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Postischemic Hyperglycemia Is Not Protective to 
the Neonatal Rat Brain 
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ABSTRACT. Brain glucose concentration during and after 
hypoxia-ischemia may be one of the variables affecting 
outcome of asphyxia1 insults. Glucose given before global 
ischemic forebrain iniurv to adult rats increases moreho- 
logic brain damage, i n d  postischemic insulin administra- 
tion reduces selective neuronal necrosis and cortical infarc- 
tion. Because glucose infusions are routinely used in the 
clinical management of perinatal asphyxia, we evaluated 
the role of slucose administration after ischemic neuronal 
damage to neonatal rat brain. Sprague-Dawley rat pups 
(postnatal d 7) were subjected to left common carotid artery 
ligation followed by 2.5 h of 8% oxygen (Levine procedure). 
The experimental group was subdivided so that pups re- 
ceived either systemic injections of glucose or saline im- 
mediately after the hypoxic insult. Animals were killed on 
postnatal d 12 and brain areas of ipsi- and contralateral 
cortex and caudate were calculated from camera lucida 
tracings. There was no significant difference in size of brain 
infarction between postischemic glucose-treated and post- 
ischemic saline-treated pups. However, hypoxic-ischemic 
brains did show more severe neuronal damage when hy- 
perglycemia was induced after asphyxia. Because post- 
ischemic hyperglycemia does not attenuate and may exac- 
erbate injury, we recommend careful monitoring of blood 
glucose so that hyperglycemia does not occur during resus- 
citation of asphyxiated infants. (Pediatr Res 32: 489-493, 
1992) 

Abbreviations 

NADPH-d, NADPH diaphorase 
EAA, excitatory amino acid 

Neurologic morbidity occurs in 20-30% of infants suffering 
acute perinatal asphyxia in the United States (I). The hypoxic- 
ischemic encepha~opath~ seen in survivors of pennatal asphyxia 
is a commonly encountered clinical problem and is thought to 
be the largest contributor to static encephalopathies in infants 
and children (2). Hypoglycemia is a frequent metabolic derange- 
ment among asphyxiated infants and has additive deleterious 
effects on the CNS sequelae of perinatal asphyxia (3-5). Standard 
resuscitation procedures use glucose infusions to correct posthy- 
poxic hypoglycemia, but this procedure often results in hypergly- 
cemia (6). 
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The brain is predominantly glucose-utilizing organ, but it is 
capable of using alternative substrates such as acetoacetate and 
8-hydroxybutyrate (7). These alternate fuels may ameliorate the 
neuropathologic effects of hypoglycemia under circumstances in 
which oxygen delivery is adequate to allow oxidation to energy- 
yielding substrates. During hypoxia or ischemia, brain glucose 
supplies are depleted. Glucose and alternate fuel delivery become 
compromised, thereby exacerbating neuronal damage (7). Thus, 
brain glucose concentration during and after ischemia may be 
one of several variables affecting outcome after hypoxic-ischemic 
insults. 

The effect of glucose on hypoxic-ischemic brain injury has 
been studied in both newborn and adult animal models with 
conflicting results. The majority of the data in the mature brain 
support a deleterious effect of hyperglycemia, with elevated blood 
glucose concentrations associated with worsened neurologic out- 
come (8, 9). Increased pathologic damage, cerebral edema with 
impaired cerebral perfusion, and slowed recovery of normal brain 
metabolic processes occur ( 10, 1 1). Studies on neonatal animals 
are contradictory (12-14). Some investigators have found bene- 
ficial effects of glucose administered immediately after the hy- 
poxic-ischemic insult but no substantial protection when glucose 
treatment is delaved bv 1 h (14). Other investimtors have found 
no difference inthe ciegree'of'cerebral damage in asphyxiated 
hyperglycemic animals compared with normoglycemic counter- 
parts ( 1 2). 

It is clinically important to understand the role of hypergly- 
cemia after hypoxic-ischemic brain damage because hypergly- 
cemia is a common metabolic complication of term and pre- 
mature infants undergoing resuscitation in the neonatal period. 
Current resuscitation techniques involve the administration of 
glucose to asphyxiated infants during the initial and recovery 
periods after perinatal asphyxia and could thus have deleterious 
effects on subseauent neurologic outcome or survival. To ex~lore 
the effects of hyperglycem& on hypoxic-ischemic neonatal 
brains, we treated neonatal rat pups with glucose immediately 
after hypoxic-ischemic injury. 

MATERIALS AND METHODS 

We used a model of hypoxia-ischemia based on the Levine 
procedure (1 5- 17). Sprague-Dawley litters of 7-d-old rat pups 
were culled to 10 pups each. Animals were divided into an 
ischemic group (six pups) and a nonsurgical control group (four 
pups). All animal research was approved by the University of 
California San Francisco Committee on Animal Research and 
was performed with the highest standards of humane care as set 
forth in the Guide for the Care and Use of Laboratory Animals, 
U.S. Department of Health and Human Services, Publication 
Number 85-23, 1985. 

The six pups from each litter designated for the Levine pro- 
cedure were anesthetized with 1% halothane in 40% oxygen, 
balance nitrogen, and the left carotid artery was exposed and 
permanently ligated. The incision was sutured and the pups were 
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returned to the dam for a 2-h recovery and feeding period. These 
pups were placed in containers through which humidified 8% 
oxygen and balance nitrogen flowed for the next 2 4 2  h. The 
containers were partially submerged in a 37°C water bath, and 
the body temperature of one animal was monitored by external 
probe throughout the hypoxic session. Body temperature was 
maintained in the 36-37°C range by adjusting the water bath 
temperature. Upon removal from the hypoxic containers, three 
of these pups were given an intraperitoneal injection of 0.1 mL 
50% glucose (2.5 g/kg) and the remaining three pups were given 
0. I mL of normal saline by the same route. The tail vein blood 
glucose level of each animal was obtained 5 min after glucose or 
saline injection. The whole blood glucose levels were monitored 
using glucose reagent strips read on a glucometer (Ames Co., 
IN). The total number of animals constituting the saline-treated 
ischemic group was 17, and the number in glucose-treated is- 
chemic group was 19. 

The four remaining animals from each litter served as nonsur- 
gical controls. They were removed from the dam with the sur- 
gically treated pups so that feeding would be concordant for the 
two groups. Three of these received 0. I mL 50% glucose injec- 
tions (n = 17) equivalent to the surgical animals, and the re- 
maining pup received an injection of 0. I mL normal saline. 

Five d after hypoxic-ischemic injury, all pups were anesthetized 
with 50 mg/kg pentobarbital intraperitoneally and were then 
perfused through the ascending aorta with cold 4% paraformal- 
dehyde in 0.1 M phosphate buffer (pH 7.4). Brains were then 
removed and immersed in the same fixative for 4 h, then 
transferred to ice-cold 30% sucrose in 0. I M phosphate buffer. 
Forebrain sections were cut at 50-lrm intervals using a vibratome. 
Alternate sections were stained with cresyl violet or prepared for 
NADPH-d histochemistry by placing fixed sections in wells 
containing incubation medium [O. 1 M Tris-HCI (pH 8). 0.2 mM 
NADP, 15 mM sodium malate, 0.2 mM nitro blue tetrazolium, 
I mM MnC12, and 0. I % Triton-XI for 2 h at 37°C. All sections 
were mounted onto gelatinized slides, dehydrated, and cover- 
slipped with Depex (Biomedical Specialties, St. Monica, CA) 
(17). 

Brain infarction was determined by calculating mean brain 
areas of surviving tissue from camera lucida drawings of three 
serial sections from each brain at the level of the anterior com- 
missure. The areas of left (injured or ipsilateral) cortex and 
caudate and right (noninjured or contralateral) cortex and cau- 
date were calculated using the Video Image Analysis System (Ted 
Pella Inc., Tustin, CA). The results are expressed in mm' for the 
remaining tissue (Table 1). 

To determine the degree of cellular neuronal damage, cresyl 
violet Nissl stain and NADPH-d histochemistry were used. We 
have previously shown that the subpopulation of neurons con- 
taining NADPH-d is selectively resistant to hypoxic-ischemic 
injury in the neonatal rat and that these neurons therefore serve 
as markers for this type of injury (I  7). Light microscopic damage 
was rated such that 0 = no detectable neuronal cell loss or gliosis, 
1 = columnar damage in the cortex involving predominantly 
layers I1 through IV with selective sparing of the NADPH-d 
reactive neurons, and 2 = contiguous areas of gliosis with result- 
ing neuronal cell loss including NADPH-d reactive cells through 
all layers of the cortex. Brains were scored by an observer blinded 
to the postischemic treatment. 

Statistical analysis was performed by unpaired I test and one- 
way analysis of variance with Scheffe's test for post hoc compar- 
ison for parametric data. The Wilcoxon signed rank test was 
used for nonparametric analysis of categorical data. 

RESULTS 

Animals receiving saline or glucose injections without hypoxia- 
ischemia showed no histopathologic damage (Fig. IA). Blood 
glucose concentrations of saline-injected animals ranged from 20 
to 40 mg/dL ( 1-2 mM), and those of the glucose-injected animals 
ranged from 200 to 240 mg/dL ( 1 1 - 13 mM). The Levine pro- 
cedure produced lesions of the frontoparietal cortex and dorso- 
lateral caudate as previously described (Fig. 1 B) ( 17); glucose 
posttreatment exacerbated the degree of infarction (Fig. 1 C). 

Brain infarction. There was a significant difference between 
the area of remaining ipsilateral cortex and the area of the 
contralateral cortex in ischemic brains with saline (14.63 + 1.90 
versus 20.50 f 0.6 1 mmL; p < 0.05) as well as glucose posttreat- 
ment ( 12.79 f 2.09 versus 2 1.1 1 f 0.83 mm2; p < 0.001). The 
contralateral area was the same as cortical area in nonischemic 
brains; therefore, the contralateral areas were used to compare 
the effect of posthypoxic treatment on the degree of damage 
(Table I). There was a significant difference between ipsilateral 
and contralateral caudate in glucose-treated ischemic pups (5.69 
+ 2.60 versus 8.09 f 1.52 mm?; p < 0.01) and saline-treated 
(5.97 + 2.71 versus 8.09 f 1.52 mm2; p < 0.001) ischemic 
caudate (Table I). When areas are expressed as percentages 
(ipsilateral over contralateral) to minimize the effect of individual 
variation brain size, the same posttreatment effect is again dem- 
onstrated (Fig. 2). However, there was no significant difference 
between glucose-treated and saline-treated infarct areas. 

Neuronal cell loss. Although the area of ipsilateral ischemic 
brain infarction in glucose-treated and saline-treated animals was 
not significantly different, cellular damage was more severe after 
hypoxia-ischemia when animals received glucose ( p  = 0.03). 
Only 5% of glucose-treated and 18% of saline-treated animals 
showed columnar or discrete damage to the cortex, whereas 53% 
of glucose-treated and 29% of saline-treated animals demon- 
strated continuous areas of gliosis and neuronal loss through 
cortex and/or caudate (Fig. 3). Nissl-stained sections through 
infarcted cortex of normoglycemic brains showed a columnar 
pattern of cell loss (Fig. 4B), whereas hyperglycemic ischemic 
brains showed more extensive neuronal damage through all 
layers of the cortex as well as gliosis of the white matter (Fig. 
4C). Brains with a microscopic score of 2 exhibited necrosis of 
neurons throughout all layers of the cortex and germinal matrix 
as well as destruction of axons in the corpus callosum and striatal 
perikarya. 

NADPH-d histochemistry in normoglycemic ischemic brains 
showed preservation of the NADPH-d reactive cells around areas 
of columnar loss as previously reported (1 7) (Fig. 4E). However, 
the hyperglycemic ischemic brains showed loss of these cells with 
only rare degenerating cells remaining in the penumbra zone 
(Fig. 4F). 

Table 1.  Brain areus of inillred and conrrol DUDS* 
Saline and hypoxia-ischemia Glucose and hypoxia-ischemia Control 

Left Right Left Right Left Right 

Cortex 14.63 + 1.90t 20.50 + 0.6 1 12.79 + 2.09$ 21.1 1 + 0.83 2 1 .OO + 0.6 1 20.40 + 0.73 
Caudatc 5.97 + 2.7 IS 8.09 + 1.52 5.69 + 2.601 8.10 + 1.44 7.96 + 1.28 8.20 + 1.68 

* Data is exprcsscd as mean + SEM in mm'. 
t 1, < 0.05. 
$ p < 0.00 1. 
gp<o.01. 
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Fig. I .  A. Nissl-stained coronal section through anterior forebrain of nonischemic neonatal rat brain treated with glucose. BO.Y indicates 
comparable areas magnified in B and C. Scale = 2 mm. B. Saline-treated ischemic brain section through comparable area indicated in A showing 
columnar pattern of cell loss in the deep layers of cortex. C. Glucose-treated ischemic brain showing massive neuronal cell loss through cortex and 
caudate despite preservation of outer cortical architecture. Scale = 100 pm. 

Fig. 2. Percentage of cortex (N) and caudate (0) remaining (ipsilat- 
cral/contralateral x 100%) after hypoxic-ischemic insult in glucose- 
treated and saline-treated animals. 

DISCUSSION 

We have found that there is significant damage to the ischemic 
neonatal brain in the presence of postinjury hyperglycemia. 
Damage to neurons is more severe than that seen in ischemic 
brains of normoglycemic animals. Using the same model of focal 
hypoxia-ischemia and preinsult hyperglycemia in the 200-300 
mg% range, other studies have shown no significant effect of 
pretreatment with glucose on subsequent cerebral injury after 
hypoxia-ischemia (12). In this study, we investigated the role of 
hyperglycemia after hypoxic-ischemic insult. Our data in rat 
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Fig. 3. Percentage of hypoxic-ischemic brains. either saline- or glu- 
cose-treated, categorized by degree of damage demonstrated microscop- 
ically. Ischemic brains from animals treated with glucose showed more 
extensive damage microscopically ( p  = 0.03). 

pups demonstrates a potentially detrimental effect of glucose 
administration after hypoxia-ischemia in the immature brain. 

This deleterious effect contrasts with the protective effect of 
immediate postinjury glucose administration in the neonatal rat 
shown by Hattori and Wasterlain (14). Their model differed 
from our focal ischemia model in that global hypoxia-ischemia 
was induced by bilateral carotid ligation followed by I h of 
hypoxia. They found that glucose given immediately after hy- 
poxia reduced neocortical infarct volume to 37% of that in 
unsupplemented animals, but glucose treatment I h after the 
end of hypoxic exposure was not protective against infarction. 
However, the damage seen in global models of hypoxia-ischemia 
such as the bilateral carotid ligation model is much more exten- 
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Fig. 4. Nissl-stained coronal section from a nonischemic, glucose-treated control brain shows normal cellular morphology through the deep 
layers of the cortex (A).  Normoglycemic ischemic brain shows loss of neurons in an area of columnar cell loss (arrow) (B) .  Hyperglycemic ischemic 
brain shows complete loss of neurons with glial cells remaining ( C ) .  NADPH-d reactive cells in a nonischemic, glucose-treated brain are scattered 
throughout the deep layers of the cortex (D). In the area of infarction seen in B (arrow), there is preservation of the NADPHd reactive neurons 
( E ) .  An alternate section from the brain shown in C demonstrates loss of the NADPH-d reactive cells ( F ) .  Scale bar = 50 pm. 

sive (16, 18) and may result in activation of different receptor- 
mediated injury cascades than those seen in focal ischemia, such 
as that produced by the Levine procedure (19). Our results 
demonstrate that glucose administration after prolonged hypoxic 
exposure does not protect the neonatal brain from focal hypoxic- 
ischemic injury and, indeed, can exacerbate the severity of brain 
damage after hypoxia-ischemia. 

The timing and extent of the ischemic insult in relation to the 
presence of systemic hyperglycemia may be more important 
determinants of neurologic compromise. Glucose given before 
global ischemia in adult rats causes augmentation of morphologic 
brain damage (9). In a forebrain ischemia model in adult rats 
preloaded with glucose, postischemic treatment with low-dose 
insulin reduced mortality and the incidence of postischemic 
seizures (1 1). However, a recent study in neonatal rat showed an 
increase in mortality when animals were insulin-treated before 
induction of hypoxia-ischemia (20). Juvenile monkeys who re- 
ceived infusions of glucose just before cardiac arrest showed 
widespread cortical and basal ganglia necrosis (8). However, in 
the neonatal rat, glucose infusion before induction of hypoxia- 
ischemia caused no more brain damage than did hypoxia-ische- 
mia alone (12). In the neonatal brain, hyperglycemia before the 
induction of hypoxia-ischemia improves glucose transport into 
brain but does not lead to enhanced glucose utilization or lactate 
accumulation by the immature brain (1 3). 

Differential effects of glucose on neurons of varying maturity 
may also explain the differences in the effects of hyperglycemia 
in both human and animal models (21). If the mechanism of 

injury in hypoxia-ischemia is mediated through EAA receptors, 
as has been suggested by numerous investigators (22), then the 
discrepancy in the response to hyperglycemia after ischemia in 
different age groups might be explained by the ontogeny of the 
EAA receptors. In rodents from postnatal d 1 to 8,85% of CA 3 
hippocampal neurons exhibit N-methyl-D-aspartate receptor-reg- 
ulated spontaneous depolarization potentials, whereas in post- 
natal 9-12 rats less than 50% of neurons exhibit this character- 
istic (23). In support of these animal data, it was recently reported 
that in children with near-drowning an initially elevated blood 
glucose level was highly predictive of death or of survival in a 
persistent vegetative state (24). 

In postischemic cerebral tissue, a persistent hypermetabolism 
that uses anaerobic over oxidative metabolism has been seen 
during reperfusion in adult animals (25), with damage to mito- 
chondria in the regions of ischemia (26). It is possible then that 
glucose supplementation may provide the necessary substrate for 
generation of EAA receptor activation in the presence of injured 
neurons, thus augmenting cerebral damage, as was seen in our 
glucose-treated animals. 

The cellular mechanisms by which glucose might further ex- 
acerbate the degree of hypoxic-ischemic brain damage cannot be 
ascertained by our study because we did not measure brain 
concentrations of glucose or lactate. However, our findings sug- 
gest that the exacerbating effect of hyperglycemia after hypoxia- 
ischemia is related to other intracellular metabolic alterations 
that occur after focal ischemia, such as heightened EAA receptor 
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activation. The long periods of postischemic hypoxia in our I I .  Voll CL. Auer RN 1988 The effect of postischemic blood glucose levels on 

study may contribute to this activation. ischemic brain damage in the rat. Ann Neurol24638-646 
12. Voorhies TM, Rawlinson D, Vannucci RC 1986 Glucose and perinatal hy- 

Our results suggest a significant deleterious effect of hypergly- poxic-ischemic brain damage in the rat. Neurology 36: 1 1 15-1 1 18 
cemia after hypoxia-ischemia in the neonatal rat rather than a 13. vannucci RC, vasta F, Vannucci SJ 1987 Cerebral metabolic responses of 
protective effect of glucose in terms of survival after hypoxia hyperglycemic immature rats to hypoxia-ischemia. Pediatr Res 2 1524-529 

(14). B~~~~~ standards of care for the resuscitation of 14. Hattori H, Wasterlain CG 1990 Posthypoxic glucose supplement reduces 
hypoxic-ischemic brain damage in the neonatal rat. Ann Neurol28: 122-128 

asphyxiated newborn infants call for i.v. glucose infusions, P ~ Y -  15. Levine s 1960 A~OX~C-ischemic encephalopathy in rats. Am J Pathol 36:l-17 
sicians Should monitor blood glucose levels frequently and Should 16. Rice JE, Vannucci RC, Brierley JB 198 1 The influence of immaturity on 
infuse glucose to maintain blood glucose levels within physiologic hypoxic-ischemic brain damage in the rat. Ann Neurol 9: 13 1-141 

ranges, preventing both hypoglycemic and hyperglycemic con- 17. Femero DM, Arcavi W ,  Sagar SM, Mclntosh TK, Simon RP 1988 Selective 
sparing of NADPHdiaphorase neurons in neonatal hypoxia-ischemia. Ann tributions to compromised neuronal survival. Neuro124:670-676 
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