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ABSTRACT: Poly(ADP-ribose) polymerase-1 (PARP-1) overacti-
vation plays a significant role in hypoglycemia-induced brain injury
in adult rats. To determine the influence of postnatal age on PARP-1
activation, developing and adult male rats were subjected to acute
hypoglycemia of equivalent severity and duration. The expression of
PARP-1 and its downstream effectors, apoptosis-inducing factor
(Aifml), caspase 3 (Casp3), NF-kB (Nfkbl) and bcl-2 (Bcl2), and
cellular poly(ADP-ribose) (PAR) polymer expression were assessed
in the cerebral cortex, hippocampus, striatum, and hypothalamus at
0 h and 24 h posthypoglycemia. Compared with the control group,
PARP-1 expression increased in the cerebral cortex of adult rats 24 h
posthypoglycemia, but not at 0 h, and it was accompanied by
increased number of PAR-positive cells. The expression was not
altered in other brain regions. Aifiml, Nfkbi, Casp3, and Bcl2 expres-
sions also increased in the cerebral cortex of adult rats 24 h posthy-
poglycemia. Conversely, hypoglycemia did not alter PARP-1 expres-
sion and its downstream effectors in any brain region in developing
rats. These data parallel the previously demonstrated pattern of
hypoglycemia-induced brain injury and suggest that PARP-1 over-
activation may determine age- and region-specific vulnerability dur-
ing hypoglycemia. (Pediatr Res 66: 642—-647, 2009)

ypoglycemia is a common metabolic problem in newborn
infants. Severe and recurrent hypoglycemia during the
neonatal period is associated with brain injury (1). The effects
of hypoglycemia of moderate severity on the developing brain
are poorly understood.

We have recently demonstrated that the developing brain is
less vulnerable than the mature brain to injury during moder-
ate hypoglycemia in rats (2). Compared with the adult rats,
neuronal injury was 4-fold less severe in postnatal day (P) 14
(i.e., developing) rats (2). This study and previous studies
have also demonstrated that neuronal injury is primarily con-
fined to the cerebral cortex in moderate hypoglycemia (2—4).
The factors responsible for the age- and region-specific vul-
nerability are not well understood.

Activation of poly(ADP-ribose) polymerase-1 (PARP-1) is
an important component of hypoglycemia-induced neuronal

Received June 5, 2009; accepted August 4, 2009.

Correspondence: Raghavendra Rao, MD, Mayo Mail Code 39, 420 Delaware Street,
SE, Minneapolis, MN 55455; e-mail: raoxx017 @umn.edu

Supported by grants from NICHD (HD047276), Minnesota Medical Foundation, and
Viking Children’s Fund.

Supplemental digital content is available for this article. Direct URL citations appear in the
printed text and are provided in the HTML and PDF versions of this article on the journal’s
Web site (www.pedresearch.org).

642

injury in adult rats (5). PARP-1 is a nuclear enzyme respon-
sible for maintaining the genomic integrity and chromatin
structure under basal conditions (6—9). On activation by DNA
strand breaks, PARP-1 catalyzes the formation of poly(ADP-
ribose) (PAR) polymers that bind to acceptor proteins near the
site of DNA damage and facilitate its repair (reviewed in Refs.
7,8). However, PARP-1 overactivation leads to cell death by
depletion of cellular NAD"/ATP and release of apoptosis-
inducing factor (AIF) from the mitochondria (9-15). Al-
though the trigger for AIF release during PARP-1 overactiva-
tion has yet to be conclusively established, loss of
mitochondrial membrane potential and presence of PAR in the
cytosol are considered major factors (13,14). AIF-mediated
cell death is primarily caspase independent, even though
caspase activation may occur during the process (9,16,17). In
addition, as a coactivator of nuclear factor kappa B (NF-«B),
PARP-1 may potentiate injury by promoting the synthesis of
proinflammatory mediators at the site (7,8,18,19).

The objective of this study was to determine the influence
of postnatal age on hypoglycemia-induced PARP-1 activation
in the brain regions of rats. We evaluated PARP-1 expression
in the cerebral cortex, hippocampus, striatum, and hypothal-
amus because of their dissimilar vulnerability during hypo-
glycemia (2-5). To differentiate physiologic up-regulation
from pathologic overactivation, the expression of PARP-1
activation-dependent proapoptotic genes, AIF (Aifml),
caspase 3 (Casp3), and NF-«kB (Nfkbl), and the antiapoptotic
gene, bcl-2 (Bcl2), were assessed.

METHODS

Animal preparation. P14 and P60 (adult) Sprague-Dawley rats (n = 76)
were used. Only male rats were studied, based on the established gender-
specific effects of PARP-1 in hypoxia-ischemia (12,20). Pregnant rats were
purchased (Harlan Sprague Dawley, Indianapolis, IN) and allowed to deliver
spontaneously. The litter size was culled to 8—10 on P3 and pups were weaned
on P21. Rats were maintained on a 12 h day-and-night cycle and allowed to
feed and drink ad libitum. The Institutional Animal Care and Use Committee
approved all experiments.

Induction of hypoglycemia. Acute hypoglycemia was induced as previ-
ously described (2). The target blood glucose concentration was <2.3 mM
(<40 mg/dL), a value conventionally used to define hypoglycemia in new-
born infants (1). Briefly, after overnight fasting, human regular insulin (Novo
Nordisk Inc., Clayton, NC) was injected in a dose of 6 IU/kg s.c. to half the

Abbreviations: AIF, apoptosis inducing factor; FJB, Fluoro-Jade B; PAR,
poly(ADP-ribose); PARP-1, poly(ADP-ribose) polymerase-1; P, postnatal day
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number of rats in a litter (hypoglycemia group). The other half was injected
with equivalent volume of 0.9% saline (control group). Ambient temperature
was maintained at 34.0 = 1.0°C and fasting was continued for 240 min, based
on previous studies (2,21). Blood glucose concentration was measured every
30 min using a glucometer (Roche Diagnostics, Indianapolis, IN). Hypogly-
cemia was terminated by injecting 10% dextrose 200 mg/kg i.p., a dose that
corrects brain glucose concentration in hypoglycemic newborn rats (22).

Tissue preparation. Rats were killed 24 h later (n = 8 per group) using
sodium pentobarbital (100 mg/kg i.p.). The brain was removed and the
cerebral cortex, hippocampus, striatum, and hypothalamus were dissected on
ice, flash-frozen in liquid nitrogen, and stored at —80°C. Some rats (n = 6 per
group) were killed immediately after the termination of hypoglycemia (i.e., at
0 h) and their cerebral cortex was collected. Rats used for histochemistry (n =
4—6 per group) underwent in situ perfusion fixation before removal of the
brain (2). Serial 20-um coronal sections were obtained from the brain using
a cryostat.

Quantitative RT-PCR. Experiments were performed as previously de-
scribed (23). Total RNA was isolated using RNA isolation kit (MO BIO
Laboratories Inc., Carlsbad, CA) and complementary DNA (cDNA) was
generated using 500 ng of RNA (Affinity Script, Stratagene, LA Jolla, CA).
The quantitative PCR (qPCR) experiments were performed using 4 uL of
diluted cDNA and 0.5 pL 20X primer/probes (TagMan Gene Expression
Assays; Applied Biosystems Inc., Foster City, CA) (Table S1, supplemental
data, http://links.lww.com/PDR/AS51). Each sample was assayed in duplicate
and normalized against ribosomal protein S18.

Western blot analysis. PARP protein was isolated using published meth-
ods (11,24). Twenty microgram of protein from the homogenized cerebral
cortex was separated on 4—12% gradient SDS-PAGE gels (Invitrogen, Carls-
bad, CA) and blotted onto nitrocellulose membranes. After blocking in 10%
nonfat powdered milk and 1% BSA in Tris-buffered saline with 0.1%
Tween-20 for 1 h at room temperature, the membranes were incubated with
rabbit anti-PARP (1:1000; Abcam, Cambridge, MA) and mouse anti-S-actin
(1:500; Sigma Chemical Co., St. Louis, MO) antibodies overnight at 4°C.
After incubation with biotinylated goat anti-rabbit and anti-mouse antibodies
(1:1000, each; Vector Laboratories, Burlingame, CA) for 30 min at room
temperature, the bound antibodies were visualized (BCIP/NBT Substrate Kit;
Vector Laboratories), and the intensity of PARP protein relative to B-actin
was determined.

PAR immunohistochemistry. PAR immunohistochemistry was performed
as previously described (11,25). Brain sections were incubated with mouse
monoclonal anti-rat PAR (1:100; Enzo Life Sciences International, Plymouth
Meeting, PA) overnight, followed by incubation with anti-mouse biotinylated
secondary antibody and avidin-horseradish peroxidase conjugate solution
(Vector Elite ABC Kit; Vector Laboratories) for 30 min. The protein/antibody
complex was visualized using a chromogen kit (Vector NovaRed; Vector
Laboratories).

Double immunofluorescence staining was performed using primary anti-
bodies (1:100 dilution) against PAR and AIF (Abcam, Cambridge, MA) and
secondary antibodies conjugated with Alexa Fluor 555 or 488 (1:500 dilution)
(Invitrogen, Eugene, OR), followed by Fluoro-Jade B (FJB; Chemicon,
Temecula, CA) staining (2). Sections were cover slipped using mounting
medium containing 4'6-diamidino-2-phenylindole (DAPI).

PAR immunohistochemical analysis. Digital photomicrographs were col-
lected and the brain regions were identified. Cells with intense cytosolic PAR
were quantified using ImageJ program (Research Services Branch, National
Institutes of Health, http://rsb.info.nih.gov). As nuclear PAR staining may
represent PARP-1-mediated DNA repair, cells with staining confined to the
nucleus were used to set threshold. All cells with staining intensity above this
threshold inside 0.1 mm? grids placed on the cerebral cortex, striatum, and
hippocampal subareas, CA1, CA3, and dentate gyrus, were counted.

Statistical analysis. The effects of age, brain region, and hypoglycemia on
Parpl expression were determined using ANOVA. Inter- and intragroup
differences were determined using unpaired ¢ tests with Bonferroni correction
when indicated. A software program was used for the analysis (SPSS version
15; SPSS, Chicago, IL). Data are presented as mean *= SEM. Significance was
set at p < 0.05.

RESULTS

Blood glucose concentration. The target glucose concen-
tration [<2.3 mM (<40 mg/dL)] was achieved within 30 min
of insulin administration and maintained until 240 min in both
hypoglycemia groups. The blood glucose concentrations were
similar in the two hypoglycemia groups: P14, 1.5 = 0.1 mM/L
(27.4 = 1.9 mg/dL) and P60, 1.7 = 0.1 mM/L (30.2 = 1.3

mg/dL), p = 0.22. Rats were conscious and seizure free during
hypoglycemia. There was no mortality.

Parpl expression under basal conditions. Parpl expres-
sion in the brain regions differed between the two control
groups. Compared with the P14, the expression was lower in
the cerebral cortex (—43%; p = 0.002) and hippocampus
(=33%; p = 0.05) in the P60 control group (Fig. 1). Parpl
expressions in the striatum and hypothalamus were compara-
ble in the two control groups.

PARP-1 expression posthypoglycemia. Compared with the
control group, Parpl expression was increased 1.9-folds in the
cerebral cortex in P60 hypoglycemia group at 24 h (p = 0.001;
Fig. 2A) with a corresponding 1.6-fold increase in PARP
protein expression (Fig. 2B). The expression was not altered in
other brain regions. Hypoglycemia did not alter Parpl expres-
sion in any brain region and PARP protein levels in the
cerebral cortex in the P14 hypoglycemia group at 24 h (Fig.
2). There was no Parpl up-regulation at O h in either hypo-
glycemia group (Figure S1, supplemental data, http://
links.Iww.com/PDR/AS1).

Cellular PAR expression posthypoglycemia. PAR-positive
cells were absent in the control group and present in the
hypoglycemia group of both ages. PAR-positive cells were
primarily present in the cerebral cortex (Fig. 3). Whereas
nuclear PAR expression was predominantly seen in P14 group
(Fig. 3C and E), both nuclear and cytosolic staining were
present in the P60 hypoglycemia group (Fig. 3D and F). Few
PAR-positive cells were present in the hippocampus and
striatum. There was no difference among the hippocampal
subareas. The hypothalamus was devoid of PAR-positive cells
in both hypoglycemia groups. Compared with the P60 control
and P14 hypoglycemia groups, there were more PAR-positive
cells in the P60 hypoglycemia group (p < 0.02, each; Fig.
3G). Cells expressing cytosolic PAR had condensed nucleus
and labeled for AIF and FIB (Fig. 3H and I).

PARP-1 activation-dependent downstream effectors. Sim-
ilar to Parpl, the expression of Nfkbl, Bcl2, and Casp3 in the
cerebral cortex differed in the two control groups. Compared
with the P14 group, Nfkbl and Casp3 levels were 45-75%
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Figure 1. Regional poly(ADP-ribose) polymerase-1 mRNA (Parpl) expres-
sion in the control group of postnatal day (P) 14 (@) and P60 ([J) rats. Values
are mean = SEM normalized to P14 control group; n = 8 per group. There
was an effect of age and brain region on Parpl expression (p < 0.02, each;

ANOVA). *p = 0.002 vs P14 control group (Bonferroni-adjusted ¢ tests).
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Figure 2. Poly(ADP-ribose) polymerase-1
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control group; n = 8 per group (mRNA), and
n = 2-3 per group (protein). *p = 0.001 vs P60
control group. HG, hypoglycemia group.
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lower, and Bcl2 level was 80% higher in the adult control
group (p < 0.04, each; Figure S2, supplemental data, http://
links.lww.com/PDR/A51). There was a trend toward lower
Aifml expression in the adult control group (p = 0.06).
Although none of the transcripts was up-regulated in P14 rats
(Fig. 4A), the expression of all four transcripts increased
between 1.9- and 2.3-folds in the cerebral cortex of P60 rats
24 h posthypoglycemia (p < 0.02, each; Fig. 4B).

DISCUSSION

In this comparative study of developing and adult rats,
postnatal age influenced hypoglycemia-induced PARP-1 acti-

P60

vation in the brain regions. PARP-1 expression increased in
the cerebral cortex of adult rats with concurrent up-regulation
of cell death-promoting genes. Conversely, no such induction
was observed in the developing rats. These results parallel the
pattern of regional injury previously reported in this model
(2,4) and suggest that PARP-1 overactivation may underlie the
regional vulnerability during hypoglycemia.

Among the control groups, Parpl levels were higher in the
cerebral cortex and hippocampus of P14 rats. This is consis-
tent with previous studies in mice (26,27) and potentially
reflects the neuroprotective role of PARP-1 during develop-
ment (7,26,28). Unlike the striatum and hypothalamus, whose
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Figure 3. Poly(ADP-ribose) (PAR) expressing cells in the cerebral cortex in control (H) and hypoglycemia (B groups of postnatal day (P) 14 and P60 rats 24 h
posthypoglycemia. Panels A, C, and E are from P14 groups, and B, D, and F from P60 groups. E and F are higher magnification photomicrographs of C and
D, respectively. PAR-positive cells were absent in the control groups (A and B) and present in the hypoglycemia groups (C—F). Whereas nuclear staining (arrows
in C and E) was primarily seen in the P14 hypoglycemia group, intense nuclear and cytosolic PAR staining was present in the P60 hypoglycemia group (D and
F). Compared with the control group and P14 hypoglycemia group, there were more PAR-positive cells in the cerebral cortex of P60 hypoglycemia group (G).
PAR-positive cells colocalized with cells expressing AIF (H) and had condensed nucleus (white arrow), compared with the nucleus of an unaffected cell (gray
arrow). PAR-positive cells also stained for FJB; I. Values are mean = SEM; n = 4-6 per group. *p = 0.02 vs P60 control group; **p = 0.02 vs P14
hypoglycemia group (f tests). Bar = 40 wm (A through D), Bar = 100 um (E and F), and Bar = 20 uwm (H and ).
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Figure 4. The mRNA expression of apoptosis-inducing factor (Aifinl), nu-
clear factor kappa B (Nfkbl), bcl-2 (Bcl2), and caspase 3 (Casp3) in the
cerebral cortex in control (H) and hypoglycemia () groups of postnatal day
(P) 14 (A) and P60 (B) rats 24 h posthypoglycemia. Values are mean = SEM,
normalized to the control group; n = 8 per group. *p < 0.02 vs P60 control
group; **p = 0.008 vs P60 control group (Bonferroni-adjusted ¢ tests).

development is completed soon after birth, maturational
changes continue in the cerebral cortex and hippocampus
during the second postnatal week in rats (29). The potential
risk of oxidant-mediated DNA damage, secondary to the
increased metabolic demand in these regions (30), requires
close genomic surveillance during this period. PARP-1 poten-
tially serves this role because inhibition of its activity leads to
apoptosis and mutagenesis in developing cells (7,8,28,31).

PARP-1 expression increased in the adult hypoglycemia
group, but not in the P14 group, suggesting that postnatal age
influences hypoglycemia-induced PARP-1 activation in the
brain. The lack of PARP-1 up-regulation in P14 rats is con-
sistent with the known resistance of the developing brain to
injury during hypoglycemia of moderate severity (2,32). An
inability to up-regulate PARP-1 expression is unlikely to be
responsible for our results because PARP-1 overexpression
has been reported in other injuries during development
(11,12,24). Tt is possible that increasing the severity or dura-
tion of hypoglycemia will alter our results. NMDA receptor
activation and oxidant stress that lead to PARP-1 activation in
the hypoglycemic mature brain (33,34) are also observed in
the developing brain during severe hypoglycemia (35,36).
Alternately, the higher PARP-1 levels present during devel-
opment may be adequate for repairing minor hypoglycemia-
induced DNA damage at this age (7,27,28).

In the adult rats, hypoglycemia-induced PARP-1 up-
regulation was limited to the cerebral cortex, unlike a previous
study that demonstrated parallel up-regulation in the hip-
pocampus (5). A lesser severity of hypoglycemia is potentially
responsible for our results. Although extensive injury in the

cerebral cortex, hippocampus, and striatum is characteristic of
the profound hypoglycemia induced in the previous study
(5,37), neuronal injury is primarily confined to the cerebral
cortex in moderate hypoglycemia produced in our study (2—
4). Collectively, these studies suggest that PARP-1 expression
reflects the regional vulnerability of the mature brain during
hypoglycemia. The lack of Parpl expression at O h suggests
that PARP-1 activation is initiated after the resolution of
hypoglycemia (5). This offers a therapeutic window for pre-
venting hypoglycemia-induced injury in the mature brain
using PARP-1 inhibitors (5,8,38).

Presence of cells with intense cytosolic PAR staining and
up-regulation of cell death promoters in the cerebral cortex of
hypoglycemic adult rats further support the role of PARP-1 in
the pathogenesis of regional injury in hypoglycemia
(5,6,11,14). Typically, PAR expression is restricted to the
nucleus during PARP-1-mediated DNA repair, and PAR en-
tering the cytosol is rapidly degraded by the PAR glycohy-
drolase enzyme (6,14). Thus, the nuclear PAR expression seen
in some hypoglycemic P14 rats may represent PARP-1-
mediated DNA repair. Conversely, the increased cytosolic
PAR staining in the adult hypoglycemia group likely repre-
sents excessive PAR synthesis and/or impaired degradation
and potential for AIF-mediated cell death, as suggested by
labeling of these cells with AIF and FIB (6,7,13,14) (Fig. 5).
Proinflammatory mediators may also be involved in this injury
because Nfkbl was up-regulated in these rats (8,18,19,39,40).
Conversely, despite Casp3 up-regulation, cell death is likely
to be caspase independent because the energy-depleted state
during PARP-1 overactivation is not conducive for caspase-
dependent apoptosis (8—10,41). Similarly, even though the
antiapoptotic Bcl2 was up-regulated in the adult hypoglycemia
group, potentially mediated by NF-«B (42), it is unlikely to
prevent PARP-1-mediated cell death (15).

The potential reasons for the age- and region-related vari-
ations in hypoglycemia-induced PARP-1 expression were not
determined in this study. Local energy demands, neuronal
activity, and ability to transport and use glucose and nonglu-
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Figure 5. Proposed mechanism of poly(ADP-ribose) polymerase-1 (PARP-
1)-mediated neuronal injury during hypoglycemia in the mature rat brain. Cyt
¢, cytochrome ¢; NF-«kB, nuclear factor kappa B.
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cose substrates determine the vulnerability of a brain region
during hypoglycemia (32,43—45). Variations in any of these
factors among the developing and mature brain regions may be
responsible for our results. Factors intrinsic to PARP-1-targeted
genes probably had a minor role because most were expressed
higher in the developing brain under basal conditions. However,
variations in factors that trigger the expression of these genes,
such as cellular NAD*/ATP depletion, PAR degradation, and
mitochondrial depolarization (6,9), as well as posttranscriptional
factors, such as the efficacy of protein synthesis during energy
depletion (46) may be responsible for the dissimilar effects in the
developing and mature brains. As our assessment was limited to
0 h and 24 h, it is possible that we may have missed transient
PARP-1 expression at an intermediate time, especially in the
developing brain (11). Similarly, determining the cytosolic and
nuclear protein levels of the target genes would have enhanced
our results. Further studies are necessary to address these limita-
tions and to determine gender-specific effects of PARP-1 in
hypoglycemia (12,20).

In summary, the study demonstrates that postnatal age
influences hypoglycemia-induced regional PARP-1 expres-
sion in the rat brain. The results also imply that PARP-1
overactivation potentially underlies regional vulnerability
during hypoglycemia. The interspecies differences in neu-
rodevelopment and substrate utilization (45) preclude ex-
trapolation of these results to human infants and children
without additional research. Nevertheless, the study may
have clinical implications. The results emphasize the need
for devising age-specific interventions for hypoglycemia.
The lack of PARP-1 up-regulation in the developing brain
demonstrates the futility and potential harm of PARP in-
hibitors at this age (7,28,31). The relative resistance of the
developing brain also argues against invasive diagnostic
and therapeutic procedures for brief episodes of moderate
hypoglycemia. Finally, understanding the neuroprotective
factors in the developing brain may help in designing
optimal preventive and therapeutic strategies for hypogly-
cemia-induced brain injury in the adult.
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