentrations due to prolonged neuronal
depolarization (Macias et al., 2001) . Increased metabolism during a seizure
causes a depletion of adenosine triphosphate and energy reserves at its later
stage . Consequently, this results in impaired ion exchange pump functions and
increased membrane ion permeability of the cells , leading to an increase in
extracellular potassium concentrations and the accumulation of intracellular
Ca 2 + (Wasterlain, et al., 1993). Accompanied by an increase in extracellular
potassium concentrations, cellular swelling occurs . These findings support the
MRl results , in which we found a decrease in ADC w duringseizure activity. A
dependence of changes in a caused by cellular swelling on changes in the
extracellular potassium concentration can also be seen in these results , and a
normalization of elevated extracellular potassium concentration leads to a quick
normalization of a to control values.
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5. Concl usions
Cerebral edema with subsequent brain swelling is the most life
threatening consequence of a focal ischemie insult to the brain and can occur in
the presence of an intact blood-brain barrier or as a consequence of barrier
disruption (Betz et al., 1989). In these studies, a correlation between the
severity of the hypoxie or ischemie insult and the development of a brain edema
of vasogenic origin could be demonstrated. This increase in extracellular water
content caused by a vasogenic edema in turn causes changes in the diffusion
properties of the tissue.
ln detail, our findings suggest that the extracellular microenvironment of
the cerebral cortex may tolerate 30 minutes of hypoxia and that changes
occurring during this period can subsequently recover to preischemic values.
These results support the clinical observation that young adult patients with
hypoxia, caused

by acute lung failure or difficult or prolonged airway

management during the induction of anaesthesia, can recover without any
obvious neurological changes. In more severe hypoxie/ischemie conditions, due
to unilateral or bilateral carotic artery occlusion, similar changes in the ECS
diffusion parameters occur as found during global anoxia. The observed
reduction in ECS volume, reflecting cytotoxic edema, correlates well with the
time course of the elevation in extracellular glutamate concentration.
We

have

also

shown

the

impact of the

ECS

volume

on

the

concentrations of substances diffusing through the ECS, evidencing to what
degree ECS shrinkage contributes to the increased concentrations of toxic
metabolites. After ischemia/hypoxia the ECS volume fraction recovers and
increases to values 50% above the starting level. The changes in the other
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diffusion parameters indicate that an edema of vasogenic origin develops. The
postischemic/posthypoxic changes in the extracellular diffusion parameters may
affect the diffusion of various substances (ions, neurotransmitters, metabolites
and drugs) to the affected region . Our results show that after ischemia of 15
minutes or longer, the observed changes in the ECS diffusion parameters are
not reversible within 90 minutes and result in long-Iasting and severe edema
and perhaps permanent damage. In experiments with pathologically increased
neuronal activity induced by pilocarpine, seizure causes cell swelling followed
by a reduction in the ECS volume fraction, which can contribute to the
accumulation of toxic metabolites and lead to the start of epileptic discharges.
These changes, based on an increased consumption of oxygen and other
substrates, are similar to those found in hypoxia/ischemia .
Diffusion in the ECS is the underlying mechanism of extrasynaptic
volume transmission and intercellular, particularly neuron-glia communication
(Syková, 1997). We can thus assume that the observed changes in the diffusion
properties of the ECS affe ct the diffusion of ions, neurotransmitters and
metabolic substances, as well as various drugs used in the therapy of nervous
system diseases. These changes in diffusion may persist for a long period after
an ischemie episode and affect nonsynaptic volume transmission in the CNS.
Studies at longer ischemie and postischemic periods are needed to determine
the crucial point beyond which the effects are irreversible.
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6.Summary:
The

extracellular

space

(ECS)

of

the

brain

represents

the

microenvironment of nerve cells and enables the diffusion of neuroactive
substances among neurons, axons and glia . Changes in the ECS diffusion
parameters during ischemia are well known , but information about changes in
ECS diffusion and energy-related metabolite concentrations in the postischemic
and posthypoxic period s is insufficient.
Postischemic and posthypoxic diffusion changes were studied in the rat
somatosensory cortex in different experimental models. In one model a
transient global hypoxia of 30 minutes duration was induced in adult male
Wistar rats by reducing inspired oxygen to 6% O 2 in nitrogen. Intracerebral
microdialysis was utilized to monitor changes in the energy-related metabolites
lactate, pyruvate, glucose and glutamate in the cortex before , during and after
global hypoxia . Changes in metabolite levels were compared with the ECS
diffusion parameters volume fraction (a ) and tortuosity (A) , determined by the
real-time iontophoretic method of diffusion analysis . In other models, transient
ischemia was induced in rats by unilateral common carotid artery clamping for

30 minutes or by bilateral clamping for 10 or 15 minutes and concomitant
ventilation with 6% 02 in nitrogen. Volume fraction and tortuosity were
measured using the TIVlA+ method, and diffusion-weighted magnetic resonance
imaging (DW-MRI) was used to determine the apparent diffusion coefficient of
water (ADC w) in the tissue. In a model of elevated oxygen consumption , seizure
activity was evoked by an injection of pilocarpine .
ln the hypoxia experiments , a decreased by about 5% from 0.18 ± 0,01
during the first 20-25 minutes of hypoxia, followed by a further drop of 22% to

68

0.14 ± 0.01 after 25 minutes. Within 10 minutes of reoxygenation, a returned to
control values, then increased to 0.20 ± 0.01 and remained at this level.
Significant increases in lactate concentration and the lactate/pyruvate ratio, as
well as decreased glucose levels , were found in the cortex immediately after the
induction of hypoxia. Following recovery, extracellular lactate and glucose levels
and the lactate/pyruvate ratio returned to control levels within 40 , 20 and 30
minutes, respectively . Glutamate levels started to increase 20-30 minutes after
the onset of hypoxia and returned to prehypoxic values within 30-40 minutes of
reoxygenation . The observed 22% decrease in a markedly influenced the
dialysate levels measured during hypoxia.
The results from the ischemia experiments were different. Unilateral
carotid artery occlusion led to a decrease in a from 0.19 ± 0.03 to 0.07 ± 0.01
and an increase in A from 1.57 ± 0.01 to 1.88 ± 0.03. During reperfusion, a
returned to control values within 20 minutes and then increased to 0.23 ± 0.01,
while A only returned to control values (1 .53 ± 0.06). The concentrations of
lactate and glutamate, and the lactate/pyruvate ratio , substantially increased
during ischemia , followed by continuous recovery during reperfusion. The
glucose concentration decreased rapidly during ischemia with a subsequent
return to control values within 20 minutes of reperfusion . Using bilateral carotid
artery occlusion, in both the 10 minutes group and the 15 minutes group a
negative DC-shift accompanied by increased potassium levels occured after 1-2
minutes of ischemia, then recovered to preischemic values within 3-5 minutes of
reperfusion. During ischemia, a decreased to 0.07 ± 0.01 in both groups , while
A increased to 1.80 ± 0.02 . In the group of 10 minutes ischemia , normal values
of a =0 .20 ± 0.01 and A=1 .55 ± 0.01 were registered within 5-10 minutes of
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reperfusion . ADC w recovered within 60 minutes to preischemic values (597 ± 14
~m2s-1 preischemic vs. 608

±8

~m2s-1 postischemic) and remained at this leve!.

After 15 minutes of ischemia, a increased within 40-50 minutes of reperfusion to
0.29 ± 0.03 and remained at this leve!. A increased to 1.81 ± 0.02 during
ischemia, recovered within 5-10 minutes of reperfusion and increased to 1.62

±

0.01 at the end of the experiment. ADC w increased within 60 minutes after
ischemia to 665 ± 15 ~m2s-1 and stayed at this level during the postischemic
measurement period of 90 minutes.
During elevated oxygen consumption due to seizure activity, a and ADC w
decreased to minimums of 0.13 ± 0.01 and 549 ± ~ ~m2s-1 after 100 minutes,
then recovered to 0.18 ± 0.01 and 603 ± 11 ~m2s-1 at the end of the recording
period, respectively. No significant changes in A were observed during the time
course

of

the

experiment.

The

basal

cortical

levels

of

lactate,

the

lactate/pyruvate ratio, glucose and glutamate were 0.61 ± 0.05 mmol/l, 33.16 ±
4.26, 2.42 ± 0.13 mmol/I and 6.55 ± 1.31

~mol/l,

respectively. Pilocarpine

application led to a rise in lactate, the lactate/pyruvate ratio and glutamate
levels, reaching 2.92 ± 0.60 mmol/l, 84 .80 ± 11 .72 and 22.39 ± 5.85

~mol/I

within about 100 minutes, then recovered to starting values by the end of the
experiment. The time course of changes in glucose levels was different, with
maximal levels of 3.49 ± 0.24 mmol/I reached 40 minutes after pilocarpine
injection, while a subsequent decrease to 1.25 ± 0.40 mmol/I was observed 200
minutes later. Pathologically increased neuronal activity induced by pilocarpine
causes cell swelling followed by a reduction in the ECS volume fraction, which
can contribute to the accumulation of toxic metabolites and lead to the start of
epileptic discharges.
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The data represent in vivo changes in the cortical extracellular diffusion
parameters during recovery from transient hypoxia/ischemia of different
degrees and causes. The observed substantial changes in the extracellular
diffusion parameters and ADC w affect the diffusion of ions, neurotransmitters,
metabolic substances and drugs used in the treatment of nervous system
diseases. Additionally, extracellular decreases in substrates and increases in
metabolite levels during and after ischemie/hypoxie events may affect the
function of neuronal structures and the ionic balance of the microenvironment.
ln conclusion , the observed changes may aggravate functional deficits and lead
to damage of the central nervous system.
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Extracellular diffusion parameters in the rat
somatosensory cortex during recovery from
transient global ischemia/hypoxia
Norbert Zorernba \ Aleš Hornola 2 .3 , Karel Šlais'\ Ivan Voříšek 2 • 3 , Rolf Rossaint1,
Alfred Lehrnenkuhler 4 and Eva Syková 2 . 3
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Changes in the extracellular space diffusion parameters during ischemia are well known, but
information about changes during the postischemic period is lacking. Extracellular volume fraction
(oc) and tortuosity (l) were determined in the rat somatosensory cortex using the real-time
iontophoretic method; diffusion-weighted magnetic resonance imaging was used to determine the
apparent diffusion coefficient of water. Transient ischemia was induced by bilateral common carotid
artery clamping for 10 or 15 mins and concomitant ventilation with 6% O 2 in N2 • In both ischemia
groups, a negative DC shift accompanied by increased potassium levels occurred after 1 to 2 mins
of ischemia and recovered to preischemic values within 3 to 5 mins of reperfusion. During ischemia
of 10 mins duration, IX typically decreased to 0.07 ± 0.01, whereas l increased to 1.80 ± 0.02. In this
group, normal values of IX 0.20 ± 0.01 and ). 1.55 ± 0.01 were registered within 5 to 10 mins of
reperfusion. After 15 mins of ischemia, IX increased within 40 to 50 mins of reperfusion to 0.29 ± 0.03
and remained at this level. Tortuosity (l) increased to 1.81 ± 0.02 during ischemia, recovered within 5
to 10 mins of reperfusion, and was increased to 1.62 ± 0.01 at the end of the experiment. The
observed changes can affect the diffusion of ions, neurotransmitters, metabolic substances, and
drugs in the nervous system.
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Introduction
The extrace l\ular space (ECS) represents the
microenvironment of nerve cells and serves as an
important communication channel (Nicholson,
1979; Syková, 199Z). The movement of substances
in this microenvironment by diffusion is essential
for extrasynaptic or 'volume' transmission among
neurons , axons, and glia (Fuxe and Agnati, 1991;
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Zoh et al, 1999; Nicholson and Syková , 1998;
Syková , Z004). Diffusion in the ECS is also essential
for the delivery of oxygen and glucose from the
vascular system to brain cells (Nicholson, ZOOl).
Norma} brain function depends on a continuous
supply of oxygen and glucose to maintain the
extracellular/intracellular ionic distribution and to
enable synaptic as well as extrasynaptic transmission. Even short periods of ischemia result in a loss
of function and changes in the brain microenvironment. It has been repeatedly shown in vivo (Van
Harreveld and Ochs, 1956; Han sen and Olsen, 1980;
Rice and Nicholson, 1991; Lundbaek and Hansen,
199Z; Katayama et ol, 199Z; Syková et ol, 1994;
Syková, 1997; Voříšek and Syková, 1997a, b) as well
as in vitro (Ames and Nesbett, 1983; Pérez-Pinzón
et 01,1995) that the ECS of the brain shrinks during
global ischemia. This shrinkage is caused by the
movement of water from the ECS into the cells,
which is accompanied by rapid cellular swelling.

•

•
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The reason for this water movement is an influx of
sodium and chloride ions across the cell membranes. The persistent increase of intracellular
sodium chloride leads to a reversal of the sodium
chloride gradient such that the intracellular sodium
chloride concentration may exceed the extracellular
levels (Hansen . 1985; Somjen. 2002). Additionally.
the swelling of astrocytes under excitotoxic concentrations of glutamate in conjunction with potassium
uptake is well known (Somjen . 2002; Kimelberg.
2005). The ECS of the brain decreases to 5% to 6% of
the total tissue volume during anoxia (Voříšek and
Syková . 1997a. bl. which is equivalent to a reduction
of 65% to 80% from preischemic values.
Diffusion of neuroactive substances in the ECS is
influenced by the width of the extracellular clefts.
presence of membranes. fine neuronal and glial
processes, macromolecules of the extracellular matrix, charged molecules , and cellular uptake (Syková
et al, 2000; Hrabetova and Nicholson, 2000; Syková,
2004). In contrast to a free medium. diffusion in the
ECS can only be satisfactorily described by a
modified version of Fick's law, if volume fraction,
tortuosity, and nonspecific uptake are taken into
account (Nicholson and Phillips. 1981; Nicholson ,
1992). Volume fraction (cd is the proportion of the
tissue volume occupied by the ECS, whereas
tortuosity (A) describes the increased path length of
diffusing molecules in a complex medium. The
diffusion parameters of the ECS and their dynamic
changes can be determined using real-time iontophoretic method. This method uses the iontophoretic application of tetramethylammonium (TMA +)
and TMA + -selective microelectrodes to record concentration-time profiles of TMA + in the ECS
(Nicholson and Phillips, 1981). Diffusion-weighted
magnetic resonance imaging (DW-MRI) is a noninvasive method to determine the apparent diffusion coefficient of water. It has been used to show a
shift of water between the in tra- and extracellular
compartments after various types of brain injury
in animals as well as in humans (Le Bihan and
Basser, 1995).
Th e aim of the present study was to quantify the
changes in ECS diffusion parameters during recovery from transient ischemia by TMA + -diffusion and
MRl measurements and to compare their time
courses. The data were correlated with DC-potential
recordings and measurements of extracellular potassium levels. To tbe best of our knowledge, this is
the first evaluation of the diffusion parameters of the
ECS during recovery from transient ischemia in a
low cerebral blood flow model of bilateral carotid
artery occlusion.

Materials and methods
Animal Preparation
Three-month-old male Wistar rats (300 to 350 g) were
anesthetized by an intraperitoneal injection of urethane
lournal ol Cere bral Blood Flow & Melabolism (2008) 28. 1665-1673

(1 .5 g/kg body weight; Sigma-Aldrich Chemie CmbH .
Steinheim, Cermany). tracheotomized. relaxed with suxamethonium chloride (20 mg/kg per h; Lysthenon,
NycoMED Pharma . Vienna , A ustria). and ventilated
mechanically with oxygen. Their body temperature was
maintained at 37°C by a heating pad . Transient ischemia
was induced by bilateral common carotid arterial damping for 10 mins (n =5) or 15 mins (n =6), and by reducing
the inspired oxygen concentration to 6% in 94% nitrogen.
After releasing the damps. the animals were ventilated
with pure oxygen . The head of the rat was fixed in a
stereotaxic holder. and the somatosensory neocortex was
partially exposed by a burr hole that was 2 to 3 mm caudal
from the bregma and 3 to 4 mm lateral from the midline .
When the dura was removed, the surface of the brain was
continuously bathed in a warm solution (36 °C to 37°C)
containing 1 mmol/L TMA . 150 mmol/L NaCl. and
3 mmol/L KCI. AU measurements were done in the
somatosensory cortex at a depth of 1,200 to l ,500,um from
the cortical surface (cortical layer V; Lehmenkiihler et ol,
1993). For DW-MRI measurements (n =6 in each group),
the animals were placed in a heated MR-compatible cradle
and their heads fitted in a built-in head hol der.
The experiments were performed in accordance with
the European Communities Council Directive of 24
November 1986 (86/609/EEC). All efforts were made
to minimize both the suffering and the number of
animals used.

Measurement of Extracellular Space Diffusion
Parameters
The ECS diffusion parameters were studied by real-time
iontophoretic method, described in detail previousl y
(Nicholson and Phillips , 1981 ; Lehmenkiihler et ol,
1993; Syková et 01, 1994) . Briefly, an extracellular marker
that is restricted to the extracellular compartment is
used, such as tetramethylammonium ion s (TMA +,
MW = 74 .1 Da), to which cell membranes are relatively
impermeable. TMA + is administered into the ECS by
iontophoresis, and the concentration of TMA + measured
in the ECS using a TMA +-ion-selective microelectrode
(15M) is inversely proportional to the ECS volume.
Double-barreled TMA +-ISMs were prepared by a procedure described in detail previously (Syková , 1992). The
tip of the ion-sensitive barrel was filled with a liquid ion
exchanger (Corning 477317); the rest of the barrel was
backfilled with 150 mmol/L TMA + chloride . The reference
barrel contained 150 mmol/L NaCI. The TMA · -ISMs were
calibrated in 0.01, 0.03, 0.1, 0.3 , 1.0, 3.0, and 10.0mmol/L
TMA" in a background of 3 mmol/L KCl and 150 mmol/L
NaCI. Calibration data were fitted to the Nikolsky equation
(Nicholson and Phillips , 1981). The shank of the iontophoretic pipette was bent so that it could be aligned
parallel to that of the ISM and was backfilled with
150 mmol/L TMA + chloride. An electrode array was made
by gluing a TMA +-ISM to an iontophoretic micropipette
with a tip separation of 100 to 200,um. The iontophoresis
parameters were + 20 nA bias current (continuously
applied to maintain a constant electrode transport
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numberl. with a + 180 nA current step of 60 sec s
duration. to generate the diffusion curve. TMA + was
administered at regular intervals of 5 mins. Before tissue
measurements. diffusion curves were first recorded
in 0.3% agar (Difco. Detroit. MI. USA) disso!ved in a
so!ution containing 150 mmollL NaCI , 3 mmollL KCI . and
1 mmollL TMACI. In agar, Cl and A are by definition set to 1
and nonspecific uptake k' to O (free-diffusion values). The
diffusion curves were analyzed to obtain the electrode
transport number (n) and free-TMA +-diffusion coefficient
(D) by curve-fitting. according to a diffusion equation
using the VOLTORO program (Nicholson and Phillips.
1981). Diffusion curves were then recorded in the
somatosensory cortex at depths of 1,200 to 1.500/lm.
Knowing n and D, the values of Cl, A, and k' can be obtained
from the recorded diffusion curves as described by
Nicholson and Phillips (1981).

Diffusion-Weighted Magnetic Resonance Imaging
The DW-MRI measurements were performed using an
experimental MR spectrometer BIOSPEC 4.7 T system
(Bruker, Ettlingen, Cermany) equipped with a 200 mT/m
gradient system (190/ls rise time) and a homemade head
surface coil. We acquired a sequence of T 2-weighted
sagittal images to position coronal slices. For DW
measurements, four coronal slices were selected (thickness = 1.0 mm, interslice distance = 1.5 mm . field of view =
3.2 x 3.2 cm 2. matrix size = 256 x 128). Diffusion weighting
serves to increase the contrast in T 2-weighted images for
water diffusion. The b-factor denotes the strength of
diffusion weighting. Acquiring at least two DW images
with different b-factors allows for the determination of
the apparent diffusion coefficient of water (ADCw )' The
DW images from each slice were acquired using a
stimulated echo sequence with the following parameters:
b-factors=75. 499. 1.235, and 1.731secs/mm 2, L\=30ms,
TE=46ms, TR=1.200ms. Diffusion weighting is accomplished by applying a gradient magnetic field; in our
measurements the gradient pointed along the rostrocaudal
direction, and , therefore. ADCw was measured in this
direction. Maps of ADCw were caJculated using the linear
least-squares method and analyzed using ImageJ software
(W. Rasband. NIH. USA). The evaluated regions of interest
were positioned using a rat brain atlas (Paxinos and
Watson. 1998) and T 2-weighted images in both the left and
right bemispheres. The minima! area of an individua!
region of interest was 2.5 mm 2. In each animal, we
analyzed four corona! slices from the interval between
0.1 mm frontal to bregma and 5.6mm caudal to bregma.
The resulting eight values of ADCw (two regions of interest
per slice. four slices/rat) were averaged to obtain a single
representative value for comparison to other rats. The
reproducibility of the ADCw measurements was verified by
means of five diffusion phantoms placed on the top of a
raťs head. The phantoms were made from glass tubes
(inner diameter = 2.3 mm, glass type: KS80; Ruckl Class .
Nizbor, Czech Republic) filled with pure (99%) substances
having different diffusion coefficients. The substances
were l-octanol . n-undecane (Sigma Aldrich. Steinheim.

Cermany), isopropyl alcohol. n-butanol. and tert-butanol
(Penta. Prague, Czech Republic). The temperature of
the phantoms was maintained at a constant 37°C. The
average diffusion coefficient for each compound
was determined at the same time as the experimental
measurements of each group of rats and compared with
the average diffusion coefficient of the same compound
measured in conjunction with the measurements of the
other groups of rats.

Measurement or DC Potentials and Extracellular
K + Concentrations
The registration of cortical DC potentials is a powerful
method to monitor the dynamics of sensory and cognitive
processing in the brain under normal conditions and in
the course of centra! nervou s system disorders. DC
potentials from the cortical surface were recorded by
microelectrodes filled with 150 mmol/L NaCI. placed in
the cortex. and connected to a high impedance buffer
amplifier with Ag/ AgCI wires . The common reference
electrode was positioned on the nasal bone (Lehmenkuhler
et aj, 1999). The signal was amplified and transferred to a
PC using a Lab Trax acquisition system (World Precision
Instruments Inc., Sarasota. FL, USA). The extracellular
potassium concentration was measured by doublebarreled K+ -sensitive microelectrodes. as described in
detail elsewhere (Syková et 01,1994). Briefly. the tip of the
K +-selective barrel of the microelectrode was filled with
the liquid ion-exchanger Corning 477317 and back-filled
with 0.5 mollL KCI . whereas the reference barrel contained 150 mmollL NaCI. Electrodes were calibrated in a
sequence of so!utions containing 2, 4, 8, 16. 32, and
64mmol/L KCI, with a background ofeither 151,149,145 .
137, 121 , or 89mmol/L NaCI to keep tbe ionic strength
of the solution constant. The data were fitted to
Nikolsky equation to determine the electrode slope and
interference. Based on these electrode characteristics.
the measured voltage was converted to extracellular
concentrations.

Statistical Analysis
The results of the experiments are expressed as mean ±
s.e.m. StatisticaJ anaJysis of the differences within and
between groups was performed using a two-tailed
Mann-Whitney test (InStat; CraphPad Software. San Diego.
CA. USA). Values of P<0.05 were considered significant.

Results
Extracellular Diffusion Parameters

The EeS diffusion parameters were recorded in
corticallayer IVor V (at depths of 1,200 to 1,500 /lm)
of the somatosensory cortex before and after 10
or 15 mins of ischemia. The mean valu es of extracellular vol ume fraction, CJ., and tortuosity, J.., during
normoxia were similar in both ischemia groups
Journal of Cere bral Blood Flow 8. Me!abolism (2008) 28,1665-1673
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(er:=0.19±0.01 , A=1.55±0.01 and er:=0.19±0.01,
A= 1.55 ± 0.02) and comparable to the val ues found
in previous Ín vivo studies (Nicholson and Phillips,
1981; Lehmenkuhler et aJ, 1993; Voříšek and
Syková , 1997a , b; Mazel et aJ, 2002). During ischemia, er: decreased to 0.07 ± 0.01 in both groups,
whereas A increased to 1.80 ± 0.02 and 1.81 ± 0.02
in the 10 and 15 rnins ischemia groups, respectively.
After releasing the clamps and reoxygenation in the
rats subjected to 10 mins of ischemia , recovery to
preischemic values of er: = 0.21 ± 0.01 were found
after 15 to 20 mins of reperfusion; the values then
remained stable during the entire measurement
period of 90 mins. After ischemia of 15 mins
duration, er: recovered within 10 to 15 mins of
reperfusion, but then increased substantially within
a further 30 to 40 mins up to 0.29 ± 0.03 and
remained elevated during the postischemic measurement period of 90 mins. This indicates an ECS
enlargement of 40% to 50% in the somatosensory
cortex of rats subjected to longer (15 mins) ischemia.
(see Figure 1, Table 1). The statistical difference
between the pre- and postischemic values of er: was
extremely significant (0.19 ± 0.01 versus 0.29 ± 0.03,
P< 0.001). Typical diffusion curves recorded before
and 60 mins after ischemia of 10 or 15 mins are
shown in Figure 2.
In both groups, preischemic values of A were
observed after 5 to 10 mins of reperfusion (10 mins
ischemia:
), = 1.57 ± 0.04;
15 mins
ischemia:
). = 1.56 ± 0.04) . In the group subjected to 10 mins
ischemia, A remained stable at this level. In the
group subjected to 15 mins ischemia, a marginally
significant increase in }, to 1.62 ± 0.01 was found at
the end of our measurement period. The time
course of }, after ischemia in both groups is shown
in Figure 1.

Magnetic Resonance Imaging Measurements

Diffusion-weighted
MRl
measurements
of
ADCw were performed bilaterally in the primary
somatosensory
cortex and
showed
similar
preischemic values in both groups (597 ± 14 versus
594 ± 12 J.lm2/sec). In the group of 10 mins
ischemia, no significant changes in ADCw in the
postischemic period were found , compared with
preischemic values. In the animals exposed to
15 mins ischemia, a statistically significant increase
in ADCw to 665 ± 15 J.lrn 2/sec was observed 60mins
after ischemia. 'Ihis elevated ADCw level remained
until the end of the measurement period, 120 mins
after ischemia (Table 2). Typical MRl images before
and after ischemia are shown in Figure 3. As the
carotid occlusion was performed outside the magnet, we did not measure ADCw values during
ischemia. However, it is known from previous
studies that global ischemia indu'c es a rapid
decrease in ADG (Fisher et aJ, 1995; Van der Toorn
N

et al, 1996).
Journal of Cerebral Blood Flow & Melabolism (2008) 28, 1665-1673

DC Potentials and Extracellular Potassium
Concen tr ations

Before the induction of ischemia, extracellular
potassium concentrations of 3 mmol/L were found
in both groups. During 1 to 2 mins of ischemia, a
rapid increase up to 70 mmollL was registered , and
the concentration remained stable at this level
during the ischemic period in both 10 and 15 mins
ischemia groups. After reoxygenation, the extracellular potassium concentrations decreased within 2
to 3 mins to preischemic levels of 3 mmol/L. The DC
potential changed in a negative direction simultaneously with the increase in extracellular potassium, followed by a small positive change. During
the ongoing ischemia the DC potential showed a
slight increase. Immediately after reopening of the
carotid arteries and ventilation with pure oxygen ,
the DC potential showed a sharp negative shift, and
after the normalization of extracellular potassium
concentrations, DC potentials recovered to preischemic levels. Typical measurements of extracellular potassium concentrations and DC potentials
during ischemia of 10 and 15 mins duration are
shown in Figure 4.

Discussion
Diffusion in the ECS is an important mode of
communication between brain cells, and many
acute pathologic processes in the CNS (i.e., hypoxia,
ischemia, seizures, and hypoglycaemia), accompanied by cellular swelling, can affect the ADC
of neuroactive substances. We have previously
reported that ECS diffusion parameters are altered
not only during transient focal hypoxia/ischemia,
but also during recovery from this insult (Homola
et aJ, 2006). Although a substantial amount of data
obtained by DWI-MRI exist on extra- and intracellular diffusion in areas affected by an ischemic/
hypoxic insult, the absolute values of the extracellular diffusion parameters measured in the brain
cortex during recovery from hypoxia/ischemia have
not been available. Up to now, the only values of the
ECS diffusion parameters or values of ADCw
obtained in the rat cortex under hypoxic/ischemic
conditions have been reported from experiments
using a terminal anoxia model (Van der Toorn et al,
1996; Lundbaek and Hansen, 1992; Syková et al,
1994). In aur study, we have evaluated the changes
in ECS diffusion parameters after transient global
hypoxia/ischemia. These parameters were studied
over the course of 90 mins after an ischemic/hypoxic
insult and were correlated with changes in
ADCw , DC potential, and extracellular potassium
concentration.
Cellular swelling during cerebral ischemia has
been described by several authors and is mainly a
consequence of massive ionic fluxes across cell
membranes, accompanied by the movement of
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Figure 1 Time course of changes in the values of the extracellular space parameters (o:, A) in the cortex of adult rats before, during,
and after ischemia of 10 or 15 mins duration, calculated from TMA + diffusion measurements. Data are shown as mean
values ± s.e.m. and the number of animals as n. The duration of ischemia is marked by a time line . Upper graphs: average values of
extracellular volume fraction (0:). After 10 mins ischemia, a quick recovery of o: occurs within 5 to 10 mins and the values remain
stable at this level. In the group subjected to 15 mins ischemia, o: increases extremely significantly above starting values after
40 mins of reperfusion (P < O.OOll and remains at this level until the end of the measurement period. *Postischemic values that are
significantly different from preischem ic values (P < 0.05). Lower graphs: the time courses of tortuosity (A) initially showed no
difference between the two groups (P < 0.05). During ischemia, an elevated ). recovered to the starting values within 5 mins and
stayed at this level without any significant difference from preischemic values. In the group of 15 mins ischemia, A increased
significantly at the end of the registration period.

Table 1 Values of extracellular volume fraction (0:) and tortuosity U) and nonspecific uptake (k') before and after transient ischemia
of 10 ar 15mins duration

Ischemia
10mins

n=5
Ischemia
15 mins

n=6

Before ischemia

30 mins after ischemia

60 mins after ischemia

90 mins after ischemia

= 0.19 ± 0.01
). = 1.55 ± 0.01
Je' = 3.6 X 10- 3 ± 0.8 x 10 - 3

= 0.20 ± 0.01
). = 1.54 ± 0.02
Je' = 3.3 X 10 - 3 ± 0.9 x 10- 3

(1. = 0.20 ± 0.01
). = 1.5 5 ± 0.02
Je' = 3.9 X 10 - 3 ± 1.0 x 10- 3

(1. =0.19±0.01
A = 1.56 ± 0.03
Je'=4.l x 10- 3 ± 1.0 x 10- 3

(1. = 0.19 ± 0.01
). = 1.55 ± 0.02
Je' = 3.6 X 10- ' ± 0.6 x 10- 3

(1. = 0.26 ± 0.01'
J. = 1.57 ± 0.01
Je' = 2.8 X 10- 3 ± 0.2 x 10- '

(1. = 0.29 ± 0.03 '
A=1.60±0.02
Je' = 3.6 X 10- 3 ± 0.5 x 10' 3

II

II

1l=0.3 0 ± 0.03*
J. = 1.62 ± 0.01 *

Je'=3 .8 x lO- ' ±0.4 x 10 - 3

Values ol 0:, A, and k' are shown as mean values and s.e .m.; n represents the number ol animals.
*Signilicant differences (two-tailed Mann-Whitney test, P < 0.05) in postischemic va lues when compared with values belore ischemia.
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Figure 2 Example of recorded diffusion curves and superimposed theoretical curve fittings as time-concentration plots before

(control) and 60 mins after ischemia (ischemia) of 10 or 15 mins duration. Total recording time was 80 secs for each diffusion curve.
After 8 secs, the main bias was elevated for 24 secs to 120 nA to apply TMA + by iontophoresis. Changes in the diffusion properties
after ischemia compared with preischemic conditions were found only in the group subjected to 15 mins ischemia.

Table 2 The apparent diffusion coefficient of water (ADC w ) before a nd after 10 or 15 mi ns of ischem ia was determ ined by magnetic

resonance imaging

ADCw {llm 2 /sec}

before ischemia
Ischemia 10 mins (n
lschemia 15 min s n

=6)

=6

ADCw {W]) 2/sec }
60 mins after isch emia

ADCw {llm 2 /sec}
90 mins after ischemia

597 ± 14

608 ± 8

603 ± 10

594 ± 12

665 ± 15'

651 ±

lľ

ADC w (llm 2 /s ec)
120 mins after ischemia
605 ± 12
647±13*

Dala expressed as mean ± s.e. m.; n represenls the number ol animals.
*Signi/icant diHerences (two-tailed Mann-Whitney tesl , P < 0.05l between preischemic values and values after ischemia.

water, and develops conc omitantly with ionic shifts
(McKnight and Leaf, 1977; Hansen and Olsen, 1980;
Syková et ol, 1994). The swelling occurs quickly
after the interruption of the energy supply, but never
before a rise in K + and changes in pH (Syková et ol,
1994). The dependence of ECS shrinkage because of
cellular swelling on ionic changes was also seen in
our experiments, and it was observed that a normal·
ization of elevated K + leads to a quick normalization
of ECS volume and tortuosity. The recovery in
extracellular potassium con centration and DC po·
tential indicates a sufficient supply of oxygen and
substrates after ischemia. During recovery from
longer lasting global ischemia, a significant increase
in the extracellular volume fraction ex developed
within 60 mins, probably caused by an increase in
extracellular water content. Similar time courses of
ECS vol ume and tortuosity changes were observed
in the spinal cord during recovery from ischemia
(Syková et ol, 1994). The postischemic increase in ex,
which was observed in this study, was promoted by
bilateral carotid occlusion and a reduction in
cerebral blood flow. It has been shown that hypoxia
of 30 mins duration without carotid occlusion
lead to a small decrease in ex, followed by rapid
Journal ol Cerebral Blood Flow & Melabolism (2008) 28, 1665-1673

normalization during recovery (Zoremba et ol,
2007). In contrast to these findin gs, hypoxia of
30 mins duration with unilateral carotid occlusion
results in a decrease in ex followed by an increase
during recovery to about 20% above the original
normoxic valu es (Homola et ol, 2006) . Based on the
results from our study, together with the results from
earlier studies, it could be suggested that in addition
to the degree and duration of hypoxia , cerebral
blood flow also influences the extent of damage . The
increase in ECS vol ume fraction after reperfusion
correlates well with changes in the ADC of brain
water. In our study, the values of ADCw obtained 60
and 90 mins after reperfusion were significantly
elevated, suggesting an increased amount of water
in the ECS where ADCw was reported to be higher,
compared with the intracellular compartment (Van
Zijl et ol, 1991). A correction of orientational
dependence was not necessary because it is known
from previous studies that there is no significant
anisotropy in the cerebral cortex of the rat brain
(Voříšek and Syková, 19970, b). In an earlier study,
full recovery of the diffusion constant of brai n water
after 12 mins of incomplete global is chemia was
found (Davis et ol, 1994) . The results are comparable
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Figure 4 Time course of extracellular potassium concentrations
and DC potentials during an ischemia of 10 mins (left si de) or
15 mins (right side) duration. The duration of ischemia is
marked by the shaded fields .
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Figure 3 Typical ADCw maps of a control rat brain and of a rat
brain 60 mins after ischemia of 15 mins duration, ADCw was
analyzed bilaterally in the primary somatosensory cortex, The
areas are outlined on the left part of the slices, and both images
are from the same coronal plane. The scale at the botlom of the
figure shows the relation between the intervals of ADCw values
and the colors used for visualization.
to the results in our 10 min s ischemia group. In
contrast to this earlier study, we also reduced the
oxygen content to 6 % and therefore a more severe
ischemia resulted. These observations support the
hypothesis that a certain level of ischemia severity
has to be exceeded before cerebral edema develops.
It is well known that after ischemia, functional
damage of the blood-brain barrier occurs (Betz et aj,
1989; Qiao et aj, 2001) and the hypoxic-ischemic
insult initiates a series of events that lead to the
disruption of tight junctions and increased permeability mediated by cytokines, vascular endothelial
growth factor, and nitric oxide (Ballabh et aj, 2004).
Because of increased permeability, reperfusion may

lead to an early poshschemic increase in cerebral
water content and to the formation of cortical edema
of 'vasogenic' origin (Papadopoulos et aj, 2005).
These changes could also be caused by elevated
postischemic tissue osmolarity (Gisselson et aj,
1992) or postischemic shrinkage of nerve cells. It is
evident that an ischemia of 10 mins duration is too
short to initiate a cascade of events that lead to the
disruption of the blood-brain barrier and the
development of vasogenic edema. This hypothesis
was supported by the different time courses of the
DC potential recovery between the two groups.
During ischemia, an increase in extracellular potassium levels up to 70 mmol/L was registered,
whereas recovery in both groups was comparable
within a few minutes. In comparing the DC
potentials, a longer recovery period was necessary
in animals subjected to an ischemia of 15 mins.
These findings indicate that the cellular energy state
is affected in the same way in both groups, but that
the intercellular integrity because of neurotoxicity
was more affected in the group subjected to longer
ischemia. Additionally, the longer lasting extracellular potassium increase could have direct effects or
modulate the influence of cytokines, vascular
endothelial growth factor, and nitric oxide on the
blood-brain barrier.
During reperfusion in the group with longer
ischemia , the extracellular vol ume fraction increased wi thin 40 to 50 min s and remained elevated
by about 40% to 50% above the normoxic values,
whereas the tortuosity was initially similar to
preischemic values, increasing significantly at the
end of our registration period. It could be expected
that the increase in ECS vol ume would facilitate
extracellular diffusion, but our results show a srna II
increase in tortuosity, indicating a diffusion hindrance and an effect on vol ume transmission . One
reason for this hindered diffusion could be released
Journal of Cerebral Blood Flow & Melabolism (200B) 2B, 1665-1673
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macromolecules and fixed surface charges, which
affect free diffu sion by charge-dependent bonding
ar by van der Waals forces. Increased viscosity
impedes molecular movement and is affected by the
size and nature of the diffusing molecules and
results in their hydrodynamic interactions with
macromolecules and fixed charges and the boundaries that define pore structures. The change in
tortuosity, í.., is influenced by many factors that
cannot be presently separated. These factors might
include membrane barriers, myelin sheaths, macromolecules, molecules with fixed negative surface
charges, ECS size, and pore geometry. As a result,
), could be changed if certain pathways through the
ECS are either blocked off ar opened up (Syková
et aj, 2000). Many studies have shown that ), and (J. can
change independently during the exposure of brain
slices to dextran (Hrabetova and Nicholson, 2000),
during X-irradiation (Syková et aj, 1996), ar during
osmotic stress (Kri za j et aj, 1996; Nicholson
and Syková, 1998; Chen and Nicholson, 2000;
Kume-Kick et aj, 2002).
We have shown changes in the extracellular
diffusion parameters that may affect the diffusion
of various substances (ions, neurotransmitters, metabolites, and drugs) in the affected region. Our results
show that after ischemia of 15 mins, and most likely
after longer periods, the observed changes in the
ECS diffusion parameters are not reversible during
90 mins of reperfusion and result in long-Iasting and
severe edema and perhaps permanent damage.
Studies using longer ischemie and postischemic
periods are needed to further clarify the crucial time
point between reversible and irreversible effects
induced by oxygen deficiency.
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Abstract

Hypoxia results in both reversible and irreversible changes in the brain extracellular space (ECS). Thi s study utilized microdialysis to monitor
changes in tiJe energy-related metabo lites laetate, pyruvate, glucose and glutamate in the rat cortex before, during and after 30-min transient global
hypoxia, induced in anestheti zed rats by reducing inspired oxygen to 6% O 2 in nitTogen. Changes in metabo lite levels were compared with ECS
diffusion parameters calculated frO!1l diffusion curves of tetTamethylammonium app li ed by iontophoresis.
Significam increases in lactate concentTation and th e lactate/pymvate ratio, as well as decreased glucose leve ls, were fouod in th e cortex
immediately after thc induction of hypoxia. Following reeovery to ventilation with air, extT3eellular lactate and glueose level s and th e laetate/
pyruvate ratio returned to eontrol leveJs within 40, 20 and 30 min, respeetiveJy. Glutamate leveJs startecl to inerease 20-30 min afte!' the onset of
hypoxia and renlrn ed to prehypoxic vaJues within 30·--40 min of reoxygenation. The ECS vo lume ťraetioo cr. deereased by abOUI 5% from 0.18±
0.01 during th e tirst 20-25 min of hypoxia; after 25 min cr. dropped a further 22% to 0.14±0.01. Within 10 min oťre oxyge n a rion, cr. return ed to
contTol va lues, then inereased to 0.20±0.01 and remained at thi s level until the end oft he experiment. The observed 22 % deerease in ex marked ly
influcnees dialysate level s measured during hypoxia.
ln our study, the eomplete posthypox ie recovery of cortical metabolite level s and ECS diťfu s i o n properties sugges rs rhat metabo lic enzy mes
and related ccllular components (e.g., mirochondria) may tolerate prolonged hypoxie periods 3nd rceover to prehypoxic values.
© 2006 Elsevier I ne. A II rights reserv ed.
KeywoJ'ds: 1·l y poxia ; COrlex; Mierodialysis; Rccovery ; Laetate; Glulalllatc; Exh'accllular spacc; DC potential

lntroduction
Hypoxia causes profound changes in celllllar metabolism,
especially in brain tissue, whie h has a low tolerancc to oxygen
defíciency. Moderate 10 severe neuronal damage may oceur
following hypoxie events. The primary factor is a deficiency
of metabolites, which initiates a cascade of ceJllllar events
that leads to neurodegeneration through both apoptotic and
necrotic mechanisms (Banasiak cl aL, 2000: A nd crsson cl aL,
20(4). In c1inieal practice, hypoxia can be callsed by different
disorders, e.g, acute and ehronic lung failure, arterial stenosis
or stres s (A flabuddin cl al., 1994; MOI1c11ili and Mannin g,
20(2).
• Corresponding aulhor. Fax: +49 241 8082406.
E-mail address: n,o remba/lt .ukaachcll.dc (N . Zorclllba).
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Intracerebral microdialysis is a highly sensitive teehnique to
monitor eerebral cnergy metabolism. It allows the dctermination
ol' brain metabolite levels in the extracellular fluid (ECF) and
thc measurement ol' rcgional metabolic tissue coneentralions
(Ungcrstcdl. 199 I ). In many sludies, lactate has been interpreted
as one ofthe markers ol' anaerobic metabo\ism, accumulating as
the end product of glycolysis, if an imbalance arises belwecn
tiss ue O 2 supply and demand or when oxidative phosphorylation, as well as the tricarbox yl ic acid cycle, are reduced (Dc
Sa ll cs ct al. . 19 Ui ; Inao cl a l" J 99X ; Mizock and F-alk, 1992;
Magnon i cl aL, 20rH). Lactate is produced and accumulatcs in
the ECF during intense cerebral stimlllation under normoxie
conditions and is thus an unreliable indicator of tissue hypoxia
(Pri cha rLl cl al., 199 1). For the detec tion of an aerobic
metaboli sm, the simultaneous dctennination of pyru vate levels
is necessary, because pyruvate is reduced to lactate by lactate-
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dehydroge nase und e r a naerob ic co nditions . The lactate/py ruva le ra tio (LIP rati o) specifies the degree of ae rob ic/anaerob ic
me taboli s m and refl ects the cytosolic ratio of the reduced /
oxidized fo rm s of NAD. For thi s reaso n th e LIP ratio is a
reliable parameter for es tim atin g the energy state of a cell
(Mag noni et aL 2003). Beside lh e mea surement of metabo lic
end products, knowledge o f substrate leve ls, s uc h as g lucose, is
important. The glucose co nce ntrati on in the ECF retlects th e
balance between s uppl y fro m th e blood a nd utilization by eells
( Fe llo"" ct al., 1992). Glutamate, an exc itatory amino ac id
released by active ne uron s into th e extrace llular space (ECS)
and taken up by astroeytes, plays an essentia l ro le in normoxic
and hypoxie conditions (Hill c recl Cl al.. In'); M ag islrctti c l 01 1. ,
1993). The measurement of glutamate e mux into th e ECS after
hypoxia and during reperfusion provides informati on abou t th e
compromised status ol' brain cell s and th e eventual neuropathological outcome (Phillis dal., 200 I) .
The determination of the extracellular eoncentralion s of
these substrates and metabolites can be intluenced by the s ize of
the cxlraceJJular space. The extraceJlular volume fract ion 0., lhc
proportion of the total lissue volume occupied by the ECS, ca n
be determincd by the real-time iontopho retic method. In this
melhod, tetramethylammonium (TMA +) - a sub stance to whic h
eeJl membranes are relatively imperm eable - is re lcased al a
known distance by iontophoľe s is and ils loca l co nce ntralio n is
measured w ith a TMA-selecti ve microclectrode loca led abou l
100- J 50 ~Im from Ihe release site . The lime-de pend e nt ri se and
fall of the ex lracellular TMA + concenlration during and a fter a n
iontophoretic pulse (TMA + diffu sion eurve) ca n be fitted to a
modified radial diffu s ion equation to y ie ld the extraeeJlul a r
vo lume fraetion ex (Nic ho lsoll a nd Phillips, 19X I: N icho lson
and S yk o va, J 99X). Changes in CI. ca n s ubstanlia J1 y aiTeet
aeeumulation of substallees in Ihe ECS .
The aim of our stud y was to measu re th e chan ges in th e
e nergy -re latcd metabol ites lac tate, pyru va te, g lu cose and
g lutamate before, during and after hypox ia usin g in vivo
microdiaJ ys is and eOmpare them w ith the c han ges in the ECS
diffu sio n parame ters. These findings can improve the knowledge of mechanisms which are involved in the dev e lopm ent of
to lera nce to ischemic insults.

Methods
Anima/ preparalion
Adult male Wistar rats (300- 350 g) were anesthetized by
a n intrape ritoneal injection of urethane (l.5 g/kg body weight,
Sigma-Aldrich Chemie GmbH, Seelze, Germany). Before
surge ry, the depth of anesthesia was controJled by lesting Ihe
comea l reflex. lf necessary, an additional 100 mg of urethane
was inj ected illtraperitoneally. The animals were intubated and
co nn ec ted to a ventilator (CIV 101, Columbus lllstruments,
Co lumbu s, Ohio, USA), relaxed with pancuroniumbromide
(0.6 mg/kg body weight, Pavulon , Organon, Netherlands), and
ventilated with air. The body temperature was maintained at
36- 37°C by a hcat ing pad. The head of the rat wasfixed in a
stereotax ic holder. The soma to se nsory neocortex of the rat w as
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partially exposed by a burr hole 2-3 mm ca ud a l from th e
bregma and 2-3 mm lateral from the midline. The dural. and
arachnoid membranes were removed to avoid damage to the
microdialysis probes and microe1ectrodes during their insert io n
into the brain. The microdialysis probe was slowly in se rted
1.5-2.0 mm deep into the cortex in 5-~Lm steps, us ing a
nanoslepper. To avoid the possible influence of probe in sertion
tissue trauma on the microdialysis results, measurements were
s tarte d I h arter the insertion of the microdialysis probe. lt has
been shown that baseline values are stable within 30-60 min
aA:er probe insertion (v'a lt ys sOI1 ct al. , 1995). The TMA +
diffusion measurements (n = 7) were done in the so matosenso ry cortex at a depth of 1200- I 500 ~Lm from the cortical
s lil-fa ce (cortical la ye rs I Vand V). The mi crodial ys is parl of
the study was performed on hy poxic (n = 10) and con trol
an imal s (n=5), w hich were randomlY assigned 10 the two
gro ups before slarling the experiment. A Iransient hypoxia of
30-min duration was indueed by reducing the inspira to ry
oxyge n co ntent to 6% w ith 94% nitroge n. In our experiments,
we used a hy pox ia of 30-min durali o n, because we we re
interes ted in evaluating the processes that oceur durin g and
afte r lo ng-Iastin g hypox ie ep isodes a nd hy po xia of this
duration does not ea use any a noxic depolarizatio n of lhe
brain. Fo llow ing a hy po xic period of30 min , lhe animals were
aga in ve ntil a ted wi th a ir (0 2 =2 1%). The co ntrol animals were
vent ila ted with air thro ug hout the experiment.
AlI effons were made to minimize animal suffering and to
redLLce the number o l' animals used. The experimenls were
ca rri ed ou l in aecordance with the European Communities
Co uncil Dlreetive of 24. November 1986 (86 /609 /EEC) and
approved by the local In stitutional Animal Ethics Committee.

Mlcrodialysis
The teehnique oť microd ia lysis is based on sampling fluid
via a double-Iumen probe with an integrated semipermcablc
membranc in which lh e eq uilibration ol' substances in the
ex trace llul ar spaee and perfusion fluid lakes place by diffusion
according to th e co nce nlra tion g radient. We used a doublelumell microdialysis pro be with a membrane length of2 mm, an
outer diameter of 0.5 mm and a cut-off al 20,000 Da (CMA 12,
2-mm membrane leng lh, CMA Microdialysis, Swedell). The
inserled microdialysis catheter was con nec led by low-volume
Fluorinated Elhylene Propylene (FEP) tubing (1.2 ilJI I O cm) to
a preci s ion infusion pump (CMA 102, CMA M icrodia lysis,
Sweden) in o rd er to maintain a conslanl díal ysate fl ow. The
microdialy s is catheter was con tinu ous ly perfuse d w lth a
dial ysa te containing 147 I11mol /1 NaCI , 2.7 mmol /1 KCl ,
1.2 mm01l1 CaCh alld 0.85 mmol / I MgCI 2 (Perfus io n tluid
CNS, CMA Microdialy s is, Sweden) al a flow rate of 2 /ll /min .
Transient increases in metabolite co ncentrations caused by
probe insertion damage were avoided by a s tabili za tion period
of 60 min foJlowing in se rli on inlo the brain . After this
equilibration time, microdialysa te samples were co llected in
lO-min inlerva ls and immedia tel y froze n a t -40°C unlil
allal yzed . Thawed and eentrifuged diaJ ysa te sa mpJes were
anal yzed e nzy mat ica ll y wilh a C MA 600 Mierodial ys is
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Analyser (CMA/Microdialysis, Sweden) for lactate, pyruvate,
glucose and glutamate concentrations (Fig. lAj.
The exchange of substances across the microdialysis
membrane is limited by the total area of the membrane, the
perfusion flow rate, the characteristics ofthe diffusing substance
and the diffusion constant in the tissue surrounding the probe
(Arncr and Bo li nd c ť. 1991 ; Ungcrslcdt, 199 J). The recovery rate
expresses the relation bctween the concentration ofthe substance
in the microdialysis probe emuent and the concentration in the
medium (Mu lle r, 2002). Before and at the end of the
experiments, the recovery rates for each probe were determined
by continuing the perfusion at the same settings in a calibration
solution containing known concentrations of the different
analytes. The calibration solution contained 2.50 mmol/I lactate,
250 ~lmoJll pyruvate, 5.55 mmoll! glucose, 250 mmol/l glycerol
and 25 mm01l1 glutamate (Ca!ibrator A , CMA microdialysis,
Sweden). The concentrations in the calibration solution were
compared with the concentrations of the in vitro microdialysis
samples to deterrnine the relative recovery for each substance.
The measured experimental values were weighted by the relative
recovery to estimate the in vivo extracellular concentration ofthe
substances in the immediate vicinity of the probes. ln vitro
recovery rates were 21.5±0.9% for lactate, 22.3±0.5% for
pyruvate, 13.4±0.6% for glutamate and I 0.8±0.5% for glucose
(n = 15). AI! results are presented as weighted concentrations.

Measurement oj extrace/lu/ar space dijJúsion parameters and
DC potentials
The ECS diffusion parametcrs werc studied by the real-time
iontophoretic method described in detail previously (Nicholson
and Phillips, 1981 ; Sykova et aJ. , 1994). Briefly, an extracellular
marker that is restricted to the extracellular compartment, such
as tetramethylammonium ions (TMA +, MW = 74.1 Da) to
which eell membranes are relatively imperrneable, is released
into the extraeellular space by iontophoresis and its local
eoncentration measured with a TMA + -selective mieroeleetrode

(TMA +-1SM) located about 100-200 f.lm from the release site.
The concentration of TMA + in the ECS is inversely proportional to the ECS vol ume. Double-barreled TMA + -1SMs were
prepared by a procedure described in detail previously (Sykova,
[992). The tip ofthe ion-sensitive barrel was fiJled with a liquid
ion exchanger (Com ing 477317); the rest of the barrel was
backfilled with 150 mM TMA + chloride. The reference barrel
contained 150 mM NaCJ. The TMA +-ISMs were calibrated in
0.0 I, 0.03, 0.1, 0.3, 1.0, 3.0, and 10.0 mM TMA + in a
background of 3 mM KCI and 150 mM NaCI. Calibration data
were fitted to the Nikolsky equation ( icho lson and Phi lIips ,
198 1). The shank oť the iontophoretic pipette was bent so that it
could be aligned paraJlel to that of the ion-sclective microelectrode and was backfilled with 150 mM TMA + chloride. An
electrode array was made by gluing a TMA + -ISM to an
iontophoretic micropipettc with a tip separation of 100-200 f.l.m
(Fig. 1B). The iontophoresis parameters were + 20 nA bias
current (continuously applied current to maintain a constant
electrode transport number), and a + 180 nA current step of24-s
duration, to generate the di ffusion curve. The TMA"" diffusion
curves were generated at regular intervals of 5 min . Before
tissue measurements, diffusion curves were first recorded in
0.. 3% agar (Sigma Aldrich, Steinheim, Germany) dissolved in a
solution containing 150 mM NaCI, 3 mM KCI, and I mM
TMACI. The diffusion curves were analyzed to obtain the
electrode transport number (n) and the free TMA + diffusion
coefficicnt (D) by curve fitting according to a modified
diffusion equation using the VOLTORO program ( ichobon
and Phillips. 1n i). Diffusion curves wcre then recorded in the
somatosensory cortex at a depth of 1200-1500 f.lm. Knowing n
and D, the values of 0., 1 and k' can be obtained from the
diffusion curves. The volume fraction a. is the ratio of the
volume of the ECS to total tissue volume in a representative
el ementary volume of brain tissue (a. = ECS /total tissue
volume) . Tortuosity 1 is defined as ),2=D/ADC where D is
the free di ffusion coefficient and ADC is the apparent diffusion
coefficient in the brain tissue, describing the increased path
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Fig. I. Experimental setup. Le tl si de (A): experimental setup for microdialysis. The microd.ialysis probe was perfused conlinuously with a defined fl ow Collected
samples were analyzed by a microdialysis analyzer. Right side (B): experimental arrangement of a TMA"' -seleclivc doubJe-barreled ion -selective microelectrode
(ISM), which is glued to an iontophoresis microelectrode with an inter-tip di stance of 100-200 11m .
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length of a diffusing molecule in a complex medium due to
cellular membranes, glycoproteins, macromolecules and fixed
charges. Finally, non-specific uptake k' describes the loss of
substances across cell membranes ( ic holso n and Philli ps,
J 9S I; Ni chol son , 1992). To complete the evaluation oť cerebral
proces ses, we recorded and analyzed the cortical DC potentials,
a powerful method to monitor the dynamics of sensory and
cognitive processing in the brain under norma1 conditions and in
the course of centra1 nervous system disorders. DC potentials
from the cortical surface were recorded by microelectrodes
filled with 150 mM NaC1, placed in the cortex and connected to
a high impedance buffer amplifier with Ag/AgCI wires. The
common reference electrode was positioned on the nasal bone
(Lchm nkl.i hlcr cl al. , 1999).

Slalislica!

analysi.~

The results of the experiments are expressed as the mean±
standard error of the mean (SEM). Differences within and
between groups were evaluated using Studenťs paired l-test
(lnStat, GraphPad Software, San Diego, USA). Values of
p<0 .05 were considered significant.
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The mean values of extracellular volume fraction 0.,
tortuosityand non-specific uptake k' during normoxia
were=0.18±0 .01, = 1.54±0.01 and k'=(3.38±0.32) x 10- 3
S-I (n=7), values also observed in previous studies in vivo
( C SC ťť cl al. , 1991: Le hmenkí.ihlcr c t a] , 1Y93; Vori sck aud
Syk ova, 1997 ). During hypoxia, a decreased by about 5% in the
first 20 min . At 20-30 min, CI. decreased to 0.J4±0.01 (n=7),
i.e., about 22% ( Fig. 2A). Tortuosity J, also increa<;ed in two
steps, reaching a value of 1.61 ±0.02 in thefirst 20 min, then
increasing to 1.69±0,03 (n=7) at 20-30 min of the hypoxic
period (Fi g, 2B), During the reoxygenation period, a and J,
values normalized within 20 min to 0,20±0.01 and 1.55±0,01,
respectively, and remained unchanged until the end of the
measurement period of 90 min after hypoxia, No signiflcant
changes in non-specific uptake k' were seen during the entire
observation period. The recorded DC potentials showed an
early initial negative shift of up to 3 m V after the onset oť
hypoxia, which has also been seen in previous studies
(Lehmcn kuhlcr cl al. , J 99 9), After this early negative shift,
the DC potential returned to baseline levels, A second negative
shift oť up to 2 .5 mV was seen in the last 5-10 min of the
30-min hypoxia. After the end of hypoxia and the return to
ventil.ation with air, the negative DC potentials immediately
returned to baseline levels (Fig , 2C).

Changes in {aclale, lactate/pyruvate ralio and glucose
Before the induction of hypoxia, stable basal glucose levels
of 2.27 ±0.07 mmoVI (n = 15) were found in both hypoxic and
control animals. Hypoxia led to a steep decrea<;e in glucose
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Fig. 2. The time course oť changes in eXlracellular space volume fi"ction o. (A)
and tortllosity ;, (B) during hypoxia and recovery, At1er establishing a stable
baseline, 30 min of hypox ia was induced by reducing the inspiratory oxygen
contenl from 21% to 6% (shaded area). Afler hypoxia th e animals were again
ventilated with air. M easurements were made at time intervals of 5 min, Values
are presented as mea n±SEM, The number ofexperiments was n=7. Pa nel (q
shows a typica l reco rd ing of DC potential s measured by intracortica l
microel ectrod es filled with 150 mM NaCI again st a reference eleclrode placed
on lhe nasa l bone. ln the early hypoxia a negative shift of up to 3 m V was
observed, retuming to the baseline in Ihe first 15 min of hypoxia, A second
negati ve s hift was seen during the laSl 5-10 min of hypoxi a Ofllp to 2,5 m V,

dialysate level s, reaching a plateau of 1.18±0,16 mrnol/ I within
20 min. During the reoxygenation period extracellular glucose
concentrations returned to control level s within 20 min
(F ig . 3A), After a stabilization period of 60 min following
probe insertion , basal cortical lactate levels remained stable at
0.75 ± 0 .03 mmol/l (n = 15). Hypoxia evoked by a reduction of
inspiratory oxygen conlent led to an immediate rise in lactate
levels , This rise continued throughout the 30-min period of
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Fig. 3. Time course ofinterstitial glucose Ievcls (A), lactate coneentrations (B), the laetate/pyruvate ratio (C) and gJutamate eoneentrations (D) before, dlu'ing and after
hypoxia onO-min duration, eompared to eontrols. After a stabilization period, 30 min ofhypoxia was indueed by ventilating the animals with 6% oxygen in nitrogen.
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(p <0.05) between the hypoxie and eonrrol animals are marked by asterisks. To show the inverse eorrelation between EC S volume and glutamate concentration, an
invel1ed timc eourse of the ehanges in extraeellular volume fmetion CL (taken rrom fďig. 2A) was superimposed onto panel (D) (dotted line).

hypoxia, reaching a plateau at 25 min of 2.65±0.24 mmol/J,
when o. showed a second decrease (Fig. 3B) . The ditference
between eontrol and hypoxic animals was extremely significant
(p < 0.00 J). For evaluating the anaerobie pathway, we calculated
the lactate/pyruvate ratio (LIP ratio). ln eontrol animals no
significant change in the LIP ratio was seen during the entire
observation period. In hypoxic animals the LIP ratio increased
from 20.88±2.65 to 76.03 ± 13.04 at the end of the hypoxie
period (F ig . 3C). In the reoxygenation period , lactate levels as
weB as the LIP ratio decreased to control levels within 5060 min (Figs . 3B and C).

Changes in glutamate
Extracellular glutamate levels prior to hypoxia were 2.37±
~lmolll (n = 15). After the beginning of hypoxia, extracellular glutamate levels remained unchanged for about 20 min.
In the next 20-30 min a steep increase was ťound, reaching
concentrations of 35.81 ± 12.96 f.lmol/1. These glutamate
concentrations were correlated with an increase in the
extracellular volume fraction 0.. While o. retumed to control

0.53

Jevels within 20 min, the elevated glutamate levels did not
retum to control levels until 40-50 min of the reoxygenation
period (Fi g. 3D).
Discussion
The ~im oť this study was to study changes in brain
metaboJism caused by a defined hypoxic stimulus (6%0 2 ,
30 min) and their time course during subsequent reoxygenation. lt has been shown that a reduction of inspired oxygen
to 8%, although a substantia! decrease in oxygen availability,
produees no signs of distress in rats, but a further reduction
to ~ 7% results in marked restlessness ťollowed by changes
in EEG (J ones et al. , 2000). M ierodialysis offers the
possibility oť obtaining loeal information on energy metaboJism in vivo in any tissue by introdueing a probe directly into
the region of interest (Yally son ct aL , 1998). Thus, we
reduced the inspired oxygen content to 6% to cause a degree
of hypoxia that already inJ1uences normal brain function and
measured the changes in metabolite coneentrations by
microdialysis.
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In our experiments the onset of hypoxia was accompanied
by a significant increase in extraeellular lactate concentration.
The large immediate inerease in lactate levels is similar to that
reported in previous studies (Haradn et al. , 1992; RonncEngslrom el al , 1995 : Joncs ct al. , 2000). It is well known that
the hypoxic elevation of laetate is accompanied by an increase
in cerebral blood flow, an inerease in glucose uptake and an
unchanged rate of oxygen consumption (Hamcr et al. , 1976 ;
Cohcn ct al. , 19(7). These findings suggest that the increase in
lactate concentration is due to an increase in the rate of
glycolysis during hypoxia. Extracellular lactate is Iikely to be
derived from glycolysis in both neurones and astrocytes and
reaches the extracellular fluid by the action of highly active
lactate transporters (Kochler-S tcc et al. , 1(98). After reoxygenation, elevaled lactate levels recovered to preischemic
values within 40 min in our experiments. This normalization
must represent uptake and utilization of laetate by neurones
and astroeytes, because no significant transport of lactate
across the blood-brain barrier has been found in other studies
(Kuh r ct al. 1988; l-Iarada cl al., i(92). Besides the lactate
level as a marker for anaerobic metabolism, the tissue specific
LIP ratio is an excellent indicator of cellular hypoxia, beeause
it is correlated closely with the redox potential (C'a brcra cl aL.
1999 ; Magno ni et al , 20(3 ). Another advantage of the LIP
ratio is that it is probabJy not influenced by alterations of the in
vivo probe reeovery (Pcrs, on and H iltered. 1(92). In this study
we found a steep increase in the LIP ratio during hypoxia,
wh ieh reflects the fact that the cytosolic redox condition
switched from aerobic to anaerobic glycolysis. During
recovery a steep decrease in the UP ratio indicates a return
to aerobic conditions. These results show that the metabolie
enzymes and their related cellular components (e.g., mitochondria) may tolerate longer hypoxie periods without any
serious damage.
The concentration of glueose in the extraeellular space is
maintained by a balance between supply from the blood and
utilization by cells. During hypoxia a fast decrease in glucose
levels was found in our experiments, similar to the findings of
Silvcr and Erccin sk a ( 1994) using an implanted glucose sensor.
A possible explanation for this drop in extracellular glucose
could be the increased uptake and utilization by glycolysis
found during hypoxia (!-lamel et al., 1976; Fray ct al, 1997).
Increased glycolysis results in the consumption of glueose and
the production of lactate, which is transported into the
extracellular space. This hypothesis is supported by the
eorrelation seen in our results between a decrease in glucose
and an increase in lactate levels . In the recovery from hypoxia, a
normalization of extracellular glueose levels oceurs within
20 min, indicating on the one hand a quiek normalization in the
uptake and utilization by the cells and on the other hand a
sufficient supply from the blood . ln the present study, ehanges
in extracellular glutamate coneentration oecurred in the late
hypoxie and early reoxygenation phases. lt has been shown that
hypoxia-induced anoxic depolarization can be delayed at least
up to 60 min and that during this time a hypoxic transient
extracellular glutamate increase is seen, derived from the Ca 2 +_
dependent neurotransmitter pocl ([( unimab u ct al., [999;
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Kalaya ma cl al. , 19\! [). The inhibition of the reversed action
ofCa 2 , transporters such as the Na+/Ca 2 +-exchanger or Ca 2 +/
H+-ATPase might constitute a source of cellular Ca2+
accumulation during hypoxia (Bla uslc in ancl Ledc rcr. 1999 ;
KlIlik et al. , 20(0). lt seems that an increase in eeHular Ca 2 +
occurs during hypoxia until critical levels are reached. The
consequenee is a glutamate release, which is initiated at the end
of the hypoxie period and proceeds in the early posthypoxic
period . Based on the time course of extracellular volume
fraetion 0., it can be supposed that a massive glutamate release
occurs after 30 min of hypoxia. This release elevated the
coneentration of gllltamate in thc sample which was eollected in
the last 10 min of hypoxia only in a minor degree. The main
effect of the glutamate release at the end of hypoxia was found
in the first postischemie sample. So it can be supposed , that a
considerable release of glutamate al thc early beginning of the
first postischemic collection period callsed a huge increase of
glutamate levels in the first postischemic sample, which was
collected over a time period of 10 min. During reoxygenation
glutamate levels recover to basal values , indicating a sufficicnt
reuptake by astrocytes. The changes in a. had a minimum effect
of approximately 5% on dialysate concentrations during the first
20 min ofhypoxia. The maximum effect ofthe 22% decrease in
ECS vol ume fraction on dialysate concentrations can be
expectcd on ly during the last 5-10 min of hypoxia and in the
first 5-10 min of recovery. During other timc periods, changes
in a. were tou small to affect dialysate levels.
Microdialysis is a highly sensitive technique for dctermining
regional metabolic tissue concentrations and, in this way,
monitor changes in cerebral energy metabolism ( Ungcrslcdt.
1991 ). However, this method has some methodical limitations
that must be addressed. Compared to in vitro calibration, the in
vivo recovery of substances strongly depends on the surrounding tissue properties, especia.lly extracellular vol ume fraction
and tortuosity, as well as on various release, uptake and
c1earance proeesses (Bcnvc nistt: anu Hu llem ci r, 1990). Therefore, ealculations ofmetabolite coneentrations based on in vitro
recovery can result in the underestimation of the actual
interstitial concentrations (Bem en islc cl a l., 198 9: B nvc nis lc
ancl Il ullemc icr, 1990; C hl: n cl aJ., 2002 ). However, we believe
that an evaluation of all thc collected data demonstrates that the
changes in extraeellular microdialysate levels reflcct the time
course of the dynamic process of hypoxia.
The extracellular space is the microenvironment in which
different substances diffuse . Changes in the ECS can affect the
concentration or extraeellular substances due to the movement
of water between the extra- and intracellular eompartment. II is
well known that during terminal anoxia the extracellular space
volume deereases to 5-6% (Vorisek and Sykova. 1(9 7), which
is equivalent to a reduction of65%-75% from normal values. In
our experimental setting, hypoxia resulted in a maximum
deerease ofthe extracellular spaee of22% at the end ofhypoxia.
This hypoxic decrease in ECS volume showed a biphasic time
eourse in which the ECS volume deerease during the latehypoxic period occurred simultaneous with a slow, continuous
negative DC shift. It is known that negative cortical DC shifts
are associated with ehanges in oxygen supply (Lehmcnk uhl cr cl
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a l., 1999). Based on the findings from DC potential recordings,
we can hypothesize that these late hypoxic changes in
extracellular diffusion parameters were caused by a worsened
oxygenation state Ol' by the beginning of the transfonnation to
alloxia. These changes in extracellular space volume were
caused, we believe, by movements of water between the extraand intracellular compartment or across the blood-brain barrier
into the cortical tissue. As a result the mean values of the
dialysate levels of lactate, glucose and glutamate harvested in
the lasl 10 min of hypoxia can be obtained by correcting for the
intluence of the maximal changes in ECS volume from
2.65 mrnol/I, 1.18 mmol/I and 12.40 ~mol / l to 2.07 mmol/I,
0.92 mmol/l and 9.67 ~molll , respectively. The microdialysis
technique consumes the measured extracellular substances
depending on the dialysate flow rate. lf the substances were
not removed from the tissue by the probe, the measured
metabolite levels would be higher than those that we recorded.
Therefore, the changes measured in laclate, glucose and
gJutamate levels can be affected by the size of the extracellular
vol ume fraction CI. and also by the tortuosity A, which represent
the diffusion characteristics in the tissue, because the measured
values reflect the balance between the availability of the
substance and their removal rate.
The maximum increase in extracellular glutamate levels
was observed over the same time interval as the maximum
decrease in ECS vol ume fraction. Thus, we suggest that a
substantial amount of this Jate hypoxie and early posthypoxic
inerease in glutamate was caused by a shrinkage of the ECS.
Also glutamate dialysate levels can be influenced by the
removal rate of the microdialysis probe. If the removal rale
was zero, then the measured glutamate increase would be
much greater. To reduce the removal rate by the microdialysis
probe, we used the slowest dialysate tlow rate that stili yielded
an adequate collection interval. The ehanges that were seen in
the LIP ratio were not affected by the extracelllllar space
vol ume and torluosity in any way, since the ratio belween lwo
extraeellular substances that are subject to the same correction
coefficienl c1early remains unaffected by the value of that
coefficienl and the diffusion coefficienls of these substances
are nearly equal.
In conclusion, our findings suggest that the changes in the
extracellular microenvironment of the cerebral cortex may
tolerate 30 min of hypoxia and recover to preischemic values.
These reslllts support the clinical observation that young adult
patients with hypoxia, caused by acute lung failure or difficult
or prolonged airway management during the induction of
anesthesia, ean reeover without any obvious neurological
changes.
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Abstract
It has been shown that global anoxia Jeads to dramatic changes in the diffusion properties of the extracellular space (ECS). ln this study, we
investigated how changes in ECS vol ume and geometry in the rat somatosensory cortex during and after transi ent hypoxia/ischemia correlate
with extracellular concentrations of energy-related metabolites and glutamate. Adult male Wistar rats (n = 12) were anesthetized and subjected
to hypoxia/ischemia for 30 min (ventilation with 10% oxygen and unilateral carotid artery occlusion). The ECS diffusion parameters, volume
fraction and tortuosity, were determined from concentration-time profiles of tctramethylammonium applied by iontophoresis. Concenlralions or
lactate, glucose, pyruvate and glutamate in the extracellular fluid (ECF) were monitored by microdialysis (n =9). During hypoxiali schemia , the
ECS volume fraction decrea sed from initial values of 0.19 ± 0.03 (mean ± S.E.M.) to 0.07 ± 0.0 1 and tortuosity increased from 1.57 ± 0.0 I to
1.88 ± 0.03. During reperfu sion the vol ume fraction relUrned tocontrol values within 20 min and then increased toO.23 ± 0.01, while tortuosity on ly
retumed to original values (1.53 ± 0.06). The concentrations of lactate and glutamate, and the laclate/pyruvate ratio, substantially increased during
hypox ia/ischemia, followed by continuous recovery during reperfu sion. The glucose concentration decreased rapidly during hypoxia/ischemia
with a subsequent retum to control values within 20 min of repetfusion. We conclude lhat transient hypoxia/ischemia causes similar changes in
ECS diffusion paramelers as doe s global anoxia and that the time course of the reduction in ECS vol ume fraction correlates with the increase of
extracellular concentration of glutamate. The decrease in the ECS volume fraction can therefore contribute to an increased accumulation of toxic
metabolites, which may aggravate functional deficits and lead to clamage of the centra I nervous system (CNS).
© 2006 Elsevier lreland Ltd. AII rights reserved.
Keywords: Hypoxia; Extracellular space; Microdialysis; Ischemia; Diffusion

The diffusion of neuroactive substances through lhe extracellular
space oť the CNS is the underlying mechanism of extrasynaptic
(volume) transmission, which is an important mode of communication between nerve cells [I]. Diffusion in the ECS obeys
Fick's law but is constrained by two factors: extracellular volume fraction Ci, which is the ratio of the ECS vol ume to total
tissue volume and tortuosity >.., a parameterdescribing the impact
of tissue geometry on diffusion compared to a free diffusion
medium. Tortuosity is defined as >"=(D/ADC)I/2, where ADC
is the apparent diffusion coefficient in the brain and D is the free
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dirrusion coefficienl. The absolute values of the ECS difusion
parameters can be determined by the real-time iontophoretic
method using tetramethylammonium (TMA +)-selective microelectrodes [15,16].
It has been shown that many pathological states result in
changes in extracellular space volume and geometry, significantly affecting signal transmission [22,23]. Among thase of
major clinical relevance and experimental interest are conditions
leading to brain hypoxia or ischemia. Acute hypoxia or ischemia,
and also some other acute neurological disorders thal involve
cell membrane depolarization (cortical spreading depression,
status epilepticus and hypoglycaemia) , cause excessive transmembrane ionic shifts lhat are accompanied by the movement
of water from the extracellular to the intracellular compartment
(cytotoxic edema). Rapid cellular swelling inevitably results in
a shrinkage of the ECS, the impaired diffusion of substances
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through the ECS and the greater accumulation of toxic metabolites. In turn, these consequences can contribute to functional
deficits and CNS damage. Experimentally, ischemia-evoked
changes in the ECS diffusion parameters in the brain cortex
in vivo have, so far, been studied only in a model of global
anoxia induced by cardiac arrest. These studies have revealed
a dramatic decrease in ECS volume fraction and an increase
in tortuosi ty, occurring on ly a few minutes after the interruption oť the blood supply to the brain [25 ,27]. In the present
study, we have examined the ECS diffu sion parameters in the
somatosensory cortex of adult rats during transient hypoxia combined with unilateral common carotid artery occlusion and also
during subseguent Ieperfusion . The obtained data were correlated with changes in the energy-related metabolites lactate and
glucose, the lactate/pyruvate-ratio and glutamate, monitored by
intracerebral microdialysis .
Adult male Wistar rats (300-350 g) were anesthetized by an
intraperitoneal injection of urethane (1.5 g/kg, Sigma-Aldrich
Chemie GmbH, Seelze, Germany). The animals were intubated
and connected to a ventiJator (CIV 101 , Columbus Instruments, Columbus, OH, USA), relaxed with pancuroniumbromide (0.6 mg/kg, Pavulon, Organon, Netherlands), and ventilated with air. The body temperature was maintained at 36-37 °C
by a heating pad. The somatosensory cortex of the rat was partially exposed by a bur!' hole 2-3 mm caudal from the bregma and
2-3 mm lateral ťrom the midline. A transient hypoxia/ischemia
of 30 min duration was induced by reducing the inspiratory oxygen content to J0% (in nitrogen) and uniJateral cJamping oť the
common carotid artery. Following the hypoxic period, tbe animals were again ventilated with air (P02 = 21 %). The controJ
animals were sham-operated and ventilated with air throughout
the experiment. In order to measure in the ipsilateral somatosensory cortex, diffusion and microdialysis measurements were not
performed simultaneously.
AlI efforts were made to minimize animal suffering and to
reduce the number of animal s used. The experiments were carried out in accordance with the European Communities Council
Directive of 24.November 1986 (86/609/EEC) and approved by
the local lnstitutional Animal Ethic s Committee.
The ECS diffusion parameters were studied by the realtime iontophoretic method described in detail previously [13].
BrieAy, an extracellular marker lhal is restricted to the extracellular compartment, such as tetramethylammonium ions (TMA +,
MW = 74.1 Da) to which cell membranes are relatively impermeable, is released into the extracellular space by iontophoresis
and its local concentration measured witb a TMA +-selective
microelectrode (TMA +-ISM) located about 100-200 [.Lm from
the release site. The concentration of TMA + in the ECS is
inversely propoItional to the ECS vol ume. Double-barrelled
TMA +-ISM s were prepared by a procedure described in detail
previously [21]. The tip of thc ion-sen sitive barrel was fill ed
with a 1iquid ion exchanger (Corning 477317); the rest of the
barrel was backfilled with 150mM TMA+ chloride. The reference barrel contained 150 mM N aC!. The shank of the iontophoretic pipette was bent so that it could be aligned parallel to
that of the ion-selective microelectrode and was backfilled with
150 mM TMA + chloride. An electrode array was made by gluing

a TMA +-ISM to an iontophoretic micropipette with a tip separation of 100-200 [.Lm. The iontophoresis parameters were +20 nA
bias current (continuously applied current to maintain a constant
electrode transport number), and a + 180 nA current step of 24 s
duration, to generate the diffusion curve. The TMA + diffusion
curves were generated at regular intervals oť 5 min. Before tissue measurements, ddTusion curves were first recorded in 0.3 %
agar (Sigma-Aldrich, Steinheim, Germany) dissolved in a solution containing 150 mM NaCI , 3 mM KCI, and I mM TMACI.
The diffus ion curves were analysed to obtain the electrode transport number (n) and the free TMA + diffusion coeťficient (D) by
curve-filling according to a modified diffusion equation using the
VOLTORO program [15]. Diffusion curves were then recorded
in the somatosensory cortex at a depth of 1200-1500 [.Lm. Knowing n and D, the values of extracellular volume fraction Ci and
tortuosity A could be obtained from the diffusion curves.
The technique of microdialysis is based on sampling Auid via
a double-Iumen probe with an integrated semipermeable membrane in which the equilibration of substances in theextracellular
space and perfusion Auid takes place by diffusion according to
the concentration gradient. We used a double-Iumen microdialysis probe with a membIane length of 2 mm, an outer diameter oť 0 .5 mm and a cut-off at 20,000 Da (CMA 12, 2 mm
membrane length, CMA Microdialysis, Sweden). The inserted
microdialysis catheter was connected by low-volume Auorinated
ethylene propylene (FEP)-tubing (1.2[.L11J Ocm) to a preci sion
infusion pump (CM A 102, CMA Microdialysis, Sweden) in
order to maintain a conSlanl dialysate Aow. The microdialysis
catheter was continuously perfused with a dialysate containing 147 mmol/I NaCI, 2.7 mmol/l KCI, 1.2 mmol/I CaCI 2 and
0.85 mmol/I MgCI2 (Perfusion Auid CNS, CMA Microdialysis,
Sweden) nt a Aow rale of2[.Ll/min. After a stabilisation period of
60 min following insertion into the brain, microdialysate samples were collected in 10 min intervals and immediately frozen
at -40°C until analysed. Thawed and centrifuged dialysate
samples were analysed enzymatically with a CMA 600 Microdialysis Analyser (CMA/Microdialysis, Sweden) for lactate,
pyruvate, glucose and glutamate concentrations.
The exchange of substances across the microdialysis membrane is limited by the total area of the membrane, the perfusion
Aow rate, the characleristics of the diffusing subslance and the
diffusion constant in the tissue surrounding the probe 124]. The
recovery rate expresses the relation between the concentration
of the substance in the microdialysis probe efftuent and lhe concentration in the medium [14] . Before and at the end of the
experiments, the recovery rates for each probe were determined
by continuing the perfusion at the same settings in a calibration
solution containing known concentrations of the different anaIytes. The calibration solution contained 2.50 mmol/I lactate,
250 [.Lmol/l pyruvate, 5.55 mmol/l glucose, 250 mmol/l glycerol and 25 [.LmoUI glutamate (Calibrator, CMA Microdialysis,
Sweden). The concentrations in the calibration solution were
compared with the concentrations of the in vitro microdialysis
samples to determine the relative recovery for each substance.
The measured experimental values were weighted by the relative recovery to estimate the in vivo extracellular concentration
of the substances in the immediate vicinity of the probes. In
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vitro recovery rates were 24.3 ± 1.6% for lactate, 23.1 ± 0.6%
for pyruvate, 13.7 ± 0.8% for glutamate and 14.1 ± 0.8% for
glucose (n = 14). AlI results are presented as weighted concentrations.
The concentration of a metabolite in the extracellular fluid
is clearly affected by changes in the extracellular space vol ume
fraction. A decrease in ct would, in the absence of any changes in
metabolite supply or utilization, result in an increase in the measured metabolite concentration . Similarly, an increase in ct would
cause the measured metabolite concentration to decrease. To
take into account the effects of changes in ct , we have expressed
our results as both the actual measured metabolite concentrations and also as the concentrations corrected for changes in ct
relative to its pre-hypoxic/ischemic baseline values . However,
the physiological concentrations are those without a correction
factor.
The results of the experiments are expressed as the
mean ± standard error of the mean (S.E.M .). Differences within
and between groups were evaluated using Studenťs paired I-test.
Yalues of p < 0.05 were considered significant.
The mean values of extracellular volume fraction ct
and tortuosity A during normoxia were ct = 0.19 ± 0.03 and
A= 1.57 ± 0.01 (n = 12, mean ± S.E.M.), which are similar to
the values observed in rat cortex previously [13,27]. During
30 min of hypoxia-ischemia, ct gradually decreased, reaching
a minimum of 0.07 ± 0.01 at the end of the hypoxic/ischemic
insult (Fig. 1A). The tortuosity simultaneously increased to
1.88 ± 0.03 (Fig. lB). After the release of carotid artery occlusion and the beginning of normoxic ventilation, both ct and A
started to return to normal values, reaching them within 20 min
of the recovery period. During the next 20 min , ct continued to
increase to 0.23 ± 0.01 while A decreased to 1.53 ± 0.06, then
both parameters remained unchanged at these levels until the
end of the 90-min recovery phase (Fig. 1A and B).
After a stabilisation period of 60 min following probe insertion, the basal cortical leve! of lactate and the lactate/pyruvate
ratio remained stable at 0 .99 ± 0.06 mmol/l and 23.44 ± 1.85,
respectively (n = 9). There were no statistical differences compared to the control group (n = 5) . Combined hypoxia/ischemia
led to an immediate rise in lactate dialysate levels , reaching a plateau of 3.01 ± 0.62 mmolll within 20 min (Fig. 2A).
The lactate/pyruvate ratio showed a similar time course during
hypoxia/ischemia, reaching a plateau of64.79 ± 11 .24 (Fig. 2B).
After the release of carotid occlusion and reoxygenation, lactate
levels and the lactate/pyruvate ratio decreased, reaching control values within 30-40 min. Taking into account the effect of
the changes in ECS vol ume fraction, the calculated extracellular concentrations of lactate during hypoxia/ischemia would be
30-50% lower than those actually measured (Fig. 2A) .
Before the induction of hypoxia/ischemia, we found stable basal glucose and glutamate levels of 2.94 ± 0.18 mmolll
and 6.85 ± 0.97 I-lmolll, respectively (n = 9), without any significant differences compared with control animals (n = 5).
Unilateral carotid occlusion and a reduction in inspiratory oxygen content led to a steep decrease in glucose dialysate concentrations, reaching a minimum of 1.45 ± 0.23 mmoVI after
20 min of hypoxia/ischemia . During the reoxygenation period
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Fig. I. The time course of changes in extracellular space volume fraction Ci (A)
and tOrluosity A (B) during transient hypoxia/ischemia and subsequent reperfusion .

extracellular glucose concentrations returned to control levels within 20 min and then slowly decreased, reaching a value
of 2.05 ± 0.17 mmoVI at the end of the experiment. The glucose concentrations during hypoxia/ischemia would be even
lower if we take into account the accompanying changes in
ECS volume fraction. During reperfusion, the glucose concentration corrected for the increase in ct reached initial values within 20 min and remained at this level until the end
of the experiment (Fig. 2C). Extracellular glutamate levels
increased during hypoxia/ischemia, reaching maximum values
of 59.30± 15.90 I-lmol/I at the end of the hypoxiclischemic
insult. During reperfusion the extracellular glutamate levels
decreased, reaching control vaJues 90 min after reperfusion. Tbe
concentration of glutamate corrected for the increase in ct would
be lower with the greatest increase seen within the first 10 min
(Fig.2D).
The aim of this study was to investigate changes in the
diffusion parameters of the ECS and the extracellular concentrations of energy-related metabolites and glutamate in the rat
somatosensory cortex during transient hypoxialischemia and
reperfusion. This allowed us to analyse the relationship between
tbe dynamic changes in the diffusion properties of the brain cortex and energy metabolism.
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Previou s studies using a mode l of terminal anoxia in the
rat cortex have shown a fas t decrease in ECS volume and an
increase in tortuosity with in a few minutes following cardiac
arrest [25,27]. The ulti ma te changes in ECS diffusion parameters were associated with an abrupt elevation of [K+]e and
an acid shíft in pHe [27] and correlated well with a reduction in the apparent diffu sio n coefficient af water (ADC w ) as
measured by diffusion-wei ghted MRl [25] . AIso, another study
demonstrated a temporary reduc tion in ADC w during transient hypoxia/ischemi a with subsequent renormalization during
reperfu sion [10). The present stud y found a continuous decrease
in ex and increase in A during a hypoxiclischemic insult, with
final values similar to those previous ly found in tcrminal ano xia
[25,27] . Similarl y as during terminal ano xia, we observed that
the chan ges in ECS diffu sion param eters were accelerated by
ischemic depolarizati on, whi ch usually occurred between 5 and
10 min after the onset of hypoxia/ischemia, suggesting that ionic
shifts were also responsible for the initial cellular swelling in this
model. A similar time course in the reduction of the ECS size,
measured by the electrical impedance technique, was reported
during transient hypoxia/i schemia in the parietal cortex of 4week-old rats [17].
During reperfusion the tortuosity renormalized within
20 min , while the ECS valume frac tion increased and remained

elevated about 20% above origina l no rmoxic values. This
increase in the síze ofthe ECS corres ponds we ll with the findings
of an increased signal in TI weighted im ages and an elevated
water content in the brain cortex of 4-week-old rats after a
hypoxic-ischemic insult [17,18]. The authors concluded that
changes in Tl, but not T2, weighted MRl best serve as an indicator of edema associated with an eJevation in water content. Also,
a temporary increase in ADC w without signifi cant c hanges inthe
signal o fT2 weighted MRl has been found in the parieta l corte x
of adult rats during reperfusion afte r hypoxi a- isc hemia [10] .
To monitor cha nges in cerebral ene rg y me tabolism we used
microdial ys is, which is considered a hi ghl y sensitive technique
for de te rminin g regional metabolic tissue concentration s [24],
but it has some methodicallimitations. Ch anges in the extracellul ar space volume during hypoxic conditions may have effects
on mi c ľodialysate concentralions and probe e ľfi c ien c y . Relative recovery can change in the same probe during different
physiological and pathological conditions [9]. Compared to in
vitro calibration the in vivo recovery of substances stron gly
depends on the surrounding tissue properties especia ll y extracellul ar vol ume frac tion and tortuosity as well as va rious re lease,
uptake and c1earance processes [4] . Based on these findin gs
the calculati on o f the interstitial concentratio ns based entire ly
on the in vitro recovery can be uoderestimated and poss ibl y
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could not predict tissue interstitial concentration accurately
[3,4,9]. However, we suggest that the changes in extracellular
microdiaJysate levels reftect the time course of this dynamic
process.
In our experiments we found a steep increase in extracellular lactate concentration immediately after the onset of
hypoxia/ischemia, which has also been seen previously [19]. ln
the past decades, lactate has been considered a dead-end waste
product of anaerobic glycolysis, contributing to acidosis and tissue damage. Recent studies, however, have shown that lactatc
can be utilized by neurons as an energy source during aerobic conditions [5] and can even support neuronal survival and
function during glucose deprivation in organotypic hippocampal
slice cultures (7]. Another study demonstrated a beneficial effect
of lactate during the initial phase of reperfusion [8] . This finding
supports studies suggesti ng that lactate is used as a preferred
substrate for the immediate restoration of neuronal ATP after
hypoxia [20]. In our experiments, during reperfusion , we have
seen a decrease in extracellular lactate concentration, reaching
control vaJues within 90 min of reoxygenation, This indicates a
retum to a sufficient oxygen supply and thc uptake of lactate,
possibly by neurons, A second marker for anaerobic metabolism
is the tissuc-speci fic LIP ralio, because it is closely correlated
with the redox potential of cells [6]. Our results show a steep
increase in the LIP ratio during hypoxia/ischemia, indicating a
reversal of the cytosolic redox potential and a switch to anaerobic glycolysis, During reperfusion the LIP ratio normalized,
which again corresponds with a return to the aerobic pathway
of energy production.
The concentration of glucose in the ECF is a balance
between supply and utilization, and possibly both mechanisms
are involved in the decrease seen during hypoxia/ischemia
in our experiments, During recovery the glucose concentrati on returned to initial values within 20 min and then slightly
decreased again. This small drop is probably caused by a diluti on effect of vasogenic edema.
lt has been shown that the extracellular concentration of
glutamate increases during brain ischemia, and the excessive
activation of its receptors is believed to be a major cause oť
ischemia-related neuronal injury [2], ln our experiments, the
concentration of glutamate in the ECF started to increase soon
after the onset of hypoxialischemia and continued to increase
to a level 10-fold above control values at the end of the insull.
We have also shown how the ECS vol ume decrease contributes
to the increase in the extracellular glutamate concentration. The
activation of glutamate receptors may result in rapid cellular
swelling [11]. However, only very high concentrations (10- 2 M)
were shown to cause a substantial decrease in the ECS vol ume
in the isolated spinal cord of rat pups under normoxic conditions [26]. Because such concentrations are not achieved even
undeJ pathological conditions, it was suggested that glutamateinduced astrocytic swelJing in vivo could be indirect and mediated by glutamate's effects on neuronal cells, such as increases in
the extracellular potassium concentration promoted by neuJonal
depolarization [12],
ln conclusion, we have demonstrated that transient hypoxia/
ischemia causes similar changes in ECS diffusion parameters
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as does global anoxia. The observed reduction in ECS volume,
reflecting cytotoxic edema, correlates well with the time course
of the elevation in extracellular glutamate concentration. We
have also shown the impact of the ECS volume on the concentrations of substances diffusing through the ECS, evidencing to
what degree ECS shrinkage contributes to the increased concentrations of toxic metabolites.
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Abstract
The real-til11e iontopboretic method llsing tetramethylammonium-selective microelectrodes and diffllsion-weightcd magnetic resonance imaging
werc used to measllre the extracelllllar space volume fraction Ci, tortuosity Á and apparent diffusion coefTicient ofwater (ADC w ) 240 min after tbe
administration of pilocarpine in urethane-anaesthetized rats. The obtained data were correlated witb extracelluLar lactate, glucose, and glutamale
concentrations and the lactate/pyruvate-ratio, detennined by intracerebral microdialysis. Tl1e contTol vall1es of CI and I, were 0.19±0.004 and 1.58±
0.01, respectively. Following pilocarpine application, Ci decreased to 0.134±0.012 100 min later. Thercafter Cl increased, reaching 0.176±0.009
140 minlatcr. No significant changes in A were observed during thc entire time course ofthc experiment. ADC w was significantly decreased 100 min
afterpilocarpine appl ication (549± 8 ~um2 S- I) compared to controls (603 ± II ~m2 s -l); by thc end ofthe experiments, ADC w had retl1med to control
values. The basal cortical leveLs of Jactate, the lactate/pYJUvatc ratio, glucose and glutamate wcre 0.6 J ± 0.05 mmolll, 33.16±4,26, 2.42 ± 0.13 mmol/I
and 6.55± 1.31 fllnolll. Pilocarpinc application led to a rise in lactate, the Jactatc/pYJUvate ratio and glutamate levels, reaching 2.92±0.60 mmoJ/l,
84.80± 11.72 and 22.39±5.85 ~molll withiIl about 100 min, with a subsequent decrease to control vallles 1.40 min Later. The time course ofchanges in
glllcose levels was different, with maximallevels of3.49±0.24 mmolll reached 40 min after pilocarpine injeclion and a subscquent decrease to 1.25±
0.40 mmoJ/1 observed 200 min later. Pathologically iIlcreased neuronal activity induced by pilocarpine causes cell swelling followEd by a redllction in
the ECS volume Cractioo, which caD contribute to the accumulation of toxic mctaboliles and lead to the ,talt of epileptic dischargcs.
© 2007 Elsevier Tnc. A II rigbts reserved.
Keywords: Diffusion; ADC w; Microdialysi s; Pilocarpine; Epilepsy; GJucose; Glutamare; Pynlvate; Lactarc; POUlssil1m

Tntroduction

The acute administration of a high do se of the muscalinic
cholinergic agonist pilocarpine in rodents lS an experimental
model widely used to study the pathophysioJogy of seizures.
This seizure model demonstrates the potent proconvulsant effecl
of piJocarpine and produces bchavioural and electroencephalographic alterations that are simi lar to those of human temporal
lobe epilepsy (Tnrski el a1., 1983).
* Conesponding author. Institute ofExperimental Medicinc, ASCR, Videnska
IOR3, 14220 Pragl.le 4 , Czech Republic. Fax: +420 241062783.
E-mail address: ksl ais(cl!rned.m uni .cz (K Slais).
0014-48R6/$ - sec front matteI' © 2007 ElsevieI' Inc. AII righls reserved .
doi: 10.1 0 16!j.expncuro1.2007.09.008

The extracellular space (ECS) fonns the microenvironment of
nerve cel1s, and many neuroactive substances diffuse through this
space to reach theiť target receptors. The diffusion of neuroactive
substances through the ECS ofthe central nerVOllS system (CNS)
is the underlying mechanism of extrasynaptic (volume) lransmission, an important mode of communication between nerve
cells (Agnati c l al, 1995; icho]SOI1 and Sykova, 199 ; ykova,
1997, 2004 ; Zoli et aL 1999). Diffusion in the ECS obeys Fick's
laws but is constrained by two factors: the extracellular volume
fraclion 0:, which is the ratio of the ECS volume to lota I tisslle
volume, and tortuosity )" a parameler describing the impact of
tissue geometry on diffusion compared to a free diffusion
medium. Tortllosity is defined as ),=(DIADC)1 /2, where ADC is

146

K S/a is cl a/. I Experil1lenw/ Neurologv 709 (2008; 145-154

the apparent diffusion coefficient in the brain and D is the free
ditfusion coefficient (Ni cholsOll and Ph illips, 199 I; icholson
ano Sykova, 1998). Extracellular diffusion parameters are significantly altered in many pathological states ( ykova, 2005;
yk ova l;t al. , 2000), among them pathological conditions characterized by increa.~ed neuronal activity (Kilh cl al. , 2006 ;
Svoboda and Sykova, 1991: Sykova el al, 2003).
Diffusion-weighted magnetic reso nance imaging (DW MRl)
is a noninvasive technique that allows the in situ measurement
of water diffusion predominantly witbin the interstitial space
(Le 8i han cl al., 1986). Mcasmements of the apparent diffusion
coefficient of water (ADC w ) in experimental models of status
epilepticus (SE) show a decrease of ADC w in the brain parenchyma severa I boUľs after the induction of seizures (Fabcllc
' l al., 200h ; Righini cl aJ.. 1994 ; va n ijsdcn ct al , 2004; Wall
ct al.. 2000 : Wang et al,199ri: 7hong cl al, 1993). However, al!
of these stlldies observed changes over long intervals (several
hours bet';veen measu rements) and no study has investigated
diffusion changes in the ftrst hours following the onset of SE. It
is also not known to wha! extent changes in volume fraction
and/or tortuos ity contribute to the observed decrease in ADC w
during SE.
The objective of the present work was to detennine the
diffusion parameters in the brain c0l1ex of adult rats before and
after pilocarpine-induced seizures. The real-time iontophoretic
mcthod using tetramcthylammonium (TMA +)-selective microe lectrodcs ( ichol soll ano Phillips, 1981; N icl101 so n and
Sykova, 199H) and DW MRl were used to measure the ECS
volume fraction, tortuosity and ADC w 4 h after the adminislration of pilocarpine. The obtained data were correlated with
changes in the energy-related metabolites lactate and glucose,
the lactate/pyruvate-ratio and glutamate, monitored by intracerebral microdialysis. This allow ed us to analyse the relationship
between the dynamic changes in the diffusion properties of the
brain cortex and energy metaboJism. Thc extracellular concentration of potassium and extracellular field potentials (EFP)
were also recorded.

Columbus InstJUments, Columbus, Ohio, USA) and ventilated
with air. The body temperature was maintained at 36- 37 °C by a
heating pad. The head ofthe rat was ftxed in a stereotaxic holder.
For TMA', [K+l c and microdialysis measurements, the somatosensory cortex of the rat was partially exposed by a bUIT
hole 2- 3 mm caudal from the bregma and 2-3 mm lateral from
the midline and the dura mater was removed. The exposed c0l1ex
was washed with al1ificial cerebrospinal fluid at 37 oe. All
measurements were recorded in the somatosensory cOl1ex at a
depth oť 1000-1100 ).lm. For technical reas ons, TMA + diffusion, [K+l c ' microdialysis and DW MRl measurements were
perfom1ed separately using four groups of animals. To potentiatc
the subsequent actíon of pilocarpine (Orlll3n dy et al. , 199 1),
lithium chloride (In mg/kg, i.p.: Sigma-Aldrich) was given to
thc animals 14- I g h before each pilocarpine experiment.
Methylscopolamine bromide (Sigma-Aldrich), an anticholinergic agent thal docs not cross the blood-brain barrier, was
dissolved in normal saline at 1 mg/ml, and I mg/kg was given
subcutaneously 20 min before the pilocarpioe injectioll to block
its periphcral activity. Pilocarpine hydrochloride (SigmaAldrich) was di sso lved in normal saline at 100 mg/ml, and onc
dose of 300 mg/kg was administered i.p. - a dose sufficient to
produce, in combination with lithium chloride pre-treatment. SE
in urethane anaesthetized animals (Stri ngcr and Sowcl1. 1994).

Materials and methods

1/1 vivo measurement ofextracellular .\pace di[fúsiol1 parameter.l'

Anima/s

Thc ECS diffusion parametcrs were stud icd by the real-timc
iontophoretic method described in detail previously (. ' ich olso n
and Phillips, 19R I: Sykova c(;lL 1994). Briefly, an cxtraccllular
marker lhat is restricted to the extracellular comparrment, such as
tetrametbylammo nium ion s (TMA~, MW=74.1 Da) to which
cell mcmbranes are rclalively il11penneable, is released ioto the
extracellular space by iOnLophoresis and its local concentration
measured with a TMA" -selective microelectrode (TMA' -ISM)
located about 100-200 ).lm from the release site. The
concentration of TMA + in the ECS is inversely proportional to
the ECS vo lume. Double-barrel ed TM A +-ISMs were p repared
by a procedure described in detail previously (Vori sck anc1
S_ ko\·a. 1997). Tbe tip oftl1e ion-sensitive barrel was fiJled with
a liquid ion excbanger (Coming 477317) ; the rest of the barrel
was backfi !led with 150 111M TMA" chloride. Th e reference
barrel contained 150 mM NaCI. The shank of the iontophoretic
pipettc was bent so that it could be aJigned parallel lo that ofthe

Adult male Wistar rats (300-350 g) were used for experiments. Animals were housed in cages with free access to food
and water and maintained at a temperature of 22 °C on a 12 : 12 h
light-dark cycle (lights on at 08:00) . The experiments were
carried out in accordance witb the European Communities
Councij Directive of 24 November j 986 (86/609/EEC) and
approved by the local lnstitutional Animal Ethics Committee.
AI! efforts were made to minimize animal suffering and to
reduce the number of animals used.

Experimental procedure
Animals were anesthetized by an intraperitoneal injection of
urethane (1.2 g/kg; Sigma-Aldrich Chemie Gmbh, Steinheim,
Germany), intubated and connected to a ven tilator (CIV J OI,

Loca! field potential recording
Local field potentials (FP) were recorded in all animals used
for TMA + diffusion , extracellular K+ and microdialysi s measu rel1lents. For technical reasons, it was not possible to record
neuronal activity in animals used for DW MRl mcasurements .
Local FP were recorded on the reference barrel of a TMA -'- or
K+ -sensitive l1licroelectrode or a glass microelectrode filled with
NaCI in the case of microdialysis experiments. The signal was
amplifled J O-fold and simultancously displayed Oll a digital
oscilloscope and !Ta nsferred into PC using a Lab-Trax acquisition
system (World Precision InstJUmeots, Inc. , Sarasota, USA).
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ion-selective microelectrode and was backfilled with 150 mM
TMA + chloride. An electrode array was made by gluing a
TMA +-lSM to an iontophoretic micropipette with a tip separation of 100- 200 J..l.m. The iontophoresis parameters were
+20 nA bias current (continuously applied current to maintain a
constant e.l ectrode transport number) and a + 180 nA current step
of 24 s duration to generate the diffusion curve. The TMA +
diffusion curves were generated at regular intervals of 10 min.
Before tissue measurements, diffusion curves were first recorded
in 0.3% agar (Sigma-Aldrich) dissolved in a solution containing
150 mM NaCl , 3 mM KCI, and J mM TMACI. The diffusion
curves were analysed to obtain the electrode transport number
(n) and the free TMA + diffusion coefficient (D) by curve-fitting
according to a modified diffusion equation using the VOLTORO
program (N icholson and Phi llips, 1(81). Knowing n and O, the
values of CI. , A. and k' can be obtained from the diffusion curves.
The volllme fraction CI. is the ratio of the volllme of the ECS
to total tissue volume in a representative elementary volume of
brain tissue (CI.=ECS/total tissue volume). Tortuosity I, is defined as ), 2 = DI ADC, where O is the free diffusion coefficient
and ADC is the apparent diffusion coeffjcient in the brain tissue,
retlecting thc increased path length of a diffusing molecule in a
complex medium due to ce\lular membranes, glycoproteins,
macromolecules and fixcd charges. Finally, non-specific uptake
k' describes the loss of sllbstances across cell membranes
( jcho l on, 1992; ·icholson a nd Phillip , 198 1).
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The higher the h-factor, the stronger thc diffusion weighting
and thc darker the images are in areas with fast water diffusion.
Four pairs of diffusion-weighted measurements (a series of
slices acguired with both low and high diffusion weighting)
were perforrned before the pilocarpine injection . Thereafter,
one pair of mcasurements was done at ll-min intervals for the
next 4 h.
Maps of the apparent diffusion coefficients were calculated
from 2 OW images, which con·esponded to 2 different b-factors,
by fitting the decay signal intensities to Eg. (1) (Le Bi hwl an d
Basser, 1995). The signal intensity S decays with increasing
diffusion weighting (b-factor).

S(b ) = So· exp( -b· AOCw)

(1)

Thc extracellular K+ concentration was measured by means of
dou bJc-barreled K +-sensitive microelectrodes (K 4· - TSMs) as
described elsewhere (Sy kova et al. , 19(4). The liquid ionexchanger sensitiveto K+ was Coming 477317. The K+-sensitive
barrel of the microelectrode was bac k fi\led with 0.5 M KCI ,
while the reference barrel contained 150 mM NaCL Electrodes
were calibrated using the fixed-intelference method (N icholson
and Tao, 1993 ) in a sequence of solutions containing 2, 4, 8, 16,
32 and 64 mM KCI, with a background ofeither 151,149,145,
137, 121 or 89 mM NaCl to keep the ionic strength of the
solutions constant. Calibration data were fitted to the Nikolsky
eguation to dctennine electrode slope and interference.

ADC w was assumed to be zero in pixels where the acquired
data did not fit well to theoretical depcndencc (correlation
coefficient was less than 0.2). These zero-values were ignorcd
for statistical evaluation if they occurred in the region of
interesl. AOC w maps (see Fig. 3) were calculated using custommade software (V. Herynek, IKEM, Prague, Czech Rep.) hy a
linear least squares algorithm. nle results were analyzed using
ImageJ software (W Ra<;band, NIH, Bethesda, USA). The
evaluated regions of interest were positioned using a rat brain
atlas (Pa>: illos and Wa tson, 1998) and TTweighted images in
both the l.eft and right hemispheres. The minimal area of an
individual region was 1.5 mm 2 We evaluated coronal slices
positioned -3.2 mm caudal to bregma in each animal. The
resulting ADC w map s were evaluated in the primal)' somatosensory cortical region, the area conesponding to thc site ofthe
TMA measurements.
The reproducibility of AOC w measurements was verified by
means of six diffusion phantollls placed on the top of the rats'
heads. The phantoms were lllade from glass tubes (inner
diameter=2.3 mm, glass type: KS80, Ruckl Glass, Otvovice,
Czech Republic) fil1.ed with pure (99%) substances having different diffusion coefficients. The substances wcre: l-octanol, 17tridecane (Sigma-Aldrich), isoamyl alcohol, isopropyl alcohol,
n-butanol and ter/-butanol (Penta, Prague, Czech Republic).
The temperature of the phantoms was maintained at a constant
37°C.

Diffitsion -weigh/ed magne/ic resonan ce imaging

Microdialysis

Diffusion-weighted imaging mcasurcments were performed
using an experimcntal MR spectrometer BIOSPEC 4.7 Tsystem
(Brnker, Ettlingen, Germany) equipped with a 200 mT/m
gradient system (J 90 J..l.S rise tirne) and a homemade head sUlface
coil. We acquired nine TTweighted sagittal images in order to
position cOl·onal slices. Two DW images per slice were acguired
using the following parameters: Ll = 30 ms, b-factors = 75
and 1732 s/mm 2 , TE=46 ms, TR=J200 ms, field of view
3.2 x 3.2 cm 2 , matrix size=256 x 128, four 1.0 mm thick coronal
slices, interslice distance= 1.5 mm. DW images were measured
using the stimulated echo sequence. ln OW measurements, the
diffusion gradient direction pointed along the rostrocaudal direction. The b-factor denotes the strcngth of diffusion weighting.

The techniqlle ofmicrodialysis is bascd on samphng fluid via
a double-Iumen probe with an Integrated selllipermeable membrane in which the equilibration ofsubstances in the extracellular
space and perfusion fluid takes place by diffusion according
to the concentration gradient. We used a double-Iumen microdialysis probe with a membrane length of 2 lrun , an outer
diameter of 0.5 mm and a cut-off at 20 kOa (CMA J 2, 2 mm
membrane length, CMA Microdialysis, Sweden). The inserted
microdialysis catheter was connected by low-volume Fluorinated Ethylene Propylene (FEP)-tubing (1.2 J..l.I/lO cm) to a precision infusiOll pump (CMA 102, CMA Microdialysis, Sweden)
in order to maintain a constant dialysate flow. The microdiaJysis
catheter was continuously perfllsed with a dialysate containing

ln vivo measurements oj" extracellular K+ concentralion
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147 mmolll NaC I, 2.7 mmolll KCl, l.2 mmolll CaCh and
0. 85 mmol / I MgC I2 (Perfusion fluid CNS, CMA MicrodiaJysis,
Sweden) at a flow rate of2 !-ll/min. A fter a stabilization period of
60 min ťollowing insertion into the brain, microdialysate samples were collected over 10-min interval s and immediately
frozen at -40°C unlil ana lysed. Thawed and centrifuged
dialysate samples were analysed enzymatically with a CMA 600

Microdialysis Analyser (CMAfMicrodialysis, Sweden) for
lactate, pyruva te, glllcose and gllltamate concentrations.
The exchange of substances across the microdialysis membrane is I.imited by the total area of the membrane, the
perfusion flow rate, the characteristics of the diffu s ing
substa nce and the dilTlIsion conslant in thc lissue surroun ding
the probe (Ungerstcdt , 1991). The recovery rate expresses rhe
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Fig . I . The time course oť loea l field potential, (A), IOrTlIosiry ), (B), extracellular space vo lume fra cl io ll CI. (C) , extraeellular potassilllTI COllcen tTari on (K+lc (O),
apparent diffu siol1 coefficient of water (E), ex tracellu lar lac tare concentrdtion (F), lacra lelpyruvate rati o (G) and the cOl1centTations of cx trace ll u lar g lucose (H) and
glutamatc (I). The time courses ofthe concenrraiíons oftbe cvaluared mewbolites correcled for changes in ECS volume are presented as dashed li nes, and they show
how much of tne eoncentratio n cha nge is due to thc ECS volumc change.
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relation between the concentration of the substance in the
microdialysis probe effluent and the concentration in the
mcdium (Mull e r. 2002). Before and a\ thc end of the
experiments, the recovery rates for each probe were determined
by continuing the perfusion at the same settings in a calibration
solution containing known concentrations of the different
analytes. The calibration solu ti on contained 2.50 mmol/llactate,
250 f-lmol / l pymvate, 5.55 mrnolll glucose, 250 mmoVI glycerol
and 25 ~Lmolll glutamate (Calibrator, CMA Microdialysis,
Sweden). The concentrations in the caJibration solution were
compared with thc concentrations of the in vitro microdialysis
samples [O dctennine the relative recovery for each substance. The
measured experimental values were weighted by the relative
recovery to cstimate the in vivo extracellular concentration of the
substances in thc immcdiate vicinity of the probes. ln vitro
rccovery rates were 19.2±0.69% for lactate, 20A±OA8% for
pyruvate, 9.5 ± 0.30% for glutamate and 10.1 ±0.31 % for gJucose
(mean ± S.E.M., 11=8). All results are presented as weighted
concentrations.
The conccntration of a metabolite in the extracellular t1u id is
clearly affected by changes in the extracellular space volllme
fraction. A decrease in (J. would, in the absence ofany changes in
metabolite supply or utilization , result in an increase in the
measured metabolite concentration. Similarly, an incrcasc in (J.
would cause the measured metabolite concentration to decrease.
To take into account thc effects of changcs in 0, \VC havc
expressed our results as both thc aClual measurcd mctabolite
concentrations and also as the concentrations corrected for
changes in CI. relative to its base line values.
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led to bursts of spike-wave activity (Fig. 2B), as well as
episodes of high-fi'eqllency activity (F ig. 2e). No behavioural
manifestations of se izures were observed during anaesthesia.

Ex/racellular space diffusion parameters
The mean values of extracellular volume fracrion (J. and
tortllosity A. before the application of pilocarpine were 0.19 ±
0.004 and 1.58 ± 0.01 (1/=7 , mean -S.E.M.). Following pilocarpine applicatiol1, there were no significant changes in tortuosity
(Fig. lB). The volume fraction started to decrease several
minutcs after the application ofpilocarpine, reaching a minimum
(0.13 ±0.01) 80-100 min later. At 120 min , lY. started to increase
and reached 0.18 ± 0.0 J 240 min after the application of pilocarpine (Fig. 1C).

J
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Statistical analysis
Data obtaincd from recordings during the period prior to
piloearpine injection were uscd as control data. After the injection of pi1ocarpine, data were recorded over I O-min intervals for
4 h. The rcsults of lhe experiments are expressed as the mean ±
standard CITor of thc mean (S.E.M.). Differences between
differellt time intervals were evaluated using Ai\JOVA for
repeated measures test and Dunnetťs post hoc test. Values of
p <O.05 were considered significant.

Results
Extracel/ular field poren/ials
Tlle ampl itude or extracellular ficld potcntials was 0.3 -

OA mY. Several minules after the inJection of pilocarpine, the
amplitude decreased to 0.2-0.25 mY. The ictal activity in the
neocortex began 25-40 min following the pilocarpine injection
(average I.atency 30 min). The amplitude of the ictal discharges
increased and reached a maximum of 2.0-2.5 mV abollt 80100 min after the application ofpilocarpine. The amplitude then
started to diminish, but epileptiformic manifestations I.asted up
to the end of the experimental period. A typical. record of one
experiment is shov....-n in Fig. I A. Fig. 2 shows an example of
local field poten tial records before and 60, 120, 180 and
240 min after the injection o f pilocarpine. Pilocarpine injection

Fig. 2. Loea l field potential reeordings of" urethane anesthetized pilocarpincinjcetcd rat. (A) In-egular baselinc loea l ficld potentia l before pilocarpinc
injeetion. (B) Spike-wave comp1cxes 60 min aner piloearpine injeetion . rC)
lutervals of high-fTequc ney aetivity ) 20 min after piloearpinc injeetion . (D, E)
Loeal field potential reeords 180 and 240 mill after piloearpine illjeetion .

K SlaLI' et al. / Experimen/(/} Neurology 209 (2008) /45-/54
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Fig. 3. Typieal ADC w maps in rat bcťorc and after pilocarpine injcctioll in plill131y somaioscnso ry col1ex . Thc arcas arc ou tlincd in Trwcightcd imagc (bottom-righl
panel ). Thc image shows ADC w maps taken from thc identical eorona l plane ofthe same animal. The scale at the right siele ofthe figure shows tbe relatio n betwceo thc
intelvals of ADC w values and th e co lors lIsed for visualization. Note the sign ificantly dcereased ADC w in thc eerebral COl1cx 100 mill aftu pilocaq)ine injecti o n.
ADC w retumed to thc contral val ues after 4 h.

Measuremenls

ar extracellular K+ concentration

The mean value of ADC w before tbe application of pilocarpine was 603.2±8.6 11m2 S-l (n=6, mean±S.E.M.).
Following pilocarpine application, ADC w stalted to decrease,
reaching a minimum 549.5±10.5 11m 2 S-l 100 min later. At
120 min , ADC w started to increase and reached 612.7±
14.7 Jl.m 2 S-l 240 min after tbe application of pilocarpine
(Figs. 1E and 3).

Taking into accouot the effect of the decrease in ECS volume
fraction, the calculated extracellular concentrations of lactate
during hypoxialischemia would be as much as 30% lower tban
those actually Illeasured (Fig. If).
Basal glucose and glutamate levels were 2.42 ± 0.13 mmol /
I and 6.55 ± 1.31 Ilmo1/1, respectively (n = 8). Fol1owing pilocarpine application, glucose dialysate concentrations increased ,
reaching a maximum of 3.49 ± 0.24 mmoVI 40 min later.
Tbereafter, glucose concentrations decreased, reaching a vallle
of 1.25±0.40 1ll1ll01/1 at the end ofthe experiment. The glucose
cOllcentrations duting hypoxialischemia would be even lower if
we take into account the accompanying decrease in ECS volume
fraction (fig. lB). Extracellular glutamate levels started to
incrcase 40 min after the application of pilocarpine and reached
maximum values of 22.39 ±5.85 I1mol/1. Subseguently, tbe
extracellular glutamate levels decrcased , reaching control values
at the end of the experiment. Tbe concentrations of glutamatc
corrected for the increase in CI. would be tberefore lower tban the
acqllired concentrations (Fig. ll).

Microdialysis

Discussion

After a stabilization period of 60 min following probe
insertion, the basa! cOltical !evel of lactate and the lactate/
pyruvate ratio remained stable at 0.61 ±0.05 mmol/I and 33 . .I6±
4.26, respectively (/1 =8). Tbe application of pilocarpine led to a
rise in lactate dialysate levels, reaching a plateau of 2.92±
0.60 mmol/I within 100 min (Fig. J F). The lactate/pyruvate ratio
showed a similar time course, reaching a plateau of84.80± 11.72
(fig. lG). Subsequently, lactate leve\s and the lactate/pyruvate
ratio decreased, reachi ng control values at the end of experiment.

The initiation and early expression ofthe seizures induced by
pílocarpine are a cholinergic phenomenon; anticholinergics
readil y tenninate seizures at this stage and no neuropathology is
evident. following the toxicity induced by an initial cholinergic
phase, a distinct noncholinergic phase occurs, in which excessive glutamate release induces SE in this epilepsy model
(McDonough and Shih, 199 7)
To induce SE in urethane anesthetized animals, we used a
bigh dose of pilocarpine in combination with lithium chloride

Extracellular potassium concentration [K+]c in the brain
somatosensory cortex at the beginning of the experiments was
3.07±0.02 mM (n=7, mean±S.E.M.). Following pilocarpine
application, [K"Jc started to increase after several minutes,
reaching a maxima! concentration of ] 3.3 ± 1.04 mM 80 min
later. Subsequently, [K+]e retumed to normal values, and at the
end ofthe experiment [K~ ] c was 4.17±0.21 mM (Fig. ID).

Measuremenls

aľ apparent

dij.1itsion coellicienl

aľ water

I
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pre-treatment (StTinger an d So wcl l, 1994). Although it is
difficult to induce status epilepticlls under anaesthesia, records
of local field potentials showed epileptiform neuronal activity,
and the levels of K+ reached were (Slr inger Dnci LOl hman, 1996)
comparable to values measured during status epi lepticus. We
believe that our model, with some limitation due to the use of
anaesthesia, is comparable with SE in awake animals.
The first repOli of the use of DW MRl in epilepsy is from
Zhong el al. (1993), who documented early ADC w decrease in a
model of bicuculline-induced SE in rats. By using the experimental model ofkainic acid-induced SE in rats, it has been shown
that postíctal ADC w was decreased in the piriform cortex, hippocampus, and amygdala within 24 h with subsequent normalization
(R ig hini cl al., 1994; Wang ct al., 19%). Using pilocarpineinduced seizures, vall Eij sdcn Cl al. (2004) and Wa U Cl al. (200(J)
observed an ADC w decrease in the amygdala and the piriform
cortex within the first hOllrs after pilocarpine application in rals.
Also, a recent study by Fabcnc Cl a l. (2006) showed a decrease of
ADC w throllghollt the brain 2 h after a 4-aminopyridine injection
in rats. Our DW MR! results are in agreemcnt with previous
works and show, as wc know, for the firsl time in detail the entire
time cOllrse ofthe start, maximal decrease and renormalization of
ADC w in somatosensory cOliex during SE.
Acute experimcntal convulsions increase rK~Jc and the
extracelllllar concentrations of various transmitter sllbstances
due to prolonged ncuronal depolarization (rVlaci a ~ Cl al., 20() I).
With SE, the metabolism is markedly increased, rcsulling in th e
depletion of adenosine triphosphate and energy reserves at its
later stage. Consequently, this results in impaired ion exchange
pump functions and incrcased membranc ion permeability ofthe
cells, resulting in an incrcasc in [K+]e and the accumulation of
intracellular Ca 2+ (vVastc d ain et al., 1993). The increase in [K+Jc
is followcd by cell swelling. The swelling, which never occurs
before a rise in K-+ and changes in pH, then results in a shrinkage
of the ECS (S ykova ct al., 1994, 1999). The dependence of
changes in Cf caused by cellular swelling on changes in [K+]c is
also dcmonstrated in our results, and a normalization of elevated
[K+Jc leads to a quick nonnalization of (X to contro! values. The
increase of [K~Je and the decrease of (X start in the flrst minutes
after lhe pilocarpine injection as a consequence of increased
neuronal activity aftcr cholinergic activation (McDonough and
Shih, 1997). The onscl of the fírst iclal discharges comes later,
about 30 min after pi locarpine injection. A morc pronollnced
increase in the discharge amplitude follows 40-50 min after
pilocarpi.ne application, when thc ECS volume is abollt 30%
smaller than its initial value, show ing thc possible contrihulion of
ECS volumc reduction to thc initiation ofSE (Kilb ct al., 2000).
The results of our extracellular diffusion parameter measuremcnts represent, according to our best knowledgc, thc first time
the absolute values ofthe cOliical diffusion parameters have been
deterll1ined in vivo during SE. In our previous studies we
demonstratcd (Sy kova Cl aJ., 2005) that changes in extracellldar
volume fraction con'elate with changes in ADC w , as we confinned also in this study. The changes seen in diffusion-weighted
images in ca ses ofepilepsy are similar to those observcd in early
cercbral ischemia (Hclpclll and H uang, 1995). Our rcsults show
that the decrease in ADC", during SE is caused by a decrease in
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the volume fraction, withollt changes in tortuosity, ln contrast to
findings during ischemia, wherc a decrease in A DC", is caused by
both a decrease in volume tTaction and an incrcase in tortuosity
(v an der To ol11 et aJ., 1996). Possible explanations for this diffcrence are the slower time course of changes in (X and the fact
that the decrcase in (X during SE is only moderate (about 30%) in
comparison wilh the 65-70% reduction in (X seen in experimental
modcls of ischemia (Homola ct al., 2006; van der ToolTI Cl a l,
1990; Vor isc k and Syk ova. 1997). It has been shown that a
significant increase in tortuosity OCCllťS during the cxperimental
application ofK" or glutamate agonists only ifthe concentralion
of K+ cxcecds 20 mM, which cvokes alterations in glial cell
morphology, especially in the cell processes, which ť0l111
diffl.lsion bmTicrs (Sykova cl 'd .. 1l)99; Vargo va ct al., 20() I).
Howcver, [K+Jc during SE reached only about 13 mM, which
might not be sufficicnt to evokc an incrcase in diffusion barriers
fonned by glial processes and thus to an increase in tortuosity.
To monitor changes in cerebra! energy mct.abolism during
SE, we used microdialysis. During the initial stadium ofSE, our
rcslllts show that gJucose Icvels in the extracellular space incrcasc. Thesc rcsults arc supportcd by another microdia!ysis
study ofDarbin ct al (200 5 ), who showed al1 increase in extracellu!ar glllcose cOllcentration in the rat striatull1 after maximal
elcctroshock. The dccrease of ECS spacc volume is possibly a
factor contribllting to the transient increase of glucose concentration. Howcvcr, as scizures continuc, high cercbral mctabolic
rates (Fl rnand l:s Cl al ., 1( 99) caused hy increascd Llpla ke and
glycolysis during increased neuronal activity in SE (Fr:ry' ct al .
1997) could be the cause of the subsequent decrease in glucose
conccntratioll starting I h after pilocarpinc administralion and
continuing ullti! the cnd of our expcril11cnts.
Increased glycolysis reslllts in the consumption of glucose and
the produclion or laclate, which is transported into the
extracellular space. This is supported by our results, in which a
decreasc in glucose is accompanied by an increasc in lactate
levels. An incrcase in lactate levels in selected brain regions
during scizures was also sccn previously ( Darbill Cl al. , 2005 :
Dunn g e t al . 1994 ; f o rn ::li et a I.. 2000: Kull r and K Oľ ( 19 R8a,b).
These studies demonstrated that epilcptic activity lncreases thc
levels oflactic acid in thosc arcas Chal are rccruited during seizure
propagation. Th.is is in agrccment with our results, which show a11
increase in lactate concenlTalions during SE. Wc also fOllnd lhat
with decrcasing amplitude ofthe ictal discharges, elevated lactate
levels recovered to initial values. ln activated brain areas the
incrcasc in encrgy dcmands excecds thc glucose supply (/\dach i
cl al, 1995). Under these conditions the incrcascd lactate levcls
mighl be lltilized by neurons as an alternative energy supply
(Sehurr ct a1. . 1999, 1097, 19R8). This nonnalization must
rcpresent thc uptake and utilization of lactate by neuron s and
astrocytes, because no significant transport of lactate across the
blood-brain harrier has been fOllnd (Kuhr ct a1., 1988 ). The
increasc of ECS volul11e in thc laSl 2 h of our cxpcril11cnts is
another possible contribution to the normalization of extracelllllar lactate concentrations dllring thc samc timc period.
In addition to lactate !evcls as a marker for anaerobic metabolism, thc tissue-specific LactatclPyruvate ratio is an excellent
indicator of cellular hypoxia, since il is closely correlated with
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thc rcdox potenrial (Ku hr cl al., 19 ~R : Zorcmba ct al. , 2(07). ln
thi s stlldy, we havc found an increase in the L actatclPYllJVate
ratio during SE, indicating an increase in anaerobic glycolysis.
The extracellular space volume did not affect the changes that
were seen in tbe Lactate/Pynlvate ratio in any way, sincc the
ralio between two exlTacellular substances that are subject to the
same cOITection coefficient clearly remains unaffected by tbe
vallle of that coefficient, and the diffusion coefficients of th ese
substances are nearly eqllal.
lncreased glutamatergic transmission is regarded as one of
thc possihlc ca uses of seizure origination (Hradford , 1(95). ln
vivo mic.rodialysis data ha ve shown increases in extrac.cllular
glutamate concentrations during epileptic se izll res in the hippocampus (Pen" an d Tapi a, J 999; Slczia e t a J. , 20(4) and striamm
(K o v:lc, CI a !. , 20(3) of 4-aminopyridine-treated rats and in th e
hippocampus of kainic acid- (Lill ct al., [997) and pilocarpine(Khan Cl aJ. , 1999; Smo ldcrs Cl aJ. , [ (97) trealed rats. Many
cxperimen ls have su pported the view that the cxtcnt of glutamate
release during epileptic seizures is so great that uptake is not able
to re-cstabJ ish tbe normal glutamatc concentration and thc
cxcess of glu tamate spreads by diffusion, aClivating neurons via
extra-synaptic receptors (Bradlorc\, [995). Most of the daJ11age induced by seizure activity is generated by glutamatergic
neurotran smission-driven excitotoxicity (W hctsc ll , 1996). lO100 J..lM glutamate is toxic to ne urons grown in clllture (Choi,
1qXR), bLl t neuron s in vivo are less vulnerable due to the presence
ofhighl y effectivc lIptakc carriers (B m hn c l a l , 1992). Elevation
of the e xtraceJlul.a r le ve ls of endogenous g lutamate per se is not
sufficient for the induction of neuronal degradation. Other
tactors lhal faciJitate the overactivation of cxcitatory alllino-acid
reccptors, for instance hyperexcitation present during scizures,
secm to be necessary to induce neuronal damage. Sustained
activation of the NMDA recep tor as a result of excess cxtracellular glutalllate would allow the additional entry ofCa 2, into
thc ncuron which , in conjunction with the sustained repctitive
depolari zation of lhe neurons by the seizure, could allow frec
Ca 2, Icve ls in th e neuron to build up to toxic amounts and
produce the subsequent neuropathology. The maximum increase
in cxtracellular glutamate levels was observed over the S31lle
time interval as the maximulll decreasc in ECS volume fraction .
Thus, wc suggest that a s ubstantial amollnt of this increase in
glutalllate was call sed by the shrinkagc of thc ECS.
Taken together, our rcsults show changes in the extracellular
space diffllsion parameters, [K+ ]c, energy-related metabolites
and glutalllatc during tbe initiation and fU'st hours of the
propagation of pilocarpine-induccd SE. Our results also s how
lhal Ihe first minutes after a pilocarpine injection are followcd by
an increase in [K+]e and a decrease in ECS volume, together with
an incrcasc in ex traccllular glucose concentration. Following a
delay of 40-50 min, when CI. starts to reach minimal values, high
amplitude ep i leptic discharges appear. The shrinkage ofthe ECS
could contribllte to an inc rease in extrace llular metabolite concentrations, with all its deleterious consequences, leading to the
start of epileptic discharges . With th e increasing alllplimde of
local field potentials, the extracellular concentrations of lactate,
glutamate and [K+]e increase, reaching maximal values 80100 min after pilocarpine app licatioll. At this time glucose

concentrations decrease, and the consequent deficit in cell
energy reserves is a possible reason for the discharge reduction,
resulting in thc progressive attclluation of SE and the normalization of aU measured parallleters .
We have shown that the results of DWI MR Illcasurements arc in agreelllent with th e diffus ion paramcter va llles
detennined by the TMA ion-selective Illicroelectrode method. The application of the noninvasive DW MRl technique
in human epilepsy research can thus increase our understanding of the pathoph ysio logy of s eizllľe initiation and
c pileptogcnesis.
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