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In spontaneously breathing rats, a transient
increase in cerebral blood flow (CBF) has been
shown to be a predictor of hyperbaric oxygen
(HBO)-induced convulsion. In the present study,
we evaluated whether artificially ventilated ani-
mals also show an increase in CBF prior to the
onset of HBO-induced convulsion. Rats were
ventilated with 100% oxygen in 5 atmospheres.
CBF, blood pressure, and an electroencephalo-
gram were monitored continuously. Convulsion
was observed at 41 £+ 12 min after the initiation
of HBO treatment. A single abrupt increase in
CBF, reaching 223 + 39% of the control level,
was observed at 29 + 13 min after the initiation
of HBO exposure and lasted until the onset of
convulsion 12 + 2 min later. The time of the
increase in CBF correlated strongly with the
onset of convulsion (r=0.99, P<0.001). Fur-
ther, the logistic regression curve demonstrated
a close relationship between the duration of in-
creased CBF and percentage of epileptiform
electrical-discharge incidence (r=0.92, P<
0.006). The durations of increased CBF causing
convulsion in 10%, 50%, and 90% of the rats
were 8.4 min, 11.7 min, and 15.1 min, respec-
tively. These results indicate that an increase in
CBF is a predictor of HBO-induced convulsion in
artificially ventilated rats. The increase in CBF
may be involved in the pathogenesis of HBO-
induced convulsion.
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I I yperbaric oxygen (HBO) has been used in treat-
ment for carbon monoxide poisoning (1), decom-

pression sickness (2), cerebral ischemia (3), and so on.
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However, oxygen has a degree of toxicity to the central
nervous system, manifest in the appearance of tonic
clonic convulsion (4, 5). Consequently, the clinical use of
HBO has been severely curtailed to avoid oxygen toxicity
at high pressure.

In spontaneously breathing rats, HBO causes several
transient increases in cerebral blood flow (CBF) prior to
the appearance of the first epileptiform electrical-discharge
(6, 7). Recently, Chavko et al (6) observed that the
onset time of the first transient increase in CBF (5 £ 2
min after the initiation of HBO administration) closely
relates to, and is about 25-30% of, the onset time of
convulsion (19 &= 6 min). Thus, CBF could be monitored
and used as a predictor of HBO-induced convulsion,
thereby improving the safety of HBO administration in a
clinical setting.

HBO has complex effects on the respiratory system,
causing CO, to accumulate in peripheral tissue due to
reduced CO, transport capacity (8) (Haldane effect), and
causing CO, production to increase in peripheral tissue by
increasing the work of breathing to compensate for the
high viscosity of oxygen. Consequently, during HBO
administration, decrease in end tidal CO, pressure due to
hyperventilation has been observed in spontaneously
breathing humans (5). In contrast, artificially ventilated
animals do not assume the increased work to breathe, and
their PaCO, levels are maintained within the normal
range. Because CBF is greatly influenced by arterial
carbon dioxide pressure (PaCO,), it remains unclear
whether the preconvulsive changes in CBF also occur in
artificially ventilated animals. In the clinical setting, un-
conscious patients are sometimes ventilated during HBO
administration. Because these patients cannot manifest
preconvulsive phenomena, such as progressive contrac-
tion of the visual field (9) and muscle twitching (5), a
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reliable predictor of convulsion is especially important to
ensure safe HBO administration.

The present study was designed to test whether
artificially ventilated animals show predictable changes in
CBF prior to the onset of convulsion. To this end,
continuous electroencephalography (EEG) and monitoring
of CBF and blood pressure were performed in rats during
HBO administration.

Materials and Methods

Anesthesia and general surgical proce-
dures. The animals were housed and handled in
accordance with the guidelines set out by the Council of
the American Physiological Society. Ten adult male
Wistar rats weighing 210-370 g (Charles River, Yoko-
hama, Japan) were used. Animals had ad libitum access
to commerecial laboratory animal food and water. Anesthe-
sia was induced with 3% halothane in oxygen, and
surgical fields were shaved. Following tracheal intubation,
anesthesia was maintained using 1% halothane in a
mixture of 70% nitrogen and 30% oxygen under mechan-
ical ventilation (SN-480-7, Shinano, Tokyo, Japan).
Catheters (PE-50) were inserted into the tail artery,
femoral artery, and femoral vein for purposes of blood
sampling, blood pressure monitoring, and continuous
infusion of analgesics, respectively.

Monitoring.  After placement in a stereotaxic
apparatus (Narishige, Japan), each rat’s skull was
exposed, and a burr hole was drilled 3 mm posterior and
3 mm lateral to the bregma. A laser Doppler flowmeter
probe (ALLF2100, Advance, Japan) was placed on the
surface of the dura through the burr hole for continuous
measurement of regional CBF. A laser Doppler flow-
meter does not measure absolute CBF, rather, it accu-
rately measures relative changes in absolute CBF (10).
EEGs were recorded via needle electrodes placed sub-
cutaneously in the right frontal region. All data were
gathered and analyzed using an analog-digital system
(AxoScope and Digidatal200B, Axon Instruments,
USA). The changes in EEG were evaluated by power
spectrum analysis in each frequency band; i.e., A(1-4
Hz), 6(4-8 Hz), (8 13Hz), and S(13-30 Hz). Fol-
lowing preparation for monitoring, the exposed skull was
covered with paraffin oil to reduce gas exchange between
the exposed cortical area and the ambient atmosphere (11).
Pre-compression values were used as control data.

HBO procedure. An HBO 300-liter chamber
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(PHC-special products, TABAI, Japan) was used for all
exposures. After the rats had been placed individually in
the HBO chamber, halothane anesthesia was changed to
fentanyl analgesia (the ED50 for preventing pain in rats is
13 ug/kg (12)). Following a single injection of fentanyl
(15 ug/kg) and pancuronium (1 mg/kg) through the
femoral vein, fentanyl and pancuronium were continuous-
ly infused at rates of 5 xg/kg/h and 1 mg/kg/h, respec-
tively. The animals were ventilated in pure oxygen. After
a 30-min equilibration period, each animal was compressed
with 100% oxygen to 5 atmospheres absolute (atm abs) at
the rate of 1 atm abs/min, and kept in oxygen at 5 atm
abs for 60 min.

Physiological variables. During preparative
surgery and the experimental period, arterial blood pres-
sure was continuously recorded. Arterial blood gases,
pH (ABL4/0, Radiometer, Denmark), blood glucose,
and hemoglobin were measured before and at 20 min after
the onset of compression. Body temperature was kept at
37.0 £ 0.5 °C using a rectal thermocouple connected to a
heated water blanket in the HBO chamber.

Statistical analysis. Values are expressed as
mean + SD. Changes in physiological variables before
and at 20 min after HBO onset were evaluated using the
paired Student’s i-test. Linear and logistic regression
analysis were used to evaluate the correlation of the onset
time of increased CBF with that of the first electrical
discharge, and the correlation of duration of increased
CBF with the percentage of discharge incidence, respec-
tively. A level of P <0.05 was considered to be
significant in all statistical tests.

Results

No differences in physiological variables, except
Pa0,, were observed between before and at 20 min after
the onset of HBO (Table 1). The controlled ventilation
successfully kept PaCQO; stable under hyperbaric condi-
tions.

A set of representative results is shown in Fig. 1. In
the present study, the first epileptiform electrical-
discharge, which was distinguished by paroxysmal
spiking-activity with an amplitude of more than 100 'V,
was observed at 41 & 12 min after the onset of HBO.
Using a laser Doppler flowmeter, a single abrupt increase
in CBF was observed at 29 = 13 min after the onset of
HBO, and this increased level lasted until the appearance
of the first electrical discharge 12 = 2 min later. The
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Table | Values of physiological variables before and during hyperbaric oxygen (HBO) exposure

oH PaCO, Pa0, Glucose Hemoglobin

(mmHg) (mmHg) (mg/dI) (g/d1)
Before HBO exposure 7.42 = 0.04 37x+4 371 +63 119+ 29 16+ 1
During HBO exposure* 7.41 +0.04 3%5+3 not measured 120 £ 30 16+ 1
*20 min after the onset of oxygen compression
All values are means = SD. (n = 10)
onset of
compression 10 20 30

200mmHg
Arterial 150
Pressure
100
EEG 100V [
200%
CBF [
100%

Fig. |

increase in CBF reached 223 &= 39% of the control level
at the time of the appearance of the discharge. With the
administration of HBO, mean arterial blood pressure
steadily increased from a pre-HBO value of 121 £ 10
mmHg to 164 == 13 mmHg at the onset of discharge.
EEG readings did not show remarkable changes prior to
the increase in CBF. Preceding the appearance of the
first electrical discharge, sporadic spikes were observed
for 2-3 min (Fig. 2).

As shown in Fig. 3, a close relationship was found
between the onset time of increased CBF (29 + 13 min)
and that of the first electrical discharge (41 = 12 min)
(R=10.99, P<0.001). Fig. 4 shows the relationship
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A set of representative results showing the changes in mean arterial blood pressure, electroencephalogram (EEG), and laser-Doppler
flowmetry during 60 min of hyperbaric oxgen (HBO) (5 atmospheres absolute). Mean arterial blood pressure gradually increased with the
duration of exposure to HBO. The laser-Doppler flowmeter detected an abrupt increase in cerebral blood flow (CBF) at |7 min after the
commencement of HBO (arrow). The increase in CBF reached 280% of the control level, and this level was sustained until the appearance
of the first electrical discharge. Following 3 min of spiking activity, EEG reading showed the first electrical discharge at 3| min after the
commencement of HBO (dotted arrow). The EEG did not show any activation preceding the increase in CBF.

between the duration of increased CBF and the percent-
age of discharge incidence (R = 0.92, P = 0.006). By
using the regression curve, the durations of increased
CBF (with a 95% confidence interval) causing discharge
in 10%, 50%, and 90% of the animals were estimated to
be 8.4 min (5.4-9.7 min), 11.7 min (11.0-12.4 min), and
15.1 min (13.9-17.6 min), respectively.

Fig. 5 shows regional CBF, mean arterial "blood
pressure, and power spectrum analysis of EEG for the 20
min preceding the first electrical discharge. Mean arterial
blood pressure increased continuously after the onset of
HBO and reached 145 &= 12 mmHg at the time at which
CBF started to increase. In the power spectrum analysis
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Fig. 2 Representative EEG during HBO administration. (a) 5 min

after the commencement of HBO. (b) 2 min before the onset of the
first electrical discharge. Sporadic spikes are observed. (c) The first
electrical discharge. EEG; HBO, see legend to Fig. .
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Fig. 3 Relationship between onset time of increased CBF and that
of the first electrical discharge in artificially ventilated animals (n =
10) during HBO administration (5 atmospheres absolute). In spite of
the difference in onset times of discharge among animals, the onset
of increased CBF was overall closely related to discharge (R — 0.99,
P < 0.001). CBF; HBO, see legend to Fig. I.

of EEG, all bands indicated a gradual decrease in ampli-
tude during HBO administration and showed no activation
at the onset of increased CBF.

Discussion

We observed an abrupt but steady increase in CBF at
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Fig. 4  Relationship between the duration of increased CBF and the

percentage of discharge incidence in artificially ventilated animals
(n=10) during HBO administration (5 atmospheres absolute) (R =
0.92, P =0.006). Points respectively represent the percentage of
discharge incidence at every minute after the onset of increased CBF.
The duration of increased CBF causing discharge in 50% of rats was
estimated to be 1.7 min (11.0-12.4 min, 95% confidence interval).
CBF; HBO, see legend to Fig. |.

29 = 13 min after the onset of HBO, which preceded
convulsion by 12+ 2 min. The onset time of the in-
creased CBF was closely related to that of the first
electrical discharge (Fig. 3; R— 0.99, P < 0.001),
which finding demonstrates that the increase in CBF
observed in artificially ventilated animals is a predictor of
the first electrical discharge at approximately 12 & 2 min
before onset. Moreover, as Fig. 4 shows, the dosere-
sponse relationship revealed a high correlation between
duration of increased CBF and the percentage of dis-
charge incidence (R —=0.92, P = 0.006). Using this
regression curve, the duration of increased CBF causing
discharge in 50% of rats was estimated to be 11.7 min
(11.0-12.4 min, 95% confidence interval). This close
relationship suggests that the duration of increased CBF
may play a part in the pathogenesis of HBO-induced
discharge. Thus, monitoring changes in CBF appears to
provide a useful method for predicting the onset of
convulsion in artificially ventilated subjects during HBO
administration.

Fentanyl is an opioid and has little effect on CBF or
the cerebral metabolic rate of oxygen (13, 14). Further-
more, it does not induce seizures by itself, even in
response to massive doses (15, 16). In the present study,
we used fentanyl to achieve an analgesic state in rats, at
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Fig. 5  Open square, filled square, open diamond, and filled dia-
mond represent amplitudes of 4, A, 3, and a bands, respectively.
The figure shows changes in CBF, mean arterial blood pressure, and
power spectrum analysis of EEG during the 20 min preceding the
appearance of the first electrical discharge. Points respectively repre-
sent the mean of changes every 2.5 min. The dotted line represents
the onset of the increase in CBF (increase of 10% of control level per
min). The power spectrum analysis of EEG in all bands showed no
changes at the onset of the increase in CBF.

CBF; EEG, see legend to Fig. I.
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a dose level (initial dose of 15 ug/kg + a continuous dose
of 5 ug/ke/h, intravenously) that exceeded the EDs, for
preventing pain in rats (13 xg/kg (12)). In addition, we
confirmed in preliminary studies that animals were mildly
sedated and adapted to the stereotaxic apparatus at this
dose of fentanyl for 60 min.

Chavko et al (6) observed that several transient
increases in CBE preceded the appearance of the first
electrical discharge in spontaneously breathing animals at
5 atm abs. In their experiment, the first increase in CBF
and the first electrical discharge were observed 5 = 2 min
and 19 & 6 min after the commencement of HBO, respec-
tively. In the present study, however, artificially ventilat-
ed animals showed a single abrupt increase in CBF 29 +
13 min after HBO administration, which was sustained
until the appearance of discharge 12 &+ 2 min later. Given
that the animals in these experiments were exposed to
HBO at the same pressure (5 atm abs), it is unlikely that
an increase in PaO, and/or increased oxygen radicals can
account for the disparate results. In humans, the work of
breathing in a resting period is 3 J/min under ambient
pressure. If the work of breathing increases to 3 times
(8-10 J/min) that in a resting period, fatigue of the
diaphragm becomes apparent (17). In rats, airway resis-
tance is much higher than it is in humans (airway resis-
tance is inversely proportional to the fourth power of the
airway radius (18)), and is further increased by the high
viscosity of compressed oxygen. Moreover, respiration
is interfered with by the turbulent flow corresponding to
an increase in Reynold’s number, which increase is the
result of high oxygen pressure (18). Although the current
experiment did not provide data that would account for
discrepancies in CBF behavior, the increased work of
breathing during HBO administration may transiently
increase the PaCO, level and CBF in spontaneously
breathing animals. Since CBF is one of the determining
factors of tissue oxygen-pressure, the repetitive increases
in CBF elevate the oxygen-pressure in cerebral tissue and
might exacerbate the oxygen toxicity in spontaneously
breathing animals.

In the present study, power spectrum analysis of the
EEGs did not detect any activation in responce to the
onset of increased CBF (Fig. 5), indicating that the
mechanism of increased CBF is not directly related to an
electrophysiological event. In contrast, mean arterial blood
pressure increased from a pre-HBO value of 121 &+ 10
mmHg to 145+ 12 mmHg at the onset of increased
CBF. This value is close to the upper limit of the
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autoregulatory range in CBF (50-150 mmHg) (19). Once
blood pressure exceeds this range, increased vascular
resistance decreases due to pathological dilatation of short
segments of cerebral vessels (20). Given that blood
pressure steadily increased until the appearance of convul-
sion (164 &= 13 mmHg), dilatation of cerebral vessels due
to high blood pressure might be involved in the increase
in CBF. Acidosis in cerebral tissue is another factor that
might contribute to the increase in CBF. Since accumula-
tion of lactate is observed in cortical tissue preceding the
appearance of convulsion (21), it is possible that lactic
acidosis decreases the pH in cerebral vessels. However,
the gradual accumulation of lactate may not occur simulta-
neously with the abrupt increase seen in CBF (Fig. 1).
The endothelium-derived relaxing factor, nitric oxide,
also has a strong effect on the dilatation of cerebral
vessels. However, its depressor action is inhibited by
superoxide radicals (22, 23). Increases in free radicals
have been observed during HBO administration (24, 25);
the as yet unknown contribution of nitric oxide to the
increase in CBF' remains to be elucidated.

In conclusion, in the present study, artificially
ventilated animals showed an abrupt increase in CBF
29 = 13 min after the commencement of HBO (5 atm
abs), and this increased level was sustained for 12 + 2
min, at which time the first electrical discharge occurred.
The duration of increased CBF causing discharge in 50%
of rats was estimated to be 11.7 min (11.0-12.4 min, 95
% confidence interval.) These results demonstrate that
monitoring changes in CBF appears to provide a useful
method for predicting the onset of convulsion in artificially
ventilated subjects during HBO administration.

References

. Thom SR and Keim LW: Carbon monoxide poisoning. A review of
epidemiology, pathophysiology, clinical findings, and treatment
options including hyperbaric oxygen therapy. J Toxicol Clin Toxicol
(1989) 27, 141-156.

2. Gabb G and Robin ED: Hyperbaric oxygen. A therapy in search of
diseases. Chest (1987) 92, 1074-1082.

3. Nighoghossian N, Trouillas P, Adeleine P and Salord F: Hyperbaric
oxygen in the treatment of acute ischemic stroke. A double-blind pilot
study. Stroke (1995) 26, 1369-1372.

4.  Shilling CW and Adams BH: A study of the convulsive seizures caused
by breathing oxygen at high pressure. US Nav Med Bull (1933) 31,
[12-121.

5. Visser GH, Van Huist RA, Wieneke GH and Van Huffelen AC: Tran-
scranial Doppler sonographic measurements of middle cerebral artery
flow velocity during hyperbaric oxygen exposures. Undersea Hyperb
Med (1996) 23, 157-165.

6. Chavko M, Braisted JC, Outsa NJ and Harabin AL: Role of cerebral

http://escholarship.lib.okayama-u.ac.jp/amo/vol 54/iss1/3

21.

22.

23.

24.

25.

Acta Mep Okavama Vol. 54 No. 1

blood flow in seizures from hyperbaric oxygen exposure. Brain Res
(1998) 791, 75-82.

Bean JW, Lignell J and Coulson J: Regional cerebral blood flow, 02,
and EEG in exposures to 02 at high pressure. J Appl Physiol (1971) 31,
235-242.

Cherniack NS, Altose MD and Kelsen SG: The respiratory system; in
Physiology, Editor eds, C. V. Mosby company, St. Louis (1983) pp
639-742.

Behnke AR, Forbes HS and Motley PE: Circulatory and visual effects
of oxygen at 3 atmospheres pressure. Am J Physiol (1935) 114, 436
-442.

Dirnagl U, Kaplan B, Jacewicz M and Pulsinelli W: Continuous mea-
surement of cerebral cortical blood flow by laser-Doppler flowmetry in
a rat stroke model. J Cereb Blood Flow Metab (1989) 9, 589-596.
Lehmenkuhler A, Bingmann D, Lange-Asschenfeldt H and Berges D:
Oxygen pressure and ictal activity in the cerebral cortex of artificially
ventilated rats during exposure to oxygen high pressure. Adv Exp Med
Biol (1977) 94, 679-685.

Janssen PAJ, Niemegeers CJE and Dony JGH: The inhibitory effect of
fentanyl and other morphine-like analgesics on the warm water in-
duced tail withdrawal reflex in rats. Drug Res. (Arzneim-Forsch) (1963)
13, 502-507.

Yaster M, Koehler RC and Traystman RJ: Effects of fentanyl on
peripheral and cerebral hemodynamics in neonatal lambs. Anesth-
esiology (1987) 66, 524-530.

Vernhiet J, Macrez P, Renou AM, Constant P, Billerey J and Caille
JM: Effects of high doses of morphinomimetics (fentanyl and fentath-
ienyl) on the cerebral circulation in normal subjects. Ann Anesthesiol
Fr (1977) 18, 803-810.

Sebel PS, Bovill JG, Wauquier A and Rog P: Effects of high-dose
fentanyl anesthesia on the electroencephalogram. Anesthesiology
(1981) 55, 203-211.

Murkin JM, Moldenhauer CC, Hug CC Jr and Epstein CM: Absence of
seizures during induction of anesthesia with high-dose fentanyl. Anes-
th Analg (1984) 63, 489-494.

Brochard L, Harf A, Lorino H and Lemaire F: Inspiratory pressure
support prevents diaphragmatic fatigue during weaning from mechani-
cal ventilation. Am Rev Respir Dis (1989) 139, 513-521.

Litt L and Rampil 1J: Physics and anesthesia; in Anesthesia, Editor
eds, Churchill Livingstone, New York (1986) pp 75-116.

Paulson OB, Strandgaard S and Edvinsson L: Cerebral autoregulation.
Cerebrovasc Brain Metab Rev (1990) 2, 161-192.

MacKenzie ET, Strandgaard S, Graham DI, Jones JV, Harper AM and
Farrar JK: Effects of acutely induced hypertension in cats on pial
arteriolar caliber, local cerebral blood flow, and the blood-brain
barrier. Circ Res (1976) 39, 33-41.

Nolan RJ and Faiman MD: Brain energetics in oxygen-induced convul-
sions. J Neurochem (1974) 22, 645-650.

Vanhoutte PM, Luscher TF and Graser T: Endothelium-dependent
contractions. Blood Vessels (1991) 28, 74-83.

Furchgott RF and Vanhoutte PM: Endothelium-derived relaxing and
contracting factors. Faseb J (1989) 3, 2007-2018.

Narkowicz CK, Vial JH and McCartney PW: Hyperbaric oxygen therapy
increases free radical levels in the blood of humans. Free Radic Res
Commun (1993) 19, 71-80.

Torbati D, Church DF, Keller JM and Pryor WA: Free radical genera-
tion in the brain precedes hyperbaric oxygen-induced convulsions.
Free Radic Biol Med (1992) 13, 101-106.

Received October 1, 1999; accepted November 11, 1999.





