Plasticity of basal ganglia neurocircuitries following perinatal

asphyxia: effect of nicotinamide
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Abstract The potential neuroprotection of nicotin-
amide on the consequences of perinatal asphyxia
was investigated with triple organotypic cultures.
Perinatal asphyxia was induced in vivo by immersing
foetuses-containing uterine horns removed from
ready-to-deliver rats into a water bath for 20 min. Sibling
caesarean-delivered pups were used as controls. Three
days later tissue from substantia nigra, neostriatum and
neocortex was dissected and placed on a coverslip.
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After a month, the cultures were processed for immu-
nocytochemistry and phenotyped with markers against
the NMDA receptor subunit NR1, tyrosine hydroxy-
lase (TH), or neuronal nitric oxide synthase (nNOS).
Some cultures were analysed for cell viability. Nicotin-
amide (0.8 mmol/kg, i.p.) or saline was administered to
asphyxia-exposed and caesarean-delivered control
pups 24, 48 and 72 h after birth. Perinatal asphyxia pro-
duced a decrease of cell viability in substantia nigra,
but not in neostriatum or neocortex. Immunocyto-
chemistry confirmed the vulnerability of the substantia
nigra, demonstrating that there was a significant
decrease in the number of NR1 and TH-positive (+)
cells/mm?, as well as a decrease in the length of TH*
processes, suggesting neurite atrophy. In control
cultures, many nNOS* cells were seen, with different
features, regional distribution and cell body sizes.
Following perinatal asphyxia, there was an increase in
the number of nNOS* cells/mm? in substantia nigra,
versus a decrease in neostriatum including reduced
neurite length, and no apparent changes in neocortex.
The main effect of nicotinamide was seen in the
neostriatum, preventing the asphyxia-induced decrease
in the number of nNOS™ cells and neurite length. Nico-
tinamide also prevented the effect of perinatal asphyxia
on TH-positive neurite length. The present results
support the idea that nicotinamide can prevent the
effects produced by a sustained energy-failure condi-
tion, as occurring during perinatal asphyxia.
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Abbreviations

AIF Apoptosis-inducing factor

AN Nicotinamide-treated, asphyxia-exposed
AS Saline-treated, asphyxia-exposed
BCIP/NBT  5-Bromo-4-chloro-3-indolyl phosphate/

nitroblue tetrazolium

BSA Bovine serum albumin

Calcein-AM Calcein-acetoxymethyl ester

CN Nicotinamide-treated,
caesarean-delivered

CS Saline-treated, caesarean-delivered

Cx Neocortex

DA Dopamine

DIV Days in vitro

DMEM Dulbecco’s modified Eagle medium

ERCC2 Excision repair cross-complementary
rodent repair group 2

EthD-1 Ethidium-homodimer

H Kruskal-Wallis factor for
multiple comparison test

NADPH-d Nicotinamide adenine dinucleotide
phosphate diaphorase

NF-«B Nuclear factor kB

NMDA N-methyl-D-aspartate

NO Nitric oxide

eNOS Endothelial NO synthase

iNOS Inducible NOS

nNOS Neuronal NOS

NR1 Subunit 1 of the NMDA receptor

PARP Poly(ADP-ribose) polymerase

PBS Phosphate-buffered saline

PF Para-formaldehyde

SN Substantia nigra

Str Neostriatum

TH Tyrosine hydroxylase

TNF-a Tumoral necrosis factor o

XRCC1 X-ray cross complementary factor 1

Introduction

Asphyxia interrupts oxygen availability, resulting in
increased anaerobic metabolism, decreased production of
energy-rich phosphate compounds, and interruption of
membrane conductance. When sustained, the insult can
threaten DNA integrity (Kihara et al. 1994; Akhter et al.
2001), triggering a cascade of events buffering the menace
to the stability of the genome, notably the immediate acti-
vation of poly(ADP-ribose) polymerase-1 (PARP-1) and
PARP-2, which are members of a large family of PARPs
(Amé and Spenlehauer de Murcia 2004).

When DNA damage is mild, PARP-1 is involved in
the maintenance of chromatin integrity, by signalling

cell-cycle arrest and by reacting with DNA repairing
enzymes, such as X-ray cross complementing factor 1
(XRCC1) (Green etal. 1992) and DNA-dependent
protein kinase (de Murcia and Menissier de Murcia
1994). Severe perinatal asphyxia produces DNA breaks
(Kihara et al. 1994), and increases the expression of the
XRCCI1 and excision repair cross-complementing rodent
repair group 2 (ERCC2) (Chiappe-Gutierrez et al.
1998) genes. Like XRCC1, ERCC2 is involved in
repairing DNA damage (Sung et al. 1993). When DNA
is damaged, PARP-1 is over-activated (Berger 1985),
resulting in NAD™ exhaustion and energy crisis (Ying
et al. 2005), leading to a caspase-independent apopto-
sis, via translocation of the mitochondrial pro-apopto-
tic protein, Apoptosis-inducing factor (AIF). PARP-1
is involved in the regulation of cell proliferation and
differentiation, and may modulate the transcription of
several inflammatory signals, including nuclear factor
kB (NF-kB) (Hassa and Hottinger 1999). It has been
suggested that PARP-1 modulates nitric oxide (NO)
synthesis, via inducible NO synthase (iNOS), but also via
the neuronal isoform of NOS (nNOS) (Hwang et al. 2002;
Mishra etal. 2003; Hortobagyi etal. 2003). Hence,
PARP-1 inhibition has emerged as the main target for
neuroprotection following hypoxic or ischemic insults (see
Virag and Szabo 2002).

There is also evidence that PARP inhibition can be
deleterious, depending upon the level of NAD* cellu-
lar content. In the presence of NAD*, PARP inhibition
sensitises cells to DNA damage, increasing cell death
(Nagayama et al. 2000), and apoptosis (Saldeen and
Welsh 1998) in rapidly dividing cells, perhaps by block-
ing the access of DNA to replication or repair
enzymes, promoting G2 arrest followed by p53-inde-
pendent apoptosis (Saldeen et al. 2003), resulting in
inhibition of cell proliferation.

Nicotinamide has been proposed to protect against
oxidative stress produced by hypoxia or ischemia in
neonatal rat brain, by replacing NADH or NAD*
(Zhang et al. 1995). We have reported that neonatal
treatment with nicotinamide prevents several deficits
in monoamine levels induced by perinatal asphyxia
(Bustamante et al. 2003), including dopamine release
monitored with in vivo microdialysis 3 months after
birth (Bustamante et al. 2006), supporting the idea that
nicotinamide can constitute a therapeutic strategy
against the long-term deleterious consequences of
perinatal asphyxia, as already proposed for several
other pathophysiological conditions (see Virag and
Szabo 2002).

In this paper, we focus on the effect of nicotinamide
on basal ganglia neurocircuitries studied in organotypic
cultures, a model originally developed by Géhwiler



(1981), extensively validated by Plenz and Kitai (1996a,
b; Plenz et al. 1998), and used for the reconstruction of
the neurocircuitries of the basal ganglia (Gomez-
Urquijo etal. 1999). The neuronal phenotype was
assessed with markers against: (1) the N-methyl-D-
aspartate (NMDA) receptor subunit 1 (NR1); (2) tyro-
sine hydroxylase (TH), the rate-limiting enzyme of
dopamine (DA) synthesis, and (3) nNOS.

As previously reported (Morales et al. 2003; Klawitter
et al. 2005), perinatal asphyxia produces regionally
specific neuronal decrease and neurite atrophy in basal
ganglia, reconstructed with organotypic cultures. We
report here that several of these changes can be
reversed by treating the animals with nicotinamide
before the explanting procedure. A preliminary
version of this work has been published elsewhere
(Klawitter et al. 2006).

Experimental procedures
Perinatal asphyxia

Pregnant Wistar rats (UChA, bred at a local colony)
were anaesthetised with isoflurane USP (Baxter
Healthcare Corp, Guayama, Puerto Rico) within the
last day of gestation (G 22) and euthanized by neck dis-
location followed by hysterectomy. One or two pups
were removed immediately and used as non-asphyxi-
ated caesarean-delivered controls, and the uterine
horns containing the remaining foetuses were
immersed in a water bath at 37°C for 20 min. Following
asphyxia, the uterine horns were incised and the pups
were removed, and stimulated to breathe. After a
60 min observation period, the pups were given to sur-
rogate dams for nursing, pending further experiments.
Three days after birth (P3), the pups were used for
preparing organotypic cultures (Morales et al. 2003;
Klawitter et al. 2005).

The survival rate produced by severe asphyxia
(>20 min, at 37°C) was approximately 50% (Herrera-
Marschitz et al. 1993; see Bustamante et al. 2006). Each
mother had to produce animals for: (1) saline-treated,
caesarean-delivered (CS); (2) nicotinamide-treated,
caesarean-delivered (CN); (3) saline-treated, asphyxia-
exposed (AS), and (4) nicotinamide-treated, asphyxia-
exposed (AN) groups. Control and treated pups (P3)
were killed pair-wise for preparing organotypic
cultures. The number of substantia nigra pieces
(approximately four per pup) being the limiting factor
for the quantity of cultures per animals. Thus, consid-
ering a 50% success rate, each animal provided two
organotypic cultures.

The experimental protocol was approved by a Local
National Committee for Ethic Experiments with Labo-
ratory Animals (Protocol CBA# 0136, FMUCH),
endorsing the principles of laboratory animal care
(NIH; No. 86-23; revised 1985).

Nicotinamide treatment

Nicotinamide (0.8 mmol/kg [100 mg/kg], i.p.; niacinamide,
Sigma, St. Louis, MO, USA) or the corresponding
vehicle (0.9% NaCl) was administered to asphyxia-
exposed or caesarean-delivered pups, 24, 48 and 72 h
after birth. The last dose was given 2 h before prepar-
ing the organotypic cultures.

Organotypic cultures

Different rat series were used for preparing the cul-
tures. All procedures including medium and drug
preparation were performed within the arena of a
Laminal Flow Cabinet equipped with UV antibacte-
rial light (Factomet VR24242, Filtro Met Ltda. Santi-
ago, Chile). Following decapitation, the brain was
rapidly removed under sterile conditions and stored in
a Petri dish containing a Dulbecco’s modified Eagle
medium (DMEM; GIBCO, Life Technologies AB,
Taby, Sweden).

Coronal sections were cut with a microslicer (DTK-
2000, Dosaka CO, Japan) at mesencephalic (300 pm
thick) and telencephalic (350 um thick) levels in cold
DMEM. Samples from substantia nigra, neostriatum
and neocortex (frontoparietal cortex) were dissected
using the atlas by Foster (1998) as a reference. The dis-
sected tissue was placed on a coverslip (Nunc Therma-
nox Coverslips; Nunc, Naperville, IL, USA) containing
a spread layer of chicken plasma (25 ul), and further
coagulated by bovine thrombin (20 pl, 1,000 NIH units
in 0.28 ml DMEM,; Sigma). The coverslips were then
transferred to sterile Nunc flat CT-tubes (Nunc), con-
taining an un-buffered culture medium (50% Basal
Medium Eagle; 25% Hanks Balanced Salt Solution,
and 25% horse serum (Gibco BRL), 0.5% glucose
(Sigma), 0.5 mM of L-glutamine (Sigma), and 0.1%
antibiotic or antimycotic (Gibco BRL).

The cultures were grown at 35°C, 10% CO, in a Cell
Incubator (Model TC2323, ShellLab, Oregon, USA),
with a Roller device exposing the cultures to gaseous
or water phases every minute. At 3 days in vitro (DIV),
10 pl of a mitosis inhibitor cocktail (4.4 mM cytosine-p-
p-arabinofuranoside, 4.4 mM uridine and 4.4 mM 5-
fluoro-2’-deoxyuridine; all from Sigma) was added for
24h in order to decrease glial proliferation. The
medium was changed every 3-4 days.



In vitro and ex vivo monitoring

Growth was periodically monitored with an inverted
microscope equipped with Hoffmann optic (Nikon
T100). Pictures were regularly taken, and at DIV 25
the cultures were fixed with a formalin solution. Alter-
natively, the cultures were analysed for cell viability at
DIV 27, with the LIVE/DEAD® Viability/Citotoxicity
kit 1.3224 (Molecular Probes, Eugene, OR, USA),
using ethidium-homodimer (EthD-1) and calcein-acet-
oxymethyl ester (AM) for labelling dead and alive
cells, respectively. For quantification three samples
were taken from the core and border of the tissue,
focusing on areas presenting the majority of EthD-1
positive cells (see Fig. 1a—f).

Immunocytochemistry

The cultures were fixed in formalin (4% para-formal-
dehyde, PF; Sigma, in 0.1 M of phosphate-buffered
saline, PBS, pH 7.4) at ~DIV 25. After rinsing cycles,
endogenous peroxidase activity was blocked with 1%
H,0, for 30 min and rinsed again with PBS. The tis-
sue was then preincubated with 2% of bovine serum
albumin (BSA) (Calbiochem, CA, USA), 0.3%
Triton X-100, in PBS, for 1 h at 37°C, and incubated
for 72 h with a mouse monoclonal antibody against
NR1 (dilution 1:600; 2% BSA and 0.3% Triton X-
100, in PBS) (Pharmingen, San Diego, CA, USA) in
order to characterise a general neuronal phenotype
(Petralia et al. 1994). For visualizing TH, the slices
were incubated overnight with mouse monoclonal
antibody (1:300; 2% BSA and 0.3% Triton X-100, in
PBS) (Diasorin, Stillwater, MN, USA). For nNOS,
the slices were incubated for 24 h with a sheep mono-
clonal antibody (1:500, 1% BSA, PBS/0.6% Triton
X-100) (generously donated by Prof. P. Emson).
After rinsing, the slices were processed using a Vec-
tastain Elite ABC kit (Vector Laboratories, Burlin-
game, CA, USA), according to the instructions of the
manufacturer, visualizing the reaction with Vector
Nova Red (Vector Laboratories). Otherwise, the
slices were processed with a streptavidin phospha-
tase complex for 1 h, rinsed and incubated with a lev-
amisole solution for 15 min to inhibit endogenous
alkaline phosphatases. The reaction was then visual-
ised with a 5-bromo-4-chloro-3-indolyl phosphate/
nitroblue tetrazolium (BCIP/NBT) substrate kit
(Vector Laboratories). The sections were dehy-
drated through graded alcohols, cleared in xylene
and coverslipped in Entellan mounting medium
(Merck, Darmstadt, Germany).
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Fig. 1 Quantification of EthD-1* cells observed in triple organo-
typic (SN substantia nigra; Str neostriatum; Cx neocortex) cul-
tures at DIV 27, from saline-treated, caesarean-delivered (CS;
open bars, n = 16), saline-treated, asphyxia-exposed (AS; filled
bars, n=17) and nicotinamide-treated, asphyxia-exposed
(AN; hatched bars, n = 10) rats. Multiple comparison analysis
(Kruskal-Wallis’s ANOVA, H) revealed significant differences
between groups (H = 43.75; m,n = 3,30), allowing post-hoc com-
parisons, demonstrating a significant increase of EthD-1" cells in
SN of cultures from AS and AN, compared to CS animals. No
differences were found in Str and Cx. The insert illustrates micro-
photographs of the sampling procedure in cultures from saline-
treated, caesarean-delivered (a—c), and asphyxia-exposed (d—f)
animals (cell viability test, Molecular Probes 1.3224). For each
test, three 1 mm? samples were selected from substantia nigra (a,
d), neostriatum (b, f) and neocortex (c, e), in the areas showing
the largest number of EthD-1+ cells. The data are means + SEM;
*P < 0.05 (Dunn’s test, as a post-hoc test). Scale bar = 500 pm

Quantification

Quantification was performed directly on the stage of a
microscope using appropriate objectives and filters for
the corresponding markers (NR1, TH or nNOS), or on
pictures taken at 20X primary magnification. The micro-
photographs were digitally stored, composed and analy-
sed with Adobe Photoshop (7.0). Positive cells were
quantified in 1 mm? samples using a graded ocular,
selecting three areas from the core of each culture show-
ing the largest number of positive cells (see inserts in
Figs. 1, 3). This selection was required, because the orga-



notypic cultures are not always characterised by a uni-
form tissue layer, but part of the issue can sometimes be
interrupted by holes, or debris from the culturing proce-
dure. Three parameters were quantified: (1) number of
positive cells/mm?; (2) soma size (diameter, um), and (3)
neurite length (maximum length, um). The measure-
ment of neurite length was restricted to the correspond-
ing tissue, substantia nigra, neostriatum or neocortex.
The same parameters were measured pair wise by an
investigator blinded to the codes of the culture,
explanted from any of the following experimental
groups: (1) CS; (2) CN; (3) AS, or (4) AN animals. The
values were transferred to an EXCEL matrix for the
corresponding quantitative analysis. All data are
expressed as means + SEM. Multiple comparisons were
tested with the ANOVA (H) of Kruskal-Wallis, fol-
lowed by a post-hoc test when required (GraphPad
Prism; version 4.0, 2003; San Diego, CA, USA), using a
level of P < 0.05 as a limit for statistical significance.

Results

Some cultures (CS, AS, AN) were preserved for cell via-
bility test performed at 27 DIV with the LIVE/DEAD®
kit, using Calcein-AM (green fluorescence) and EthD-1
(red fluorescence) for labelling alive and dying cells,

Fig. 2 Microphotograph of
NMDA NR1* neurons (dark)
observed in organotypic triple
cultures at DIV 25 from:
saline-treated, caesarean-
delivered (CS; a—c); saline-
treated, asphyxia-exposed
(AS; d—f), and nicotinamide-
treated, asphyxia-exposed
(AN; g—i) animals. (a, d, g) are
microphotographs from (SN);
(b, e, h) from neostriatum
(Str); (e, £, i) from neocortex
(Cx). Bipolar and multipolar
neurons were observed in all
regions. Scale bar =25 pm

respectively. The individual regions were well outlined
by a strong green fluorescence, revealing a core with
plenty of alive cells. Some red cells could be seen in the
core of the tissue, but many more were seen in the gaps
between the individual structures.

For quantification, three 1 mm? areas per structure
were selected, trying to cover the areas with the largest
density of cells (the insert in Fig. 1 exemplifies the sam-
pling procedure). EThD-1 positive (+) cells seen in the
gaps between individual tissues or in holes were not
quantified. The quantitative analysis (Fig. 1) revealed a
marked increase of EThD-1* cells in substantia nigra of
cultures from AS (~39%) (filled bars, n =17) and AN
(~37%) (hatched bars, n =10), compared to CS (open
bars, n=16) animals (H =43; m,n =3,30). No differ-
ences were detected in neostriatal or neocortical tissue
of cultures from saline- or nicotinamide-treated,
asphyxia-exposed, compared to control animals (Fig. 1).
Some few CN samples were also assayed for cell viabil-
ity, but no apparent differences were observed; hence
reserving the material and giving priority for immuno-
cytochemistry investigating the neuronal phenotype.

The cultures were routinely fixed at 25 DIV and
treated for immunocytochemistry. Figure 2 shows micro-
photographs of neurons and processes labelled with an
antibody against NR1 in cultures from CS (a,b,c), AS
(d,e,f), and AN (g,h,i) animals, in substantia nigra (SN),
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neostriatum (Str) and neocortex (Cx), respectively. Neu-
rons with distinct soma size and processes were evident,
with bipolar and multipolar features.

Quantitative analysis was applied for cultures from
CS (n=9-12), CN (n=6), AS (n=15-17) and AN
(n = 9-10) animals. Three samples of 1 mm? of area for
each region (see insert, Fig. 3) were analysed for: (1)
number of neurons (NR1* cells/mm?); (2) size of soma
(um), and (3) maximal neurite length (um). Neurite
length was estimated in the corresponding region, as
long as the NR1 staining could be followed at 40-100X.
Multiple comparison analysis revealed significant

«-Fig. 3 Quantification of number (cells/mm?), soma size (um),

and neurite length (maximum length, um) of NR1* neurons in:
substantia nigra (SN) (a); neostriatum (Stzr) (b), and neocortex
(Cx) (¢) of organotypic triple cultures (DIV 25) from saline-treated,
caesarean-delivered (CS; open bars, n=9-12); nicotinamide-
treated, caesarean-delivered (CN; grey bars, n = 6); saline-treated,
asphyxia-exposed (AS; filled bars, n = 15-17), and nicotinamide-
treated, asphyxia-exposed (AN; hatched bars, n = 9-10) animals.
Multiple comparison analysis (Kruskal-Wallis’s ANOVA, H) re-
vealed significant differences between groups for cell number and
somasize (H = 39.31; H = 47.2,m,n = 4,24, respectively), allowing
post-hoc comparisons. There was a significant decrease in the
number of NR1* neurons in SN of cultures from AS and AN com-
pared to CS animals. A significant decrease in cell number was
also observed in Cx of cultures from AS and CN, but not from AN
animals. Data are means + SEM; *P < 0.05 (Dunn’s test). The in-
sert illustrates the sampling procedure in Str of cultures from AS
(figure on the left), and AN (figure on the right) animals. Three
1 mm? samples were selected from each region showing the larg-
est number of NR1-positive cells. Scale bar = 500 um

differences between groups for cell number and soma
size (H =39.31; H=47.2, m,n = 4,24, respectively), but
not for neurite length (H =7.9, m,n = 4,24), allowing,
however, post-hoc comparisons. As shown in Fig. 3,
there was a significant decrease of NR1* cell number in
substantia nigra of AS (~57%) and AN (~65%) versus
CS cultures (Fig.3a). A significant decrease was
observed in neocortex of AS (~41%), but not of AN
cultures. However, a significant decrease was also
observed in neocortex of CN (~46%) cultures (Fig. 3c).
Although no differences of NR1* soma size were
observed among the experimental groups, the largest
NR1* cells were observed in neocortex (25-28 um), the
smallest NR1* cells in neostriatum (12-14 um), and
medium soma sized cells in substantia nigra (16-22 um).
No statistically significant differences were observed
regarding NR1" neurite length, among any of the
experimental groups.

While TH* plexuses and fibres were observed in all
regions, TH* soma were only observed in the substan-
tia nigra, with bipolar or multipolar features and vari-
ably developed dendrite trees, as shown in Figs. 4 and
5. Several types of TH* neurons were observed in all
cultures conditions. TH* neurons with big (~28 pm),
medium (~18 pm) and small (~9 um) soma size were
observed, but medium-sized TH' neurons were
predominant (Fig. 4). Rich TH* neuritic trees could be
seen, extending processes to different planes forming
dense networks, probably representing target regions,
as exemplified by a culture from the AS group
(Fig. 4a, d).

Figure 5 shows TH* cells of cultures from CS (a,d),
AS (b,e), and AN (c,f) rats. A decrease in the amount
of TH* neurons, as well as in neurite length, was
observed in AS compared to CS culture, but not in AN;



Fig. 4 Microphotographs of TH* neurons (dark) in substantia ni-
gra of a triple organotypic culture from a saline-treated, asphyxia-
exposed rat (AS) at DIV 25. Different types of TH* neurons are
observed in a composed picture of the same culture (a). A multi-
polar, TH* neuron with a large soma size (arrow) is seen
(~28 um), showing a rich neuritic tree extending to different
planes of the culture. A possible axon ascends to an intensively
TH* area (large rectangle), branching and forming a dense net-

nicotinamide appearing to prevent the changes in neu-
rite length induced by perinatal asphyxia.

The quantitative and multiple comparison analysis
(CS, n=16-19; CN, n=8-13; AS, n=17-19; AN,
n =12-13) revealed significant differences between
groups for cell number (cellsymm?) and neurite
length, allowing post-hoc comparisons (H =10.58;
H=10.93, mn =432, respectively). As shown in
Fig. 6, there was a statistically significant decrease of
TH* cell number in AS (~65%) and AN (~62%),
compared to CS cultures. The estimation of neurite
length was restricted to that observed in the substan-
tia nigra, where a one-by-one characterization was
easily done regarding individually labelled neurons. It

work, probably representing a target region. A group of TH* me-
dium size neurons (~18 um) is seen to the right (medium
rectangle). Small neurons (~9 pm) (small rectangle) are also ob-
served. b is a magnification of the small rectangle depicted in a. ¢
is a magnification of the neuron depicted by the arrow in a. d is a
magnification of the area depicted by the large rectangle in a. e is
a magnification of medium size TH* neurons depicted by the
medium rectangle in a. Scale bar =25 um

was found that neurite length was decreased in AS
(~55%), but not in AN cultures, compared to that
observed in CS cultures.

Many nNOS™ cells were seen in all cultures and
regions, with bipolar or multipolar features. The larg-
est number of nNOS™ cells/mm? was observed in neo-
cortex, and the lowest in substantia nigra. Figure 7
illustrates nNOS™ cells found in neostriatum of an AS
culture, with medium (18-28 pm) soma size. Figure 8
shows microphotographs illustrating nNOS* cells
found in substantia nigra of CS (a,b) and AS (c,d)
cultures.

The quantitative and multiple comparison analysis
(CS, n=11-13; CN, n=6-7; AS, n=7-9; AN, n=9)



Fig. 5 Microphotographs illustrating TH* neurons seen in sub-
stantia nigra of triple organotypic cultures from: saline-treated,
caesarean-delivered (CS; a, d); saline-treated, asphyxia-exposed

revealed significant differences between groups for
cell number (cells/mm?) (H = 39.54; m,n = 4,44), and
soma size (H =44.25; m,n = 4,44), allowing post-hoc
comparisons. The number of nNOS™ cells in CS cul-
tures was fivefold larger in neocortex (~50 cells/mm?)
or neostriatum (~40 cells/mm?) than that observed in
substantia nigra (~6 cells/mm?). Furthermore, in CS
cultures, nNOS* soma size was larger in neocortex
(36 £ 1 pm) than in neostriatum (26 2 um) or sub-
stantia nigra (28 + 2 pm) (Fig. 9).

The number of nNOS* cells/mm? was significantly
increased in substantia nigra (greater than fivefold),
but decreased (~70%) in neostriatum of AS, com-
pared to CS cultures. While the number of nNOS*
cells/mm? was also increased in the substantia nigra of
AN cultures (greater than fourfold), there was no
decrease in neostriatum of AN cultures. Furthermore,
compared to CS cultures, nNOS™ neurite length was
decreased (~40%) in neostriatum of AS, but not in
neostriatum of AN cultures (Fig. 9), suggesting that
nicotinamide prevented the effect of perinatal
asphyxia on nNOS™ cell number and neurite length
observed in that region. No significant differences
were observed in neocortex, despite an apparent

(AS; b, e), and nicotinamide-treated asphyxia-exposed (AN; c, f)
rats at DIV 25. d, e, f are a magnification of a, b, ¢, respectively.
Scale bar =25 um

decrease of nNOS* neurons/mm?, when comparing
AS with CS cultures.

Discussion

We have investigated the potential neuroprotection of
nicotinamide on the consequences of perinatal
asphyxia on several neuronal parameters assessed in
organotypic cultures, including neurite atrophy and
neuronal loss, effects reported by several in vivo (Chen
et al. 1997a, b; Kohlhauser et al. 1999a, b) and in vitro
(Morales et al. 2003; Klawitter etal. 2005) studies,
mainly affecting dopaminergic systems.

Perinatal asphyxia produced a region-specific
decrease of cell viability in vitro, affecting substantia
nigra, showing above 30% increase in EthD-1* cells.
However, no such effect was seen in neostriatum or
neocortex. Immunocytochemistry confirmed the vul-
nerability of the substantia nigra, demonstrating that
there was a significant decrease of cells with a neuronal
phenotype (by ~50%), as assayed with an antibody
against the NR1 subunit of the NMDA receptor, con-
sidered as a universal marker for neuronal phenotype
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Fig. 6 Quantification of number (cells/mm?), soma size (um),
and neurite length (maximum length, pm) of TH* neurons in sub-
stantia nigra of cultures from saline-treated, caesarean-delivered
(CS; open bars, n=16-19); nicotinamide-treated, caesarean-
delivered (CN; grey bars, n=8-13); saline-treated, asphyxia-
exposed (AS; filled bars, n =17-19), and nicotinamide-treated,
asphyxia-exposed (AN; hatched bars, n = 12-13) animals at DIV
25. Multiple comparison analysis (Kruskal-Wallis’s ANOVA, H)
revealed significant differences between groups for cell number
and neurite length (H = 10.58, and H = 10.93, m,n = 4,32, respec-
tively), allowing post-hoc comparisons. There was a statistically
significant decrease of TH" cell number in cultures from AS and
AN, compared to cultures from CS animals. A significant de-
crease of neurite length was also observed in cultures from AS,
compared to CS animals. No decrease of neurite length was ob-
served in cultures from AN animals. The data are means + SEM;
*p < 0.05 (Dunn’s test)

(Petralia et al. 1994). This may include DA neurons. In
agreement, there also was a significant decrease in the
number of TH* cells/mm? following perinatal asphyxia
(>50%), as well as a decrease of the length of TH" pro-
cesses, suggesting neurite atrophy. Surprisingly, follow-
ing perinatal asphyxia, there was an increase in the
number of nNOS* cellssmm? in substantia nigra
(greater than fourfold), but a decrease in neostriatum
(>60%), and no apparent changes in neocortex. The
main effect of nicotinamide was on striatal nNOS*
cells, preventing the decrease of the number of nNOS™
cells and neurite length produced by perinatal
asphyxia. Nicotinamide also prevented the effect of
perinatal asphyxia on TH* neurite length.

The present study addresses several important issues
related to the effect of perinatal asphyxia. While the
immediate effects of energy failure are related to
functional impairment of pre-existing proteins
(e.g. phosphorylation- and redox-related proteins), the
long-term effects are related to alteration of gene
expression, as shown by several reports (Dell’Anna
etal. 1995; Labudova etal. 1999; Mosgoeller et al.
2000; Lubec et al. 2002), altering cell survival and neu-
ritogenesis when oxygenation is re-established. Cell
vulnerability depends upon the developmental stage of
the particular neuronal system. Thus, while the number
of dopaminergic cells in the substantia nigra is already

established at birth (Olson and Seiger 1972; Loizou
1972; Seiger and Olson 1973; Voorn et al. 1988), there
are, in vivo, waves of naturally occurring active postna-
tal DA neuron death (Oo and Burke 1997), therefore
increasing the susceptibility of surviving neurons to
energy failure, producing, as reported here, a decrease
in the number of DA neurons/mm? Furthermore,
although DA fibres invade the neostriatum before
birth (Seiger and Olson 1973), a mature targeting is
only achieved postnatally, when patches are replaced
by a diffuse DA innervation pattern (Antonopoulos
etal. 2002). The explanting procedure re-establishes
the pattern of innervation to a primitive stage, forcing
neurites to look for the corresponding targets, until
plexuses with a patching appearance are established.
The decrease of neurite length reported here perhaps
reflects an impaired guidance by neighbouring cells
rather than a deficit of intrinsic growth. It can be
speculated that TH* neurite growth is affected by the
observed increase of nNOS* cells/mm? locally in the
substantia nigra, competing for guidance molecules
provided by co-cultured regions. Indeed, it has been
previously shown that there is an intriguing point-to-
point synaptic interaction between nNOS* and TH*
neurons and processes in substantia nigra (Herrera-
Marschitz etal. 2000), and ventral striatum and
cingulate cortex (Gomez-Urquijo et al. 1999), provid-
ing a morphological basis for a reciprocal interaction
between dopamine and NO releasing neurons (Zhu
and Luo 1992; West et al. 2002).

Ezquer et al. (2006) have recently reported an increase
of nNOS expression in substantia nigra of rats exposed to
neonatal hypoxia and reoxygenation. They suggested an
inflammatory mechanism, mediated by tumoral necrosis
factor-o. (TNF-o) and NO generation by astrocytes
through activation of the three NOS isoforms, nNOS,
iNOS and endothelial NOS, as previously suggested
(Cheng etal. 1994; Schauwecker etal. 1998). The
decrease of nNOS* cells/mm? observed in neostriatum
has also been reported by others, although this issue has
been a subject of debate. Thus, Jiang etal. (1997)
reported a reduction of NOS activity in neostriatum and
other areas of the brain, but not in neocortex. In contrast,
Peci-Saavedra and co-workers (Capani et al. 1997; Loidl
etal. 1997), using nicotinamide adenine dinucleotide
phosphate diaphorase (NADPH-d) as a histochemical
marker for NO synthesizing neurons, reported that stria-
tal neurons expressing NADPH-d showed a significant
increment in soma size and dendrite length following sub-
severe and severe asphyxia (Loidl et al. 1997), as well as
an increase of NADPH-d activity in blood vessels of stria-
tal and cortical regions (Capani et al. 1997). In agreement,
it has been shown in a gene hunting study, using subtrac-



Fig. 7 Microphotographs
illustrating nNOS™ neurons
(dark) in neostriatum of a tri-
ple organotypic culture from
saline-treated, asphyxia-ex-
posed (AS) animal at DIV 25
(a). b is a magnification of the
horizontal rectangle depicted
in a, showing a multipolar
nNOS* neuron, with a medi-
um soma size (~20 pm) and a
neurite tree extending to
different planes of the cul-
tures. ¢ is a magnification of
the vertical rectangle in a,
showing a group of nNOS*
neurons (~18 um). Scale

bar =25 pum

Fig. 8 Microphotographs illustrating nNOS* neurons (dark) in asphyxia-exposed (AS; ¢, d) animals at DIV 25. b, d are magnifi-
substantia nigra of triple organotypic cultures from: saline-treated, cation of the rectangles in a, ¢, respectively. Scale bar = 25 um
caesarean-delivered control (CS; a, b); and saline-treated,



tive hybridization that NOS is about threefold upregu-
lated in brain of rat pups exposed to perinatal asphyxia
(Labudova et al. 1999; see also Lubec et al. 1999).

In the present study nicotinamide showed no effect
on cell viability tested invitro, nor on any other
parameters measured in the substantia nigra, apart
from an increased length of TH* neurites. A modest
increase of NR1* cells/mm? was only observed in neo-
cortex. However, a robust effect was observed in neo-
striatum, where the number of nNOS™* cells/mm? was
increased greater than fourfold in cultures from nico-
tinamide-treated, versus saline-treated, asphyxia-
exposed animals, which was accompanied by an
increase of nNOS* neurite length to control levels.
There was a significant decrease in soma size of nNOS*
cells in substantia nigra of cultures from AN animals,
an effect difficult to be explained, but perhaps related
to inhibition of inflammatory signals (Koh et al. 2004).

The effect of nicotinamide on TH* neurites is in
agreement with a recent report showing that the
treatment prevents the asphyxia-dependent decrease
of dopamine release monitored with in vivo microdial-
ysis 3 months after birth (Bustamante et al. 2006).

Nicotinamide has been shown to protect against oxi-
dative stress (Yan et al. 1999; Wan et al. 1999), ische-
mic injury and inflammation (Ducrocq etal. 2000;
Sakakibara et al. 2000) in neonatal rat brain, by restor-
ing NADH/NAD™ depletion (see Maynard et al. 2001),
but also by inhibiting PARP-1 overactivation (Zhang
et al. 1995; see Virag and Szabo 2002).

Upon re-oxygenation, there is a cascade of bio-
chemical events worsening the biological outcome elic-
ited by a deficient metabolism. One of the biochemical
events involves the PAR polymerase family, which is
activated, whenever there is a risk for DNA damage.
Indeed, the polymerase isoforms, PARP-1 and PARP-
2, are immediately activated when the integrity of the
genome is menaced and/or damaged (Kihara et al.
1994; Akhter et al. 2001; Amé and Spenlehauer de
Murcia 2004). PARP-1 catalyzes the attachment of
chains of PAR to a variety of nuclear proteins, includ-
ing PARP-1 itself. When DNA damage is mild, PARP-
1 is involved in the maintenance of chromatin integrity
(de Murcia and Menissier de Murcia 1994; Ying et al.
2005). Excessive activation of PARP-1 leads, however,
to NAD™ exhaustion and energy crisis (Berger 1985),
and to a caspase-independent apoptosis, via transloca-
tion of AIF to the nucleus, initiating nuclear condensa-
tion (Jiang etal. 1996; Yu etal. 2002; Hong et al.
2004). In agreement, we have reported that perinatal
asphyxia leads to delayed neuronal death, mainly
affecting neostriatum and neocortex (Dell’Anna et al.
1997).
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Fig. 9 Quantification of number (cell/mm?), soma size (um), and
neurite length (maximum length, pm) of nNOS* neurons in: sub-
stantia nigra (SN); neostriatum (Str), and neocortex (Cx) of orga-
notypic triple cultures from saline-treated, caesarean-delivered
(CS; opened bars, n = 11-13); nicotinamide-treated, caesarean-
delivered (NC; grey bars, n=6-7); saline-treated, asphyxia-
exposed (AS; filled bars, n=7-9), and nicotinamide-treated,
asphyxia-exposed (AN; hatched bars, n =9) animals. Multiple
comparison analysis (Kruskal-Wallis’s ANOVA, H) revealed
significant differences between groups for cell number and soma
size (H=39.54; H=44.25, m,n =444, respectively), allowing
post-hoc comparisons. There was a significant increase of the
number of nNOS™ cells in SN of cultures from AS and AN ani-
mals. In contrast, there was a significant decrease in the number
of nNOS* cells in Str of cultures from AS animals. That decrease
was prevented in Str of cultures from AN animals. There was a
significant decrease in soma size of nNOS™ cells in SN of cultures
from AN animals. nNOS* neurite length was decreased in Str of
cultures from AS, but not from AN animals. The data are
means = SEM; *P < 0.05 (Dunn’s test)

The strongest evidence for the hypothesis that
PARP-1 inhibition can constitute a target for neuropro-
tection following hypoxic or ischemic insults is from



studies showing that the outcome of ischemic injury is
decreased in PARP(-/-) mice (Eliasson et al. 1997), sup-
porting previous evidence that PARP inhibitors, with
increasing degrees of potency, decrease brain damage
and improve the neurological outcome of perinatal brain
injury (Zhang et al. 1995; Ducrocq et al. 2000; Sakaki-
bara et al. 2000). While nicotinamide has been proposed
to protect against brain injury (Yan etal. 1999; Wan
et al. 1999; Sakakibara et al. 2000; Ducrocq et al. 2000),
its usefulness has been challenged because of its low
potency, limited cell uptake and short cell viability, stim-
ulating the investigation for more specific compounds
inhibiting PARP-1 overactivation (Takahashi et al. 1999;
Ducrocq et al. 2000; Abdelkarim et al. 2001; Kamanaka
et al. 2004; Iwashita et al. 2004; Nakajima et al. 2005).

The present results support, however, the idea of
nicotinamide as an interesting molecule. Nicotinamide
pharmacodynamic properties can provide advantages
over more selective compounds, in particular its low
potency to inhibit PARP-1. This quality can be useful
when the compound is administered to developing ani-
mals, because the drug will only antagonise the effect
of PARP-1 overactivation, without impairing DNA
repair and cell proliferation. Furthermore, nicotin-
amide can constitute a lead for exploring compounds
with similar pharmacological profile.

In conclusion, nicotinamide prevents long-term neu-
ronal deficits induced by perinatal asphyxia, mainly
observed in neostriatum, on NOS* neurons, but also on
TH™ neurite growth. The effect of nicotinamide enlight-
ens the enzyme PARP-1 as a novel target for neuropro-
tection following insults involving energy failure.
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