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Extract

Survival after 5 min of anoxia in 39 controls (8-12-day-old mice) was only 59, com-
pared with 829, in 39 glucose-treated littermates. Even after decapitation there was a
delay in the onset of terminal gasping in the isolated heads of glucose-treated animals
(P = 0.03) and the last gasp occurred much later than in the heads of control animals
(P < 0.001). To study the mechanism of this phenomenon mice were injected with 30
mmol/kg glucose subcutaneously. Control animals were given equiosmolal amounts of
NaCl. One hour later the animals were exposed to nitrogen gas (O, pressure <5 mm
Hg). In glucose-treated mice the initial glucose concentration in brain was 3 times the
control value (P < 0.001). ATP, P-creatine, and glycogen levels were unchanged.
Although the rate of use of these compounds during anoxia was similar in both groups
of mice, the high level of glucose in brain in glucose-treated mice permitted consider-
able sparing of these energy-yielding metabolites. In terms of actual and potential
molar equivalents of high energy phosphate (~P), the brain energy reserve after 4
min of anoxia in glucose-treated animals was twice that of controls, 10.70 = 0.792
versus 4.75 = 1.19 mmol/kg (P = 0.009). ‘

Speculation

During acute anoxia, concentration of glucose in brains of young animals is critically
reduced, although levels of glucose in plasma remain normal or may even become
elevated. Pretreatment or concurrent administration of glucose increases anoxic survi-
val. Because glucose has this dramatic life-saving effect in anoxic animals, the pos-
sibility that inadequate brain glucose supplies may occur in anoxic man in the face of
normal or elevated levels of glucose in plasma should be considered.

Introduction glucose in brain fell 80% and 60%, respectively [10],

In experimental animals ischemic anoxia (decapita-
tion) is associated with a striking decrease in brain
glucose concentration [7, 10]. The rate of cerebral glu-
cose utilization during anoxia varies directly with age.
During 30 sec of ischemia in adult and 10-day-old mice,
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whereas in newborn mice in twice this time the de-
crease was only 30% [7]. It is most interesting that in
vivo a serious reduction of glucose in brain is not nec-
essarily associated with a corresponding reduction in
concentration of glucose in plasma. We have found this
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to be the case previously in acute experimental salicy-
late poisoning [8]. Oxygen deprivation is another ex-
ample of this unexpected paradox. During 6 min of
anoxia at 87°, glucose in brain in intact newborn mice
fell 72%, whereas, in the same interval, glucose con-
centration in plasma doubled [6]. In 10-day-old ani-
mals, levels of glucose in brain were nearly zero after 2
min of anoxia at 24°, and yet no changes in glucose
concentration in plasma were seen even after 4 min (see
Results).

‘When levels of glucose in blood are reduced, it is es-
sential to administer glucose to restore and maintain
normal brain function. However, in acute anoxia, lev-
els of glucose in blood are not reduced. This raises the
question of whether increasing the concentration of
glucose in blood further might have a beneficial effect
in anoxia. The answer is not immediately apparent
since a continued supply of glucose for anaerobic gly-
colysis could conceivably increase lactic acid concen-
tration to deleterious levels. However, there is some
evidence that under these circumstances the adminis-
tration of glucose can be life-saving. In 1942, Himwich
and his associates [5] reported that the intraperitoneal
injection of an unspecified amount of glucose doubled
the survival time of 8-day-old rats in an atmosphere of
nitrogen. Others have shown prolongation after de-
capitation of the persistence time of gasping of the iso-
lated heads of rats receiving glucose injections [9]. Be-
cause anoxia is a common and potentially very serious
complication in clinical medicine, it seemed important
to us to extend these observations and to seek an ex-
planation. Today modern techniques of rapid freezing
of brain tissue to preserve labile metabolites and mi-
croanalytic methods of great sensitivity and specificity
permit a biochemical approach to this problem.

Methods

Preparation of Animals

Before glucose treatment and biochemical investiga-
tion, the resistance to O, deprivation in terms of sur-
vival was tested in 69 normal white mice ranging in
age from a few hours to adulthood. Anoxia was pro-
duced by exposure of the animals to an atmosphere of
nitrogen gas (N3) at 37° or at room temperature (20—
94°). The pressure of oxygen was monitored through-
out the procedure with a Beckman oxygen electrode
and was less than 5 mm Hg. Whereas none of the adult
animals survived even 30 sec of anoxia at 37°, new-
born mice from birth to 87 hours of age could tolerate

at least 20-30 min of N, exposure at this temperature.
By 10 days of age most of this tolerance had disap-
peared; at 37° the limit of exposure to Ny compatible
with life was only 1 min, at room temperature it was
3-4 min. The extraordinary tolerance of the newborn
to anoxia, the biochemical correlates in the brain, and
a brief review of the pertinent literature have been
presented previously [7].

To determine the effect of glucose on anoxic sur-
vival and anaerobic cerebral metabolism, 22 litters of
white mice from birth to 12 days of age were used (over
200 animals). Animals of this age were selected because
of our clinical interest in anoxia of newborn and young
infants. One-half of each litter received 30 mmol/kg
glucose in a volume of 30 ml (Hz0)/kg by subcutane-
ous injection; control littermates received an equal vol-
ume of equiosmolal NaCl (0.5 m). The effect of man-
nitol was also tested. Mannitol dosage was equal to
that of glucose. Anoxia was produced as described
above. With the exception of the newborn mice, only
one control and one glucose-injected mouse (carefully
paired for weight) were observed at a time. ‘When man-
nitol was used, a saline solution control, a glucose-
treated, and a mannitol-injected mouse were observed
together.

For the investigation of the effect of glucose on anae-
robic cerebral metabolism, animals were killed by
quick freezing in liquid nitrogen at zero time and at
the desired intervals of anoxia. When blood was
needed, animals were killed by decapitation and
blood collected from severed neck vessels in chilled
heparinized capillary tubes.

Preparation of Blood and Tissue Extracts and Methods
of Assay for Metabolites

Before dissection, all tissues were kept at —80°. The
brains of the frozen animals were dissected with sharp
chisels in a cryostat at —35° and tissue samples were
powdered and weighed in a cold room at —23°. Tissue
extracts were prepared according to the procedure of
Lowry et al. [10] and were stored at —80° until the
time of assay.

All metabolites were measured fluorometrically by
specific enzymic methods. ATP, P-creatine, and glucose
were assayed by the methods of Lowry et al. [10]. Lac-
tate and glycogen were measured by the methods of
Gatfield et al. [4]. For the determination of concentra-
tions of glucose in the blood, samples of heparinized
plasma were diluted 10-20 times in 0.5 M perchloric
acid and centrifuged at 4°. The supernatant fluid was
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removed and stored:at —80° until the time of assay.
The addition of aliquots of the perchloric acid ex-
tracts in the volume required for assay did not pro-
duce a change in the pH of the reagent buffer or af-
fect the complete recovery of standards. Therefore, no
preliminary neutralization of the extracts was made.

Calculation of Cerebral Energy Reserve as High
Energy Phosphate (~P)

We followed the example of Lowry et al. [10], in that
actual and potential molar equivalents of ~P were
calculated as 1 eq ~P/mol P-creatine, 2/mol ATP and
glucose, and 2.9 eq for each glucose equivalent of gly-
cogen.

Comment on Clinical Aspects

The clinical behavior of mice after exposure to ni-
trogen gas is relevant to this study. During the first few
seconds of anoxia, 8-12-day-old animals struggle vio-
lently, they void, a few jerks are seen, and then the
mice are perfectly still—little or no breathing is ap-
parent until the onset of terminal gasping. Death is
imminent shortly after this time if the animals are not
removed from nitrogen. Resuscitation is not possible
after the last gasp in nitrogen.

The behavior of the head after decapitation is also
characteristic. During the first 15 sec or so there is
fairly rapid but shallow gasping of the isolated head
and then it, too, is still till the onset of terminal gasp-

ing.
Results

Effect of Glucose on Anoxic Survival

The effect of glucose on increasing survival of anoxic
8-12-day-old mice was truly dramatic (Table I). In
fact, in only one of the seven litters used for this table
were there any survivals among control animals. It was
also observed that in all glucose-treated mice there
was a delay in the onset of terminal gasping (Table I).
Even after decapitation there was a significant delay
in the onset of terminal gasping in glucose-treated ani-
mals, and, as in the case of the intact animal, the last
gasp occurred much later (Table II). The number of
gasps in controls was consistently at least twice that
seen in glucose-treated animals. A similar reduction in
the frequency of terminal gasps in glucose-treated mice
was observed in vivo during anoxia. The explanation
of this curious finding is unknown.

Table I. Effect of glucose pretreatment on anoxic micel

32~12-Day-old mice

Clinical observation
Control Glucose treated

Survival after 4.9 &+ 0.22 min 5 (39)
anoxia at 20-24°, 9,

82 (39)

Time to onset of terminal 3.8 =4 0.4% (7)3 5.0 (1)3
gasping, min 6.5 (1)
>7.0 (5)

! Seven litters of 8-12-day-old mice were used in this study. The
number of animals is given in parentheses. Animals were ex-
posed to N gas (see Methods) 15-104 min after injection of
glucose or saline solution (60.7 =4= 4.1 min (mean 3= se). The
interval of anoxia ranged from 3 to 7 min.

2Mean =+ sE.

¥ Experiment concluded after 7 min of anoxia. All controls were
dead; all glucose animals alive. Five of the seven glucose-treated
animals had not begun terminal gasping after 7 min of anoxia.

Table I1. Effect of glucose pretreatment on gasping of isolated
head of 10-day-old mice!

Clinical Control Glucose treated

observation (7), min (11), min P value
Onset of terminal
gasping
Range 1.33-3.33 2.66-5.50 0.03
Mean = sE 2.45 £ 0.28 3.50 £ 0.27 ’
Time of last gasp
Range 1.80-5.58 5.42-8.03
Mean =+ s 4.17 4 0.53 6.72 + 0.28 <0.001
No. gasps in last
minute
Range 5-12 1-7
(gasps/min) <0.001
Mean =+ se 7.8 + 0.9 3.3 £ 0.5

! Two litters of 10-day-old mice were used. The number of
animals is given in parentheses. Mice were killed by decapita-
tion | hr after glucose or saline solution injection (see Methods).
The isolated head was observed at 24°.

In newborn mice the effect of glucose on the resist-
ance to anoxia is also impressive, particularly at the
higher environmental temperature (Table III). At 34°
only 1 control mouse out of 11 survived 25 min of
anoxia, compared with survival of all 11 glucose-treated
littermates.

In both age groups there was no difference in the
survival rates between normal mice (not injected) and
littermates injected with hypertonic saline solution.
No effect was seen with mannitol. None of 11 manni-
tol or 10 saline solution-injected, 10-day-old mice sur-
vived 4.38 = 0.85 min of anoxia compared with a 55%
survival in 11 glucose-treated littermates.
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Effect of Glucose on Brain Energy Metabolism during
Anoxia

The life-saving effect of glucose in anoxic mice does
not appear to be related to its osmotic activity, inas-
much as mannitol in equal dosage was without effect.
In an attempt to understand the mechanism of the pro-
tective action of glucose during anoxia, the effects of
glucose administration on the major components of
the energy reserve of the brains of 10-day-old mice and
on the use of these metabolites during anoxia (24°)
compared with controls were studied (Fig. 1, 4 and B).
Although the initial level of glucose in the brains of
glucose-injected mice was 3 times the control level

Table III. Effect of glucose pretreatment on anoxic micel

Neonate

Clinical observation

Control Glucose treated
Survival after 39.2 + 1.12 minat 24°,9, 40 (10) 100 (11)
Survival after 25 min, at 34°, 9, 9 (11) 100 (10)
Total, % 24 (21) 100 (21)

1 Four litters of newborn mice (24-36 hr) were used in this study.
The number of animals is given in parentheses. The mice were
exposed to N gas immediately after injection (see Methods).
The interval of anoxia ranged from 25-43 min.

2Mean = SE.
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Fig. 1. A: Concentrations of P-creatine, ATP, glucose, and gly-
cogen in the brains of 10-day-old mice injected 1 hr previously
with 0.5 M NaCl (15 mmol/kg subcutaneously). Brain tissues was
sampled at zero time and at intervals after anoxia (24°). Each
point is the mean of values for 2-4 mice, a total of 22 animals. In
4 and B vertical lines represent = 1 sg (3—4 samples). B: This is
similar to 4 except that the mice (littermates of the animals in
A) received 30 mmol/kg of glucose subcutaneously. Each point is
the mean of values from 2-4 mice, a total of 20 animals. One
glucose ~alue at 1 min, 1.67 mmol/kg, was not included.
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Fig. 2. High energy phosphate (~P) as a function of time during
anoxia. High energy phosphate was calculated as described in
Methods. The points represent the same number of animals as in
Fig. 1, 4 and B. Values are given as the mean = 1 sE (vertical
lines).

(P < 0.001) values for ATP, P-creatine, and glycogen
were almost identical in the two groups of animals.
Calculating these metabolites in terms of actual and
potential molar equivalents of ~P (see Methods) the
value for glucose-treated mice was 36% greater than in
controls, P < 0.001.

The high level of glucose in brain in experimental
animals had no effect on the rate of energy use during
anoxia (Fig. 2). The total decrease in ~P equivalents
during the 4-min interval of anoxia was equal in con-
trol and glucose-treated mice, 12.16 and 12.33 mmol /kg,
respectively. The rate of fall was also similar in the two
groups of animals. However, the continuing supply of
glucose for energy use during anoxia in the glucose-
treated animals permitted considerable sparing of the
energy-yielding metabolites. To fully appreciate the
striking differences between controls and glucose-
treated mice, residual levels of these metabolites after
4 min of anoxia are shown in Table IV. In terms of
~P the brain energy reserve in glucose-treated mice
was now twice as high as in the controls (P = 0.009).

Initial brain lactate values in control and glucose-
treated mice were not significantly different, 1.00 =
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Table IV. Effect of 4 min of anoxia on brain energy reservest

Control (4), Glucose injected

Metabolite mmol/kg (), mmol/kg P value
P-creatine 0.15 &+ 0.14 0.50 & 0.05 0.09
ATP 1.48 £ 0.39 2.71 4 0.07 0.04
Glucose 0.07 £ 0.01 1.21 4 0.22 0.005
Glycogen 0.52 & 0.09 0.80 4 0.03 0.05

! The data are from the mice used for Fig. 1, 4 and B. The num-
ber of animals is given in parentheses. Values are means 4+ SE.

0.16 and 1.39 = 0.22 mmol /kg, respectively. Final brain
lactate values were 6.68 = 0.4 mmol/kg in controls
and 9.37 = 0.52 in glucose-treated animals (P < 0.001).
In both groups of animals the increment in lactate
during the 4-min interval of anoxia was very near the
expected value calculated from the decreases in glu-
cose and glycogen.

In 19 other mice of this age, there was no change in
glucose in plasma during an equal interval of anoxia
(5.48 = 0.41 mm at zero time (6 mice), 5.65 = 0.14 mm
at 2 min (6 mice), and 4.90 = 0.29 mm at 4 min (7
mice)).

Pertinent to this study is the rate and the degree of
increase in brain glucose concentration after glucose
administration in normal animals (Fig. 8). At all ages
from 1 to 22 days there were significant increases in
brain glucose levels 5 min after injection by either
route of administration (intraperitoneal or subcutane-
ous) and at 10 min the levels were at least double the
zero time values. These findings in brain are paral-
leled by similar changes in plasma glucose in these
same animals. At 5 min the level was 20.1 = 3.1 mMm in
the newborn animals and 26.0 = 1.7 mwm in the 22-day-
old animals. At 10 min, values were 28.1 * 3.4 mwm
and 30.8 = 4.0 mwm, respectively.

Discussion

When the blood circulation to the brain is interrupted
(decapitation) in mice of all ages there is a striking in-
crease in the rate of glucose utilization by the ischemic
brain [7, 10]. Similar changes occur in the brains of in-
tact newborn [6] and 10-day-old mice during anoxia
and in those of adult mice [3]. The mechanism of the
increase in glycolysis in anoxic brain, the so-called
“Pasteur effect,” is now well understood [1, 2, 11-13].
"The profound reduction of brain glucose concentration
during acute anoxia in young mice is not reflected in,
nor a reflection of, reduced levels of glucose in the
blood. In fact, in newborn mice, concentration of glu-
cose in plasma doubled while glucose in brain fell
72%. In 10-day-old mice, levels of plasma in glucose

were unchanged over a 4-min interval of anoxia. Be-
cause the experiments in the newborn mice were per-
formed at 387° and the 10-day-old mice were studied at
room temperature, no age comparisons can be made.
We have studied the mechanism of the paradox of re-
duced glucose in brain despite elevated concentration
of glucose in plasma during anoxia in newborn mice
[6]. In the neonate the increase in lactate in brain dur-
ing 6 min of anoxia was more than twice that expected
from the combined decreases in concentration of glu-
cose and glycogen in brain. These findings are com-
patible with an increased glucose influx from the blood
to the brain during anoxia. Apparently, levels of glu-
cose in brain fell because the increase in cerebral an-
aerobic glycolysis was greater than the increase in glu-
cose transport. However, in the 10-day-old animals the
decreases in glucose and glycogen and the increase in
lactate were very nearly in balance. Therefore, either
there was no effective transfer of glucose from blood
to brain, or, as seems more likely, lactate removal by
the circulating blood kept pace with glucose uptake.
Whether an increase in glucose uptake occurred during
anoxia cannot be determined.
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Fig. 3. Levels of glucose in the brain of normal mice at intervals
after injection of glucose or saline solution (see Methods). The
route of administration was subcutaneous (s.c.) or intraperitoneal
(i-p-)- The number of mice is given in parentheses. Each value is
the mean of 2-6 animals. The vertical lines represent = 1 SE
(three or more samples). Values for controls did not differ with
time, therefore results were pooled and shown at zero time.
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It is possible that these observations in animals have
important clinical implications. In human beings,
measurements of the concentration of glucose in the
blood are often used to exclude hypoglycemia as a
cause of abnormal neurologic signs and symptoms.
However, from the present experiments and those re-
ported previously [6], it appears that normal or even
elevated glucose levels in the blood cannot be assumed
to indicate adequate amounts of glucose in the brain.

Although the beneficial effects of glucose pretreat-
ment in mice exposed to anoxia are unequivocal, nei-
ther the clinical nor the biochemical data permit a dis-
tinction between the relative roles of the cardiovascular
system and the increased cerebral energy reserve in in-
creasing survival. However, the findings in the isolated
head (delayed onset of terminal gasping and prolonga-
tion of the time to the last gasp, which signals death in
the intact animal) after glucose administration suggest
that glucose administration plays an important role in
prolonging the survival of the brain, as Himwich et al.
[5] found, and that it does this by increasing the avail-
able energy reserves.

Summary

Previous studies of the effect of anoxia in young ani-
mals have revealed that the content of glucose in brain
can be reduced critically despite normal or even ele-
vated concentration of glucose in plasma. The present
report is a study of the effects of glucose injection on
survival and on the components of the brain energy
reserve during anoxia. The data show that glucose has
a dramatic effect on increasing anoxic survival. Bio-
chemical correlates in brain suggest that a mechanism
of this action is an increase in the available energy re-
serves.
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