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SUMMARY

The changes in cerebral metabolism in mice in severe hypoxia were
investigated by analyses of changes in the levels of energy meta-
bolites and near infrared spectrophotcmetric assessment of the
states of hemoglobin and cytochrome oxidase. Under 4.4% O,, the
contribution of anaerobic ATP production was at most about 20% of
the demand. However, the cerebral ATP level was kept at the con-
trol level until about one minute before death. Pentobarbital
anaesthesia, which reduced the cerebral rate of metabolism,
prolonged the survival time, although anaerobic ATP production
still did not support ATP demand. In these conditions,
deoxygenation of hemoglobin and reduction of cytochrome oxidase
proceeded rapidly within one minute. Hemoglobin reached the max-
imum state of deoxygenation in the middle phase of hypoxia, with
no further change until death. However, cytochrome oxidase was
reduced slowly with one phase of partial reoxidation due to in-
crease of cerebral blood volume, and reached the completely
reduced state at death. From these results it was concluded that
the aercbic ATP synthesis, which supplied more than 80% of the
cerebral demand, was inferred to decrease gradually because of
limitation of oxygen supply, and that the failure of oxidative
phosphorylation to meet demand triggered decrease in the cellular

ATP level that led to death.



There have been many studies on the effects of hypoxia on energy
metabolism in the brain. Results have shown that the cerebral
ATP level remains almost constant until the inspired oxygen con-
tent (FiO,) decreases to 4% (1), or the arterial oxygen pressure
(Pa0,y) to 15-20 mmHg (2,3), although the creatine phosphate (P-
Cr) level decreases and lactate accumulates at an FiOp of 7% (1)
and Pa0, of 35-40 mmHg (2,3). These results indicate that energy
balance is well maintained even in severe hypoxia. Consistent
with this, many laboratories have reported the existence of com-
pensation mechanisms, such as decrease in energy demand (4,5),
acceleration of glycolysis (6,7), and increase of cerebral blood
flow for increasing the supply of oxygen (8-10). As Johannsson
and Siesjo pointed out, increase in the efficiency of the oxygen
supply system seems the most significant compensatory mechanism
for meeting the cerebral energy demand under hypoxia (9), al-
though lactic accumulation or activation of anaercbic glycolysis
are marked features as reflections of decrease in oxygen consump-
tion (6). However, under severe hypoxia, the energy balance can-
not be maintained for long and the cerebral ATP level decreases,
leading to death (11). There are no reports on how this energy
failure occurs and proceeds, leading to death.

Recently, near-infrared spectrophotometry has been shown to
be very useful for analyzing the state of oxygenation of
hemoglobin and the redox state of cytochrome oxidase in vivo (12—
17). 1In the present study, we used this method to follow changes
in oxygen metabolism in hypoxic mouse brain, where in spite of
increased blood flow during hypoxia, cytochrome oxidase was

gradually reduced and reached the level of complete reduction at



death. We also analyzed changes in the cerebral levels of high
energy compounds under various conditions. The results showed
that anaerobic glycolysis, even when increased several-fold, con-
tributed only in small part to the total cerebral energy demand,
which must mainly be supplied by aerobic metabolism even under
severe hypoxia. The decrease in the cerebral ATP level in the
late stage of severe hypoxia, which led directly to death, was
found to be caused by decrease in oxidative phosphorylation ac-

tivity due to the reduced oxygen supply.

MATERTALS AND METHCDS

Animals and sampling procedures--Adult male ddY mice, weigh-

ing about 20g, were maintained with free access to standard
laboratory chow and tap water. Hypoxic conditions were intro-
duced without any anaesthetic, by placing the mice in a chamber
(about 500 ml) comnected to a mixed gas cylinder that supplied a
mixture of oxygen and nitrogen at a constant flow rate of 1.5
1/min. For induction of anaesthesia, sodium pentobarbital
(Nembutal, Abbott Laboratories, U.S.A.) at a dose of 30 mg/kg
body weight was injected intraperitoneally (i.p.) 10 minutes
before the experiment. Hyperglycemia was induced by i.p. injec-
tion of 0.6 ml of 2.8 M glucose solution one hour before exposure
to hypoxia. The survival time was defined as the time until
respiratory failure. The clinical course of hypoxic death was as
described by others (4). At the indicated times, the brain was
frozen by immersing the mice head-first in liquid nitrogen to

minimize metabolic changes (18). Then the brain was chiselled



out, lyophilized overnight, and kept in a desiccator at -80°C un-
til analyzed. The lyophilized brain was weighed (dry weight) and
homogenized in 0.5 M perchloric acid. The homogenate was
centrifuged at 10,000g for 10 min, and the supernatant was
neutralized with 1 M potassium hydroxide. The resultant
precipitate was removed by centrifugation and the supernatant was
used as the test sample. The extraction procedures described
above were done at 0 C.

Assay methods-—-ATP and ADP levels were determined by HPIC,

as reported previously (19). AMP was determined using a reverse
phase HPLC colum (Microsorb Cqig, 0.4 cm x 15 cm, Rainin Instru-
ment Co., U.S.A.), which was equilibrated with 0.4 M NaH,PO4 at a
flow rate of 1.0 ml/min. AMP was detected at 9.6 min by change
in the absorbance at 260 nm. Creatine phosphate was assayed
using an anion exchanger DEAE-2SW colum (0.4 cm x 25 cm, Tosoh
Co., Japan), which was equilibrated with 80 mM sodium phosphate
buffer, pH 6.0. The colum was developed at a flow rate of 1.0
ml/min, and creatine phosphate, monitored by its absorbance at
210 nm, was eluted at 10.0 min. The sensitivities of the assays
of AMP and creatine phosphate were similar to those of the assays
of ATP and ADP. Lactate was determined by a newly developed
electrochemical method. The apparatus consisted of a column of
immobilized lactate oxidase (L-lactate: oxygen oxidoreductase, EC
1.1.3.2) from Pediococcus sp. and an H,0 electrode. The prin-
ciple of this method was the same as that of the method for
measuring glucose described previously (20), but with lactate
oxidase instead of glucose oxidase (p-D-glucose: oxygen 1-

oxidoreductase, EC 1.1.3.4). However, brain samples contain



large amounts of reducing substances, such as ascorbic acid, that
react with the electrode. Therefore, these substances were first
removed on a DEAE-2SW colum equilibrated with 80 mM sodium phos-
phate buffer, pH 6.0. The retention time of lactate was 7.8 min
at a flow rate of 0.75 ml/min. With this system, 0.05-1.0 nmol
of L-lactate could be determined precisely. D-Lactate and other
organic acids did not react with the enzyme. In glucose deter-
mination, the reter}tion time was 5.0 min. A sample of 3 mg of
dry tissue was sufficient for analyses of all these substances.
The cyclic AMP level was determined by HPLC with a Cig column
equilibrated with 0.4 M NaH,PO, containing 4% acetonitrile, and
the absorption of the eluate at 260 mm was measured. At a flow
rate of 0.5 ml, cyclic AMP was eluated at 17.0 min and 1 pmol of
this substance could be determined. The fructose 2,6~
bisphosphate level was determined enzymatically (21).

Calculation of metabolic rates--As described by Lowry et al.

(22), the cerebral energy demand, or the rate of utilization of
high energy phosphate bonds (AEP), could be calculated from the
initial velocity of change in the high energy phosphate level
during complete ischemia (decapitation), according to the
formila; A~P =APCr + 2 X AATP + A ADP -A Lactate., Thus, we
plotted the levels of total high energy phosphate ”compounds minus
lactate ( Z(~P) = PCr + 2 x ATP + ADP- Lactate) against the time
after decapitation, and from the slope, determined the rate of
energy utilization. As reported previously (5,23), the metabo-
lite levels on in situ freezing (see above) were different from
those of brain frozen soon after decapitation. This difference

was due to the time required for freezing the brain tissue (5-10



sec). The best linear relationship was obtained for our data as-
suning a freezing time of 7.5 sec. Thus, data in Fig. 2 were
plotted against the '"real' ischemic time, taken as the time after
decapitation plus 7.5 sec. The aerobic glycolytic rate was cal-
culated as (A~P)/38 assuming that the respiratory quotient was
1.0, and 38 mol of ATP was produced per 1 mol of glucose. The
blood-brain barrier is reported to be lmpermeable to lactate
(24). Thus, the rate of anaerobic glycolysis was calculated from
that of lactate accumilation. The rate of ATP production by
anaerobic glycolysis was also equal to the rate of lactate ac-
cumilation under hypoxia, assuming that all the lactate was
produced from glucose.

For conversion of dry weight to wet weight, we determined
the wet/dry weight ratio and obtained a value of 4.7. If not
specified, "g'" in the tables means wet weight.

Evaluation of intracerebral changes in states of hemoglobin

and cytochrome oxidase by near infrared spectrophotometry--There

has been much recent progress in spectrophotometric analysis
using transmitted light in the near infrared region (12-17).

This method was applied for measuring the state of oxygenation of
hemoglobin and the redox state of cytochrome oxidase in hypoxic
mouse brain. Mice were anaesthetized with pentobarbital and
fixed in the supine position on a black board. Then, an optical
fiber (5mm diameter) was placed over the jaw and the head was il-
luminated in the ventrodorsal direction. The transmitted light
was detected with a photomultiplier detector placed beneath the
cranium. The spectral changes induced by hypoxia relative to the

spectrum under aerobic conditions were analyzed using a Unisoku



Bio-spectrophotometer, MS-401-01 (Unisoku Co., Ltd. Osaka, Japan)
in the wavelength-scanning mode with a scarning time of 10 sec
and the interval of 15 sec.

Hypoxic conditions were introduced by covering the whole
body of the mouse with a jar, through which mixed gas was passed
at a rate of 1.0 1/min. The accuracy of these hypoxic conditions
were assessed by the survival time.

Then, we analyzed the changes of hemoglobin and cytochrome
oxidase semi-quantitatively. As reported by Hazeki and Tamura
(15), the spectral changes at 700-800 nm due to changes in the
state of cytochrome oxidase were slight in the brain. Thus, the
alteration in the saturation state of cerebral hemoglobin and
the total hemoglobin content were calculated from AA;pgnm and
AA730nm as described by Seiyama et al. (14);

A[Hb] 2.924 A700nm —= 2-7544A730 nm

-4,234 A7OOnm + 5.15 AA73° nm

A [HbO,]
AlHb + HpOzl= -1.314 Azggnm + 2414 Azz0 nm
The spectral changes at 800-900 nm were the sum of those due to
hemoglobin and cytochromes (15). The reduction/oxidation
response of cytochrome oxidase (cyt. aaj) during hypoxia was cal-
culated from the equation of Hazeki et al. (16),
-3.054A700 nm + 2-66 4 A730nm -1.404Ag350m
Materials--Lactate oxidase was a genercus gift from Toyobo
Co. (Osaka, Japan). All other enzyme preparations used were
products of either Sigma Chemical Co. (U.S.A.) or Boehringer Man-
nheim (B.R.D.). All reagents were of the highest grade commer-

cially available.



RESULTS

Changes in cerebral lactate and high energy phosphate levels

during severe hypoxia--The survival time of experimental animals

under hypoxic conditions depends on the partial pressure of 05 as
well as on several other factors, such as the atmospheric tem-
perature and body weight of the animals (25). In our experimen-
tal conditions, mice without pretreatment survived at least 30
min under 5.0% 05, but died after 3.9 + 0.7 min under 4.4% Q5.
During severe hypoxia, cerebral ATP has been shown not to
decrease until about one minute before death (26). This was con-
firmmed in the present work. As shown in Fig. 1, under 4.4% O,,
the creatine phosphate level decreased partially in the initial
phase, while ATP remained at the control level and lactate ac-
cumilated. After 3.0 min, creatine phosphate and ATP decreased
rapidly, and at death, the two high energy phosphate compounds
had both disappeared and lactate had reached a maximum level.
Fig. 1
Thus, the disappearance of cerebral high energy phosphate com-
pounds seemed to be associated directly with death of hypoxic |
animals.

Contribution of activated anaerobic glycolysis to ATP supply

under severe hypoxia--Under severe hypoxia, anaerobic glycolysis

was greatly accelerated in the brain, as indicated by the great
accumulation of lactate (Fig. 1). The activation of glycolysis,
the Pasteur effect, has been explained as a mechanism for compen-
sating for the shortage of ATP supply resulting from decreased

oxidative phosphorylation in ischemia (22) and hypoxia (6). To



estimate the contribution of anaerobic glycolysis to the total
ATP supply in the brain under hypoxia, we determined the rate of
cerebral energy utilization, which was assumed to be equal to
that of ATP production. The metabolic rate of mouse brain was so
high that ATP and creatine phosphate vanished within 1 min after
decapitation, but total high energy phosphate bonds, including
changes in lactate level, decreased linearly for the first 30
seconds (Fig. 2).

Fig. 2
From the slope, the rate was calculated to be 97.3 umol/g dry
weight/min = 20.7 ymol/g wet weight/min for untreated mice. As-
suming that the rate of cerebral energy utilization under 4.4% O,
was equal to that under aerobic conditions, anaerobic ATP syn-
thesis was only 18% of the total amount required, even when
glycolysis was accelerated 4.5-fold (TABLE I).

TABLE I

Cerebral anaerobic glycolysis has been observed to be

greatly accelerated when the blood glucose level is elevated un-
der ischemia and hypoxia (27). This was also the case in the
present study. When hyperglycemic mice, with up to 81.2 mM blood
glucose, were exposed to 4.4% O,, their rate of lactate formation
was about 1.4 times that of controls, but their survival time was
not significantly prolonged (TABLE I). Assuming that the rate of
ATP consumption (A~P) in hyperglycemia is the same with that in
normoglycemia, anaerobic ATP synthesis increased to meet 25% of
the demand. But on 8-fold elevation of the blood glucose level,
the increase of anaerobic ATP production from that in nor-

moglycemia amounted to only 7% of the demand. Therefore, it
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seemed impossible to prolong the survival time significantly by
activation of glycolysis. Indeed, changes in cerebral ATP level
were not influenced significantly by increase in glycolysis (data
not shown).

Although anaerobic glycolysis contributed only slightly to
the cerebral energy demand, it seemed interesting to examine how
its activity was increased several-fold immediately after induc-
tion of hypoxia. Little change was observed in the level of
fructose-2,6-bisphosphate, a potent activator of fructose-6-
phosphate kinase, but the cyclic AMP level increased several-fold
under hypoxia, indicating involvement of protein phosphorylation
in the initiation of the Pasteur effect in the brain (TABLE II).

TABLE II

Effect of pentobarbital anaesthesia--Hypoxic attack is known

to be effectively alleviated by anesthesia. Pentobarbital anes-
thesia is reported to reduce the demands for ATP (A~P) and oxygen
(28). Actually, in our conditions of anaesthesia, the rate of
consumption of ~P was significantly reduced to 75% of that in
untreated mice (Fig. 2), and the survival time under 4.4% O, was
increased more than 2-fold (TABLE I). The cerebral ATP level
changed little until about 2 min before death, as observed in the
case of untreated animals (TABLE III).

TABLE IIT
In anesthetized mice, acceleration of anaerobic glycolysis was
significantly less than in controls, and its contribution to the
total synthesis of ATP was about 13%. Thus, pentobarbital anaes-
thesia probably prolonged the survival time of mice by causing

continuance of oxidative phosphorylation, which supported 87% of

11



the energy demand. However, in the late phase, the supply could
no longer meet the demand because of the limited supply of 0O, to
the brain under hypoxia at 4.4% Os.

Changes in the oxygenation state of cerebral hemoglobin and

redox state of cytochrome oxidase after induction to hypoxia--

Since decrease in the cerebral ATP level in the late phase of
severe hypoxia was probably caused mainly by an insufficient
energy supply from the oxidative phosphorylation system, we ex-
amined the changes in the redox state in pentobarbital-
anesthetized mice by the near infrared spectrophotometric method.
Fig. 3 shows typical results on spectral changes from the time of
induction of hypoxia until death at 12.7 min.

Fig. 3
The spectrum obtained 15 sec after induction to hypoxia indicated
predominantly deoxygenation of hemoglobin and a slight reduction
of cytochrome oxidase, judged from the blue shift of the inter-
secting peint from the isosbestic point at 805 nm. Then
deoxygenation of hemoglobin proceeded and was almost complete at
2.5 min. During this period, reduction of cytochrome oxidase
also proceeded, as judged from the further blue shift of the in-
tersecting point and decrease in absorbance between 800 and 860
nm (Fig. 3a). From 2.5 min to Smin, the intersecting point
shifted gradually to longer wavelengths, indicating increase in
the total amount of hemoglobin due to increase in cerebral blood
volume (Fig. 3b). Subsequently little change was observed except
for decrease in absorbance at about 830 nm, probably due to fur-
ther gradual reduction of cytochrome oxidase (Fig. 3c). After

death, the spectra moved in parallel to shorter wavelengths in-
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dicating decrease in blood volume and complete reduction of
cytochrome oxidase (Fig. 3d). From the series of spectra, the
changes in oxygenation state of cerebral hemoglobin were calcu-
lated by the formula of Seiyama et al.(14), and are plotted in
Fig. 4.

Fig. 4
The plots show the changes in oxygenation state of hemoglobin a
little more precisely, but the patterm is approximately the same
as that described above. The maximum level of deoxygenated
hemoglobin, which was reached in the middle phase of hypoxia,
seemed to represent the state of full deoxygenation, because the
spectral changes do not reflect the arterial but predominantly
the venous phase (14). Fig. 4 also shows changes in the total
amount of hemoglobin, which was calculated from the sum of the
changes of deoxy- and oxyhemoglobin (14). The curve represents
change in cerebral venous blood veolume.

The spectral change corresponding to the redox state of
cytochrome oxidase was calculated by the formula of Hazeki et al.
(16). Reduction of cytochrome oxidase proceeded in the first 2.5
min, followed by slow reoxidation until about 5 min, probably due
to slight increase in the oxygen supply. - Then the cytochrome was
again reduced and its reduction continued more slowly until
death, indicating gradual decrease in the oxygen supply. The
slight reduction observed after death, may indicate complete
reduction due to cut-off of the oxygen supply (Fig. 5).

Fig. 5

13



DISCUSSION

In the brain, glucose is the sole substrate for production of
ATP. Under aerobic conditions, gluccse is oxidized almost com-
pletely to carbon dioxide and water, whereas in hypoxia or is-
chemia, lactate accumilates due to acceleration of glycolysis
(29). In the present study, we analyzed the changes in levels of
compounds that are related to energy metabolism under severe
hypoxia and found that oxidative phosphorylation is essential for
ATP supply and that its shortage due to hypoxia cannot be compen-
sated for fully by anaerobic glycolysis, even in hyperglycemia.
Lowry et al. (20) reported that in complete ischemia, in spite of
7-fold acceleration of glycolysis, ATP synthesis by anaercobic
glycolysis could meet only 29% of the demand, andvthat the
cerebral levels of ATP and creatine phosphate were depleted
within about 1 min. In our conditions under 4.4% O,, the ATP
level was maintained for 3 min until about 1 min before death.

In these conditions, 3.5-fold increase of glycolysis was ob-
served, but anaercbic ATP production met only about 20% of the
demand. Thus, the remainder must have been supplied by oxidative
phosphorylation, the activity of which deéreased gradually in the
late phase of hypoxia due to decrease in oxygen supply from the
blood and finally became unable to meet the energy demand. The
rate of ATP utilization in the brain is so high that slight im-
balance due to shortage of its supply probably caused rapid
decrease in the cellular ATP level. From our results, this
shortage of supply could be accounted for by progressive reduc-

tion of cytochrome oxidase, or in other words, decrease of tissue

14



oxygen.

Since the pioneering work by Jobsis (12) and its development
in Tamura's laboratory, analysis of transmitted light in the near
infrared region (700-900nm) has been used to study changes in the
state of intracerebral hemoglobin and cytochrome oxidase in rat
brain (13,15-17). Using this method, we observed that in mouse
brain cerebral hemoglobin was quickly deoxygenated after induc-
tion of hypoxia, and was soon deoxygenated completely in venous
blood.> The method used did not provide any information on
changes in the oxygenation state of hemoglobin in arterial blood
(14). Direct analysis of blood gas of SD rats revealed that the
arterial oxygen tension decreased rapidly from 120 mmHg to 23
mmHg when the Oy level was reduced to 4.4%, but that this level
of oxygenated hemoglobin was then maintained until death
(H. Ueda, unpublished data). We could not measure the arterial
oxygen tension of mice, but it probably showed a very similar
change under 4.4% O,. Thus, under 4.4% O the oxygen carried in
arterial blood have been less than a quarter of that in normoxia,
and was probably used up in hypoxic brain. |

Monitoring of the redox state of cytochrome oxidase was a
little more difficult than that of the oxygenation state of
hemoglobin, because the infrared peak of its oxidized form is
broad (30) and spectral changes were affected by changes in
deoxygenation of hemoglobin and in blood volume. In hypoxic
mouse brain, cytochrome was observed to be reduced very slowly in
the middle phase of hypoxia and to be almost completely reduced
at death, implying a gradual decrease in the oxygen supply during

the middle phase of hypoxia. This was very curious because in

15



this phase of hypoxia the oxygen tensions in the artery and vein
were unchanged. The discrepancy between changes in blood oxygen
tension and the redox state of cytochrome may be explained by
decrease in cerebral blood flow. Actually, decrease in the ar-
terial CO, pressure during severe hypoxia is reported to have ad-
verse effects on the blood pressure (2,31). However, the
mechanism of decrease in oxygen supply in the late phase of

hypoxia is still controversial and requires study.

We thank Ms. K. Chihara for technical assistance.
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TABLE I. Glycolytic rates and contribution of anaerobic glycolysis to ATP demand in mouse brain
under 4.4% Oz. Values are means (+ SD) for six mice. Data in parentheses show percentages of
the demand (20.7)1nol/g-min with no anaesthetic, 15.3 ymol/g-min with pentobarbital; see also

Fig. 2). The mean blood glucose levels were 11.2 mM in un-treated mice, 81.2 mM in hyper-

glycemic mice, and 14.1 mM in pentobarbital-treated mice.

Survival Anaerobic ATP Glycolysis
Time Production® Aerobic?  Anaerobic®  Sum
(min) (jmol ~P/g-min) (ymol/g-min)
No anaesthetic
Normoxia - 0.0 0.54 0.0 0.54
Hypoxia 3.9 + 0.7 3.72 + 0.86 (18%) 0.45 1.86 2.31
Hypoxia 4.0 + 0.7 5.20 + 0.98 (25%) 0.41 2.60 3.01
+Hyperglycemia
Pentobarbital
Normoxia —— 0.0 0.40 0.0 0.40
Hypoxia 9.1 + 2.6 2.03 + 0.58 (13%) 0.35 1.02 1.37

®(Anaerobic ATP production) = (A Lactate)/(survival time).
P(Rate of aerobic glycolysis) = (A~P - AlLactate)/38.

°(Rate of anaerobic glycolysis) = ( A Lactate)/2.
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TABLE II. Cerebral levels of modulators of glycolysis after in-

duction to hypoxia.
hypoxia (4.4% O,).

vs. Normoxia)

Brains were frozen 1 min after induction of

Values were means + SD for 3 mice. (*P<0.05,

cyclic AMP Fructose-2,6-bisphosphate
Normoxia 9.1 + 1.8 46.5 + 6.1
Hypoxia 17.9 + 3.6* 43.6 + 3.9
Hypoxia 16.8 + 0.2* 42.0 + 2.2

+ Hyperglycemia

(nmol/g dry weight)



TABLE III. Levels of high energy phosphate compounds in brains of
pentcbarbital anesthetized mice under 4.4% Oa. At the indicated
times, the brains were frozen and the levels of metabolites were
analyzed as described in "MATERTALS AND METHODS'. Values are

means + SD for at least three brains.

Alive Dead?
0 min 4 min 7 min (6-14 min)
ATP 10.9 £ 0.9 10.1 £ 0.5 10.4 £ 0.6 1.3 + 0.5
P-Cr 19.2 £ 2.0 12.1 + 4.7 12.0 + 5.8 0.6 £ 0.4

(amol/g dry weight)

3Mouse brains were frozen immediately after death.



Legends to figures

Fig. 1. Changes in cerebral levels of high energy phosphate com-
pounds (A), glucose and lactate (B) under 4.4% O2. At the times
indicated, brains were frozen and the levels of compounds were
measured as described in "MATERTALS AND METHODS'. (A) Creatine
phosphate (P-Cr,@-@),ATP (A-A), ADP (m-m), AMP (V¥ -v) (B)
lactate (@-@), glucose (¥ -¥). Points are mean values for at
least three animals, and vertical bars represent SDs (not shown
when less than the diameter of the symbol). *P<0.05, **P<0.0l vs.

control.

Fig. 2. Changes in the contents of total high energy phosphate
bond ( Z(~P) = PCr + 2 x ATP + ADP -Lactate) after decapitation
of unanesthetized (Q-0) and pentobarbital-anesthetized (@-@)
mice. Points are mean values for three (or two) mice, and verti-
cal bars represent SDs. The rate of energy utilization was cal-

culated from the slope.

Fig. 3. Spectral changes of light transmitted through mouse brain
during hypoxia. (a) 0-2.5 min, (b) 2.5-5.0 min, (c) 5.0-11.25

min, (d) 11.25-13.5 min.

Fig. 4. Changes in oxygenation state of hemoglobin in mouse

brain. Values were calculated as reported by Seiyama et al.(14).

Fig. 5. Change in redox state of cytochrome oxidase in mouse

brain. Values were calculated as reported by Hazeki et al.(16).
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Abstract Phosphorus nuclear magnetic resonance (**P NMR) was used
to study energy metabolism in the rat mandibular gland. The gland
was isolated, perfused arterially and set in the NMR tube. At rest, 7 reso-
nance peaks were observed and 6 peaks identified from low field as: 1)
sugar phosphates (SP) and nucleotide monophosphate (NMP), 2) in-
organic phosphate (Pi), 3) creatine phosphate (PCr), 4) y-nucleotide
triphosphate (NTP) and B-nucleotide diphosphate (NDP), 5) a-NTP, a-
NDP, NAD", and NADH, 6) an unknown peak, and 7) 8-NTP. From the
results of high performance liquid chromatography (HPLC), NTP con-
sisted mainly of ATP and GTP, and UTP was not detected. The tissue
contents of ATP and GTP in the perfused gland were determined by
HPLC as 1.86+0.03 and 0.37+0.01 mmol/kg wet tissue (S.E., n=35).
From 3'P NMR and HPLC data, the tissue levels of creatine phosphate,
ADP, and sugar phosphates were estimated as 3.3, 0.4, and 4.2 mmol/kg
wet tissue; respectively. The cessation of perfusion decreased the tissue
levels of PCr and ATP and increased those of Pi and SP. On the other
hand, administration of acetylcholine (1 um), which is an optimal dose for
secretion, decreased PCr and increased Pi but did not change SP. The ATP
was unchanged initially and slowly decreased to the lower level during
sustained secretion. These findings suggest that a sustained secretion
requires more energy from ATP hydrolysis rather than initial secretion.

Key words: *'P NMR, perfused salivary gland, creatine phosphate,
ATP, GTP.

Fluid secretion by the salivary gland is considered to be an osmotic flow
induced by the active transport of electrolytes and is accompanied by an increase in
energy metabolism. Oxygen consumption (TERROUX and BURGEN, 1959; STEWART e?
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al., 1983), heat production (MURAKAMI, 1979), and lactate production (NORTHUP,
1935) increased several times during secretion. But these parameters deal with only
the overall results of metabolism.

Phosphorus nuclear magnetic resonance (3!P NMR) spectroscopy enabled a
sequential and non-invasive measurement of the phosphorus compounds in the
same organ. Because of these advantages, *'P NMR has already been applied to
various organs such as the heart (HoLLIs ef al., 1978) and the liver (MCLAUGHLIN et
al., 1979). We applied NMR to the perfused submandibular gland of the dog
(MURAKAMI et al., 1983, 1984; NAKAHARI e! al., 1985) and reported that creatine
phosphate and ATP decreased by acetylcholine. However, several problems remain
unsolved if the method is applied to the canine gland: 1) the difficulty of surgical
operation, 2) the large variation in the arterial routes to the gland, 3) the
unsuitable size of the gland for the conventional NMR probe (less than 15mm in
diameter), etc. To overcome these problems, we have developed a procedure to
perfuse the rat mandibular gland in an NMR tube (10 mm in diameter).

The present study demonstrates the application of the *'P NMR method to the
perfused mandibular gland of the rat. We assigned the spectral peaks to nucleotide
phosphates by authentic samples, and confirmed them by using a high performance
liquid chromatography (HPLC). To assess the energy state during sustained
secretion, we measured the levels of ATP, creatine phosphate (PCr), and inorganic
phosphate (Pi) sequentially during prolonged stimulation with acetylcholine (ACh)
(1 um) for 1h.

METHODS

Perfusion. Male rats (Std: Wistar, 280-350 g weight) were used. The animals
were anesthetized by an intraperitoneal injection of pentobarbital sodium
(Nembutal®, 50-70mg/kg body weight). The mandibular glands, weighing
150-290 mg, were surgically isolated for perfusion as described elsewhere (CAsE et
al., 1980; CoMPTON et al., 1981) and placed in a 10-mm diameter NMR tube. The
mandibular artery was cannulated with a polyethylene tube that was pulled over a
flame. Vascular perfusion of the gland offers two advantages: 1) a sufficient oxygen
supply via capillary bed; 2) a rapid replacement of extracellular fluid.

The gland was perfused arterially with the aid of a Cole-Palmer® peristaltic
pump at the rate of 2 ml/min. The composition of the control perfusate (in mm) was
as follows: Na 146.0, K 4.3, Ca 1.0, Mg 1.0, Cl 148.3, phosphate 1.0, and glucose
5.0. The solution was buffered at pH 7.4 with HEPES (N-2-hydroxyethylpiperazine-
N’-2-ethanesulfonic acid) (10 mm) and gassed with 100% O,. The temperature of
the experiment was kept at 24°C.

31p NMR. A superconducting magnet of 8.45 T (Oxford) was used and *'P
NMR spectra were collected at 145.8 MHz using a WM-360wb NMR spectrometer
(Bruker). For the kinetic measurement, radio frequency (RF) pulses of 5 or 10 us (15
or 30° pulse) followed by a relaxation delay (RD) of 0.3s and 1,000-times
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accumulation were taken (Smin for each spectrum). Since RD of the kinetic
measurement was too short for complete relaxation, we cannot relate the signal
intensities among different kinds of phosphorus compounds. However, we can
increase a time resolution, and the time course of each phosphorus compound can
be traced. For determination of the relative concentrations of the phosphorus
compounds in the gland, a pulse width of 5us, a RD of 4.0s and 512-times
accumulation were taken (35 min for each spectrum). The resonance areas beneath
the phosphorus compounds were measured for quantitative analysis. Tissue
concentrations of phosphorus compounds were obtained by comparison of the
relative concentrations with the value of ATP content determined by HPLC.

Chemical analysis of nucleotides by HPLC. The procedure for analysis of
ATP was according to the method of WATANABE et al. (1985). Immediately after
the control perfusion for 20 min, or without perfusion, the glands were dissected
and frozen with a brass clamp. The brass clamp was cooled in liquid nitrogen be-
fore use. The frozen samples were freeze-dried and extracted with perchloric acid
(0.5N). The extract was neutralized at pH 7 with 9.2 N KOH and analyzed by
HPLC (Hitachi 638) with an anion exchange column (TSK, DEAE-2SW). The
column was eluted with 0.25M sodium phosphate (pH 6.2) at the rate of
1.0 ml/min, and the nucleotides were detected at 260 nm.

RESULTS

Identification of *'P NMR resonances

Seven resonance peaks were observed in the **P NMR spectrum of the rat
mandibular gland (Fig. 1). By comparing them with spectra of the authentic
samples, 6 peaks were identified as: 1) sugar phosphates (SP) and nucleotide
monophosphate (NMP), 2) inorganic phosphate (Pi), 3) creatine phosphate (PCr),
4) y-nucleotide triphosphate (NTP) and p-nucleotide diphosphate (NDP), 5) -
NTP, «-NDP, NAD*, and NADH, 6) an unknown peak, and 7) S-NTP. This
assignment agreed with reported spectra (HOULT et al., 1974; BURT et al., 1976;
NAVON et al., 1977). The areas and the heights of phosphorus peaks were stable
during the perfusion with the control solution for 24 h, indicating that the viability
of the gland can be maintained for 24 h.

Chamical analysis of nucleotides by HPLC

Figure 2 shows a typical chromatogram of nucleotides extracted from the rat
mandibular gland, which was perfused arterially for 20 min before freezing. By
comparison with the chromatogram of authentic samples, 6 peaks were assigned to:
1) GMP (guanosine 5’-phosphate), 2) AMP (adenosine 5’-phosphate), 3) GDP
(guanosine' 5’-diphosphate), 4) ADP (adenosine 5’-diphosphate), 5) GTP (gua-
nosine 5’-triphosphate), and 6) ATP (adenosine 5’-triphosphate). The uridine
nucleotides such as UDP and UTP, and the cytidine nucleotides were not detected.

The tissue concentrations of ATP, ADP, and AMP in the perfused gland were
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Fig. 1. Assignment of *'P NMR spectrum of perfused mandibular gland of the rat.
Seven resonance peaks were observed and 6 peaks were identified as: 1) sugar
phosphates (SP) and nucleotide monophosphate (NMP), 2) inorganic phosphate
(Pi), 3) creatine phosphate (PCr), 4) y-nucleotide triphosphate (NTP) and §-
nucleotide diphosphate (NDP), 5) a-NTP, «-NDP, NAD™, and NADH, 6) an
unknown peak, and 7) §-NTP.

Table 1. Tissue concentrations of Nucleotides in the mandibular gland of rat;
measured by HPLC (mmol/kg wet weight).

ATP ADP AMP GTP GDP GMP
1) perfused  1.86 0.47 0.23 0.37 0.10 0.40
(n=5) +0.03  +0.02 +0.01  +0.01 +0.004 +0.02
2) in situ 1.65 0.63 0.37 0.30 0.12 0.40
(n=5) +£0.05%  +0.01**  +0.03* +001**  +0.004*** +0.006NS

Values are mean + S.E. for No. of glands given in parentheses, * ** *** and N5 denote
significant difference; p<0.01, p<0.001, p<0.02 and “‘no significant difference.”

ATP/ZNTP ADP/ENDP AMP/ENMP

1) perfused 0.835 0.818 0.367
2) in situ 0.845 0.838 0.479

INTP=ATP+GTP, ZNDP=ADP + GDP, ZNMP = AMP + GMP.

measured as 1.86, 0.47, and 0.23mmol/kg wet weight, respectively (Table 1). The
tissue concentrations of GTP, GDP, and GMP were 0.37, 0.10, and 0.40 mmol/
kg wet weight, respectively. Since nucleotides other than adenine were not ob-
served, the ratio of ATP to total NTP, ATP/NTP =ATP/(ATP + GTP), was 0.84,
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HPLC of the perfused mandibular gland
of the rat.

. GMP
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Fig. 2. HPLC chromatogram of nucleotides extracted from the rat mandibular gland,
which was perfused for 20 min before dissection. By comparison with the chro-

matogram of authentic samples, 6 peaks were assigned to: 1) GMP, 2) AMP, 3)
GDP, 4) ADP, 5) GTP, and 6) ATP.

ADP/NDP was 0.82, and AMP/NMP was 0.37.

Table 1 also shows the comparison of the nucleotide levels between a perfused
gland and an in situ gland, which was frozen immediately without perfusion. The
ATP and GTP levels of the perfused gland were slightly higher than those of the in
situ gland. The ADP and AMP levels of the perfused gland were less than those of
the in situ gland. The total adenine nucleotide (sum of ATP, ADP, and AMP) in the
perfused gland was the same as in the in situ gland. These observations could be
interpreted as: 1) the O, supply to the ir situ gland could be decreased by the
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lowered respiration and circulation under deep anesthesia; 2) the lower temperature
(24°C) could slow ATP hydrolysis in the perfused gland. The GDP of the perfused
gland was slightly less than that of the in situ gland. The GMP levels of both glands
were similar.

The two glands were left uncirculated for about 20min (hypoxic gland),
thereafter frozen, and their nucleotide levels were measured by an HPLC. The ATP
content of the hypoxic gland was about 409 less than that of the perfused gland.
The ADP and AMP levels were both higher than those of the perfused gland. The
total content of adenine nucleotide (sum of ATP, ADP, and AMP) in the perfused
gland was larger than in the hypoxic gland.

Resting levels of phosphorus compounds estimated from *' P NMR spectra and HPLC
data

The proportion of the resonance areas in the **P NMR spectrum reflected the
proportion of the amounts of phosphorus compounds included in the observable
space of the NMR tube under the condition that all phosphorus spins were
completely relaxed during the relaxation delay of the measurement. Table 2 shows
the relative concentrations of phosphorus measured from the quantitative 3!P
NMR spectra. The proportion of NTP: NDP: PCr: Pi: SP+NMP was
1:0.23:1.50:1.60:1.87. Accordingly, the resting levels of PCr, ADP, Pi, and
SP +NMP were estimated as 3.3, 0.4, 3.6, and 4.2 mmol/kg wet weight, using the
above-mentioned ATP value measured by HPLC.

Table 2. Relative concentration of phosphorus compounds measured by *'P-NMR
spectroscopy, and the tissue concentrations estimated from NMR
spectra and ATP and GTP levels (HPLC data in Table 1).

Relative concentrations of phosphorus compounds estimated from 3'P-NMR spectra

SP+NMR Pi PCr NDP NAD*+NADH NTP
1.87+0.08 1.60+0.08 1.50+0.11 0.23+0.06 0.78 +0.05 1
(26) (26) (26) (26) (26)

SP (sugar phosphates), Pi (inorganic phosphate), PCr (creatine phosphate), NMP=
AMP +GMP, NDP=ADP + GDP, NTP=ATP -+ GTP. Values are mean+S.E. for No. of
glands given in parentheses.

Tissue concentrations of phosphorus compounds (mmol/kg wet weight)

SP +NMP Pi PCr NDP (ADP) NAD*+NADH NTP (ATP)

4.2 3.6 33 0.5 0.4) 1.7 2.2% (1.86%)

* Values of NTP and ATP were measured by HPLC and values of other phosphorus
compounds were estimated from relative concentrations and NTP value.
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Fig. 3. Metabolic changes induced by a transient cessation of perfusion for 15 min. (a)
3P NMR spectra were collected sequentially every 5min. (b) Time course of
changes in PCr, ATP, and Pi levels by cessation of perfusion, as expressed by a
percentage of the resting control level of phosphorus compounds.

Effects of cessation of perfusion (Fig. 3)

The cessation of perfusion caused hypoxia of the tissue and reduced the
“supply” of ATP from the oxidative metabolism. When the perfusion was stopped
for 15 min, ATP and PCr decreased to 50 and 09 of the resting levels, respectively,
while Pi increased to 2009 of the resting level. The level of PCr decreased more
quickly than the level of ATP, indicating that PCr supplies ATP rapidly via the
Lohmann reaction. The resonance peak of Pi shifted to a higher magnetic field,
indicating that the tissue pH decreased. After perfusion was resumed, the phos-
phorus compounds quickly recovered their resting levels and the peak of Pi sig-
nal shifted to its original position, indicating the recovery of tissue pH.

Effects of acetylcholine administration
Continuous stimulation with 1.0 um ACh caused a marked salivary secretion
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Fig. 4. Metabolic changes of the isolated perfused mandibular gland of rat (24°C)
during salivary secretion induced by acetylcholine (1 um). (a) Secretory rate of saliva

(ul/(g  min), n=4, mean + S.E.). (b) >'P NMR spectra were taken sequentially every
5min. (c) Time course of changes in PCr, ATP, Pi, and SP.
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(Fig. 4a). The secretory flow rate reached the maximum (1814 24 ul/(g- min),
+S.E., n=4) at the initial 2 min and decreased time-dependently to the plateau level
(41.6+2.2 ul/(g-min), +S.E., n=4, sampled at 75-90 min). The secretory rate at
24°C was about one half of that at 37°C. The optimal concentration of ACh was
between 0.1 and 1 M for the secretory flow rate.

Figure 4b shows *'P NMR spectra during the secretion. The changes in the
phosphorus compounds are shown as a percentage of the resting level in Fig. 4c. By
the administration of ACh, the tissue level of PCr decreased quickly to 63.143.6%,
(£S.E., n=28) of the resting level, and during secretion, the PCr gradually regained
its level to 75.2+9.2% (+S.E., n=38) of the resting value. The ATP level decreased
slowly to 84.347.6%, at 5-10min after the start of stimulation and maintained the
level (80-90% of the resting level).

The level of Pi increased quickly during the initial Smin and measured
145.2411.39 of the resting level. During the stimulation, Pi maintained the level
(about 1809 of the resting level). The level of SP was slightly increased by several
percent of the resting level (p <0.001) and maintained its level during the ACh
stimulation.

DISCUSSION

In most of the epithelial transport systems, Na®/K* ATPase is believed to
establish the Na* gradient across the cell membrane to create the driving force for
Na™*-coupled transport systems. Recently, **P NMR has been applied to kinetic
measurement of phosphorus energy metabolites in various epithelia (BALABAN et
al., 1981; BonND et al., 1981; LIN et al., 1982; NUNNALLY et al., 1983). The
mandibular salivary gland has several advantages for NMR measurement as follow:
1) almost all NMR signals from the gland come from acinar cells, because there is
no smooth muscle but only a trace volume of myoepithelial component; 2) a simple
evaluation of secretion can be achieved by measuring the amount of secreted saliva;
and 3) no secretion without added secretagogues.

We have applied the *'P NMR method to the isolated perfused sub-
mandibular gland of the dog (MURAKAMI et al, 1983, 1984; NAKAHARI et al., 1985)
and reported that during salivary secretion by ACh, the levels of ATP, PCr, and
tissue pH decreased, the ADP level increased, and the Na-replacement suppressed
these responses by ACh. However, as described above, there were several disadvan-
tages in using the dog mandibular gland. On the other hand, many physiological,
biochemical, and morphological studies on the salivary glands have been conducted
using the rat (YOUNG and VAN LENNEP, 1978), and the vascular architecture is rather
simple and the individual variation of laboratory rats is minimum. In addition, the
isolated perfused mandibular glands of rat and rabbit can secrete as well as an in
vivo gland (CASE et al., 1980; COMPTON et al., 1981; CasE and HUNTER, 1982;
MARTINEZ and CAsSITY, 1983).

In the present study, we applied the 3'P NMR method to the rat mandibular
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gland, focusing especially on the determination of ATP and the effect of sustained
stimulation. Comparing *'P NMR spectrum of the rat gland with that of the dog
gland, NTP, NDP, and PCr were similarly observed, but some differences were
observed as follows. The resonances of phosphodiesters were not observed in the
rat gland. The sugar phosphate of the dog gland was observed as a composite
resonance of several components, but that of the rat gland was a single component.
Interpretation of these differences requires further investigation.

31p NMR spectroscopy can measure the amount of nucleotide phosphate but
cannot discriminate the kinds of nucleotide-5'-phosphates. By HPLC, adenine and
guanine nucleotides were separated for the first time in the rat mandibular gland.
As a result, 80-90%, of NTP’s resonance reflects ATP in the mandibular gland.
Thus, the tissue content of ATP was determined by HPLC as 1.64 mmol/kg wet
weight. This value agreed well with the reported value, 1.24 mmol/kg wet weight
in immediately frozen rat mandibular glands (DREISEBACH and GERLACH, 1967).
As mentioned in RESULTS, a slight difference of ATP content was measured by
HPLC, indicating that HPLC is a powerful method for precise determination of
ATP content.

The ATP system is well known as the major energy carrier system and GTP is
also recognized as the energy donor to several kinds of biosynthesis materials such
as cellulose, porphyrin, protein, etc. (LEHNINGER, 1975). The present study sug-
gested that about 80-909% of the total energy phosphate could be carried by ATP
system and the rest by GTP system in the mandibular gland. On the other hand,
UTP is known to act as a phosphate donor leading to polysaccharide synthesis, and
that it possibly participates in the biosynthesis of mucin in the mandibular gland.
However, uridine-5’-phosphates were not detected in the present study, suggesting
that UTP level is possibly very low in the rat mandibular gland, less than the noise
level of HPLC result, 0.05mmol/kg.

The resting level of PCr in the salivary gland was reported as 0.62-1.1 mmol/kg
tissue weight in the dog submandibular gland (NorRTHUP, 1935; MURAKAMI ef al.,
1983), and 0.46 mmol/kg tissue weight in the rat mandibular gland (FUurRUYAMA
et al., 1980). We estimated the tissue level of PCr as 3.3 mmol/kg from the relative
PCr concentration by **P NMR and the ATP concentration by chemical analysis.
The breakdown of PCr was so rapid that the chemical analysis did not allow estima-
tion of the actual level of PCr in the in siru gland. In the present study, the
combination of *'P NMR and the chemical analysis of ATP gave the highest value
of PCr among the reported values, indicating the usefulness of this procedure. The
total creatine (creatine +PCr) was reported as 2.56 mmol/kg wet tissue (FURUYAMA
et al., 1980). The present findings suggest that most of the creatine could be in the
form of creatine phosphate in the mandibular gland of the rat. FURUYAMA et al.
(1980) also reported that the PCr level in the rat mandibular gland was as high as
that in the brain, and that the creatine kinase activities occurred in the cytosolic and
mitochondrial fractions. The mitochondrial creatine kinase in the rat mandibular
gland was suggested to be directed to PCr formation and to be coupled with
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oxidative phosphorylation (SUGIYA and Sakal, 1982).

We used Pi in the perfusate and the venous effluent was drained freely out of
the gland. Since the NMR method cannot discriminate intracellular or extracellular
signals, the Pi signal in the present study was not only from the intracellular Pi but
from the extracellular Pi, Pi in the perfusate and the effluent. That is, the resting
value of signal intensity of Pi reflected a sum of glandular Pi and extraglandular Pi.
On the other hand, the increase in Pi by ACh stimulation or by the cessation of
perfusion indicated an increase in the breakdown of phosphorus energy com-
pounds, i.e. increase in ATP hydrolysis, qualitatively. However, it is unknown
whether extracellular Pi increased or not.

The existence of Na*/K* ATPase was reported in the rat mandibular gland
(ScHwARTZ and MOORE, 1968; BOGART, 1975), and there are many reports on the
inhibitory effects by ouabain on salivary secretion (PETERSEN and POULSEN, 1967,
MARTINEZ, 1971; MARTINEZ and CassITY, 1983) and on Na* dependency of salivary
secretion (PETERSEN, 1970; CAsE and HUNTER, 1982). BURGEN (1956) and IMal
(1965) reported that ACh increased the Na™* entry in the salivary gland. The
importance of Na in the coupling between secretion and energy supply was stressed
by the findings that ACh caused no change in the ATP and PCr levels during the
Na-depleted perfusion (MURAKAMI et al., 1984).

The short-period stimulation (1 uMm of ACh for 3 min) caused no change in the
ATP level of the dog mandibular gland (MURAKAMI et al., 1984). Also in the present
study, ATP was maintained at 94.94+7.7% (+S.E., n=8) of the resting level at the
initial 0—5min of the secretion. Thereafter, ATP level decreased slightly during
sustained stimulation. These findings suggest two possibilities: 1) the sustained
secretion requires more energy than the initial secretion, and 2) ATP supply could
decrease during sustained secretion. As shown in Fig. 4a, the secretory rate is
maximal at the initial stage of secretion and decreases time-dependently. If the first
possibility is the case, the sustained secretion could require more energy than the
initial secretion. In the present experiment, ATP level was lower but maintained at
the same level during sustained secretion, indicating that the ATP supply and the
ATP consumption are balanced. But the rate of ATP supply is unknown. Recently
we measured the oxygen consumption of the rat mandibular gland, which increased
by ACh stimulation and was maintained at the same level during sustained secretion
(Murakami, unpublished data), suggesting that ATP could be supplied constantly.
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The Effect of the Calcium Antagonist Nimodipine on the Gerbil

Model of Experimental Cerebral Ischemia

ArtsusHi Funisawa, M.D., Masayasu Matsumoro, M.D., TomoHirRo MaTsuyama, M.D.,

Hirokazu Uepa, M.D., Axio WaNaka, M.D., SHoTtarRO YONEDA, M.D., Kazurumi KiMmura, M.D.,

AND TAkeENoOBU Kamapa, M.D.

SUMMARY The gerbil model was used to assess the therapeutic effects of the calcium antagonist nimodi-
pine on cerebral ischemia. Transient cerebral ischemia was produced in each gerbil by bilateral common
carotid occlusion of 10-, 15- or 20-min duration. Nimodipine (0.01 or 0.1 mg/kg) was administered intraper-
itoneally just before the carotid occlusion or 10-30 min after the removal of the arterial clips. Morbidity of
each animal was evaluated using the stroke index, and the sum of stroke indices was calculated for
evaluating the overall morbidity during a particular period of reperfusion. Mortality was observed for 24
hours after clip removal. Although, depending on the timing of the drug administration, the low-dose (0.01
mg/kg) nimodipine worsened the morbidity in the gerbils with 10-min ischemia, the high-dose (0.1 mg/kg) of
the drug had a clear beneficial effect on the mortality associated with cerebral ischemia. These results are
considered worthwhile for further trials to assess the usefulness of nimodipine as a therapeutic agent in‘the

management of the acute ischemic stroke.

RECENTLY there has been increasing interest in the
pathophysiological role of calcium in ischemic brain
injury."* Calcium has been implicated in the final
common pathway not only for contraction of vascular
smooth muscle in a variety of pathophysiological con-
ditions,’ but also for cell death caused by membrane
degradation.® " It seems justified, therefore, to consid-
er whether calcium entry blockers may have therapeu-
tic effects on ischemic brain injury.

Amongst several calcium antagonists, nimodipine
[BAY e 9736, isopropyl (2-methoxyethyl)-1,4-dihy-
dro-2,6-dimethyl-4(3-nitrophenyl)-3,5-pyridinedi-car-
boxylate] has been shown to be one of the most prom-
ising ones with a preferential action on cerebral blood
vessels.® ? Kazda et al'® suggested that nimodipine pre-
vents the postischemic impairment of reperfusion fol-
lowing 7-min global cerebral ischemia in cats, and
Hoffmeister et al'' showed in the same model, that the
circulatory effects are paralleled by improvement of
functional recovery with increased survival rates. Fol-
lowing these studies, several investigations'*'® were
reported on the pathophysiological effects of this drug
on cerebral ischemia.

- The mongolian gerbil (Meriones unguiculatus),
which lacks a functional connection between the carot-
id and vertebrobasilar arterial circulations,'”'® has
great advantages for the screening of compounds as
protective agents against brain ischemia.'** There
have been, however, no reports on the effects of
nimodipine on the gerbil model of cerebral ischemia.
In the present study, by assessing the changes both in
morbidity and mortality following temporary bilateral
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common carotid occlusion in gerbils with nimodipine
or vehicle treatment, we attempted to evaluate the
therapeutic potency of the drug in the acute phase of
ischemic stroke.

Methods

A total of 202 adult Mongolian gerbils of both sexes
weighing 60-80 g were used in the present study. The
gerbils were anesthetized with ketamine hydrochloride
(Ketalar®, 50 mg/kg i.p.) and placed in the supine
position. Bilateral common carotid arteries were then
exposed through a ventral midline incision of the neck,
and were looped with silk sutures. As the gerbils
emerged from the anesthetic, the two common carotid
arteries were occluded simultaneously by pulling the
sutures around them and thereafter they were occluded
by aneurysmal clips for 10, 15 or 20 min. Following
these ischemic periods, the clips were removed to re-
store the blood flow and the patency of the arteries was
ascertained by visual inspection. After this, the ani-
mals were returned to their cages again for recovery
and observation. Morbidity and mortality were evalu-
ated and scored by an evaluator who was blinded as to
the duration of cerebral ischemia, the drug or the dos-
age used. Morbidity of each animal was evaluated
every one hour using the McGraw’s method.! The
neurological signs included ptosis, paucity of move-
ments, cocked head, circling behavior, splayed hind-
limb, seizure and coma, and were tabulated as the
stroke index such that a higher score indicated a more
severe neurological deficit. We further calculated the
sum of stroke indices in each gerbil for evaluating the
morbidity of a particular period of reperfusion. The
number of deaths in each category was ascertained 24
hours after clip removal. In order to compare the ani-
mals receiving nimodipine with the control animals
receiving vehicle, life tables were also constructed by
actuarial methods to indicate the cumulative probabil-
ity of dying as influenced by a specific time following
the ischemic insult. In all animals which survived 24-
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TABLE 1 The Sum of Stroke Indices Obtained at 1-6 Hours after 10, 15 and 20 Min of Bilateral Carotid Arterial
Occlusion in Gerbils Treated with Vehicle or Nimodipine

Duration of Bilateral Carotid Occlusion

Treatment 10 min 15 min 20 min
Vehicle 19.3+3.2 50.4+7.6 66.1+7.1
Nimodipine (0.01 mg/kg) :
before carotid occlusion 56.6+4.0*% 65.1x£5.2 81.2x5.1
10 min after reperfusion 45.5+3.7* 62.0+4.6 83.7x13.9
30 min after reperfusion 36.0=5.1%F 60.0+3.5 59.8+4.5%
Nimodipine (0.1 mg/kg)
before carotid occlusion 14.8x5.1 53.3x£7.6 67.1+6.6
10 min after reperfusion 29.3+6.2 57.3+£4.2 73.2+4.4
20 min after reperfusion — — 62.9+9.2
30 min after reperfusion 46.0 £5.2*% 57.3%5.0 60.2+8.4

Each value represents mean *+ S.E.M. For the number of animals in each group, see table 2 or 3.
*p < 0.01; significantly different from the gerbils with vehicle treatment. Tp < 0.05, p < 0.01; significantly different
from the gerbils with nimodipine treatment before bilateral carotid occlusion. Statistical significance was determined by

the unpaired t-test.

hour reperfusion after global cerebral ischemia, the
existence of forebrain ischemia during bilateral com-
mon carotid occlusion was confirmed by the carbon
black perfusion method.'®

The treatment consisted of a single intraperitoneal
injection of either nimodipine (0.01 or 0.1 mg/kg) or
vehicle just prior to bilateral carotid occlusion or
10-30 min after reestablishment of cerebral blood cir-
culation. The volume of injection was the same (0.1
ml) for each gerbil. The vehicle contained, per liter of
solution, 200 g 96% ethanol, 170 g polyethyleneglycol
400, 2g sodium citrate, and 0.5 g citric acid. Because
nimodipine is very sensitive to white light, the drug
was always dispensed under sodium light and the sy-
ringe for injection was always covered in aluminum
foil. Each drug and dose was also administered to 5
gerbils without carotid occlusion to verify the absence
of toxicity in the dosage selected.

Results

There were no intraoperative deaths among the ger-
bils. The morbidity for each treatment group was rep-
resented by the sum of stroke indices obtained at 1-6
hours after bilateral common carotid occlusion, and
summarized in table 1. In the gerbils with 15- or 20-
min bilateral cerebral ischemia, there was no signifi-
cant difference in the sum of stroke indices between
the nimodipine-treated and vehicle-treated animals
though the tendency of decrease of stroke indices was
noted in the gerbils with nimodipine treatment that
survived 24-hour reperfusion. On the other hand, in
the gerbils with 10-min ischemia, significant increase
of the morbidity scores was observed in the groups
treated with the low-dose (0.01 mg/kg) nimodipine
and the group with the high-dose (0.1 mg/kg) nimodi-
pine 30 min after reperfusion. Depending on the timing
of the administration of the drugs, significant differ-
ences were observed in the morbidity even among the
gerbils with the same dose of nimodipine.

Mortality rates for each treatment group are summa-

rized in table 2. Although a significant increase of
mortality rate was observed in 10-min ischemic gerbils
with the low-dose nimodipine just before bilateral
common carotid occlusion, no significant differences
were noted in mortality rate between the vehicle-treat-
ed gerbils and the remaining nimodipine-treated ani-
mals with 10-min ischemia, and no significant effects
of nimodipine on mortality rate were observed in 15-
min ischemic gerbils. On the other hand, significant
decrease of mortality rate was observed in the 20-min
ischemic gerbils with the high-dose nimodipine, as
compared to the vehicle-treated controls. This benefi-
cial effect of the high-dose nimodipine on the mortality
rate of the 20-min ischemic gerbils was clearly demon-
strated in figure 1. With respect to the 20-min ischemic
gerbils, there were no significant differences in the
probability of dying among the low-dose nimodipine-
treated groups and among the high-dose nimodipine-
TaBLE 2 Mortality Rates at 24 Hours after 10, 15 and 20 Min of

Bilateral Carotid Arterial Occlusion in Gerbils Treated with Vehi-
cle or Nimodipine

Duration of Bilateral Carotid Occlusion

10 min 15 min 20 min

(15) 58% (12) 100% (11)

Treatment
Vehicle 13%
Nimodipine (0.01 mg/kg)
before carotid occlusion 73%* (11) 80% (10) 100% (10)
10 min after reperfusion 50% (4) 80% (5) 100% (3)
30 min after reperfusion 17% (12) 63% (8) 100% (4)
Nimodipine (0.1 mg/kg)

before carotid occlusion 10% (10) 40% (10) 60%* (10)
10 min after reperfusion 0% (10). 50% (10) 80% (10)
20 min after reperfusion — — 60%* (10)
30 min after reperfusion 0% (6) 50% (6) 60%* (10)

Each value represents percent mortality at 24 hours after bilaterai
cerebral ischemia. The number of animals in each group is given in
parentheses. *p < 0.05; significantly different from the gerbils with
vehicle treatment. Statistical significance was determined by the
chi-square test.
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FiGURe 1. Comparison of mortality curves among the vehi-
cle-treated gerbils (®) and the gerbils with 0.01 mglkg (A ) and
0.1 mglkg (A) nimodipine treatment at 30 min after clip remov-
al. Significant difference (y° = 5.46, p < 0.05) from the vehi-
cle-treated control animals was indicated by the asterisk (%).
Statistical significance was determined by the chi-square test.
No significant difference was observed in mortality rate be-
tween the vehicle-treated and 0.01 mg/kg nimodipine-treated
animals.

treated ones. Therefore, these groups were combined
and analyzed as a single group. Figure 2 presents the
life tables for the three treatment groups with 20-min
bilateral cerebral ischemia. No significant improve-
ment was observed in the gerbils with the low-dose
nimodipine but the gerbils treated with the high-dose
nimodipine proved to have a significantly lower prob-
ability of dying than the vehicle-treated gerbils at 7-24
hours after reperfusion.

The gerbils with cerebral ischemia often showed
seizures; which in turn could affect survival. We there-
fore checked the incidence of seizures in each group of
gerbils and summarized the results in table 3. The
gerbils with longer duration ischemia showed higher
incidence of seizures. There were no significant differ-
ences in incidence of seizures between the vehicle-
treated and nimodipine-treated gerbils, except for 10-
min ischemic gerbils with the low-dose nimodipine
treatment that showed an increased incidence of sei-
zures during the early recovery period.

Discussion

In recent years, the model of transient bilateral cere-
bral ischemia in the gerbil has been intensively used
for testing therapeutic agents in the management of the
acute brain ischemia.?®-?* Bilateral common carotid oc-
clusion produces a fairly uniform ischemia in the telen-
cephalon without ambiguity'® 2% and the surgical
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procedure is so simple that large number of animals
can be assessed statistically. The transient ischemic
model can also allow vascular access of administered
drugs or improved blood flow to affect the ischemic
areas of the brain. In the previous experiments,” we
characterized the morbidity and established a mortality
curve during the duration of ischemia as the dependent
variable in this model of transient global cerebral
ischemia. Bilateral common carotid artery occlusion
resulted in 100% mortality during a 24-hour period in
the gerbils subjected to 20-min occlusion, whereas
negligible mortality was associated with the bilateral
carotid occlusion of 10-min duration. In the present
study, we introduced a single administration of nimo-
dipine (0.01 or 0.1 mg/kg) or vehicle as independent
variables to determine possible changes in the morbid-
ity and the mortality curve following the identical peri-
ods of bilateral common carotid occlusion.

There is no doubt that the outcome of cerebral ische-
mia can be influenced by the calcium antagonist
nimodipine as indicated by the present results. This
study also indicates that the effectiveness depended not
only on the dose of nimodipine but also on the timing
of the drug administration. As a matter of fact, the

detrimental effects of the low-dose nimodipine were

unexpectedly observed in the gerbils with 10-min

100}

80

60

40

Probability of Dying (%)

20

ol—1 I T I R ]
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Time After Clip Removal (hours)

FIGURE 2. Actuarial tables for the three treatment groups
(i.e., 11 gerbils with vehicle (®), 17 with 0.01 mg/kg nimodipine
(A) and 40 with 0.1 mglkg nimodipine (A)) after 20-min bi-
lateral cerebral ischemia. Significant differences by the chi-
square test were observed in probability of dying between the
vehicle-treated and 0.1 mglkg nimodipine-treated gerbils at 7
(P =6.72,p<0.01),8(x> =4.75,p<0.05),9(x* = 4.28,
p < 0.05) or 24 hours (x> = 5.25, p < 0.05) after ischemic
episode.
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TABLE 3 Incidence of Seizures during 6-hour Reperfusion after
10, 15 and 20 Min of Bilateral Carotid Arterial Occlusion in Ger-
bils Treated with Vehicle or Nimodipine

Duration of Bilateral Carotid Occlusion

20 min
82% (11)

Treatment 10 min 15 min
Vehicle 13% (15) 75% (12)
Nimodipine (0.01 mg/kg)
before carotid occlusion 64%* (11) 70% (10) 100% (10)
10 min after reperfusion 50% (4) 80% (5) 100% (3)
30 min after reperfusion 42% (12) 75% (B) 75% (4)
Nimodipine (0.1 mg/kg)
before carotid occlusion 20% (10) 70% (10) 90% (10)
10 min after reperfusion 20% (10) 90% (10) 100% (10)
20 min after reperfusion — — 80% (10)
30 min after reperfusion 17% (6) 33% (6) 70% (10)

Each value represents percent incidence of seizures during 6-hour
reperfusion after bilateral cerebral ischemia. The number of animals
in each group is given in parentheses. *p < 0.01; significantly
different from the gerbils with vehicle treatment (x> = 7.13).
Statistical significance was determined by the chi-square test.

ischemia, especially when the drug was injected just
before the carotid occlusion (tables 1, 2 and 3). On the
other hand, clear beneficial effects of the high-dose
nimodipine were observed in the gerbils with 20-min
ischemia, irrespective of the time of administration —
whether given prior to or after termination of the ische-
mic episode (table 2, figs. 1 and 2).

Although it is very difficult to explain the exact
mechanism of these effects of nimodipine, the effects
of this drug on the postischemic reperfusion of the
ischemic brain!® ! 13- 16 seemed to be one of the major
factors which determine the outcome of the ischemic
gerbils. In our preliminary experiment, a single intra-
peritoneal injection of 0.01 or 0.1 mg/kg nimodipine
reduced mean arterial pressure, which was continuous-
ly monitored with an intra-aortic catheter, by 3-7% for
about 15 min or by 7-20% for more than 30 min,
respectively. In this model of cerebral ischemia, sig-
nificant regional or systemic hemodynamic changes
were reported both during and after bilateral cerebral
ischemia.?" 2*27-2 An initial fall of mean blood pres-
sure, which may cause secondary impairment of cere-
bral blood flow, was observed soon after the release of
the aneurysmal clips.?-?® Therefore, it seems to be
most probable that when administered just before the
carotid occlusion in 10-min ischemic gerbils, the low-
dose nimodipine produced only the potentiation of the
initial fall of blood pressure after clip removal because
of the shorter duration of action and the weaker effects
on cerebral blood flow, and showed the detrimental
effects on morbidity and mortality through the impair-
ment of the postischemic reperfusion. Even if this dose
of nimodipine still has a selective action on brain ves-
sels” during the occlusion of both the carotids, there
are almost no functional collateral pathways'’'®
through which drugs can affect the vessels in the ische-
mic brain regions, and immediately after the recircula-
tion strong postischemic dilatation of these vessels can

be seen without vasodilatory drugs.® 3 A different
time schedule experiment was then added to clarify
this point. A significant difference, detected in mor-
bidity and mortality between the gerbils with the low-
dose nimodipine treatment before carotid occlusion
and at 30 min after reperfusion, supports the above-
mentioned suggestion. However it may be the ische-
mia-produced seizures, and not the lowered blood
pressure per se, which more directly accounts for re-
duced survival in the lower dose regime. As shown in
tables 2 and 3, a clear association between seizures and
outcome was observed and the ineffective and some-
times harmful dose schedule of nimodipine was indeed
accompanied by increased seizures in the early recov-
ery period which might be caused by the fall in blood
pressure. But other mechanisms such as the metabolic
effects of nimodipine* cannot be wholly excluded and,
in the primate model of focal cerebral ischemia, it was
suggested that nimodipine increases the susceptibility
of tissue to ischemic damage in the areas where blood
flow is critically reduced."

On the other hand, the high-dose nimodipine has a
greater modifying effect of longer duration on regional
cerebral blood flow than the low-dose;*: ** this may be
a major factor responsible for the observed differences
in the survival of the gerbils (table 2, figs. 1 and 2).
Our results obtained in the gerbils with the high-dose
nimodipine were in agreement with the previous re-
ports.' 116 A consistent finding in previous experi-
ments and in ours has been that treatment with nimodi-
pine improves survival after ischemic cerebral
damage. In order to understand how nimodipine may
benefit the gerbils with predicted 100% mortality, we
should know the pathophysiological cause of death. As
mentioned above, the lethality of prolonged cerebral
ischemia may be, in part, related to the metabolic harm
from the seizures triggered by the cerebral ischemia.
But the benefits of the higher dose regime cannot be
explained by control of seizures, because no signifi-
cant difference was detected in the incidence of sei-
zures between the gerbils with vehicle treatment and
those with high-dose nimodipine treatment (table 3).
Avery et al** recently reported that in this model of
transient global cerebral ischemia, mortality correlated
well with the evolution of cerebral edema. In our in-
vestigation,?® we also could detect significant differ-
ences in specific gravity between the ischemic telen-
cephalic brain regions from the dying animals and the
others. This lethal edema process could resolve with
reperfusion when the postischemic impairment of ce-
rebral blood flow, which might be responsible for a
large part of the ultimate brain damage,': '* '® was ame-
liorated in the gerbils with nimodipine treatment. The
present results also indicate that nimodipine need not
be given pre-ischemia to improve the outcome of se-
vere transient cerebral ischemia.

We conclude that nimodipine has beneficial effects
in the gerbil model of cerebral ischemia when adminis-
tered in an adequate dosage and with proper timing.
This drug should be considered seriously for further
therapeutic trials of acute ischemic stroke.
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