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TABLE 4. Piglet Pathological Examination Results* for the Glucose- and Insulin-Treated Groups and
Hypoxic-Ischemic Controls From Previous Studies

Glucose-treated Insulin-treated Controls

All piglets n-22 n-22 n-66
Cortex 4.1 + 0.6t§ 8-+-0.5t 5.8-+10.4
Hippocampus 4.8-0.7N 8.4--0.4t 5.9+÷0.4
Basal ganglia 4.7 0.6t*§ 8.2:O0.6t 6.3*0.4
Sum 13.6 1.9t§ 24.7 -+- 1.4t 18.1-+-1.0

Piglets with brain
preservation at death n=7 n=13 n=39

Cortex 2.7 1.1tt 8.8-0.4§ 6.5--0.5
Hippocampus 3.3 1.0Ot§ 9.2 0.3t 6.2+--0.5
Basal ganglia 3.6 1.3tt 9.I+0.6§ 6.8+0.5
Sum 9.6 3.3 t 27.l+ .1t 19.5+1.3

Values are mean + SEM. n, Number of piglets. "Sum" indicates sum of the three tissues for each piglet.
*Score of 10 is considered normal; 1, near total necrosis.
tP<.01 vs insulin; tP<.01 vs control; §P<.05 vs-control.

values for all the pigs are shown; in the lower half of the
table, values are shown only for the pigs that survived
the full 72 hours and received brain preservation at
death. Values for the cortex, hippocampus, and basal
ganglia are given in addition to the value for the sum of
the scores for the three tissues. Representative histo-
logical sections are shown in Figs 4 and 5. In all cases,
the scores in the glucose-treated group were signifi-
cantly worse (P<.01) than those in the insulin-tested
piglets. Pathological examination results in sham piglets
not subjected to hypoxic-ischemic injury were as fol-
lows: cortex (n=11), 9.0+0.1; basal ganglion (n=11),
9.7+0.2; hippocampus (n=11), 9.8+0.1; and sum
(n=11), 28.5+0.3, as previously reported."'
Both groups in this experiment received some treat-

ment. To determine which of the treatments resulted in
the differences seen, the pathological examination
scores for the two groups were compared with patho-
logical examination scores from control animals from
previous experiments.8- 1 These control animals were

subjected to the protocol described in "Materials and
Methods" to induce hypoxic-ischemic injury but were
not given any treatment (ie, no glucose or insulin). They
were examined by the same pathologist used in this
experiment. Glucose values in this control group (n=66)
were 4.2+0.2 mmol/L, 6.3+0.4 mmol/L, and 7.5+±0.6
mmol/L at 0, 15, and 30 minutes, respectively (at 0 and
15 minutes, P<.01 vs glucose and P<.01 vs insulin; and
at 30 minutes, P<.01 vs glucose and NS vs insulin).
Values at other times are included in the referenced
papers.8-" Pathological scores in the insulin-treated
animals were significantly better (P<.01) and patholog-
ical scores in the glucose-treated group significantly
worse (P<.05) than scores seen in the historic control
group (hypoxia-ischemia alone; see Table 2, column 3).
The correlation between the glucose concentration

measured at 30 minutes and the pathological score is
shown in Fig 6 (Path =25-0.44 [Glucose]; r= .45,
P<.002). Higher-order polynomial terms were not sta-
tistically significant. /3-Hydroxybutyrate levels were

FIG 4. Photomicrograph of
frontal cortex from piglet in glu-
cose group. Cortical necrosis with
loss or pyknosis of neurons and
early disintegration of neuropil is
evident (hematoxylin-eosin stain,
original magnification x140;
pathological score, 1).
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FIG 5. Photomicrograph of
frontal cortexfrom piglet in con-
trol group (hematoxylin-eosin
stain, original magnification
x 140; pathological score, 10).

0.25 ±0.08 mmol/L in the glucose group (n=5) and
0.09±+0.05 mmol/L in the insulin group (n=6) (P=.09).

Discussion
Elevating glucose levels during injury worsens injury

to the brain in juvenile and adult animals.'9 Although
increasing blood glucose during hypoxic-ischemic injury
to adult animals results in elevated brain energy lev-
els,20'21 the resulting increased brain lactic acid levels
and decreased intracellular pH cause22-24 irreversible
injury before damage by energy depletion alone. The
adverse effect of administered glucose may be pre-
vented by glycolytic blockage.25'26 It may be demon-
strated by administering glucose to elevate normal
glucose levels or by using insulin to diminish normal
glucose levels.27 In newborn animals, results in the
1-week-old rat showed that increasing glucose levels by
administering glucose had no effect on the degree of
hypoxic-ischemic brain injury.4 The lack of effect of
glucose in the neonatal rat model seemed to be due to
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FIG 6. Graph shows correlation ofserum glucose measured
at 30 minutes into the experiment with pathological score.

r=. 45, P <. 002. Relation is linear, with no significant higher-
order polynomial terms.

decreased ability to transport4 and metabolizes glucose
in the brain so that elevated serum glucose levels did not
increase brain lactate levels5 during hypoxic ischemia to
the brain.
The newborn piglet, like the newborn human and the

1-week-old rat, is in the period of maximal brain
growth.28 In that sense, both should be good models for
human newborns. The results of the present study
suggest that there are species differences in the ability
of glucose to worsen injury to the brain of the newborn
animal. These results suggest that newborns of some
species are capable of transporting and metabolizing
enough glucose in the brain to result in damage due to
excess lactate concentrations. Glucose and lactate levels
in the brain were not measured in this experiment;
however, as shown by Corbett et a129 in piglets during
cardiac arrest, maximal lactic acid levels in the brain
during ischemia are directly related to serum glucose
levels in the piglet regardless of age. The adaptation of
the 1-week-old rat to a very high-fat, low-carbohydrate
diet may explain the peculiarities of this species regard-
ing glucose transport and metabolism.30 The brain of
the 1-week-old rat metabolizes mostly ketone bodies
rather than glucose. Does the glucose metabolism of the
brain of human newborns more closely resemble that of
the 1-week-old rat or the newborn pig? In the 1-week-
old rat, glucose transport to the brain is very low relative
to adult rat levels3' and is functioning near saturation.32
Thus, under the stress of hypoxia, lactic acid production
is limited and is not increased if additional glucose is
available.5 On the other hand, piglets produce higher
brain lactic acid levels during hypoxia, when glucose
levels are elevated.29 Data from human infants are
sketchy, but glucose transport levels down to 5 days of
age in human infants are similar to those in human
adults and would not seem to restrict brain lactic acid
production.33 Thus, the available data suggest that the
handling of glucose by the brains of human infants is
more like that of newborn pigs than 1-week-old rats. In
human infants of insulin-dependent mothers,34 the de-
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gree of maternal hyperglycemia at delivery is a better
predictor of perinatal asphyxia than are more chronic
measures of maternal glycemic control (ie, glycohemo-
globin-A,). This association is consistent with the hy-
pothesis that in human infants, hyperglycemia during
hypoxic ischemia is detrimental to the brain.
There are several methodological differences be-

tween the 1-week-old rat model in which no effect of
glucose is seen and our neonatal pig model in which
glucose concentration strongly affects the outcome of
hypoxic-ischemic brain injury. The 1-week-old rat
model produces focal injury to one hemisphere of the
brain, whereas the neonatal pig model produces global
brain injury. In adult animals, both global20 and focal21
brain injury are worsened by glucose, so this is unlikely
to explain the difference seen. The 1-week-old rat
model has a prolonged (3-hour) period of moderate
hypoxia (8% oxygen) and mild ischemia (unilateral
carotid ligation without hemorrhage), whereas the neo-
natal pig model has a short period of severe hypoxia
(6% oxygen for 15 minutes) and moderate ischemia
(bilateral carotid clamping with hemorrhage to two
thirds of normal blood pressure for 30 minutes). A
prolonged period of hypoxia might allow lactic acid
levels to equilibrate with serum35 and avoid excessive
brain levels. Lactic acid-induced brain injury is thought
to be a threshold phenomenon requiring concentrations
in excess of 20 ,umol/g for brain injury to occur.36
Respiration and blood pressure are controlled in the
neonatal pig model but not in the 1-week-old rat model.
In experiments performed on newborn rhesus monkeys,
glucose administered with alkali prolonged cardiac
function during asphyxia37 and reduced the severity of
ischemia experienced by the brain and secondarily
reduced brain injury.38 In 1-week-old rats, arterial blood
pressure is well preserved for the 3 hours of hypoxic
ischemia39; therefore, this mechanism may not be im-
portant in the rat pup model. Glucose preserves energy
stores in the brain even in species in which it worsens
injury20'21,40 and thus in some species prolongs the
breathing41 during hypoxia. This may lessen damage in
experimental or clinical circumstances in which apnea is
important in the production of brain injury and the
subjects are not mechanically ventilated. Part of the
mammalian response to stress is hyperglycemia, which is
caused by increased catecholamine production. What is
the adaptive advantage of a system that worsens brain
injury? By prolonging breathing, hyperglycemia would
improve survival chances in the pre-cardiopulmonary
resuscitation world. In that context, what happens after
terminal apnea is not important.

In this experiment, the hyperglycemia was induced by
glucose and the low glucose levels were induced by
insulin. We did this because a piglet normally responds
to the stress of hypoxic ischemia with hyperglycemia
unless it is prevented, and we were afraid that giving
only glucose would produce too small an effect to be
easily detected. This was not the case. Inducing hypo-
glycemia with insulin significantly improved outcomes
over previous control groups. Inducing hyperglycemia
with glucose infusion worsened the outcome both rela-
tive to the insulin group and relative to controls that
received neither insulin nor glucose. All this strongly
suggests that glucose caused the change in outcomes

seen in our previous experiments associated with differ-
ences in serum glucose level.8-11
How are the results of this experiment clinically

applicable? Does giving intravenous dextrose to women
in labor, as is commonly done in clinical practice,
worsen the neurological outcome of their infants if birth
asphyxia occurs? No experiments have been performed
that directly answer this question. Whatever comfort
previously provided by studies in rat pups6 is now called
into question. The effect of glucose on a mammalian
infant's response to hypoxic-ischemic brain injury is
species specific. Controlled studies in humans will be
necessary to determine whether current obstetrical
practices are harmful, harmless, or beneficial.
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Editorial Comment

A well-accepted finding has been that elevated
plasma glucose levels increase cerebral ischemic-hy-
poxic damage in adolescent and adult animals. The
mechanisms of enhanced neuronal injury during these
conditions are not known with certainty but probably
involve higher intracellular lactic acid levels and lower
pH than normal. Perinatal babies at risk for hypoxic
brain injury during and after labor might already have
elevated plasma glucose levels due to increased mater-
nal levels as a consequence of intravenous administra-
tion or insulin-dependent or gestational diabetes. How-
ever, the neuronal consequences of elevated plasma
glucose levels in the perinate have not been widely
studied. In a careful study, it has been shown that
higher-than-normal plasma glucose levels in neonatal
rats do not appear to lead to greater ischemic-hypoxic
neuronal injury.' It is unclear whether these results can
be generalized to perinatal babies because of species

differences in brain uptake and metabolism of glucose.
In the current study, LeBlanc et al provide important
new information concerning the effects of elevated
plasma glucose levels in newborn pigs: Similar to find-
ings in older animals, enhanced plasma glucose levels
are associated with more extensive neuronal damage. If
additional studies corroborate these findings, a clinical
implication may be that plasma glucose levels need to be
controlled as much as possible in perinates at risk for
hypoxic brain injury.

David W. Busija, PhD, Guest Editor
Department of Physiology and Pharmacology

Bowman Gray School of Medicine
Winston-Salem, NC
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