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Abstract
Our previous postmortem studies on neonates with neuropatho-

logical injury of perinatal hypoxia/ischemia (PHI) showed a dra-

matic reduction of tyrosine hydroxylase expression (dopamine

synthesis enzyme) in substantia nigra (SN) neurons, with reduction

of their cellular size. In order to investigate if the above observations

represent an early stage of SN degeneration, we immunohistochemi-

cally studied the expression of cleaved caspase-3 (CCP3), apoptosis

inducing factor (AIF), and DNA fragmentation by using terminal

deoxynucleotidyltransferase-mediated dUTP-biotin 30-end-labeling

(TUNEL) technique in the SN of 22 autopsied neonates (corrected

age ranging from 34 to 46.5 gestational weeks), in relation to the se-

verity/duration of PHI injury, as estimated by neuropathological cri-

teria. No CCP3-immunoreactive neurons and a limited number of

apoptotic TUNEL-positive neurons with pyknotic characteristics

were found in the SN. Nuclear AIF staining was revealed only in

few SN neurons, indicating the presence of early signs of AIF-

mediated degeneration. By contrast, motor neurons of the oculomo-

tor nucleus showed higher cytoplasmic AIF expression and nuclear

translocation, possibly attributed to the combined effect of develop-

mental processes and increased oxidative stress induced by antemor-

tem and postmortem factors. Our study indicates the activation of

AIF, but not CCP3, in the SN and oculomotor nucleus of the human

neonate in the developmentally critical perinatal period.
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INTRODUCTION
Perinatal hypoxia/ischemia (PHI)—a major underlying

mechanism for most obstetric complications in humans—
remains a most commonly reported mode of perinatal death
globally. Despite the improvement in intensive care unit tech-
nology during the last years, every year, �0.5 million infants
that survive from PHI develop motor, sensory and/or cognitive
impairments (for review, [1]). Epidemiological studies have
shown that PHI is a potential risk factor for the development of
neurological and psychiatric disorders later in life, including
cerebral palsy, mental retardation, learning and memory dis-
abilities, developmental forms of Parkinsonism, schizophrenia,
and attention deficit hyperactivity disorder (ADHD) (2–6).

The substantia nigra (SN) and the ventral tegmental area,
located in the midbrain, contain the majority of the dopaminer-
gic neurons in the brain and are involved in motor control, cog-
nitive, and rewarding behaviors (7, 8). Dysregulation of
dopaminergic neurotransmission underlies the pathophysiology
of many neurological and neuropsychiatric disorders, notably
Parkinson disease (9), schizophrenia (10, 11), and ADHD (12).
Experimental studies indicate that SN neurons are especially
vulnerable to PHI by causing long-term changes in the number
of tyrosine hydroxylase (TH; first and rate limiting enzyme in
dopamine synthesis)-immunoreactive (IR) neurons (13–16). In
rats, unilateral carotid ligation at postnatal day 7 (the age corre-
sponding to that of the full-term human neonate), results in de-
creased number of SN neurons in the adulthood (14). This
decrease in dopaminergic neurons has been associated with an
increase in apoptotic cell death events in SN following early
striatal injury caused by PHI, as indicated by silver staining and
in situ 30-end-labeling of DNA (17). Umbilical cord occlusion
at late-gestation in pregnant sheep causes a significant increase
of cleaved caspase-3 (CCP3; apoptotic marker)-IR cells in
many vulnerable areas of the offspring’s brains, including SN,
despite the fact that cells in SN do not present any pyknotic fea-
tures with routine hematoxylin and eosin staining (18).

Despite the difficulties in dissociating the contribution
of other insults (e.g. acidosis, infection, or genetic causes) to
the induction of the perinatal neuropathological injury, we
have previously shown a dramatic reduction or even absence
of TH expression in the SN neurons of human neonates with
neuropathological injury of prolonged/older or chronic
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PHI (19). Interestingly, most of the SN neurons in our sample
were significantly smaller, without any evidence of pyknosis.
The question raised, therefore, was whether this significant de-
crease in both size and ability to synthesize dopamine reflects
an early stage of degeneration in the SN neurons of the human
neonate after PHI events.

The purpose of the present study was to investigate the
possible activation of apoptotic mechanisms in SN neurons of
human neonates showing different severity/duration of the
neuropathological PHI injury. We focused on (i) CCP3, the
main effector protein of classical apoptosis, playing a central
role in the initiation and regulation of the proteolytic events
leading to cell death (20). CCP3 is widely used as a marker for
detecting neurons in the early stages of apoptosis, even before
neurons display the typical morphological characteristics of apo-
ptosis, such as chromatin degradation. (ii) DNA fragmentation, a
typical morphological characteristic of apoptotic neurons, using
the in situ terminal deoxynucleotidyltransferase-mediated dUTP-
biotin 30-end-labeling (TUNEL) method (21–23). (iii) Apoptosis
inducing factor (AIF) that normally promotes cell survival when
it resides in the mitochondria, but activates a caspase-
independent apoptotic-like death program when it translocates to
the nucleus (for review, [24]).

MATERIALS AND METHODS

Patients and Tissues
Formalin-fixed midbrains of 22 autopsied neonates (11

male and 11 female) were obtained from the Greek Brain
Bank (GBB; member of Brain-Net Europe) in accordance
with the Declaration of Helsinki and approved by the ethics
committee of School of Health Sciences (National and Kapo-
distrian University of Athens). Part of this material was also
used in our previous studies (19, 25). Complete postmortem
examination was carried out in all cases after parental written
consent for diagnostic and research purposes.

The corrected age of the neonates (duration of pregnancy
þ postnatal age) ranged from 25.5 to 46.5 weeks (Table 1).
Nine infants (5 male and 4 female) were delivered by emer-
gency cesarean section. Five infants (1 male and 4 female)
were prematurely born before week 36 of gestation, while the
remaining neonates were delivered at or near term. The major-
ity of subjects were born alive, except cases GBB 3143/12,
170/16, 274/17, 3340/15, 311/18, 2631/09, and 3161/13 who
were fresh stillbirths or intrapartum deaths. Late intrauterine
fetal deaths were excluded to avoid brain autolysis.

In order to evaluate the expression of the above apopto-
tic markers also in the human adult control and degenerating
SN, we included in our sample sections from the midbrain of 2
control adults (BM2, B28) and 1 Parkinsonian patient (2451),
respectively (Table 1), obtained from the archival M. Issidor-
ides brain tissue collection of Eginition Hospital, University
of Athens.

Histopathology
The neuropathological evaluation of PHI injury was

based on established criteria dependent on the pattern of gray
and/or white matter lesions (included in the spectrum of

neuronal necrosis and periventricular leukomalacia changes)
in specific brain regions (26–28), summarized in Table 2 and
described in details in our previous work (19, 29). Three neu-
ropathological groups of PHI were used: group 1, severe/acute
PHI injury; group 2, moderate/prolonged or older injury; and
group 3, very severe/long duration, old, or chronic PHI injury.
When multiple lesions coexisted (combinations of gray and
white matter injury or multiple lesions of varying severity/on-
set of duration), the highest score observed was assigned to the
case. Clinical and pathological data as well as the neuropatho-
logical PHI grading of the subjects studied are presented in
Table 1.

In view of the limitation of working with human autopsy
samples and considering that all autopsied neonates who ful-
filled the criteria of inclusion sustained some degree of hyp-
oxic insult, true “controls” were difficult to include in this
study. In our sample, only 2 subjects GBB 170/16 and GBB
274/17, stillborn neonates with signs of acute asphyxia, but no
evidence of neuropathological injury in specific brain areas
(Table 2), were used as “controls.”

Histology and Immunohistochemistry
The midbrains were dehydrated in graded alcohol and

embedded in paraffin blocks that were serially cut in 7-lm-
thick sections. One section for every 100 from the rostrocaudal
extent of the midbrain was mounted on silane-coated slides
and stained with Cresyl violet/Luxol fast blue, as previously
described (19), to define the different anatomical levels of the
midbrain (based on [30]). The level of the red and oculomotor
nucleus, where the fibers of the third nerve first appear (see
Fig. 56 from brainstem atlas [30]), was chosen for 2 reasons:
first, SN neurons are clearly separated from other dopaminer-
gic groups, that is, paranigral and parabrachial nucleus, due to
the anatomical borders made by the third nerve fibers; second,
this level of the midbrain was used in our previous work for
the study of TH-IR neurons in SN (19). Five consecutive sec-
tions were stained, respectively, for (i) hematoxylin and eosin
(H&E) for routine histological evaluation (29); (ii and iii)
CCP3 with 2 different polyclonal antibodies (Asp175, #9661,
Cell Signaling Technology, The Netherlands and #559565,
clone C92-605, BD Biosciences, San Jose, CA, respectively)
that both recognize the active form of caspase-3 in human and
mouse cells (especially the large fragment 17, 19 or 20 kDa)
and not the proenzyme form of caspase-3 or other cleaved cas-
pases; (iv) TUNEL (S7100, ApopTag Peroxidase In Situ Apo-
ptosis Detection Kit, Merck, Darmstadt, Germany); and (v)
AIF (AB16501, Merck). Sections from all cases studied were
simultaneously processed for each histological/immunohisto-
chemical procedure.

For the detection of CCP3 from Cell Signaling Technol-
ogy, sections were deparaffinized in xylene (2� 10 minutes),
rinsed in 100% (2� 5 minutes), 95%, 85%, and 75% ethanol
for 5 minutes each, and then washed in distilled water (dH2O)
(2� 5 minutes). Sections were proceeded for antigen retrieval
procedure with citrate buffer (10 mM citric acid monohydrate,
#100244, Merck, pH ¼ 6.0) using microwaves at 400 W (2�
5 minutes). Sections were cooled at room temperature (RT),
washed in dH2O and in Tris-buffered saline (TBS; 0.05 M
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TABLE 1. Clinical and Pathological Data of Cases Studied and Neuropathological Perinatal Hypoxic/Ischemic (PHI) Groups

GBB No. Age (w, d, h)

(Total Age, w) Sex

Postmortem Delay

(Days)/Fixation

Time (Months)

Body Weight

(g)/Percentile

Brain

Weight (g)

Head Perimeter

(cm)/Percentile

Clinical and Pathological

Data*/Medications

PHI

Group

3143/12 25.5w þ 0h (25.5w) M 2/9.8 811/53th 121 24.0/50 Stillborn: chondrodysplasia punctata/(–) 1

2426/08 32.5w þ 3h (32.5w) F 4/2.5 2032/38th 219 31.0/90 Neonatal pneumonia, persistent fetal

circulation, cholestasis

2

2226/07 27w þ 52d (34w) F <1/2.5 1370/1st 198 ND RDS, BPD, septicemia, renal failure/

surfactant, antibiotics, inotropes,

diuretics, sedatives, TPN

3

170/16 35w þ 0h (35w) F 2/12 3493/86th 348 34.7/97 Stillborn: maternal diabetes, acute hyp-

oxia, hypertrophic cardiomyopathy,

chorionic villous immaturity

0

274/17 36w þ 0h (36w) F 2/4.7 2148/5th 340 31.5/10–50 Stillborn: SGA—chorionic villous

immaturity

0

1139/03 34w þ 21d (37w) M 3/8 2880/31st 275 28.5/<3 Down syndrome, congenital cyanotic

heart defect, hypotension and brady-

cardia episodes/antibiotics, inotropes,

TPN

3

2807/07 37w þ 0h (37w) M 2/2.5 2445/7th 444 32.5/25–30 Acute thrombosis of the umbilical vein 1

3415/16 37.5w þ 0.5h (37.5w) F 2/23 3213/57th 416 34.5/50–90 Chondroectodermal dysplasia (Ellis van

Creveld): pulmonary hypoplasia—

cardiac defects—skeletal dysplasia

1

2631/09 38w þ 0h (38w) F <0.5/3 3970/94th 392 36.5/90–97 Stillborn infant of diabetic mother—

macrosomia, cardiomyopathy, organo-

megaly, pancreatic islet hyperplasia

1

237/17 39w þ 2d (39w) M 1/2 3030/20th 367 34.5/50 Intrauterine pneumonitis—congenital

ventriculomegaly

2

1965/06 39w þ 2h (39w) M 2/1 2744/7th 337 34.0/50 Congenital cyanotic heart defect, dys-

pnea, acidosis, heart failure/inotropes,

adrenaline, bicarbonates

2

2735/09 39w þ 2d (39.5w) F 0.3/6 2960/16th 313 32.0/3 Fatty acid oxidation defect—liver steato-

sis, cardiomyopathy, pancreatic islet

hyperplasia—vomiting, hypoglyce-

mia, cardiac arrest

1

1836/06 35w þ 29d (39w) M 3/8 1950/1st 310 31.0/<3 Congenital cyanotic heart defect and het-

erotaxy, apslenia (Ivemark syndrome),

dyspnea, arrhythmia, acidosis/

antibiotics, inotropes (adrenaline,

bicarbonates), TPN

2

3340/15 39.5w þ 0h (39.5w) F 3/1.1 2760/7th 416 32/3 Stillborn: fetal thrombotic vasculopathy 2

3907/07 39.5w þ 2h (39.5w) F 1.5/1 3255/37th 380 35.0/50 Lung atelectasis, acidosis/adrenaline,

bicarbonates

1

3161/13 40w þ 0h (40w) F 1/1.4 3100/19th 467 34.5/25–50 Intrapartum death: umbilical cord

prolapse, hypoxic placenta

1

311/18 40w þ 0h (40w) M 2/2 3330/33rd 495 36.8/90 Stillborn: fetomaternal hemorrhage 2

1593/05 41w þ 1d (41w) M 2/2 3120/19th 380 33.0/3–10 Congenital cyanotic heart defect,

congenital viral infection, meconium

aspiration/antibiotics, inotropes,

adrenaline

3

2062/07 28w þ 103d (43w) M 0.7/4 2280/1st 283 30.5/<3 Cystic fibrosis, RDS, respiratory

infection—irritability, hypotention,

hypoxemia, acidosis/surfactant, anti-

biotics, inotropes, diuretics, sedatives,

TPN

3

(continued)
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Tris, 0.15 M NaCl, pH ¼ 7.6) and incubated in 5% milk in
TBS for 45 minutes. After washing, sections were incubated in
5% normal goat serum (NGS; GO-605, Biosera, Nuaille,
France) for 30 minutes and then in the primary CCP3 antise-
rum (1:350 in 1% NGS) for 1 hour at RT and subsequently, for
2 days at 4�C. After washing, sections were incubated in a

secondary polyclonal goat antirabbit biotinylated antibody
(1:100, BA-9200, Vector, Burlingame, CA) in TBS for 1 hour
at RT. Then, sections were washed in TBS and incubated with
avidin-biotin complex (Vectastain ABC KIT, PK-4000, Vec-
tor, 1:400) for 1 hour at RT. After washing in TBS and then in
0.1 M Tris-HCl buffer (pH ¼ 7.6) for 15 minutes, sections

TABLE 1. Continued

GBB No. Age (w, d, h)

(Total Age, w) Sex

Postmortem Delay

(Days)/Fixation

Time (Months)

Body Weight

(g)/Percentile

Brain

Weight (g)

Head Perimeter

(cm)/Percentile

Clinical and Pathological

Data*/Medications

PHI

Group

1402/04 25w þ 136d (44w) M 3/8 3000/15th 300 34.0/3 Twin gestation, RDS, renal failure, con-

genital cystic renal hypodysplasia, en-

docardial fibroelastosis, myocardial

ischemia, brain hemorrhage, seizures,

multiorgan failure/surfactant, antibi-

otics, corticosteroids, anticonvulsants,

inotropes, diuretics, sedatives, TPN

3

1286/04 35w þ 67d (44.5w) M 3/12 3800/25th 347 34.5/3 Placental insufficiency, respiratory in-

fection, cholestasis, adrenal hypopla-

sia—profound hypotonia, persistent

seizures, absence of reflexes, cardiac

arrest/antibiotics, anticonvulsants,

sedatives, inotropes (adrenaline),

TPN

3

1163/04 28w þ 130d (46.5w) F 4/0.5 3100/<3rd 105 33.0/<3 Sepsis, necrotizing enterocolitis, renal—

liver failure—Seizures, multiorgan

failure/surfactant, antibiotics, anticon-

vulsants, sedatives, inotropes, diu-

retics, TPN

3

Adults

No. Age(Years)/

Sex

Postmortem

Delay (Hours)

Fixation Time

(Days)

B28 52/F 36 46 Myocardia ischemic infarct

BM2 67/F 36 18 Aortic aneurysm

2451 77/F 3 300 Parkinson and Alzheimer disease, atherosclerosis

GBB, Greek Brain Bank; F, female; M, male; w, weeks of gestation; h or d, hours or days of postnatal life; RDS, respiratory distress syndrome; SGA, small for gestational age;
TPN, total parenteral nutrition.

*Excluding neuropathological findings.

TABLE 2. Perinatal Hypoxic/Ischemic (PHI) Injury Groups Based on Neuropathological Criteria

PHI Injury Severity/Duration/Timing of the Insult

Gray matter injury Severe/abrupt Moderate/prolonged/older Very severe/long duration/old

Topography of neuronal necrosis Thalamus Cerebral cortex Diffuse neuronal necrosis

Basal ganglia Thalamus Neuronal mineralization

Basal ganglia

White matter injury Acute Subacute Chronic

Histopathological findings Coagulation necrosis Endothelial hyperplasia Glial scar

Axonal swellings Microglial proliferation Cavitation

Microcalcifications

Reactive gliosis

PHI groups Group 1 Group 2 Group 3
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were incubated in 0.5 mg/mL 3,30-diaminobenzidine tetrahy-
drochloride (DAB) (D5905, Sigma-Aldrich) in Tris-HCl con-
taining 0.02% nickel ammonium sulfate ([Ni] Johnson
Matthey Alfa Products, Germany) and 0.01% H2O2 (Merck)
for a few minutes, washed in tap water, dehydrated, and
mounted in DPX (BDH, Poole, United Kingdom).

For the detection of CCP3 from BD Biosciences,
dehydrated sections were proceeded for antigen retrieval
with Tris-EDTA buffer (10 mM Tris Base, 1 mM EDTA so-
lution, 0.05% Tween 20, pH ¼ 9.0) in microwaves at 400 W
(2� 5 minutes). Sections were cooled at RT, washed in
dH2O and TBS, and bathed in 3% H2O2 diluted in 50% meth-
anol with TBS for 30 minutes in order to quench the endoge-
nous peroxidase. After washing in TBS, sections were
incubated in 10% NGS for 30 minutes and then in the pri-
mary CCP3 antiserum (1:500 in 1% NGS) overnight at 4�C.
As a positive control for CCP3 staining, a thymus biopsy
from a 40-year-old man was used (kindly provided by Dr
George Koutlis). Thymus tissue displayed normal paren-
chyma (as assessed using a light green counterstaining) and
contained numerous apoptotic cells, as previously described
(31). The specificity of the CCP3 immunohistochemical re-
action was checked by omitting the primary antibody from
the incubation medium. Although no major differences were
revealed in the CCP3 immunoreaction between the 2 anti-
bodies, our results and figures were based on sections
stained with the BD Bioscience antibody because of the bet-
ter quality of the immunohistochemical reaction.

For TUNEL staining, we followed the protocol pro-
posed by the manufacturer. In brief, sections were deparaffi-
nized and immersed to 10 mM phosphate-buffered saline
(PBS) (1�). Sections were pretreated with 20 lg/mL protein-
ase K (A3830, AppliChem, Darmstadt, Germany) for
15 minutes, washed in dH2O for 2� 2 minutes and remained
in 3% H2O2 in PBS for 5 minutes at RT. After washing in
PBS, slices remained in the equilibration buffer for 7 minutes
and were then incubated with the working strength TdT En-
zyme for 1 hour in a humidified chamber at 37�C. The reaction
was stopped with the application of stop/wash buffer and sec-
tions were incubated with antidigoxigenin for 30 minutes. The
TUNEL reaction was visualized using DAB-Ni. Sections were
lightly counterstained in 0.5% methylene blue (M9140;
Sigma-Aldrich, Taufkirchen, Germany) for 10 minutes, then
washed in dH2O and butanol, dehydrated to xylene and cover-
slip with DPX. In sections used as a negative control, TdT en-
zyme was omitted by the incubation buffer.

For the detection of AIF, dehydrated sections were
proceeded for antigen retrieval procedure with 10 mM cit-
rate buffer (pH ¼ 6.0) in microwave at 400 W (2�
5 minutes). After washing in TBS, slides immersed in 5%
milk in TBS for 45 minutes and 10% NGS in TBS for 1 hour
and then incubated with the primary polyclonal AIF anti-
body (1:2500 and 1:2000 for neonatal and adult brain, re-
spectively) for 1 hour at RT and then overnight at 4�C. The
reaction was revealed by DAB-Ni. The specificity of the
AIF reaction was checked by omitting the primary antibody
from the incubation medium.

In order to check the distribution of AIF labeling in neu-
rons showing eosinophilic cytoplasm and pyknosis in H&E

preparations, an extra section of each case was first stained for
H&E, photographed, and then destained (with 1% hydrochlo-
ric acid in 80% alcohol for 3–4 minutes) and restained for AIF,
as described above.

Morphometric and Statistical Analysis in
AIF-Stained Sections

The morphometric analysis was independently per-
formed by 2 individuals (MPag and MC-P) in the SN, as well
as in the oculomotor nucleus, since this nucleus displayed
especially high AIF immunoreactivity (see “Results”). Ten to
15 AIF-stained neurons per case with unlabeled nucleus were
unilaterally captured at a magnification of�400, using a digital
charge-coupled device color video-camera (SSC-C370P; Sony,
Tokyo, Japan) connected to an optical microscope (BX50F-3;
Olympus, Tokyo, Japan). The cytoplasmic optical density
(OD) of AIF staining, the cellular and nuclear size were mea-
sured using the image analysis software IMAGE-PRO PLUS,
version 4.5.1.29 (Media Cybernetics, Bethesda, MD). Five to
10 neurons with a defined nuclear AIF staining were also mor-
phometrically studied only in the oculomotor nucleus.

The percentage of neurons with nuclear AIF staining
was estimated by counting all the neurons with nuclear AIF
staining out of the total number of AIF-stained neurons (with
stained or unstained nucleus) in 10 randomly selected �200
fields in the SN and oculomotor nucleus.

For the statistical analysis, the nonparametric Spearman
rank correlation test was used and performed in SPSS (v. 18.0.0,
Chicago, IL), in order to reveal possible correlations between
the measured variables with PHI grading, the corrected (gesta-
tional and postnatal) age, sex, brain weight, head perimeter, the
presence of infection, the postmortem delay, and fixation time.
The AIF OD values of case GBB 237/17 were excluded from
the statistical analysis, as extreme values. In addition, the non-
parametric Wilcoxon test was used to check possible differences
between SN and oculomotor neurons. The cases GBB 2226/07,
1139/03, 3907/07, and 2807/07 were not included in the statisti-
cal analysis because the oculomotor nucleus was not clearly de-
lineated at the available levels of the midbrain. The means with
the standard error of the mean (SEM) were calculated for each
variable. p< 0.05 was considered statistically significant.

RESULTS

Cleaved Caspase-3
Substantia Nigra

In the midbrain of the human neonate, no CCP3 staining
in SN neurons was revealed by immunohistochemistry, inde-
pendently of the postmortem delay, fixation time, and the se-
verity/duration of PHI injury (Fig. 1A). However, some glial
cells positive for CCP3 were sporadically observed within the
SN of some cases (Fig. 1B, arrow). GBB 3415/16 was the only
neonate in which a limited number of CCP3-positive SN neu-
rons was observed (Fig. 1C). This neonate died within
30 minutes after birth with acute respiratory distress and was
diagnosed with a genetic skeletal dysplasia causing severe pul-
monary hypoplasia. In neonate GBB 1836/06, with transposi-
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tion of great arteries in the context of Ivermark’s syndrome,
many CCP3-stained glial cells were found in the SN (Fig. 1D,
arrows), without any evidence for neuronal CCP3 staining.
This large number of CCP3-positive glial cells was not ob-
served in any other case of our sample.

In sections from the thymus biopsy, used as a positive
control tissue for CCP3 staining, many apoptotic CCP3-
positive leucocytes were evident among normal epithelial
cells (Fig. 1E). In addition, many CCP3-labeled apoptotic cells
were observed in areas with focal hemorrhages in neonate
GBB 1402/04, tissue used as an internal positive control for
CCP3 staining (Fig. 1F).

In the 2 adult control subjects, the majority of melanized
SN neurons exhibited an intense granular CPP3 staining inter-
mingled with melanin granules in their cytoplasm (Fig. 1G),
as also previously reported for adult humans by Hartmann et
al (32). In the degenerating SN of the Parkinsonian case, only
a few melanized neurons revealed a diffuse, intense CCP3 im-
munohistochemical reaction in their cytoplasm (Fig. 1H). In
the same case, CCP3 reaction was also observed within Lewy
bodies (Fig. 1I) and in large round intranuclear inclusions
(Fig. 1J), probably corresponding to Marinesco bodies in a
few SN neurons. In sections stained by omitting the primary
antibody to check the specificity of the immunohistochemical
reaction, no staining was evident.

Oculomotor Nucleus

Absence of CCP3 immunohistochemical staining was
also revealed in the neurons of the oculomotor nucleus and other
midbrain neuronal groups, such as superior colliculi, ventral teg-
mental area, and raphe nucleus. Only few CCP3-stained glial
cells were sporadically encountered in some cases. In neonate
GBB 1836/06 (Ivemark syndrome), a large number of CCP3-
positive glial cells were revealed not only in the SN, as described
above, but also inside the oculomotor nucleus and its fibers.

TUNEL Staining
Substantia Nigra

For the interpretation of the TUNEL results, the positiv-
ity (or not) of the nuclear staining and the distribution/density
of the labeling combined with the nuclear morphology were
taken into consideration. In the “control” neonate GBB 170/16
(case without evidence for neuropathological PHI lesions), no
TUNEL-positive nuclei were revealed in SN neurons, while
numerous TUNEL-positive glial cells were evident (Fig. 2A).
Typical apoptotic nuclear morphology, as depicted by dense,
shrunken and intense nuclear TUNEL staining, was observed
in only a limited number of TUNEL-positive neurons with
pyknotic characteristics within the SN of hypoxic neonates
(Fig. 2B, C, see arrows). In the majority of PHI group 1 neo-
nates, a large number of nuclei showed light TUNEL staining
that outlined the nucleus and the nucleolus (Fig. 2B). In cases
with prolonged/old or chronic PHI, the intensity of the
TUNEL staining was significantly increased in SN neurons
(compare a case of PHI group 3, Fig. 2C vs a case of group 1,
Fig. 2B]). The majority of TUNEL-positive neurons showed a

diffuse, loose distribution of TUNEL-labeled nuclear chroma-
tin (Fig. 2D, long arrows), which is not indicative of the typi-
cal apoptotic morphology, that is, chromatin condensation
and/or the formation of blebs.

The differential intensity of the nuclear staining among
neonates did not seem to result from prolonged postmortem
delay. For example, neonates GBB 3161/13 (group 1) and
2226/07 (group 3), both having a short postmortem delay
(�1 day), exhibited substantial differences in the TUNEL la-
beling levels, the more intense of which were observed in case
2226/07 with neuropathological lesions consistent with pro-
longed PHI (compare Fig. 2E with Fig. 2F).

In all cases studied, extensive TUNEL staining was al-
ways found in glial cells, not only within the SN but also in
the whole mesencephalic section. Glial nuclei showed differ-
ential pattern of staining with (i) intensely condense nuclear
TUNEL staining indicative of the apoptotic morphology
(Fig. 2D, thick arrowhead), (ii) diffusely, loose nuclear
TUNEL labeling indicative of a non-apoptotic morphology
(Fig. 2D, short arrow), and (iii) intense TUNEL positivity in
both soma and processes corresponding to necrotic character-
istics (Fig. 2D, white arrow). These differential glial TUNEL
morphologies were seen in the majority of the cases studied,
although their proportion varied among them.

Oculomotor Nucleus

In the “control” neonate GBB 170/16, no TUNEL-
positive neurons were revealed in the oculomotor nucleus. In
hypoxic neonates, the majority of oculomotor neurons dis-
played diffuse, loose distribution of TUNEL-labeled nuclear
chromatin (non-apoptotic morphology), whereas few TUNEL-
positive neurons showed a typical apoptotic nuclear morphol-
ogy in only a few cases. The intensity of the TUNEL staining
was similar or even lower than that observed in the SN.

Apoptosis Inducing Factor
Substantia Nigra

Cytoplasmic localization. In the SN of the human neonate, the
majority of neurons displayed granular AIF staining in their
cytoplasm and processes, a staining pattern resembling the dis-
tribution of mitochondria (Fig. 3A). The cytoplasmic intensity
of AIF staining showed particular variability among the neo-
nates of our sample. In the “control” neonate GBB 170/16
(group 0) and some cases of PHI group 1, moderate to intense
granular AIF immunoreactivity was observed in the cytoplasm
of SN neurons (Fig. 3A). In the other “control” neonate GBB
274/17 (group 0) and the remaining cases of group 1, SN neu-
rons exhibited weak cytoplasmic AIF staining (Fig. 3B). In the
majority of PHI group 2 and 3 cases (9/13), SN neurons dis-
played intense levels of cytoplasmic AIF immunoreactivity
(Fig. 3C), whereas in a limited number of neurons a light nu-
clear AIF reaction was evident (Fig. 3C, arrows).

In the 2 adult control cases, SN melanized neurons
showed very light cytoplasmic AIF immunoreaction, while in
the Parkinsonian patient, SN neurons were AIF-negative
(results not shown).
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The morphometric analysis of the SN neurons without
nuclear AIF staining revealed that neonates with evidence of
peripheral and/or brain infection displayed higher values of

AIF OD in their cytoplasm (q ¼ 0.477, p¼ 0.029; Fig. 3M).
Statistically significant correlation was also found between the
neuronal and nuclear size with the gestational age (q ¼ 0.768,

FIGURE 1. Cleaved caspase-3 (CCP3)-immunohistochemical reaction in the human substantia nigra (SN) and thymus (control
tissue for apoptosis). (A, B) No CCP3 staining is observed in SN neurons of neonates GBB 170/16 (group 0) and GBB 2735/09
(group 1), respectively. (B) Note that only one glial cell is CCP3-positive (arrow) among unstained neurons. (C) Exceptionally,
few intensely CCP3-stained neurons are revealed in the SN of GBB 3415/16 with genetic skeletal dysplasia (group 1). (D) In
neonate 1836/06 (Ivemark’s syndrome), many glial cells are labeled for CCP3 in SN (arrows). (E) Intensely CCP3-stained cells are
frequently observed in the human thymus, used as a positive control apoptotic tissue (light green counterstaining). (F) In
neonate GBB 1402/04, many apoptotic CCP3-positive cells are revealed in a hemorrhagic area in the midbrain (internal positive
control of CCP3 staining). (G) In a control adult case, SN neurons with neuromelanin (natural color brown) exhibit an intense
granular CCP3 staining (black). (H) In adult case 2451 with Parkinson disease (PD) and dementia, black CCP3 staining is
occasionally found in neurons with neuromelanin (brown). Note the CCP3-positive staining in Lewy bodies (LB) (I) and in
spherical nuclear inclusions in some apparently healthy melanized SN neurons (J, arrows), possibly corresponding to Marinesco
bodies. Scale bars: (A–F)¼20 lm and (G–J)¼5 lm.
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p< 0.001; q ¼ 0.764, p< 0.001), postnatal age (q ¼ 0.469,
p ¼ �0.027; q ¼ 0.482, p ¼ �0.023), and brain weight (q ¼
0.776, p< 0.001; q ¼ 0.816, p< 0.001, respectively). No cor-
relation was found between the above parameters with PHI
grading, sex, postmortem delay, or fixation time.

Nuclear localization. Neurons with apparent nuclear AIF staining
(Fig. 3D, white arrow) usually showed a similar cytoplasmic
staining compared to neurons with unstained nucleus (compare
neighboring neurons in Fig. 3D, E, white arrows). Neurons with
light nuclear AIF staining, however, did not present pyknosis or
shrinkage in H&E-stained sections (Fig. 3E, F, respectively).
Neurons with dark nuclear AIF staining usually had an intense
AIF staining surrounding the perinuclear area (Fig. 3G, H,
arrows). Small cells with condensed nuclear AIF staining with
advanced cytoplasmic shrinkage were rarely found (Fig. 3I).
Pyknotic structures intensely stained with AIF were also found
(Fig. 3G and compare Fig. 3K with Fig. 3L, arrows).

Oculomotor Nucleus

Cytoplasmic localization. Cytoplasmic AIF staining was seen in
many neurons of the oculomotor nucleus and other midbrain

nuclei, such as ventral tegmental area (including paranigral
and parabrachial nucleus), superior colliculi, and raphe. Im-
pressively, motor neurons of the oculomotor nucleus showed
very strong cytoplasmic AIF immunoreactivity, much higher
than that observed in the SN neurons (Fig. 4, compare
Fig. 4A–C with Fig. 3A–C, respectively) or other midbrain
areas of the same case.

Nuclear localization. Neurons with nuclear AIF positivity were
more frequently and readily recognized in the oculomotor
nucleus than in the SN (Fig. 4A–C, arrows), even in the
“control” cases with no evidence of neuropathological PHI
injury (group 0, Fig. 4A, arrow). In the adjacent TUNEL-
stained sections, however, these neurons seemed to have
non-apoptotic morphology, presenting a diffuse, loose nu-
clear TUNEL labeling (Fig. 4, compare Fig. 4D with
Fig. 4E, white arrows).

Wilcoxon test verified our above observations between
SN and oculomotor neurons. The cytoplasmic AIF OD and the
percentage of neurons with nuclear AIF staining were statisti-
cally significantly higher in the oculomotor nucleus than in
the SN (Z ¼ �3.413, p¼ 0.001, Fig. 4F and Z ¼ �3.621,
p< 0.001, Fig. 4G, respectively).

FIGURE 2. TUNEL staining (methylene blue counterstaining) in the substantia nigra (SN) of the human neonate. (A) In the
“control” GBB 170/16, no TUNEL-positive nuclei are observed, whereas many glial cells show black TUNEL staining. (B) In GBB
3161/13 (group 1), many neurons have a light, diffuse TUNEL staining that outlines their nuclei. One pyknotic neuron (arrow)
exhibits intense and condensed labeling, indicative of the apoptotic morphology. (C) In GBB 1286/04 (group 3), note the
substantial increase in the intensity of the TUNEL staining. Note neurons with intense, dense TUNEL-labeled apoptotic nuclei
(arrows). (D) In GBB 3340/15 (group 2), a higher magnification reveals the presence of TUNEL-positive nuclei that show a non-
apoptotic morphology (loosely chromatin labeling, see long black arrows). Glial cells also exhibit intense TUNEL labeling with
differences in the nuclear staining pattern: some glia cells show intense, dense TUNEL staining, indicative of apoptosis (thick,
arrowhead), others show diffuse, loose TUNEL labeling, indicative of a non-apoptotic morphology (short arrow) and few are stained
in both their soma and processes, corresponding to necrotic features (white arrow). (E, F) Higher magnification of SN neurons in
neonates 3161/13 (group 1) and 2226/07 (group 3) confirms that TUNEL staining is more intense in group 3 case, although both
neonates have similar postmortem delay (�1 day) (no counterstaining). Scale bars: (A–C)¼50lm and (D–F)¼20lm.
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FIGURE 3. Apoptosis inducing factor (AIF) staining patterns in the SN neurons of the human neonate. (A) In the “control” GBB
170/16 (group 0), SN neurons express high levels of AIF in their cytoplasm. (B) In neonate GBB 3161/13 (group 1), the intensity
of AIF immunoreactivity is low in the SN neurons. (C) In neonate 3340/15 (group 2), SN neurons are more intensely stained for
AIF as compared with GBB 3161/13 (group 1). Some neurons show AIF staining in both nucleus and cytoplasm (arrows). (D)
The neuron marked with the white arrow displays a light AIF immunoreactivity in its nucleus, but the intensity of AIF in its
cytoplasm is similar to that observed in the neighboring neuron with unstained nucleus. (E, F) Neurons first stained with
hematoxylin and eosin (H/E) (F), destained and restained with AIF (E). The neuron with the light nuclear AIF staining (E, arrow)
did not present pyknosis or shrinkage in H/E staining (F, arrow). (G, H) Neurons with dark nuclear AIF staining (arrows) also
show intense cytoplasmic staining, especially in the perinuclear area, as compared to a neighboring neuron with unstained
nucleus in (G). (I) Small cells presenting an intense, condensed nuclear AIF staining with cytoplasmic shrinkage are rarely
observed in the SN. Oval (J) or irregular AIF-stained structures (K) are also observed in the SN of some subjects. These structures
appeared to correspond to cells with pyknosis in H/E-stained sections (L, arrow). (M) A graph showing that neonates with a
peripheral and/or brain infection display more intense AIF immunostaining than neonates without infection (q ¼ 0.477,
p¼0.029). The segment inside the rectangle indicates the means (No Infection ¼ �2.166 6 0.016 and Infection ¼
�2.111 6 0.011) and “whiskers” above and below the box show the locations of the minimum and maximum. Scale bars:
(A–C)¼50 lm and (D–L)¼20 lm.
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The morphometric analysis of our results in the oculo-
motor nucleus revealed a positive correlation between cyto-
plasmic or nuclear AIF OD and postmortem delay (q ¼ 0.578,
p¼ 0.019). In neurons without nuclear AIF staining, the cellu-
lar and nuclear size were found to correlate with the gesta-
tional age (q ¼ 0.558, p¼ 0.020; q ¼ 0.521, p¼ 0.032) and
brain weight (q ¼ 0.769, p< 0.001; q ¼ 0.665, p¼ 0.004,

respectively). Notably, neurons with nuclear AIF staining
showed increased cytoplasmic AIF OD (Z ¼ �2.637,
p¼ 0.008; Fig. 5A) and smaller cellular (Z ¼ �2.533,
p¼ 0.011; Fig. 5B) and nuclear size (Z ¼ �3.574, p< 0.001;
Fig. 5C) than the neurons without AIF nuclear staining. No
sex differences were observed between the studied apoptotic
markers in both SN and oculomotor nucleus, in contrast to

FIGURE 4. AIF immunostaining in the oculomotor nucleus of the human neonate. (A–C) The oculomotor nucleus of the same
subjects presented in Figure 3A–C. Motor neurons are always more intensely AIF-stained as compared with SN neurons. This did
not depend on perinatal hypoxic/ischemic (PHI) grading. Note that neurons displaying nuclear AIF immunoreactivity are more
frequently observed in the oculomotor nucleus of all cases studied (arrows). (D, E) Parallel sections from the neonate GBB 2631/
09 (group 1) stained for AIF and TUNEL, respectively. Neurons showing moderate levels of AIF staining in their nuclei (D, white
arrows) present a diffuse, loose TUNEL-positive staining (non-apoptotic nuclear morphology, E, white arrows). Asterisks show the
location of the same blood vessel in the 2 adjacent sections. Bar ¼ 50 lm. (F) A graph comparing the cytoplasmic AIF optical
density (OD) values measured in SN (means 6 SEM ¼ �2.132 6 0.010) with those in the oculomotor neurons (�2.067 6 0.008).
Statistically significant higher AIF OD was found in oculomotor neurons (Z ¼ �3.413; p¼0.001). (G) The means values with
SEM of the percentages of neurons with nuclear AIF positivity in the SN (16.04 6 1.5%) and oculomotor nucleus (29.43 6 2.3%).
Higher numbers of neurons with nuclear AIF staining are measured in the oculomotor nucleus (Z ¼ �3.621, p<0.001).
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data reported for other brain areas in experimental PHI studies
(33, 34). Our immunohistochemical results are summarized in
Table 3.

DISCUSSION
To our knowledge, this is the first time that the apoptotic

markers CCP3 and AIF, as well as DNA fragmentation (by us-
ing TUNEL method), were studied in the midbrain of the hu-
man neonate, providing new insights on the brain apoptotic
mechanisms following PHI neuropathological injury. Our
main results showed limited neuronal degeneration in the SN,
mainly mediated by the effector molecule AIF and not by
CCP3. By contrast, early signs of degeneration were exten-
sively observed in the oculomotor nucleus indicated by in-
creased cytoplasmic and nuclear translocation of AIF.

CCP3 Expression in the SN
Caspase-dependent apoptosis is a prominent death

mechanism occurring during normal brain development, being
involved in the discrete elimination of a large number of cells
aiming to brain tissue ramification (35). Caspase-dependent
apoptotic mechanisms are also important in the evolution of
hypoxic/ischemic (HI) injury in the immature brain. Caspase-
3, the most abundant apoptotic effector caspase in the brain
(35), is massively activated in many rat brain areas (e.g. cere-
bral cortex, hippocampus, thalamus, and striatum) immedi-
ately after experimentally induced hypoxia/ischemia at
postnatal day 7, the age that is considered comparable to late
preterm/term human neonate (36–40). Generally, in these in-
jured areas, CCP3 is detectable early after the HI insult and its
levels peak at 24 hours, then decrease but remain detectable
even after 6 days post-HI (36, 38–40).

In SN, increased number of CCP3-IR neurons has been
reported in preterm lambs after umbilical cord occlusion caus-
ing severe fetal asphyxia during late-gestation (18). Cell death
with apoptotic features, as indicated by silver staining and in
situ 30-end-labeling of DNA, has been described in the rat SN
after PHI injury (17). In our study, however, CPP3 immunore-
activity was only observed in few glial cells, while neurons in
SN, as well as other mesencephalic neuronal groups of human
neonates, were generally negative, a result confirmed by 2 dif-
ferent commercially provided antibodies. This unexpected ob-
servation cannot be attributed to the effect of postmortem
delay or fixation time, since CCP3 staining was observed in a
limited number of glial cells being more abundant in the neo-
natal brain in areas with hemorrhages, as described in the adult
brain after hemorrhagic stroke (41). In addition, some CCP3-
IR neurons or glia were respectively observed in 2 neonates of
our sample, that is, GBB 3415/16 with a genetic inherited
skeletal ciliopathy (Ellis van Creveld [EvC] syndrome/chon-
droectodermal dysplasia/OMIM #225500) and GBB 1836/06
with Ivemark syndrome (heterotaxy syndrome/asplenia with
cardiovascular anomalies), a syndrome of obscure and hetero-
geneous etiology, mostly sporadic and only occasionally
inherited (NORD-Rare Disease Database; OMIM #208530).
Concerning EvC syndrome, although certain skeletal ciliopa-
thies may feature brain defects, particularly of the posterior
fossa, the brain in fetuses with EvC syndrome is normal, while
motor development and intelligence are normal in survivors
(OMIM #225500; NORD-Rare Disease Database). Similarly,
brain disorders are not typical for Ivemark syndrome, although
agenesis of the corpus callosum with pachygyria and hydro-

FIGURE 5. Comparison of oculomotor neurons with different AIF
distribution. (A) A graph showing the distribution of cytoplasmic
AIF optical density (OD) values as measured in neurons with
unstained (means 6 SEM ¼ �2.0746 0.010) and AIF-stained
nucleus (�2.0346 0.014). Higher AIF OD values are observed in
neurons with AIF-stained nucleus (Z ¼ �2.637, p¼0.008). (B,
C) Plots presenting the mean cellular and nuclear sizes with SEM,
respectively, of neurons with unstained (4536 26 and 896 5)
and AIF-stained nucleus (3836 28 and 716 4). Note that
neurons with AIF staining in the nucleus have significantly smaller
cellular and nuclear sizes than those with unstained nucleus (Z ¼
�2.533, p¼0.011; Z¼ �3.574, p<0.001).
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cephalus have been rarely reported (42); these defects were
not found in our case. Given the rarity and diversity of these
diseases, detailed information on brain pathology and neuro-
physiology is too limited to draw any conclusions.

CCP3 immunostaining was revealed in the adult control
and degenerating SN. In control cases, SN neurons exhibited a
cytoplasmic granular CCP3 staining intermingled with mela-
nin granules, as previously described, probably reflecting a
perimortem phenomenon related to hypoxia secondary to the
patients’ agonal state (32). In addition, CCP3-IR neurons and
glial cells have been reported in the SN of patients with Par-
kinson disease (32, 43, 44), supporting caspase’s-3 role in apo-
ptosis of degenerating SN neurons. In our study, we detected
intense CCP3 staining in few melanized neurons of Parkinso-
nian SN, as well as within Lewy bodies, confirming the obser-
vation of Hartmann et al (32). Interestingly, in this
Parkinsonian case, CCP3 positivity was also revealed in round
intranuclear inclusions, probably corresponding to Marinesco
bodies. Marinesco bodies have been reported to contain vari-
ous proteins, such as ubiquitin and GAPDH (43, 45), but not
CCP3.

Caspase-3 appears to be strongly regulated by age (36,
40, 46–48). In rats, caspase-3 is normally highly expressed in
the developing brain (40) but significantly decreased after
postnatal days 10–13 (corresponding to neonatal human
brain), when neurogenesis and synaptogenesis are completed
(36, 46). Thus, developing neurons appear to be more prone to
caspase-dependent apoptotic death than mature ones (36, 37,
39, 40). In rat SN, naturally occurring neuronal apoptosis takes
place in a biphasic way. It presents 2 peaks, one at postnatal
day 2 and another at postnatal day 14—corresponding to pre-
mature and neonatal human brains, respectively (49, 50).
Since the rat SN reaches the adult distribution of TH-IR neu-
rons by postnatal day 14 (50, 51), the first 2 weeks of rat life
are crucial for the establishment of the final number of neuron
and glia cells that form and control the dopaminergic circuitry
in the rat brain (52, 53). In humans, however, dopaminergic
neurons of SN reach the overall adult distribution pattern, as
assessed by TH expression, prenatally at the fourth month of
gestation (54). In 20- to 24-week-old human fetuses,
widespread TH-positive innervation of the frontal cortex is ob-
served comparable to that of the adult (54). Given that the

corrected (prenatal and postnatal) age of our subjects ranged
from 25.5 to 46.5 weeks, a “mature” dopaminergic system was
expected in the neonates of our sample, as also mentioned in
our previous study with TH-immunohistochemistry (19).
Therefore, the absence of immunohistochemically detectable
CCP3 could simply indicate that CCP3 may no longer be
needed in SN neurons of the human neonate, possibly due to
downregulation of the apoptotic machinery at this develop-
mental stage.

TUNEL Labeling in the SN
Our findings on CCP3 were consistent with the results

obtained by TUNEL staining, which is extensively used in
PHI models for the detection of DNA fragmentation occurring
at a later stage in the apoptotic process (22, 23, 55–59). In our
study, very few SN neurons were observed with nuclear
TUNEL labeling with apoptotic morphology, that is, nuclear
condensation, margination and clumping of chromatin, along
with pyknotic cytoplasm. Most neurons displayed a diffuse,
loose nuclear TUNEL labeling considered to be unrelated to
apoptosis, the intensity of which appeared to be dependent on
PHI grading. In contrast, a variety of TUNEL-positive nuclear
morphologies (i.e. apoptotic, non-apoptotic, and necrotic)
were observed in glial cells of our sample, indicative of in-
flammatory glial responses after PHI (60, 61). Non-apoptotic
TUNEL-labeled figures have been extensively described in
human control and degenerative brain tissues (62–66), consid-
ered to reflect the combined action of accelerated DNA dam-
age and/or defective DNA repair, with activation or arrest of
aspects of the apoptotic program (62, 64). Indeed, it is now
widely accepted that TUNEL technique is not entirely specific
for apoptosis and must be combined with the investigation of
other apoptosis-related markers in order to accurately define
whether apoptotic mechanisms are activated or not. Therefore,
TUNEL method could also label cells in which DNA fragmen-
tation has occurred by other mechanisms including necrosis,
autolysis, and possibly other metabolic cellular insults or pro-
cesses involving unwinding of DNA strands, such as cytotoxic
agents, growth factor deprivation, and free radicals (62, 64,
65, 67–69). In addition, TUNEL staining seems to be greatly
affected by methods and conditions of tissue processing and

TABLE 3. Summary of the Immunohistochemical Results Observed by CCP3, TUNEL, and AIF Staining in Neurons of Substantia
Nigra and Oculomotor Nucleus of Human Neonates With Different PHI Grading

Region PHI Grading CCP3 TUNEL AIF

Intensity Nuclear Morphology Cytoplasmic

Intensity

Nuclear

Translocation

Substantia nigra Control – – – Variable Very few

Group 1 – Light Outlying nucleus and nucleolus Variable Very few

Groups 2–3 – Intense Diffuse, loose chromatin Intense Few

Oculomotor nucleus Control – – – Intense Many

Group 1 – Light Outlying nucleus and nucleolus Intense Many

Groups 2–3 – Intense Diffuse, loose chromatin/few with dense chromatin Intense Many

–, no staining; AIF, apoptosis inducing factor; CCP3, cleaved caspase-3; PHI, perinatal hypoxia/ischemia.

J Neuropathol Exp Neurol • Volume 79, Number 1, January 2020 Apoptotic Markers in Human Neonatal Midbrain

97

D
ow

nloaded from
 https://academ

ic.oup.com
/jnen/article/79/1/86/5653101 by Access provided by H

EAL-Link (U
niversity of Athens) user on 21 N

ovem
ber 2020



storage, such as postmortem intervals >72 hours and tissue
fixation in 10% formalin for >2 years (23, 62, 63, 65, 68, 70).
Since almost all brain tissues of our sample were obtained
within the above intervals, we assumed that these 2 factors
may have had only little effect on our TUNEL staining. We
speculate that the observed non-apoptotic figures might
mainly reflect the result of antemortem hypoxia, as was simi-
larly supported by Kingsbury et al (71). Interestingly, the in-
tegrity of DNA could recover post-hypoxia, as observed in
various brain areas of newborn hypoxic piglets (56), implying
that DNA fragmentation could be repaired by the endogenous
DNA repairing mechanisms and, therefore, be a reversible
phenomenon (72). However, extensive DNA damage could
cause the activation of a unique poly(ADP-ribose) polymerase
(PARP-1)-dependent cell death program, which is indepen-
dent of caspases but dependent on AIF (73, 74).

AIF Expression in the SN: Cytoplasmic Versus
Nuclear Localization

AIF plays a dual life/death role. It is normally confined
to the mitochondrial intermembrane space where it promotes
cell survival, whereas it initiates its cell death program after its
translocation to the nucleus (for review, [24]). These opposing
roles could be immunohistochemically studied by focusing on
the different expression patterns of AIF within a cell, that is,
the cytoplasmic localization of AIF is mainly related with its
mitochondrial life-promoting function, whereas AIF staining
in the nucleus is associated with its death function. Since both
expression patterns were observed in our study, we separately
investigated these 2 “different” neuronal populations by mea-
suring and comparing their morphological and staining
characteristics.

In the SN, the majority of neurons displayed cytoplas-
mic AIF immunoreactivity, the intensity of which displayed
particular variability among the subjects of our sample, even
between the 2 “control” neonates. Since AIF is normally in-
volved in the maintenance and/or organization of the mito-
chondrial respiratory complex I (for review, [24]), the
observed variability could simply reflect interindividual dif-
ferences in SN metabolic/energy state under a mixed genetic
background (75). However, AIF immunoreactivity tended to
be higher in neonates with group 2 or 3 PHI grading, the ma-
jority of which also showed evidence of peripheral or brain in-
fection. Recent studies suggested that both infection and PHI
could lead to brain damage via common cellular and molecu-
lar pathways, involving the generation of reactive oxygen spe-
cies and thus, lower the threshold at which PHI alone triggers
brain injury (76–79). Since AIF could also act as a free radical
scavenger, by displaying NADH oxidoreductase and peroxide
scavenging activities (80, 81), this increased AIF expression
in SN neurons of certain cases could be a compensatory mech-
anism against the increased oxidative stress and free radical
production caused by inflammation and/or PHI. High AIF lev-
els could, however, render neurons more vulnerable to death,
given that downregulation of AIF significantly reduces brain
damage (82–84). Interestingly, in the adult rat, SN neurons
have been reported to undergo death through AIF after
inflammation caused by either intranigral or systemic

lipopolysaccharide administration (85, 86). In humans, dopa-
minergic neurons appeared to contain more AIF than mice and
monkeys, thus SN neurons are expected to be more sensitive
to AIF-mediated death (87).

Experimental studies report extensive translocation of
AIF after PHI, mainly in the cerebral cortex and hippocampus
(33, 34, 88–90). Neurons entering an AIF-dependent death
program first show a marked increase of AIF in their neuronal
cytoplasm, close to the nuclear envelope, before AIF enters
the nucleus. Nuclear staining is then gradually increasing with
time, becomes more condensed, and eventually outlines
pyknotic nuclei (90–92). In our study, neurons with nuclear
AIF staining were occasionally found in SN. These neurons
displayed a dark nuclear AIF staining with intense perinuclear
AIF expression and had significantly smaller sizes. Many neu-
rons having a light nuclear AIF staining did not present any
changes in their morphology and cytoplasmic AIF content,
raising the question whether this light nuclear AIF staining
represents a real early phase of nuclear translocation. Plesnila
et al (91) mention that after focal cerebral ischemia, cortical
neurons maintain their normal nuclear morphology and size
for hours before becoming shrunken, although AIF has been
already translocated in their nucleus.

Translocation of AIF in the nucleus frequently causes a
large-scale DNA degradation and consequently induces chro-
matin condensation (90, 92, 93). Paradoxically, in our study,
the majority of neurons with light or dark nuclear AIF staining
showed a non-apoptotic nuclear morphology in TUNEL-
stained sections. AIF translocation to the nucleus could occur
independently of the intracellular ATP levels (94) and may be
facilitated by the increased permeability of the nuclear pore
complex during cell death (95). ATP concentration, however,
could determine whether cells will execute the final phase of
apoptosis that involves nuclear condensation and DNA frag-
mentation (94, 96). Thus, cells under ATP depletion fail to
manifest any signs of chromatin condensation and advanced
DNA fragmentation, although they present AIF nuclear stain-
ing and reduction of nuclear size (94, 96), as also observed in
our sample.

In the absence of caspase-3 activation, release and nu-
clear translocation of AIF have been observed in the dopami-
nergic neurons of rodent SN after injury induced by rotenone
(97), 6-hydroxydopamine (98), or MPTP injection (99), used
as experimental models of Parkinson disease. Interestingly, in
the 6-hydroxydopamine experimental model, SN dopaminer-
gic neurons with nuclear AIF translocation usually exhibited
reduced levels of TH expression (98), that could only partially
explain our previously observed massive downregulation of
TH expression in SN neurons of the human neonate under PHI
(19). Nuclear translocation of AIF has also been described in
the degenerating SN neurons from subjects with Parkinson
disease (85).

AIF Expression in the Oculomotor Nucleus:
Cytoplasmic Versus Nuclear Localization

Our results showed that AIF expression is not exclusive
for the dopaminergic neurons, since other mesencephalic neu-
ronal groups also displayed AIF staining, such as oculomotor
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nucleus and superior colliculi, 2 subcortical structures in-
volved in the eye orientation network (100). Oculomotor neu-
rons displayed significantly higher cytoplasmic AIF
immunoreactivity and AIF nuclear translocation than the SN
or the reported hypoxia-sensitive superior colliculi (101). This
could be related either to the high energy needs of oculomotor
neurons—indicated by their high expression of cytochrome
oxidase (102)—or to their increased sensitivity to oxidative
damage—depicted by their high content in the antioxidant
copper/zinc superoxide dismutase (SOD-1) (103). In addition,
our results indicated that AIF immunoreactivity in oculomotor
nucleus increased after prolonged postmortem delay, an obser-
vation not revealed in SN neurons. Postmortem events, includ-
ing increased mitochondrial swelling, reactive oxygen species
production, and release of lysosomal enzymes, have been
reported to cause AIF nuclear translocation in the bovine mus-
cle, a tissue with also high energy demands (104).

In the oculomotor nucleus of the human neonate, ex-
tremely high percentages (>25%) of neurons showed nuclear
AIF translocation combined with smaller cellular and nuclear
sizes. These probable early signs of degeneration could be part
of the normal developmental apoptotic processes, as described
in humans (105, 106).

The oculomotor nucleus innervates 4 extraocular
muscles and thus is involved in the control of eye movements,
such as saccades, vestibular ocular reflexes, and optokinetic
responses (100). Interestingly, oculomotor disturbances, in-
cluding defective coordination of saccades, are frequently ob-
served in newborns and children following perinatal hypoxia
(107–109), as well as in patients with schizophrenia, ADHD,
and Parkinson disease (110, 111), disorders in which PHI is
considered as an important risk factor.

Conclusions
Our results mainly indicate the activation of AIF but not

CCP3 in the SN and the oculomotor nucleus of human neo-
nates with neuropathological signs of PHI lesions, despite the
heterogeneity of the available human postmortem material re-
garding autolysis and fixation time.

In the SN, inflammation through its synergistic effect
with PHI appeared to be related to AIF activation. How-
ever, a limited number of SN neurons presented AIF nu-
clear translocation, indicating that only few SN neurons
show early signs of AIF-mediated degeneration. The
oculomotor neurons appeared to be more prone to AIF-
mediated cell degeneration than those of the SN in the
human neonate. Higher cytoplasmic AIF expression and
nuclear translocation were observed in the oculomotor nu-
cleus, which could be the result of the combined effect of
developmental processes in association with the increased
oxidative stress induced by antemortem and postmortem
factors. Further investigation is needed to clarify this pref-
erential activation of AIF, but not caspase-3, in these mid-
brain nuclei during the developmentally critical neonatal
period.
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