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ABSTRACT

The effects of sciatic nerve stimulation on the cerebral metabolic
rate for oxygen (CMRo,), cerebral blood flow (CBF) and electroencepha-
logram (EEG) were investigated in anesthetized dogs. With (.12 and
0. 25 per cent methoxyflurane, the CMRo, increased by 10 and 13 per
cent, being accompanied by EEG activation, and the CBF increased by
8 and 17 per cent, respectively. With (.38 per cent methoxyflurane, the
CMRo, and EEG remained unchanged, but the CBF increased by 8 per
cent. With 0.5 and 1.5 mg/kg morphine, the CMRo, increased by 13
and 12 per cent, being accompanied by EEG activation, and the CBF
increased by 15 and 11 per cent, respectively. Addition of 60 per cent
nitrous oxide to 1.5 mg/kg morphine increased the CMRo,, being
accompanied by EEG activation, and CBF by 12 and 24 per cent, re-
spectively. These results suggest that the coupling of CMRo, and EEG
was maintained in all anesthetic circumstances but the coupling of
CMRo, and CBF was lost with (.38 per cent methoxyflurane and mor-
phine-nitrous oxide anesthesia.
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INTRODUCTION

Although the coupling between the cerebral metabolism, blood flow
and function was extensively studied in both normal subjects® and the
patients with cerebral disease?, the coupling during anesthesia had been
remained obscure until it was studied by Kuramoto® in our laboratory.
He studied the modification of the relationship between the cerebral
metabolic rate for oxygen (CMRo,), blood flow (CBF) and electroencepha-
logram (EEG) by the stimulation of sciatic nerve and suggested that
the relationship would be varied with different anesthetics and anesthetic
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levels. His suggestion that cerebral vasodilator such as halothane is
capable to produce a significant increase in CBF without any increase
in CMRo, or EEG activation lead the author to examine the effects of
anesthetics, which have different actions on cerebral metabolism and
circulation, on the relationship. Accordingly, in this study the modifica-
tion of the relationship between the CMRo,, CBF and EEG by sciatic
nerve stimulation was examined during methoxyflurane, morphine or
morphine-nitrous oxide anesthesia in the dog.

MATERIALS and METHODS

The effect of sciatic nerve stimulation on the CMRo,, CBF and EEG
was determined in fourteen unpremedicated mongrel dogs (weighing
12 to 18 kg) during anesthesia with methoxyflurane, morphine and
morphine-nitrous oxide.

Anesthesia was induced with halothane in oxygen. Then succinyl-
choline was given to facilitate tracheal intubation and thereafter galla-
mine was administered at 50 mg per hour to maintain muscle paralysis.
During the surgery, halothane was administered to the dogs at the
concentration of 1.0 to 1.5 per cent in a gas mixture of 60 per cent
nitrogen and 40 per cent oxygen. After the completion of the surgery,
inspired halothane concentration was reduced to a level of (.2 per cent
and then at least 1 hour was elapsed before the start of experiment.
Dogs were then divided into two different groups: methoxyflurane (6
dogs); and morphine (8 dogs, 60 per cent nitrous oxide was added to
5 dogs among them). In the methoxyflurane group 0. 12 per cent methoxy-
flurane was initially administered. At this level of anesthesia, control
measurements were obtained over a 10 to 15-minute period and mean
values were calculated from 5 to 8 consecutive determinations of CBF
and CMRo,. Following control measurements, the stimulation of both
sciatic nerves was applied with supramaximal rectangular stimuli (6
volts, 0.1 msec, 100 Hz). During the stimulation, arterial and sagittal
sinus blood were sampled at 1 minute intervals. Methoxyflurane concentra-
tion was then increased to (.25 and (.38 per cent in a stepwise
manner, control measurements starting at least 30 minutes after the
change of inspired concentration. Two to three minutes after the com-
pletion of control measurements the sciatic nerves were stimulated. In
the morphine group, control measurements were began 30 minutes after
0.5 mg/kg of morphine was administered and followed closely by
measurements during stimulation. Thirty minutes later, an additional 1.0
mg/kg of morphine was given, resulting in total accumulated doses of
1.5 mg/kg. Thirty minutes after the additional morphine, the measure-
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ment was started. Morphine was administered intravenously at a rate
of 0.2 mg/kg/min. Thirty minutes after the end of stimulation during
1.5 mg/kg [of morphine, nitrogen (60 per cent) was substituted for
nitrous oxide (60 per cent) in 5 of the 8 dogs. Measurements commenc-
ed 30 minutes later. The end-tidal concentration of methoxyflurane and
nitrous oxide was frequently analyzed by gaschromatography (Shimazu
GC-9).

In both groups, the surgical preparation originally described by
Michenfelder et al®. was used for CBF measurements. In this method,
cannulation of the sagittal sinus was performed and sagittal sinus blood
was diverted and returned to the left external jugular or mandibular
vein. Both femoral arteries were cannulated for blood sampling and
pressure measurements, and both femoral veins were cannulated for the
infusion of blood, lactated Ringer’s solution and drugs. Both sciatic
nerves were carefully exposed and cut at the thigh level. This proximal
ends were then gently placed on the bipolar silver-silver chloride elec-
trodes which were separated 1 cm from each other. Sciatic nerve tem-
perature was maintained by warmed liquid paraffin around the exposed
area. After the completion of the surgical preparation, lidocaine (5 mg/
kg, 0.5 per cent solution) was infiltrated into the skin and muscle of
the head and in the area where the catheters were placed. Additional
lidocaine (half of the initial dose) was given hourly.

CBF was measured by the electromagnetic flowmeter (Nihon Kohden
,MF-46). The flowmeter probe with a lumen diameter of 3 mm was
placed around the cannula, draining the sagittal sinus blood, and 1 cm
away from the draining portion of the sinus. To insure exact measure-
ment, the electromagnetic flowmeter incorporated a nonocclusive zero
and a 3.0-sec time constant. In addition, the flowmeter was frequently
calibrated by direct timed measurement of the sagittal sinus blood flow,
and the zero-flow reference was established at about 1 hour intervals by
occluding the drainage cannula on both sides of the probe. The percent-
age of drained brain and the individual brain weights of the dogs
studied were used to convert units of flow from milliliters per minute
to milliliters per 100 g of brain per minute.

Oxygen content of the arterial or sagittal sinus blood was calculated
from measurements of oxyhemoglobin (IL 182, Co-oximeter) and oxygen
tension (IL 313 electrode). pH and Paco, were measured with appropriate
electrodes. The CMRo, was calculated as the product of CBF and the
difference in oxygen content of the arterial and sagittal sinus blood.
Cerebral vascular resistance (CVR) was calculated as the ratio of mean
arterial blood pressure (MAP) to CBF. The EEG was continuously
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monitored using parietal bipolar silver-silver chloride electrodes.

Ventilation and Fio, were adjusted to maintain Paco, at 35+0. 4 torr
and Pao, at 19543 torr. Sodium bicarbonate was given as needed to
keep the buffer base normal. Epidural temperature, hemoglobin level
were maintained at 37.5+0.1°C and 13+0.1 g/dl, respectively. MAP
during the control measurement was maintained above 80 torr in all
dogs. In order to maintain this pressure level, phenylephrine, which is
reported to have no effect on cerebral metabolism and circulation®, was
administered, only when MAP decreases below 80 torr occured with
deepening of anesthesia despite appropriate blood replacement.

At the end of the experiment it was confirmed that the autoregula-
tion of the CBF from 50 to 150 torr (using induced hemorrhage and
phenylephrine infusion) was intact and that the CBF increased appropri-
ately in response to the addition of 5 to 15 per cent CO,.

At autopsy, the absence of extracerebral venous connections to the
sagittal sinus were confirmed by injecting vinyl acetate and the brain
was removed and weighed.

All the data were subjected to analysis of variance. Statistical
difference of P<(0.05 was considered to be significant.

RESULTS

Pertinent summaries are in Table 1 and 2. Representative EEG
patterns are shown in Fig. 1. The time course of the per cent control
of CMRo, and CBF are shown in Fig. 2.

Methoxyflurane:

At (.12 per cent the CMRo, and CBF peaked at 1 minute, thereafter,
returning to the control level. The mean increase in CMRo, and CBF was
10 and 8 per cent, respectively. The EEG was initially activated by stimula-
tion and returned to the control pattern toward the end of stimulation.

At (.25 per cent, the mean CMRo, and CBF increased by 13 and
17 per cent during the stimulation, respectively. The .EEG :was modera-
tely activated by the stimulation and gradually returned to the control
pattern.

At (.38 per cent, neither the CMRo, nor the EEG displayed signif-
icant changes throughout the stimulation. The CBF increased signif-
icantly (13 per cent during the first two minutes), displaying a mean
increasing of 8 per cent during stimulation.

Morphine:

At 0.5 mg/kg, the mean CMRo, and CBF increased by 13 and 15

per cent during stimulation, respectively. The EEG was initially activat-



CMRo:, CBF and EEG responses to stimulation 85

Table 1 Effects of sciatic nerve stimulation on cerebral metabolism and
circulation during methoxyflurane anesthesia

!
Time during | (1) S00g,mi ), Nomy, |/ S0 e | (toce/m
Methoxyflurane | g mulation -~ |7/ T8/ ™0 orr MV | 100g/min)
(min) Mean | SE { Mean | SE Mean{ SE | Mean [ SE
Control 5.63 |0.11] 102 | 6 | 47 2 | 220 |o.14
1 6.53% | 0.26| 122 | 11 | 58 | 2 | 213 |o0.21
2 6.23% [0.17| 118 | 12 | 52 | 1 | 2.23 |o.24
0.12 per cent 3 6.18% | 0.24 | 115 | 12 | 50 1 228 0.2
4 6.15% | 0.18 | 112 | 14 | 48 2 | 2.7 0.2
5 5.76 |0.111 103 | 9 | 47 2 | 216 |0.19
Contro 482 o] 9| 5| 5 | 216 032
1 5.48% | 0.31| 100 | 6 | s59¢ | 8 | 1.81%|0.26
025 per cent 2 5.50* | 0.21| 97 | 7 | s6* | 7 18 |0.2
= 3 5.48% [0.26| 94 | 7 | 55¢ | 6 | 1.8 |o0.24
4 5.35 | 0.20 9 | 6 | 53 6 | 1.8 |0.23
5 534 |0.23| 8 | 5 | 53 7| L& |08
Control 432 014 94 3 48 5 | 2.09 |0.27
1 464 [0.23] 8 | 3| 5% | 6 | 1.66%|0.21
.38 per cent 2 462 |0.21| 8 | 4| 53¢ | 7| 1L75% |0
: 3 457 |0.23, 84 | 6 52 | 6 | 1L79%|0.2
4 442 |0.18] 8 | 6 51 | 6 | 1.82%|0.26
5 424 l015| 87| 5. 50| 6 | L8 0.2

* Significantly different from control (P<C0.05)

ed, thereafter displaying little tendency to return to the control pattern.

At 1.5 mg/kg, the mean CMRo, and CBF increased by 12 and 11
per cent during the stimulation. The change in EEG induced by stimula-
tion was very similar to that of (0.5 mg/kg morphine.

With 1.5 mg/kg plus nitrous oxide (60 per cent), the CMRo, and
CBF during stimulation increased by 12 and 24 per cent, respectively.
The control EEG was of lower voltage than that of the previous two
dose levels of morphine. Upon stimulation, the EEG was initially activated
then gradually returned to near the control pattern.

DISCUSSION

The present study indicates the tight coupling between the CMRo,
(as a reflection of metabolism) and EEG (as a reflection of function)
during methoxyflurane, morphine and morphine-nitrous oxide anesthesia.
EEG activation by sciatic nerve stimulation was consistently accompanied
by an increase in CMRo, and, furthermore, the individual time course
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Table 2 Effects of sciatic nerve stimulation on cerebral metabolism and circulation
during morphine and morphine-nitrous oxide anesthesia.
CVR
. . CMRo: . MAP CBF
Morphine Time during | (ml/100g/min)| (o) |(uul/I00g/min) | {tOrT/L/,
oses H .
(min) Mean | SE | Mean SE | Mean | SE | Mean SE
Control 4.71 | 0.25 110 7 48 4 2.38 |0.21
1 5.40* | 0,27 130* | 13 60* 5 2.26 10.24
0.5 ma/k % 2 5.42% | 0.29 | 129% | 11 57* 5 | 2.37 10.23
-0 mE/xE 3 5.40% | 0. 28 125*% | 10 55% 5 2.40 | 0.23
4 5. 24% | 0.24 122 9 53* 4 2.39 10.23
5 5.12% | 0.34| 121 9 52 | 5 | 246 |0.25
| Control 456 |0.32] 107 | 6 | 48 4] 235 |0.26
| 1 5.38% 1 0.31| 140% | 9 58*% 4 | 2.50 |0.23
L5 k 2 5.18*% | 0.32 136* 8 55% 4 2.59 10.25
$o mE/Ke 3 5.06% | 0.32| 129%| 8 | 53* | 4 | 2,55 |0.24
4 4.98% 10.35 125%* 9 51 4 2.54 10.26
5 4.84 | 0.30 117 11 50 4 2.45 10.27
Control 5.38 | 0.57 100 3 54 7 1.97 1 0.24
‘15 /k 1 6.43% | 0.67 120 11 75% 9 1.75 | 0.32
: ig & 2 5.97*|0.67| 117 | 10 | 67% | 8 | 1.8 |0.31
N,0 60 ; 3 5.92 | 0.74 110 9 66* 9 1.82 | 0.29
#Y OF per cen 4 587 [0.69 108 | 8 | 65 | 8 | 179 |0.27
5 5.82 | 0.65 106 8 63* 9 1.81 {0.29
*Significantly different from control (P<C0.05)
End - tida!l
Anesthetics concentration/ Control | min 5 min
Doses
0.12% AN ARY Attt g it
Mathoxyflurane 0.25% wf\wwqﬁ,rwv e Ay ,WUM“A A -
0.38% s el RVRATTN AP,
0.5 mg/kg ”"“MWM’W Attt U
‘Morphine \
1.5mg/kg o, W\MJ\/ B LY g
1.5 mg/kg ' i
Morphine + N,O  +N,0 60% Madtum b It L S A

Fig 1

Representative EEG patterns, taken at 1 and 5 minutes, respectively, after the start

of stimulation, at different end-tidal concentrations or doses of anesthetics.
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Fig 2. The time course of the per cent control of CMRo; and CBF at different end-tidal
concentrations or doses of anesthetics.

of the changes in the CMRo, was closely related to that of the EEG
pattern in all anesthetic circumstances. However, with (.38 per cent
methoxyflurane, there was a significant increase in CBF without any
change in CMRo, and EEG. In addition, with 1.5 mg/kg morphine-60
per cent nitrous oxide, the response of CBF to the stimulation was over
twice that of 1.5 mg/kg morphine alone, despite almost the same increase
in the CMRo, in both conditions. Thus, in all anesthetic conditions there
was a tight coupling between cerebral metabolism and function, but
not between metabolism and blood flow. Kuramoto® studied the effects
of sciatic nerve stimulation on the CMRo, CBF and EEG during
halothane anesthesia in the dog. In his study the CMRo, and CBF
increased significantly and the EEG was apparently activated at the end-
tidal halothane concentration of 0.2, 0.5 and 0.9 per cent, but with 1.4
per cent halothane the CMRo, and the EEG remained unchanged from
control in spite of significant increase of CBF. From these results, he
concluded that the coupling of CMRo, and EEG was maintained at all
anesthetic levels of halothane but that the coupling of CMRo, and CBF
was variable with different levels of anesthesia. In the comparison be-
tween the results of our study and those of Kuramoto’s study, the magni-
tude of an increase in CBF with 0. 38 per cent methoxyflurane, which is
equivalent to 1.4 per cent halothane as judged minimal alveolar concen-
tration®, was less than that observed with 1.4 per cent halothane. Dur-
ing morphine-nitrous oxide anesthesia there was striking increase in
CBF, which was comparable with 1.4 per cent halothane, as a response
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to stimulation. These differences at the responses of CBF to the stimula-
tion in the different anesthetics may be explained by the different
effects of each anesthetics on the CBF. Michenfelder” studied the
effect of methoxyflurane on CBF and concluded that it resembles halo-
thane in its cerebral metabolic effects but, unlike halothane, produces
only modest changes in CBF. Takeshita® also reported that methoxy-
flurane did not cause significant CBF increase in the dog. However,
in both reports there was considerable decrease in mean arterial blood
pressure (MAP) and made it difficult to exclude the autoregulatory
compensation of CBF. In this study MAP was carefully maintained at
well above the autoregulatory range. Nitrous oxide produces significant
increase in CBF. Sakabe et al?”. found that 60 per cent nitrous oxide,
in combination with (.2 per cent halothane, increases CBF to a maxi-
mum of 203 per cent of control. On the other hand morphine is known
to reduce CBF. Takeshita and Michenfelder'® reported 55 per cent
decrease in CBF with 1.2 mg/kg morphine in the dog.

The results also reconfirm a progressive decrease in the level of
CMRo, with increasing concentrations of methoxyflurane. We had an-
ticipated a - decrease in the per cent change in CMRo, in response to
stimulation as anesthesia deepened, but the peak and average increase
in CMRo, were similar in the two lowest levels of methoxyflurane. These
results suggest that there may be a threshould effect in terms of evoked
metabolic and EEG responses with the onset of the anesthetic state on
the methoxyflurane as seen with halothane in Kuramoto’s study®.

Recent studies have emphasized that regional changes in CBF are
related to the functional state of the awake brain. It was shown by
Raichle' that an increase in regional CBF was accompanied by an
increase in regional CMRo, in conscious man. Ingvar and his colleagues
2 also found a close relationship between changes in the mean hemi-
spheric CMRo, and those in the regional CBF in chronic, mainly psychia-
tric, patients. Results of the present study, indicate that during 0.38
per cent methoxyflurane and morphine-nitrous oxide anesthesia there is
a poor correlation, at least quantitatively, between CBF and cortical
activities as reflected by EEG and CMRo,.

The increase in CBF during 0.38 per cent methoxyflurane must
depend upon vasodilation because the MAP was little affected. If we
accept the theory that cerebral vasodilation occurs in response to de-
mand for oxygen during increased neuronal activities, then our results
during methoxyflurane (0.12 and (.25 per cent) and in morphine
anesthesia may be explained by this view. However, this hypothesis does
not explain all situations in the present study because the CBF unpro-
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portionately increased in 1.5 mg/kg morphine-60 - per cent nitrous
oxide. Therefore the present study suggests that the uncoupling between
CMRo, and CBF could be related to the cerebral vascular effects of
individual anesthetics. It has been known that inhalational anesthetics,
capable to dilate cerebral vessels, increase the sensitivity of cerebral
vessels to an increase in Paco,'”. The metabolic regulation of the CBF
was such that when the brain performs work, more energy is used for
ion-pumping and transmitter synthesis, more energy is produced by oxi-
dative glucose combustion and more energy is supplied by an increase
-in blood flow!®. Therefore, if the brain tissue CO, increase with meta-
bolic enhancement, being accompanied by EEG activation, due to
stimulation there might be more pronounced cerebral vasodilatation with
potent cerebral vascdilator such as halothane or nitrous oxide. On the
contrary, it can be considered that the brain tissue CO, does not in-
crease significantly in such a case that neither the CMRo, nor the EEG
display significant changes. If it is true, the prominent increase of CBF
without any change in CMRo, and EEG, observed at 1.4 per cent
halothane in Kuramoto’s study®, can not be explained by the metabolic
theory.

Langfitt and Kassell'¥ reported that the stimulation of the brain
stem invariably altered the EEG pattern and produced an increase in
CBF without a change in blood pressure in five cord-sectioned monkeys
anesthetized with pentobarbital sodium. They concluded that the most
likely explanation for the cerebral vasodilatation was the neurogenic
mechanism because of the very short time between stimulation and
response. In our study, the latent time before the CBF increase was but
a few seconds in all anesthetic circumstances. Therefore, an alternative
explanation of the remarkable change in CBF during morphine-nitrous
oxide anesthesia may be neurogenic mechanism whose reaction was
enhanced by nitrous oxide. However, there has been no supporting
evidence for a neuronal vasomotor mechanism which would explain our
results. Thus, any of the presently available data would not be satisfac-
tory to explain the present result and the nature of cerebral vasodilata-
tion produced by anesthetics awaits further study.

In conclusion, the coupling of CMRo, and EEG was maintained in
all tested anesthetic circumstances, but the coupling of CMRo, and CBF
varied with individual anesthetics. It was suggested that cerebral vaso-
dilator may cause more pronounced uncoupling of CMRo, and CBF, and
this fact would be explained by the metabolic theory for CBF regulations.

The author greatfully acknowledgs the suggestion and encourage-
ment of Prof. H. Takeshita, Department of Anesthesiology.
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