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ABSTRACT

Obijectives: The discovery of cortical spreading depression 80 years
ago by Ledo was intfimately connected to epilepsy research. In our
studies we found that monitoring of brain hemodynamics, metabolic
jonic and electrical activities are very similar in the two
pathophysiological events. Here we are presenting the coupling
between epilepsy and cortical spreading depression while monitoring
of mitochondrial nicotinamide adenine dinucleotide-NADH together
with other physiological parameters in real time in vivo.

Methods: Rats and Mongolian gerbils were used in three models of
induction of epilepsy, namely injection of pentylenetetrazol-metrazol,
exposure of the rats to hyperbaric oxygenation in a pressure chamber
and using a strain of gerbils that are developing seizures
spontaneously. We monitored brain oxygen levels, mitochondrial
NADH, extracellular potassium levels, Direct Current-DC steady
potential and electroencephalography-EEG in the very slightly
anesthetized animals.

Results: The results could be summarized as follows: 1. In almost all
animal tested cortical spreading depression was developed and
recorded after 1-3 minutes of seizures activity. 2. Mitochondrial NADH
redox state was more oxidized during the two events. 3. The oxidation
of NADH during the Cortical Spreading Depression- CSD was 3-4
times relative to the seizure’s interval. 4. The increase in extracellular
potassium levels was also 3-4 times higher during the CSD event.
Significance: Under the two recorded events a clear correlation
between the process of oxygen (energy) demand or consumption and
oxygen (energy) supply was found. The results suggest that the
accumulation of extracellular potassium during the epileptic activity is
probably the trigger for the development of CSD in the 3 model used.

Keywords:  Mitochondrial NADH, Hyperbaric oxygenation,
extracellular potassium, seizure prone Gerbils, Brain oxygen balance.
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1. Introduction

A few years ago, a detailed review on the
hallmarks in the development of the concept of
seizures and epilepsy was published!. The main
parameter that was recorded from the brain of
patients under those conditions, in the early years,
was the EEG that was discovered by Hans Berger
in 19292, In 1942, Rosenblueth and Cannon3
published a detailed paper entitled “cortical
responses to electric stimulation” that ftried to
elucidate what they called “experimental Epilepsy”
developed in monkeys.

Somjen in an assay published in 20054

(summarized the discovery of cortical spreading
depression by Ledo as follows:
“Originally, Lead intended to study “experimental
epilepsy,” specifically the propagation of electrically
provoked seizure discharges in the cerebral cortex
(4). To this end, he opened the skull of rabbits under
anesthesia and arranged a row of chlorided silver
wire electrodes in contact with the cortical surface. Of
these electrodes, one pair served for stimulation and
the others, connected in six staggered pairs, for
bipolar recording of the electrocorticogram-ECoG)
at increasing distance from the stimulated points.
Unexpectedly, instead of seizure-like discharge, the
stimulation was frequently followed by a flattening of
the spontaneous ECoG waves fraced by the Grass
oscillograph. The ECoG activity in the electrodes
nearest to the stimulated area was silenced first, and
then the extinction spread in orderly sequence from
one electrode pair to the next, eventually covering
almost all the cortex. Recovery of the ECoG waves
occurred in the same sequence as their previous
depression.”

“In a shorter companion paper, Leaé described the
vasodilatation that accompanies an CSD wave (5).
Using microscopy and photography of pial vessels to
assess cortfical circulation rather than the then-
customary heated thermocouple method, he was able
to see not only that arteries dilated but also that veins
“become as scarlet as the arteries” 5. He never saw a
darkening of the color of the blood to precede its
brightening. This, to my knowledge, was the first
realization that increase in cerebral blood flow can
exceed the increase in the demand for oxygen—a
matter that is occupying the attention of investigators
of cerebral circulation to this day.”

Figure 1
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In 1944 Lead published his first results, of his
Ph.D. thesisé, describing for the first time the
phenomenon “cortical spreading depression” —
CSD?. In the introduction to this paper Leao wrote,”
This study originated in an attempt to secure more
data for the understanding of the cortical
electrogram  which occurs in  “experimental
epilepsy” and of the conditions in which it is brought
forth by electrical stimulation. Early in the
development of the study an interesting response,
elicited by electrical stimulation”.

In 1973, | performed my first study related to
the effect of cortical spreading depression of Lead
(CSD) on brain mitochondrial activity (NADH redox
state) monitored in vivo in real time8. In another
study published in 1974 we found that exposing the
rat to hyperbaric oxygenation induced the
development of epileptic activity followed by a
wave of CSD after each seizure event. Since then,
we recorded the coupling between seizures and
CSD under other experimental protocols while
monitoring mitochondrial activity together with
other brain functions.

We selected 2 basic pathophysiological events
presented in Figure 1 (labeled as 9 and 10)
namely, epilepsy and cortical spreading
depression. The two selected perturbations are
coupled namely that CSD will be recorded after a
period of epileptic activity. Those 2 events are
affecting the same type of processes in the brain
such as Cerebral Blood Flow-CBF, mitochondrial
NADH redox state, electrical activities and ionic
homeostasis as seen in the scheme. When epileptic
activity is induced, the events 1- 8 shown in figure 1
will respond as will be describe in the results section.

We found that the coupling between epilepsy
and CSD could be recorded in three different
experimental situations as follows:

1. Topical or systemic application of metrazol.

2. Exposure to hyperbaric oxygenation (100%
oxygen).

3. Spontaneous development of epilepsy in
Gerbils.

The aim of the current publication is to describe
the monitoring technology used as well to present
typical results obtained using the above-mentioned
protocols.

esmed.org/MRA /index.php /mra/article /view /4122 2
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Figure 1: Schematic presentation of the "basic building stones" of a typical cerebral cortex tissue (B) of the human brain
(A). In the current paper two pathological states will be discussed namely, Epilepsy (?) and cortical spreading
depression (10).

2. Methods

During the years 1973-2003 various monitoring
systems were used in studying epilepsy and CSD
were developed in our laboratory. During those
years we developed and used 10 different
monitoring systems that were used in studying the

Figure 2

effects of CSD on the metabolic, hemodynamic, ionic
and electrical activities in the brain in vivo, in real
time. Figure 2 presents in a schematic way the
various parameters (black letters) that were
monitored in our laboratory during the years.
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Figure 2: Schematic presentation of the concept "Brain Physiological Mapping". All techniques that are presented were
developed and used in our laboratory (see text for details)55.
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2.1 Fiber optic based fluvorometer/reflectometer

In order to enable the monitoring of brain NADH
fluorescence in anaesthetized or unanaesthetized
animals, a flexible means was needed to connect
the fluorometer with the tested brain. This was
achieved in 1972, when UV transmitting quartz
fibers became available (Schott Jena Glass,
Germany). We have used the light-guide-based
fluorometer for in vivo monitoring of the brain8 ¢
subjected to anoxia or CSD. The historical
development of light-guide-based fluorometry-
reflectometry was described previously!0-12, In
order to connect the light guide tip to the surface of
the brain, a special cannula (Fig. 3A) was cemented

Figure 3
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to the skull after drilling the appropriate hole in the
skull covers the brain. A step of 0.2 mm in the
bottom of the cannula held the light guide in a
constant distance from the brain. The thread outside
the bottom of this cannula enables screwing it into
the skull and also gave a better connection between
the cannula and the cement. The cannula used (Fig.
3A), has two compartments in the bottom, the small
one for potassium chloride- KCl application 3-4 and
the large compartment, 1-2, where chemicals such
as Metrazol were applied and was affecting larger
area. A fifth electrode was located 180° to
electrodes 3-4, so the EEG was measured at the
same time. Another type of light guide holder is
presented in Figure 3B.

Figure 3: A - Light guide holders (cannulas) for measurement of NADH fluorescence from the surface of the brain of an
awake rat'?. B - Schematic representation of location of cannulas and ECoG electrodes on rat's skull'6.

2.2 Monitoring of NADH, O, extracellular K+, DC and
ECoG

The normal functioning brain requires «
continuous supply of blood in order to obtain
glucose as well as oxygen. Any change in the
oxygenation of the tissue will result in an impairment
of the normal function. Most of the oxygen taken up
by the brain is consumed by the mitochondria in
order to supply the large amount of Adenosine
triphosphate- ATP needed. A major part of the ATP
is used by the ATPase system to keep the neurons in
the polarized state. Figure 1 shows in a schematic
way the interrelation between the energy
production system and the pumping activity going
on in the membranes. In order to understand the
connection between various events occurring in the
brain in vivo, one has to measure as many
parameters as possible from the same site.

Medical Research Archives |https:

Using surface probes, we monitored the
metabolic, ionic and electrical activities from a small
area of a rat or gerbil brain (Figs. 4A and 4B). The
metabolic state and activity was evaluated by
monitoring partial pressure of oxygen (pO2) as well
as the intramitochondrial NADH redox state by
surface fluorometry. Extracellular K+ activity was
measured by a surface valinomycin electrode. For
electrical activities we measure DC potential and
ECoG. Using the multiprobe approach we exposed
the animal to various treatment such as, ischemiaq,
epilepsy and CSD while recording the various
responses from the brain. All these sensors and
electrodes were held in a multiprobe assembly
described in detail elsewhere!3-15, Figure 4C shows
the results obtained when the monitoring system
seen in Figure 4A was used while exposing a rat to
anoxia.
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Figure 4: Schematic presentation of multiprobe assembly (MPA) used in hyperbaric chamber. A - longitudinal
section of MPA; B - the relative location of various probes above the brain. Ref, reference Ag-AgCl electrode; f,
refill tube for Ref or DC electrode; ¢, Lucite cannula; s, Plexiglas sleeve; L, light guide; h, cable holder; Ek, K+
electrode; DCk, DCi, Ag- AgCl electrode; PO2. Oxygen electrode; ECoG, electrocorticography electrodes. C -
Effects of anoxia (N2) on metabolic ionic and electrical EK*; DCK*, DC potential measured near K* electrode or
light guide; R, activities in the rat brain. ECoG, electrocorticogram; PO2 partial pressure of oxygen, R, 366-nm

reflectance; F, 450-nm fluorescence; CF, 450-nm corre

cted fluorescence, of O2; Ek-, potential measured due to net

changes in extracellular K*, fluorescence; N2, Nitrogen breathing's.

2.3 Monitoring the brain inside hyperbaric chamber
Two types of hyperbaric chambers were used in
our studies.

Figure 5A shows the rat located in the small HBO
chamber and connected to the time-sharing
fluorometer /reflectometer via a bundle of optical

1. In a small chamber (model 1836 HP, fibers and ECoG electrodes penetrating the hole in

Bethlehem Corp.) we monitored brain NADH
redox state, Reflectance and ECoG.

the wall chamber as well. The excitation and
emission separate fibers are connected outside the

2. In the large chamber (model FM-21-A, chamber to the fluorometer.

Bethlehem Corp.) we were able to use the
multiparametric monitoring system.

Figure 5

Figure 5: A -Time-sharing fluorometer - reflectomete
measurement of NADH from the cortex of the awake
assembly inside hyperbaric chamber’s.
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r, attached to the hyperbaric oxygen chamber enables the
rat exposed to HBO'7. B - Rat connected to the multiprobe
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Figure 6  presents  schematically  the
multiparametric monitoring system located outside
the chamber. All the sensors are connected to the
animal brain inside the chamber via a special

Figure 6
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connector (C). Figure 5B shows a rat operated and
connected to the tips of the multiparametric
monitoring system. More details could be seen in
various published papers!s-17,
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-O Hg Arc

Assembly \
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Figure 6: Interconnection between multiprobe assembly connected to rat inside the hyperbaric chamber and monitoring

system located outside hyperbaric chamber!3.

3. Results
3.1 Topical or systemic application of Metrazol.

The effects of locally applied Metrazol was
tested in awake animals. The Metrazol (100 mg/ml)
was applied epidurally using the cannula shown in
Figure 3A. The most typical response to Metrazol
occurs 3-5 min after the administration of the drug
and the results are shown in Figure 7B. The Metrazol
was applied to the right hemisphere and the left
one served as a control. After application of the
Metrazol an increase in electrical activity was found
and as a result an oxidation of NADH which was in
the range of 5-10% of the normoxic level (between
lines A and B). After a period of a very high activity,
the EEG became isoelectric (CSD) while the NADH
showed a very large oxidation cycle (right side to
line B) which then recovered to the normoxic level.
In some animals a different response was recorded
and it is shown in Figure 7A. in these cases the small
oxidation under Metrazol effect was recorded but

the recovery to the normoxic level showed no large
oxidation cycle. The reflectance changes were very
small during the effect of Metrazol. Another
example is presented in figure 8. In this rat three
repetitive responses were recorded after the
application of Metrazol. Here again the epileptic
activity is coupled to the CSD wave as seen in lines
A and B as well as in the circles A1 and Bs.

When Metrazol was applied as above but
under hypoxic conditions Figure 9 shows the typical
results. The animal was exposed to air (A), 10% O
(B), 7.5% O2 (C), and 5% O2 (D). The line N.L
represents the normoxic level of NADH. In all
oxygen concentrations an increase in activity
followed by a flat EEG was recorded. The changes
in NADH are the same as in Figure 7B, namely, that
two phases in the oxidation were found. By giving
the animal lower concentrations of Oz the baseline
shifted to a more reduced level depending on the
O2 level.

esmed.org/MRA /index.php /mra/article /view /4122 6
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Figure 7
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Figure 7: The effects of Metrazol on brain NADH fluorescence, 366 nm reflectance and the EEG of the two hemispheres.
Note that the amplitude of the EEG calibration in the right hemisphere is 1 mV and in the left 200 micro-V. The typical
response is shown in part B. Part A shows another types of response to Metrazol applied 10 min before the record was
taken'®.
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Figure 8: NADH oscillations due to spatiotemporal metabolic heterogeneity represented by periodic electrical and
metabolic activity introduced by an intra- venous Metrazol injection in an anesthetized rat3.
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Figure 9
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Figure 9: The effects of graded hypoxia on the response of the awake brain to local application to Metrazol. The
fluorescence responses occur 3-5 min after the application of Metrazol. The broken (N.L.) represents the normal
oxidation-reduction state of the NADH. The levels of O2 were in A, air; B, 10%; C, 7.5%; and D, 5%"°.

3.2 Exposure to hyperbaric oxygenation (100%
oxygen).

A typical response of the brain to HBO was
previously described'8: 19 and can be seen in Figure
10. The upper trace (A), which represents the
changes in the reflected light, shows the biphasic
response, namely, an initial increase and a sharp
decrease later on (at Ti). This parameter is well
correlated to the blood volume in the tissue under
observation'® 20-22 agnd we use the term
“hemodynamic parameter” when analyzing the
reflectance trace. The second trace (B) is the
measurement of the intensity of the NADH
fluorescent light measured from the
intramitochondrial space, as shown previously!9-2%:
23; 24, The NADH measurement was corrected for
hemodynamic artifact by the subtraction technique
described previously by others'?-21 and by us'? and
shown in the third trace. This trace (C) showed a
decrease of the signal interpreted as an oxidation

of NADH. This initial oxidation reached a steady
level and later showed oxidation reduction cycles
(at Ta). The corrected fluorescence signal showed a
large increase (reduction of NADH) when the animal
died (Ts). The oxidation-reduction cycles recorded
during the epileptic activity period were very
similar fo those measured during spreading
depression’7: 1922 and named “oxidation cycles” or
“CSD cycles.” The ECoG responses are identical in
the two hemispheres; that is, after a short latent
period, tonic-clonic convulsions were recorded until
complete cessation of the electrical activity. A clear
depression of the ECoG was recorded after the
convulsion episode. The cessation of respiration
occurred 5-10 min after the flattening of the ECoG
signals (Ts).

Four parameters were measured or calculated
(Fig. 10), as well as analyzed and are summarized
in Table 1.

Table 1. Effects of various levels of hyperbaric pressure on four parameters measured from the awake

brain'e,
Tonic Convulsions Oxidation Cycles
Pressure, psi Onset Number Onset Number
Time, min Time, min
150 (7) 812 2+0.3 10£3 2+0.3
120 (9) 1242 3+0.5 13+1 310.3
90 (7) 2819 8t1.7 2818 410.6
75(7) 36%5 9+1.0 3715 310.6
60 (9) 38t6 18+2.3 4317 14%2.0
45 (7) 166124 11%2.4 168124 6X1.0
30 (6) 24019 3%0.3 242110 240.2

Values are means * SE. Number of rats per pressure level are given in parentheses.

PSI- Pounds per Square Inch

Medical Research Archives |https:

esmed.org/MRA /index.php /mra /article /view /4122 8



https://esmed.org/MRA/index.php/mra/article/view/4122
https://esmed.org/MRA/mra

Medical

Research
Archives The Coupling between Epilepsy and Cortical Spreading Depression of Leéo
Figure 10
To Th LT Ta Ts
L LI T |I
| (I 1
B | ! N
AW T 20%
| I
| l- 3
B I 11 | F20%
4
C ! T 20%
D # 500pv
£ ::: 5004V
I : 200pV

Comp.
03 100% 75Psi

rl
|

Figure 10: Typical responses of awake rat brain to 6 ATA O2 (see text for details)'®.

Two types of parameters are shown in Table 1
as follows.
1) Time to occurrence of the 2 events.
a) Time to the onset of convulsion (T2), representing
the latent period until the first tonic convulsion was
measured. b) Time-to-oxidation cycles (T3). This
event always occurred after the first tonic
convulsion. All measurements were compared to To
time at which the needed pressure level was
achieved (Fig. 10).
2) Number of the 2 events. a) Number of tonic
convulsions. b) Number of oxidation cycles.

Table 2 shows the correlation coefficients of the
parameters belonging to type 1 and 2 groups
mentioned above. For better understanding, we
plotted a few of the significant correlations as
shown in Figure 11. It seems that between the two
parameters of time: time to convulsions and time to
oxidation cycle (A), the correlations are highly
significant. The correlation between the number of
convulsions and the number of oxidation cycles is
very highly significant (r = 0.862).

Table 2. Correlation coefficient values and level of significance between various parameters measured

during oxygen toxicity of awake brain'é,

Time to Number of Time to Number of
Convulsion Convulsions Convulsion Oxidation
Cycle Cycles
Time to NS 0.999%** NS
Convulsion
Number of NS 0.862%**
Convulsions
Time to NS
Oxidation
Cycle
Number of
Oxidation
Cycles

NS, not significant. ***P<0.001.
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Figure 11
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Figure 11: A, B - Interrelation between a few parameters measured from brains of rats exposed to various levels of
hyperbaric oxygenation at various ages. C, D - Interrelation between a few parameters measured from brains of rats

at various ages'®.

3.2.1 The effects of pressure on the various
parameters measured are demonstrated in Figure
12. The three parameters shown in Figure 12A are
probably connected to each other and in most
conditions occurred in the same order (i.e., the
change in reflectance is the first event, followed by
the convulsive activity, and the oxidation cycles,
which appeared later). Between 30 and 60 psi the
slopes of the changes of all three parameters are
very sharp, whereas between 60 and 150 they are

Figure 12

250 A B

more moderate. Thus, the 60-psi pressure is a
breaking point of the line. On the other hand, the
other three parameters shown in Figure 12B are
affected differently by the pressure. The maximum
effect was observed at 60 psi, and the curves had
a bell shape. The differences between the 60-psi
point and the 30- or 150- psi point (Figs. 11 and
12) are statistically significant (P < 0.005), as
calculated by the Student’s t test.
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Figure 12: A - Effects of pressure level during hyperbaric oxygenation on hemodynamic, metabolic, and electrical
activity of the brain. B - Effects of pressure level during hyperbaric oxygenation on electrical activity and its concomitant

phenomena of the brain'®.
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3.2.2 Effects of age. A total of 41 rats were used
in this set of experiments and were divided into six
groups, ranging from 14 to 90 days. Unfortunately,
due to technical difficulties, it was impossible to use
the same monitoring technique below 14 days. From

The Coupling between Epilepsy and Cortical Spreading Depression of Leéo

the analog signals obtained, we calculated the
various values of the various parameters as
described in the preceding section. Table 3 presents
the means and standard error of the mean of the
different age groups.

Table 3. Effects of age on the metabolic and electrical responses of the awake brain to 90 psi 100%

Oa'e,
Tonic Convulsions Oxidation Cycles

Age, Onset Number. Onset Number.
Days Time, mins. Time, mins.

90 305 12+ 3 356 5%1
60 21 £3 71 21 £3 3%1
35 28+ 9 8f2 28 £ 8 4+1
21 28+ 4 72 28 £ 4 2103
17 25+3 4+1 2513 2107
14 39 12 4+1 45110 2+0.2

Values are means + SE. Number of rats are given in parentheses.

The effects of age on the appearance and
duration of convulsions, as well as the oxidation
cycles following the convulsions, were not consistent
and in most cases were not statistically significant. It
seems that the main changes were found in the 14-
day-old rats; namely, at this young age the toxicity
process developed slower, as was seen from the
very long survival time. Although the variation
between the groups was not so large and
significant, the various parameters showed between
various parameters measured in the 41 rats used in
this study. From the results, it is clear that the first
event taking place after the oxidation of NADH is
the decrease in the reflected light followed by the
appearance of the convulsion, and then the
oxidation cycles took place. The number of
oxidation cycles was affected by the length of the
convulsive period as well as by the total number of
the tonic convulsions.

3.3 Multiparametric monitoring inside the hyperbaric
chamber

The first clinical manifestation induced by
hyperbaric oxygenation-HBO conditions is the
tonic-clonic convulsions 25 similar to those observed
in grand-mal epilepsy 2¢. Despite efforts of many
investigators to understand the phenomenon of
brain O2 toxicity, the basic biochemical and
physiological mechanisms are still unclear. Due to
technical limitations (in most of the studies published)
only one to three physiological parameters were
monitored simultaneously from the same site in the
brain in vivo under HBO. Stein and Sonnenschein?”
measured the electrical activity and O2 partial
pressure (pOz2). The same two parameters were
measured recently in unanesthetized rabbits28.
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Bean et al.2? described the correlation between
pO2, blood flow, and electroencephalogram (EEG)
in the unanesthetized rat brain. The first biochemical
response to HBO recorded in vivo is the oxidation
of reduced pyridine nucleotide (NADH). Chance et
al.30: 31 described it in detail for the anesthetized
rat brain, and later Mayevsky et al.l6-18 22
measured it from the brain of unanesthetized rats.
Using the cat brain, Hempel et al.32 described the
oxidation of cytochrome aas under HBO conditions.
In a recent report we described in detail a
proposed mechanism explaining the metabolic,
jonic, and electrical activities during the
development of brain Oz toxicity'é. To elucidate the
mechanism of brain O2 toxicity, it is necessary to
measure ds many physiological parameters as
possible from the same site in the brain. Our present
study aimed to develop a new multiparameter
monitoring system located in a hyperbaric chamber,
using an awake animal. The basic features of the
multiparameter assembly used under normal
conditions were described previously!3: 33, and in
the present study we extended and adapted the
system for the hyperbaric chamber. The
multiparameter assembly can measure up to eight
parameters representing the metabolic, ionic, and
electrical activities on the cerebral cortex.
Metabolic activity is evaluated by measuring tissue
O2 tension and by monitoring the intramitochondrial
NADH oxidation-reduction state. The ionic state of
the tissue is evaluated by monitoring extracellular
potassium (K*) activity. Electrical activity was
monitored by bipolar electrocorticography (ECoG)
and the DC steady potential. In addition, we
monitored the surface temperature with a miniature

esmed.org/MRA /index.php /mra/article /view /4122 11



https://esmed.org/MRA/index.php/mra/article/view/4122
https://esmed.org/MRA/mra

Medical
Research
Archives

thermistor. The multiprobe assembly has the
following main features. 1) All parameters have the
same type of noninvasive surface contact with the
cortex. 2) The multiprobe assembly can be removed
without any damage from the skull very easily at
the end of the experiment, so that repetitive

Figure 13
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experiments can be performed in a short period of
time. 3) All signals monitored by the multiprobe
assembly show a very small sensitivity to movements
of the animal while exposed to hyperbaric
pressure.
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Figure 13: Responses of various parameters rneasured from awake brain to slow compression with 100% Oo2. Line A -

initial step of flrst tonic-clonic episode recorded.

B - the starting point of the developed cortical spreading depression after 10 minutes when the pressure was 60 psi (5

ATA)'S,

To demonstrate the effects of hyperbaric
oxygenation, 2 sections were selected from a
continuous recording of a rat exposed to 5
atmosphere absolute-ATA 100% O2 (60 psi). To
avoid artifacts in the K+ measurement a slow
compression rate was found to be necessary. In
Figure 13, part of the compression phase and the
first tonic-clonic convulsion are shown. After flushing
the chamber with 100% O2 the pressure was
increased gradually and 5 ATA was reached after
28 min. In response to the compression, tissue PO2
was elevated very slowly due to the
vasoconstrictive response of the blood vessels in the
brain. A small gradual increase was recorded until
the first convulsion episode appeared. A few
minutes before the seizure the ECoG trace showed
a few spikes, which later developed into the seizure.
The highly synchronized epileptic activity appeared
35 min after compression. The changes in K* during
the epileptic activity can be explained as follows.
During the high electrical activity, K* starts to
accumulate in the extracellular space followed by
a short recovery to the resting level; but the high K+

level initiates a wave of cortical spreading
depression (CSD) as can be identified by the large
K+ efflux and the negative shift in the DC potential.
The recovery phase from the CSD is characterized
by the large undershoot in the K* level, which later
recovers to the preconvulsive level. The metabolic
responses to the first tonic-clonic event can be
explained as follows. During the spiking activity,
blood flow to the cortex was increased as indicated
by the increase in the pO2 level and the decrease
in the reflectance signal. During the CSD episode
the NADH showed a clear oxidation cycle
(corrected fluorescence-CF trace). Figure 14, which
is a continuation of Figure 13, represents stage C in
the same animal showing a few repetitive epileptic
episodes. One can see a very clear correlation
among the ionic, electrical, and metabolic activities
during the epileptic behavior. In the first two
episodes (at least), the termination of the seizure by
a CSD wave was very clear (Lines A, B and C). After
the third episode the K* remained high and
accumulated above the resting level for the rest of
the experiment.

esmed.org/MRA /index.php /mra/article /view /4122 12
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Figure 14
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Figure 14: Metabolic ionic and electrical responses to repetitive tonic-clonic episodes appeared under 5 ATA of 100%
O2.Ek-, potential measured due to net changes in extracellular K..; DCk+, DCr, DC potential measured near K* electrode
or light guide; R, 366-nm reflectance; F, 450-nm fluorescence; CF, 450-nm corrected fluorescence's.

3.4 Spontaneous development of epilepsy in Gerbils.

Figure 15 presents the progression of seizure
activity in a special strain of gerbils, developing
epileptic effects as a result of monotonic noise or
other factors34i 35, As seen, the exposure of the
awake gerbil to noise resulted in the development
of epileptic activity (Line A) followed by a CSD
wave (Line B). The coupling between the two
pathological events is clear, and manifested by the
electrical activity (ECoG) as well as extracellular K+

Figure 15

levels and NADH redox state. During the epileptic
stage, extra cellular potassium increased and
started to recover to the baseline, but then a larger
elevation was recorded. There is a clear correlation
between the various parameters during epilepsy
and CSD. The decrease in NADH was smaller during
the first stage, followed by an oxidation cycle
typical for CSD. The same coupling is presented in
Figure 16 (Lines A and B).
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Figure 15: The development of epileptic activity followed by cortical spreading depression (CSD) in the brain of a
seizure-prone gerbil. ECoG, electrocorticogram; PO2, partial pressure of Oz in the tissue; EK*, DCK*, extracellular
potassium and DC steady potential measured around the K* electrode; R, F, and CF, reflectance, NADH fluorescence,
and corrected NADH fluorescence35.
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Figure 16

A B

A

The Coupling between Epilepsy and Cortical Spreading Depression of Leéo

B

U Amapetormmrmmemtsguee 1 1004V
ECoG

v—"—\——/ﬁ’\—_—_ I5mVv

PO, B

L~ —————— T20mv

Figure 16: Continuation Record of Figure 15 - The development of epileptic activity followed by cortical spreading
depression (CSD) in the brain of a seizure-prone gerbil. ECoG, electrocorticogram; POz2, partial pressure of Oz in the
tissue; EK*, DCK*, extracellular potassium and DC steady potential measured around the K* electrode; R, F, and CF,
reflectance, NADH fluorescence, and corrected NADH fluorescence3>.

4. Discussion

The aim of the current research was to
demonstrate  the  coupling between two
pathophysiological conditions developed in the
brain. We used three different methods that led to
the development of epileptic activity while
monitoring the hemodynamic, metabolic ionic and
electrical activities in the brain of rats. It’s important
to mention that the discovery of CSD by Ledo was
related to the studies of epileptic activity induced
by direct cortical electrical stimulation?. This
coupling between epilepsy and CSD was discussed
previously in relation to the injured human brain3¢.
In rats, Koroleva and Bures3:i 38 found that focal
epileptic activity generates waves of CSD. In the
current study the coupling between epilepsy and
CSD is demonstrated clearly in 3 different
experimental situations.
4.1 The effects of Metrazol on brain metabolism
and its impact upon the oxidation reduction state of
NADH are of great interest. The first evidence that
epileptiform activity of brain is accompanied by an
oxidation of NADH described by Jobsis and his
group?'. The same effects were described later by
O'Connor et al.3? and Lewis et al.0, The results
obtained by us confirm and extend these results to
our awake rat brain model with slightly different
results. In all our animals, Metrazol convulsions
caused an oxidation of NADH (Fig. 7A) and in most
animals, following this oxidation, another larger
cycle of NADH oxidation was recorded (Figs. 7B
and 9). The changes in reflectance, fluorescence

esmed.org/MRA /index.php /mra/article /view /4122

and corrected fluorescence have the same pattern
as was found under CSD conditions so that the
oxidation cycle recorded after the oxidation of
NADH induced by Metrazol is closely related to an
SD cycle. Various investigators showed that during
epileptic activity extracellular potassium was
accumulated4!-43, This increase in extracellular
potassium is a potential source of local high
potassium and may induce SD to start in a low
threshold area in the cortex. It was shown by
Janebova44 that using threshold amounts of K+
applied electrophoretically, one can initiate cortical
SD. It seems that in our model in most animals’
epileptiform activity was followed by an CSD cycle.
In a few animals where CSD was not observed it is
possible that the threshold of extracellular K+ was
above the level of K* accumulated during the
epileptic activity.

The results presented in this paper demonstrate
in detail for the first time the effects of various
hyperbaric levels of 100% oxygen, various ages,
on the metabolic and electrical activity of the
awake brain. The electrical activity was measured
by bipolar electrodes measuring the
electrocorticogram. This enabled us to observe the
tonic-clonic convulsions as well as the depression of
the ECoG in the postconvulsive interval (CSD wave).
The measurement of the NADH fluorescence and
reflected light showed the metabolic activity as well
as the blood flow changes in the brain. The tonic-
clonic convulsions were identified by the ECoG
trace, and the two hemispheres were identical in

14
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their responses. This indicates that the time to the
first convulsion is a good indicator for the toxicity.
The second parameter, i.e., number of convulsions,
presented a different correlation to the pressure
level; namely, a bell-like curve was found (Fig.
12B). The number of tonic convulsions is maximal
under 60 psi. The correlation between the number
of convulsions and the convulsive period was highly
significant The same interrelationship between the
pressure level and convulsions was described
previously45 46, From the fluorescence trace of
NADH, two parameters were calculated. The NADH
parameters are: the time of the first oxidation cycle
and the number of cycles. These two parameters
have a very good correlation to the same events in
the convulsion episode, as can be seen from Figure
12. The basic phenomena of the HBO were also
measured in rats of various ages, and one may
conclude that age does not have a significant
general effect. However, according to the data
presented in Table 3.

We can summarize the various events found
during exposure to hyperbaric oxygenation as
follows. After pressurization, three different
processes were recorded in relation to blood flow,
electrical activity, and metabolism. Those three
events were described previously, and their
significance to the development of the oxygen
toxicity is still unknown. Chance et al. discussed the
toxicity phenomenon on the basis of the metabolic
activity of the mitochondria. Due to the lack of a
correlation between the pressure level and the rate
of NADH oxidation, we doubt there is a direct
primary relation between mitochondrial activity
and the toxicity. It seems that NADH oxidation is
only one of the responses of the brain to HBO but
not the key one. The main factor in the toxicity,
according to the data presented, is the effect on the
brain cells and its membrane system. One of the
possible initial events is a change in the
permeability to ions, and as a result, K+ will
accumulate in the extracellular space and may lead
to convulsive activity!7: 22, From our results, it is not
clear what the exact effects of convulsive activity
are on the rate of the development of toxicity under
hyperbaric oxygenation. As it is clear from Figure
12B, the number of tonic convulsions and the
duration of the convulsive period are not correlated
to the pressure level. The concomitant event of the
convulsions (the oxidation cycles of NADH) is a good
indication that the Na*™-K*- ATPase system is
working normally and shows the typical response to
spreading depression, appearing after
convulsions'®.

The development of the multiparameter
assembly for studies in the hyperbaric chamber was
aimed at studying the mechanism of toxicity

Medical Research Archives |https:
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developed under hyperbaric oxygenation. The first
pathological response to HBO above 2-3 ATA O
is generalized convulsions. Many investigators
described the EEG activity before, during, and
after those episodes?’: 28, In other studies, blood
flow or PO2 was monitored during the exposure to
HBO?28: 47, Many investigators believed that the key
cause of the toxicity development at the cellular
level is the intactness of the membranes. However,
it is very difficult to measure it in vivo while the
animal is exposed to the HBO condition. The
development of the presently described system
aimed to provide a tool for testing very indirectly
an outcome of the status of membrane function in
the awake brain under HBO toxicity. The level of
K* in the brain is affected by membrane
permeability, energy availability, and the normal
function of the adenosine triphosphatase (ATPase)
system leading to the low resting level of K*. If
extracellular K+ is elevated (due to any of the
factors affecting it), brain excitability will increase
and epileptic activity could be developed. It is well
accepted that the prerequisites for normal brain
function are energy availability and normal ion
distribution around the cell membrane. K* is a good
indicator for the functional state of the brain, as was
shown by several groups'3: 48-50, The measurement
of the DC steady potential, together with the ECoG,
is the best way to evaluate the polarized state of
the neuronal elements in the brain'3 48, The main
breakthrough in the present study is that K* was
monitored continuously and simultaneously with the
surface DC steady potential under hyperbaric
conditions. In addition, for the first time so many
parameters representing the metabolic, ionic, and
electrical activities were correlated in the same site
of the awake brain exposed to HBO toxicity. For
the convenience of the discussion, the exposure time
to HBO is divided into three periods. 1)
Proconvulsive period. During this period, a number
of events may occur and lead to the development
of seizure activity. As we showed in the past!6: 18:22,
it is unlikely that the oxidation of NADH is the key
biochemical event leading to the development of
the convulsions. Also the level of POT during this
period is one to three times greater than that of the
air-breathing animal, as was found earliers!. The
reason for the relatively low POz is probably the
vasoconstrictive response due to high O2 pressure.
Our hypothesis is that if at this stage of the
exposure to HBO cellular membranes are affected
by any of the toxicity processes, then the level of KL
will show some changes, as was shown in brain slices
exposed to HBO52, The results presented in Figure
13 show that K* did increase slightly above the
resting level, but such a change must be proven to
be statistically significant after also having a few
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controls such as pressure effects. 2) Convulsive
period. The events occurring during this stage of
exposure to HBO contribute to the better
understanding of the toxicity process, as well as
provide us with basic information regarding
epileptic activity in general. The results shown in
Figure 14, which represent the convulsive period,
show a very clear correlation between ionic,
metabolic, and electrical activities in the awake
epileptic brain. The results shown here confirm our
results published previously'¢ 17 22, The higher
electrical activity, as detected by the ECoG, causes
an increase in K* level during the seizure episode.
The high K* level induced a CSD wave starting at
the most sensitive area in the cortex and
propagating to the measuring site. The evidence
that we have a CSD wave comes from the large
increase in K*, as well as the negative shift in the
DC potential, as described previously!9 33, The
same connection between epileptic activity and
CSD was found in chicken brain exposed to
pentylenetetrazole injection0. It seems that the
development of CSD may serve as a mechanism to
terminate the epileptic seizure. According to Chance
and Williams33, the oxidation of NADH during the
higher ionic pumping activity is due to state 4-to-3
transition in mitochondrial function. Such results were
found by other investigators?!: 48 54 as well.
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According to our results, we can conclude that
during the convulsive period, energy is available
for pumping ions after each of the depolarizing
episodes.

5. Conclusions:

1. The most effective way to verify the
coupling between epilepsy and cortical
spreading depression is to monitor the
brain by using a multiparametric
monitoring system.

2. The coupling between epilepsy and CSD
was identified in the three experimental
animal models used in the current study.

3. We can conclude from the current study
that the accumulation of potassium in the
extracellular space is the main factor that
initiate the CSD wave after its
accumulation during the epileptic seizure.

4. The significant correlation between the
hemodynamic as well as the metabolic
activities and the ionic homeostasis and
electrical activities in the 2
pathophysiological events are illustrated.
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