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Background: Prolonged hypoglycemia leads to brain 
injury, despite treatment with 10% dextrose. Whether induc-
tion of hyperglycemia or ketonemia achieves better neuro-
protection is unknown. Hyperglycemia is neuroprotective in 
other brain injuries during development; however, it worsens 
hypoglycemia-induced injury in the adult brain via poly(ADP-
ribose)polymerase-1 (PARP-1) overactivation.
Methods: Three-week-old rats were subjected to insulin-
induced hypoglycemia and treated with 10% dextrose or 50% 
dextrose. Neuronal injury, PARP-1, and brain-derived neuro-
trophic factor (BDNF) III/TrkB/p75NTR expressions were deter-
mined. In the second experiment, ketonemia was induced by 
administering β-hydroxybutyrate during hypoglycemia and its 
effect on neuronal injury was compared with those conven-
tionally treated using 10% dextrose.
results: Both 10 and 50% dextrose administration led to 
hyperglycemia (50% dextrose > 10% dextrose). Compared with 
the 10% dextrose group, neuronal injury was greater in the 
50% dextrose group and was accompanied by PARP-1 overac-
tivation. BDNF III and p75NTR, but not TrkB

FL
, mRNA expressions 

were upregulated. Neuronal injury was less severe in the rats 
subjected to ketonemia, compared with those conventionally 
treated using 10% dextrose.
conclusion: Hyperglycemia accentuated hypoglycemia-
induced neuronal injury, likely via PARP-1 overactivation. 
Although BDNF was upregulated, it was not neuroprotective 
and potentially exaggerated injury by binding to p75NTR recep-
tor. Conversely, ketonemia during hypoglycemia attenuated 
neuronal injury.

hypoglycemia is a common metabolic problem during 
development. Infants with hyperinsulinism and children 

on insulin therapy for type 1 diabetes are particularly at risk. 
Inadequately treated hypoglycemia leads to cerebral energy 
failure and permanent brain injury. Therefore, early detection 
and effective treatment of hypoglycemia has considerable sig-
nificance during development.

Currently, severe hypoglycemia in children is treated by 
parenteral administration of 10% dextrose in a 200–500 mg/
kg dose (1,2). While this therapy rapidly achieves euglycemia, 
there is no evidence that it ensures neuroprotection. In hypo-
glycemic developing rats, cerebral energy production remains 
suboptimal for at least 50 min after 200 mg/kg of 10% dextrose 
administration (3). Neuronal injury, primarily in the anterior 
regions of the cerebral cortex, is seen in the brains harvested 
24 h later (4,5). Thus, there is a need for exploring alternative 
treatment strategies for hypoglycemia.

Hyperglycemia to a blood glucose concentration of 450–
720 mg/dl (25–40 mmol/l) decreases neuronal injury in other 
causes of cerebral energy failure, such as hypoxia–ischemia 
(HI) during development (6,7). Enhanced substrate avail-
ability, improved mitochondrial function, and attenuation of 
N-methyl-D-aspartate-mediated excitotoxicity are potentially 
responsible for this neuroprotection (8,9). Whether hypergly-
cemia provides similar neuroprotection during hypoglycemia 
is not known. In adult rats, hyperglycemia accentuates hypo-
glycemia-induced neuronal injury by leading to superoxide 
production (10) and poly(ADP-ribose)polymerase-1 (PARP-1) 
overactivation (11). PARP-1, a nuclear enzyme, normally par-
ticipates in DNA repair by forming poly(ADP-ribose) (PAR) 
polymers in the vicinity of DNA breaks. However, PARP-1 
overactivation leads to neuronal death by depleting cellular 
NAD+ and ATP stores and translocating apoptosis-inducing 
factor (AIF) from the mitochondria to the nucleus (12,13). 
As NAD+ is an essential cofactor for glycolysis, administra-
tion of excess glucose under these conditions worsens oxidant 
stress by generating superoxide via the hexose monophosphate 
shunt, instead of ATP production via glycolysis and oxidative 
phosphorylation (10). We have previously demonstrated that 
although baseline PARP-1 expression in the brain is higher 
during development (5), there is no additional upregulation 
after hypoglycemia treated with 10% dextrose. Whether this is 
also true when hypoglycemia is treated using hyperglycemia-
inducing doses of dextrose, for example, by administering 50% 
dextrose is not known.

Received 4 February 2014; accepted 4 August 2014; advance online publication 29 October 2014. doi:10.1038/pr.2014.146

1Department of Pediatrics, Division of Neonatology, University of Minnesota, Minneapolis, Minnesota; 2Center for Neurobehavioral Development, University of Minnesota,  
Minneapolis, Minnesota. Correspondence: Raghavendra Rao (raghurao@umn.edu)

hyperglycemia accentuates and ketonemia attenuates 
hypoglycemia-induced neuronal injury in the developing 
rat brain
Kathleen Ennis1, Hannah Dotterman1, Ariel Stein1 and Raghavendra Rao1,2

84 Pediatric ReseARCH      Volume 77  |  Number 1  |  January 2015

http://www.nature.com/doifinder/10.1038/pr.2014.146
mailto:raghurao@umn.edu


Copyright © 2015 International Pediatric Research Foundation, Inc.

Brain injury in hypoglycemia         Articles
Similarly, whether ketonemia attenuates hypoglycemia-

induced neuronal injury in the developing brain is not known. 
Although glucose is its primary energy substrate, the develop-
ing brain is capable of using ketone bodies (β-hydroxybutyrate 
and acetoacetate) for energy production, particularly in the 
preweaning period (14,15). Induction of ketonemia, for exam-
ple, by feeding a ketogenic diet before and after hypoglycemia, 
reduces the severity of neuronal injury in 3-wk-old rats (16), 
likely by enhancing mitochondrial biogenesis and alternative 
energy stores (17). However, such preventive strategies are of 
limited clinical utility in acute hypoglycemia, which typically 
occurs without forewarning. Limited data suggest that induc-
tion of ketonemia after the onset of hypoglycemia also may be 
beneficial. In preweanling rats and mice, β-hydroxybutyrate 
administration reverses hypoglycemia-induced coma by cor-
recting cerebral energy failure (18,19). Whether such treat-
ment is also neuroprotective in the postweaning period, when 
cerebral ketone body uptake and utilization markedly decrease 
from the preweaning period (14) is unknown.

The aims of the study were to determine the neuroprotective 
effects of hyperglycemia and ketonemia in 3-wk-old rats. Rats 
of this age are used to model the neurological effects of hypogly-
cemia in human infants and young children due to similarities 
in brain development and substrate utilization (14,16). Glucose 
becomes the principal energy substrate to the brain at the cor-
responding ages in the two species (14). In the first experiment, 
we compared the severity of neuronal injury using Fluoro-jade 
B (FJB) histochemistry, and PARP-1 and AIF expressions in 
hypoglycemic rats treated with a hyperglycemia-inducing dose 
of dextrose with those treated with the conventional dose of 
dextrose. We also assessed the effect of the two treatments on 
the mRNA expression of brain-derived neurotrophic factor 
(BDNF) and its receptors, tropomyosin-related kinase B (TrkB) 
and p75 neurotrophin (p75NTR) receptors. BDNF expression is 
upregulated soon after hypoglycemia in the adult rat brain (20). 
In vitro studies demonstrate that BDNF provides neuroprotec-
tion during hypoglycemia by binding to the full-length isoform 
of TrkB (TrkBFL) receptor and stabilizing calcium homeosta-
sis (21,22). Conversely, binding of BDNF to p75NTR receptor 
promotes neuronal injury (23,24). In the second experiment, 
we determined the neuroprotective efficacy of ketonemia by 
comparing the severity of neuronal injury in rats treated with 
β-hydroxybutyrate during hypoglycemia with those conven-
tionally treated using 10% dextrose.

RESULTS
Experiment 1: Effect of Hyperglycemia on Hypoglycemia-
Induced Neuronal Injury
To determine whether hyperglycemia attenuates neuronal 
injury, P21 rats were subjected to insulin-induced hypoglyce-
mia and treated with either 10% dextrose (HG-10% dextrose 
group) or 50% dextrose (HG-50% dextrose group) 240 min 
after the insulin administration. The blood glucose concen-
tration during the 210 min of hypoglycemia was similar in 
the two groups (HG-10% dextrose group, 36.0 ± 4.2 mg/dl; 
HG-50% dextrose group, 36.2 ± 3.5 mg/dl, P = NS). Two hours 

after termination of hypoglycemia, the blood glucose concen-
tration was higher in the HG-50% dextrose group, compared 
with the HG-10% dextrose group (HG-50% dextrose group, 
582.0 ± 11.9 mg/dl; HG-10% dextrose group, 268.0 ± 53.9 mg/
dl, P < 0.005, Figure 1a).

FJB-positive cells reflecting injured neurons were pres-
ent in the brain sections collected 24 h posthypoglycemia in 
both hypoglycemia groups. FJB-positive cells were primar-
ily seen in the orbital and cingulate regions of the prefrontal 
cortex and layers 2 and 3 of the parietal cortex. FJB-positive 
cells were absent in the other brain regions and in the control 
group. There was a main effect of treatment on the number 
of FJB-positive cells (P < 0.001). Compared with the HG-10% 
dextrose group, more FJB-positive cells were present in the 
HG-50% dextrose group (P < 0.05, Figure 1b).

PARP-1 and AIF mRNA expressions were upregulated 24 h 
posthypoglycemia in the HG-50% dextrose group, relative to 
the control group (P < 0.05, Figure 1c,d). This was accom-
panied by increased PAR (+132%) and AIF (+23%) protein 
expressions (not shown). NF-κB mRNA expression was upreg-
ulated 35% (P < 0.05), while Bcl2 and caspase 3 mRNA expres-
sions were not altered in the HG-50% dextrose group. None 
of the mRNA and protein expressions in the PARP-1 pathway 
were altered in the HG-10% dextrose group.

There was a main effect of treatment on BDNF-III, TrkBTOTAL 
(TrkBFL + TrkBTRUNCATED) and p75NTR mRNA expressions 24 h 
posthypoglycemia (P < 0.05; Table 1). Relative to the control 
group, all three transcripts were upregulated in the HG-50% 
dextrose group (P < 0.05), but not in the HG-10% dextrose 
group. The mRNA expressions of TrkBFL and early growth 
response-2 (Egr-2), which is downstream of BDNF/TrkB sig-
naling (25), were not altered in either hypoglycemia group.

Experiment 2: Effect of Ketonemia on Hypoglycemia-Induced 
Neuronal Injury
To determine whether ketonemia attenuates neuronal injury, 
P28 rats were subjected to insulin-induced hypoglycemia. 
β-hydroxybutyrate was administered in the ketone group, 
beginning at 120 min after the insulin administration, while 
the dextrose group was maintained without additional treat-
ment until hypoglycemia was terminated 240 min after the 
insulin administration in both groups using 10% dextrose. 
The timing of β-hydroxybutyrate administration was based 
on the occurrence of neuronal injury after 120 min of hypo-
glycemia in P28 rats (4). The blood glucose concentration 
during the 210 min of hypoglycemia was comparable in the 
two groups (dextrose-group, 31.3 ± 4.3 mg/dl; ketone-group, 
32.7 ± 2.3 mg/dl, P = NS). The ketone body concentration in 
the blood 120 min after the insulin administration (i.e., until 
the β-hydroxybutyrate administration in the ketone group) 
was comparable in the two groups (dextrose-group, 0.4 ± 0.1 
mmol/l; ketone-group, 0.6 ± 0.2 mmol/l, P = NS). Beginning 
30 min after the β-hydroxybutyrate administration and until 
termination of hypoglycemia at 240 min, the ketone body 
concentration was higher in the ketone-group (ketone group, 
2.9 ± 0.3 mmol/l; dextrose group, 0.6 ± 0.1 mmol/l, P < 0.001).
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Similar to Experiment 1, FJB-positive cells were absent in 
the control group and present in both hypoglycemia groups, 
primarily in the orbital and cingulate regions of the pre-
frontal cortex and the parietal cortex (Figure 2). There was 
a main effect of treatment on the number of FJB-positive 
cells (P < 0.001). Compared with the dextrose-group, fewer 
FJB-positive cells were present in the ketone-group (FJB-
positive/brain section: dextrose-group, 82 ± 19; ketone-
group, 21 ± 12, P < 0.05).

DISCUSSION
Hypoglycemia led to neuronal injury in the developing rat 
brain. Similar to previous studies (4,5,16,26), neuronal injury 
was primarily seen in the anterior regions of the cerebral cor-
tex, confirming the vulnerability of this brain region during 
moderate hypoglycemia. Contrary to our expectation, hyper-
glycemia accentuated the severity of injury, likely via glucose 
reperfusion and PARP-1 overactivation. Conversely, ketone-
mia during hypoglycemia was neuroprotective. Collectively, 
these data suggest the importance of avoiding extreme hyper-
glycemia and exploring alternative management strategies for 
hypoglycemia during development.

Both dextrose treatment protocols resulted in hyperglyce-
mia, albeit of different severity. The blood glucose concentra-
tion achieved in the 50% dextrose group (582.0 ± 11.9 mg/dl) is 
comparable to those associated with neuroprotection in previ-
ous HI studies (450–720 mg/dl (6,7)). However, unlike those 
studies, hyperglycemia led to more severe injury in the present 
study. Several factors may explain the divergent results. The 
aforementioned HI studies were performed at P7. The brain 
is naturally resistant to injury at this age (4,27), secondary to 
lower energy demand, higher antioxidant concentrations, and 
greater ability to use alternative substrates (14,28). The glucose 
transporter expression at the blood brain barrier and neuro-
nal membrane is low at P7 (29), which may limit excess glu-
cose transport into the neurons at this age. Our experiments 

Figure 1.  Effect of 10% dextrose and 50% dextrose administration on blood glucose concentration (a), severity of neuronal injury (b), and poly(ADP-
ribose)polymerase-1 (c) and apoptosis-inducing factor (d) mRNA expression in the brain of 3-wk-old rats. Rats were subjected to insulin-induced hypogly-
cemia and treated with either 10% dextrose or 50% dextrose 240 min after the insulin administration. The brain was collected 24 h later and processed for 
neuronal injury using Fluoro-jade B histochemistry and mRNA expression using quantitative RT-PCR method. Values are mean ± SEM, n = 6–8 per group. 
The mRNA data are normalized to the control group. *P < 0.05 vs. control group; **P < 0.01 vs. 10% dextrose group. AIF, apoptosis-inducing factor; D, 
dextrose; FJB+, Fluoro-jade B positive; PARP-1, poly(ADP-ribose)polymerase-1.
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table 1. Effect of 10% dextrose or 50% dextrose administration 
during hypoglycemia on BDNF/TrkB/p75NTR system mRNA expression 
24 h posthypoglycemia in the developing rat brain

Transcript Control group
HG-10% 

dextrose group
HG-50% 

dextrose group

BDNF-III* 1.00 ± 0.08 1.36 ± 0.13 1.59 ± 0.11*

TrkBTOTAL* 1.00 ± 0.10 1.15 ± 0.10 1.51 ± 0.06*

TrkBFL 1.00 ± 0.10 1.15 ± 0.15 1.37 ± 0.08

P75NTR* 1.00 ± 0.23 2.33 ± 0.51 2.43 ± 0.23*

Egr-2 1.00 ± 0.24 1.00 ± 0.13 1.09 ± 0.23

Values are mean ± seM; n = 6/group.
BDNF, brain-derived neurotrophic factor; egr-2, early growth response-2; HG, 
hypoglycemia; p75NTR, p75 neurotrophin receptor; TrkB, tropomyosin-related kinase B 
receptor; TrkBFL, TrkB full-length isoform.
*P < 0.05, main effect of treatment on the transcript (ANOVA), control group vs. HG-50% 
dextrose group and HG-10% dextrose group vs. HG-50% dextrose group (Bonferroni-
adjusted unpaired t-tests).
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were performed at P21 when cerebral energy demand, glucose 
transport, ability to use alternative substrates and vulnerability 
to injury resemble those at adulthood (4,14,27). Further, HI 
causes intracellular acidosis, a known inhibitor of superoxide 
production (30), whereas hypoglycemia is not associated with 
acidosis. The timing of hyperglycemia in relation to the onset 
and duration of injury also may have influenced the results. 
The HI studies in P7 rats suggest that hyperglycemia induced 
prior to the onset of hypoxia or after a short duration (60 min) 
of hypoxia is neuroprotective (6,7). Conversely, mild hypergly-
cemia (blood glucose, 200–240 mg/dl) induced after prolonged 
(120 min) hypoxia is not protective and instead worsens the 
severity of injury (31). Hyperglycemia was induced 210 min 
after the onset of hypoglycemia in our study, when cerebral 
energy failure is likely to have already occurred (3). It is not 
known whether hyperglycemia early in the course of hypogly-
cemia would have altered the results.

As with our previous study in P14 rats (5), treatment with 
10% dextrose led to mild hyperglycemia without altering 
PARP-1 expression. Conversely, treatment with 50% dextrose 
led to extreme hyperglycemia and PARP-1 upregulation, simi-
lar to a previous study in adult rats (10). The accompanying 
AIF upregulation suggests PARP-1 overactivation in this group 
(13). Although reactive oxygen species are produced during 
hypoglycemia (32), they are unlikely to explain the PARP-1 
overactivation. A similar effect was not present in the HG-10% 
dextrose group, despite the equivalent severity and duration 
of hypoglycemia. The most likely explanation for the PARP-1 
overactivation in the HG-50% dextrose group is oxidant stress 
due to superoxide production during glucose reperfusion with 
subsequent AIF-mediated cell death (5,10,13). The lack of Bcl2 

upregulation, a powerful antiapoptotic protein that blocks 
PAR-mediated AIF release from mitochondria (12) supports 
this postulation. However, even if Bcl2 was upregulated, it may 
not have ensured neuroprotection. Addition of Bcl2 delays but 
does not prevent PARP-1-mediated apoptosis (13). The lack of 
caspase 3 upregulation confirms that PARP-1 overactivation 
promotes programmed cell death via caspase-independent 
pathway (5,12). Finally, NF-κB upregulation in the HG-50% 
dextrose group is not surprising, given that NF-κB is typically 
coexpressed with PARP-1. It is noteworthy that hyperglyce-
mia activates NF-κB via reactive oxygen species production 
in astrocyte cultures (33) and suggests that NF-κB-mediated 
inflammation also may have contributed to the neuronal 
injury (34).

It was surprising that PARP-1 and AIF mRNA expres-
sions remained upregulated 24 h posthypoglycemia. A pre-
vious study in adult rats demonstrated peak PAR expression 
in the hippocampus at 3 h posthypoglycemia with progres-
sive decrease thereafter (11). The time course of PARP-1 and 
AIF expression was not reported in that study. Conversely, 
a biphasic PARP-1 and PAR expression in the cerebral cor-
tex was demonstrated post HI in P7 rats, with an initial peak 
soon after the termination of hypoxia and a second peak 12 h 
later and lasting until 24 h (35). A biphasic pattern of neuronal 
injury slightly delayed in time, relative to the PARP-1 and PAR 
expression was present (35). Thus, persistent PARP-1 and AIF 
mRNA upregulation 24 h posthypoglycemia may portend the 
risk of additional neuronal injury. However, as our assessment 
was limited to one time point, this possibility remains specula-
tive and requires confirmatory studies. Of note, our previous 
study comparing PARP-1 activation in P14 and adult rats also 

Figure 2. Effect of ketonemia on hypoglycemia-induced neuronal injury in the parietal cortex (a–c) and prefrontal cortex (d–f) of developing 
rats. Twenty-eight-day-old rats were subjected to insulin-induced hypoglycemia. Ketonemia was induced in the ketone group by administering 
β-hydroxybutyrate, starting at 120 min after the insulin administration. Rats in the dextrose group were maintained without additional treatment until 
termination of hypoglycemia in both groups 240 min after the insulin administration using 10% dextrose. Neuronal injury was assessed 24 h later in the 
control (a and d), dextrose (b and e), and ketone (c and f) groups using Fluoro-jade B histochemistry. Arrows point to Fluoro-jade B-positive cells in the 
hypoglycemia groups. 20 µm coronal brain sections; scale bar in panel a = 100 µm, and applies to all the panels.
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found concurrent expressions of PARP-1 and AIF mRNAs, 
PAR and AIF proteins, and the presence of neuronal injury at 
24 h posthypoglycemia in the adult cerebral cortex (5).

Similar to a previous study in adult rats (20), BDNF-III 
mRNA expression was upregulated in the HG-50% dextrose 
group. Although there was concurrent TrkBTOTAL upregulation, 
it is unlikely to provide neuroprotection, since the function-
ally important TrkBFL isoform was not upregulated. The lack 
of Egr-2 upregulation, the downstream effector of BDNF/TrkB 
signaling, supports this postulation. In this setting, increased 
BDNF is likely to promote neuronal injury by binding to the 
upregulated p75NTR receptor. It is noteworthy that exposure to 
high glucose concentration upregulates p75NTR, but not TrkB 
receptor mRNA in pancreatic islet cells (36). Our data suggest 
a similar effect in the brain.

Unlike hyperglycemia, ketonemia attenuated hypoglycemia-
induced injury. Compared with no treatment, maintaining 
ketonemia during hypoglycemia resulted in less severe injury. 
This is similar to the protective effects of ketogenic diet previ-
ously demonstrated in rats of similar age (16). Unlike the lon-
ger duration of ketonemia (3 d before and after hypoglycemia) 
in that study, ketonemia was of short duration and was induced 
after the onset of hypoglycemia in our study, yet was effective 
in reducing neuronal injury. The ketone body concentration in 
the blood was ~50% higher than the normal fasting values at 
this age (4). Participation of ketone bodies in cerebral energy 
production and protection against N-methyl-D-aspartate-
mediated excitotoxicity and oxidant injury (37–39) were 
potentially responsible for the beneficial effects of ketonemia. 
Notably, the beneficial effects were seen at an age when cere-
bral ketone body transport and utilization has decreased mark-
edly from the preweaning period (14,15). In this respect, our 
data are similar to the beneficial effects with α-ketoglutarate 
administration during hypoglycemia in adult rats (40). A pre-
vious study in P13 rats demonstrated that β-hydroxybutyrate 
administration corrects cerebral energy failure and leads to 
clinical improvement during hypoglycemia, but does not pre-
vent neuronal injury (19). The inability of ketone bodies to cor-
rect deficiency of glycolytic substrates essential for anaplerosis 
and to support pentose phosphate pathway necessary for main-
taining cellular oxidative defenses were considered responsible 
for the lack of sustained neuroprotection (19). This was not 
the case in the present study, potentially because hypoglycemia 
was terminated using dextrose, which can support anaplerosis 
and the pentose phosphate pathway. Thus, combined ketone 
body and dextrose administration appears to be more effec-
tive than administration of individual substrate. Further, rela-
tive to the Schutz study (19), ketonemia was induced earlier in 
the course of hypoglycemia in the present study, likely prior 
to the onset of cerebral energy failure (3). Whether ketonemia 
induced after the onset of cerebral energy failure also achieves 
neuroprotection was not evaluated.

In summary, extreme hyperglycemia does not protect the 
developing rat brain against hypoglycemia-induced neuronal 
injury and instead may accentuate it. Conversely, ketonemia 
combined with the conventional dextrose-based treatment 

appears to attenuate the severity of injury. Future studies are 
necessary to understand the mechanism of this neuroprotec-
tion. With additional studies, this knowledge may lead to novel 
management strategies for hypoglycemia in human infants 
and children.

METHODS
Animals
Experiments were performed in accordance with the Public Health 
Service Policy on Humane Care and Use of Laboratory Animals, and 
were approved by the Institutional Animal Care and Use Committee 
of the University of Minnesota. Pregnant Sprague-Dawley rats were 
purchased (Harlan Laboratories, Indianapolis, IN) and allowed to 
deliver spontaneously. The litter size was culled to 8 soon after birth 
and pups were weaned to standard rodent diet on P21. Animals 
were maintained under standard laboratory conditions and allowed 
to consume food and water ad libitum until the previous day of the 
experiment.

Induction of Hypoglycemia
Acute hypoglycemia was induced either on P21 (Experiment 1) or 
on P28 (Experiment 2) using previously published protocol (4,5). In 
brief, after an overnight fast, rats were injected with human regular 
insulin in a dose of 10 IU/kg i.p. Littermates in the control group 
were injected with equivalent volume of normal saline. Animals were 
maintained at an ambient temperature of 34 ± 1 °C and fasting was 
continued. In both experiments, the blood glucose concentration was 
maintained between 20 and 40 mg/dl by determining blood glucose 
every 30 min using commercial strips (Accu-Check Compact, Roche 
Laboratories, Indianapolis, IN) and administering 10% dextrose in 
a dose of 200 mg/kg s.c. when the blood glucose concentration was 
<20 mg/dl (4,5). In this model, animals become hypoglycemic (blood 
glucose <40 mg/dl) 30 min after the insulin administration and 
remain hypoglycemic until dextrose administration at 240 min (4,5). 
Cerebral energy failure typically occurs between 180 and 210 min 
after the insulin administration (3).

Treatment
In Experiment 1, hypoglycemia was terminated 240 min after the 
insulin administration by injecting either 10% dextrose (HG-10% 
dextrose group) or 50% dextrose (HG-50% dextrose group), in a 
volume of 0.2 ml i.p. This dose of 10% dextrose achieves euglycemia 
(blood glucose >50 mg/dl) and normalizes brain glucose concentra-
tion in developing rats (3). The dose of 50% dextrose is similar to 
that used for inducing hyperglycemia in previous HI studies in P7 
rats (6–8,31).

In Experiment 2, 50% of the hypoglycemic rats were randomly 
assigned to receive β-hydroxybutyrate (ketone group). The remaining 
50% was maintained without additional treatment (dextrose group). 
Rats in the ketone group were injected with DL-β-hydroxybutyrate in 
a loading dose of 250 mg/kg i.p., 120 min after the insulin administra-
tion. A previous study had demonstrated neuronal injury with 120 min 
of hypoglycemia in P28 rats (4). Ketone body concentration in the 
blood was measured every 30 min using a commercial blood ketone 
monitoring system (Precision Xtra, Abbott Laboratories, Oxon, UK). 
Additional doses of DL-β-hydroxybutyrate were administered to 
maintain plasma ketone concentration > 2 mmol/l, a value associated 
with protection against hypoglycemia-induced injury in P25 rats on 
ketogenic diet (16). Hypoglycemia was terminated 240 min after the 
insulin administration in both groups by injecting 10% dextrose in a 
dose of 200 mg/kg i.p. as in our previous studies (3–5).

After confirming euglycemia and normal activity, rats in both 
experiments were returned to their cage and food was reintroduced. 
They were killed 24 h later using sodium pentobarbital (120 mg/kg 
i.p.) and the entire brain was collected. Animals used for histochem-
istry underwent transcardial perfusion-fixation before brain removal 
as previously described (4,5). In animals used for mRNA and protein 
expression in Experiment 1, the brain was collected without perfu-
sion-fixation and the cerebral cortex was dissected and processed.
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Assessment of Neuronal Injury
FJB histochemistry was used to assess the distribution and sever-
ity of neuronal injury in both experiments as previously described 
(4,5) (n = 6–8/group). Briefly, 20 µm coronal sections were collected 
from the frozen brain using a cryostat and mounted on glass slides. 
Sections were stained for FJB, and all FJB-positive cells in the brain 
sections (four sections/rat) were counted and group means were 
determined.

Assessment of mRNA and Protein Expression
The mRNA expressions of the transcripts in the PARP-1 pathway 
(PARP-1, AIF, NF-κB, Bcl2, and caspase 3 (5,12)), and BDNF-III, 
TrkBTOTAL, TrkBFL, Egr-2, and p75NTR were determined using quantita-
tive RT-PCR method, utilizing readymade primers (Life Technologies, 
Carlsbad, CA) detailed in Supplementary Table S1 (online) and pre-
viously described methods (5) (n = 6–8/group). PAR and AIF protein 
expressions were determined using western blot analysis, utilizing 
primary antibodies against each protein and β-actin as internal con-
trol as previously described (5) (n = 3/group). The mRNA and protein 
expression in the hypoglycemia groups were normalized against the 
control group.

Data Analysis
Data from the two experiments were analyzed separately. The effects 
of treatment (10% dextrose vs. 50% dextrose in Experiment 1, and 
dextrose vs. ketone in Experiment 2) on FJB-positive cells, and on 
mRNA and protein expressions in Experiment 1 were determined 
using ANOVA. Intergroup differences were determined using 
Bonferroni-adjusted unpaired t-tests. Data are presented as mean ± 
SEM. Significance was set at P < 0.05.

SUPPLEMENTARY MATERIAL
Supplementary material is linked to the online version of the paper at 
http://www.nature.com/pr
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