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Abstract Exposure to a variety of stressful events during
the last week of pregnancy in rats interferes with the cor-
rect progeny development, which in turn leads to delays in
motor development, impaired adaptation to stressful con-
ditions, altered sexual behaviour, learning deficits, neuro-
nal development and brain morphology. Many of these
alterations have been attributed to changes in dopamine
(DA) neurotransmission and occur primarily in the meso-
limbic system. We found that prenatally stressed offspring
showed higher levels of cells expressing tyrosine hydrox-
ylase (TH) in the ventral tegmental area (VTA) and that
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these cells were more susceptible to a neurochemical insult
with 6-hydroxy-DA (6-OHDA) in adulthood. Moreover,
prenatally stressed rats presented differences in terms of
the number and asymmetry of neuronal nitric oxide syn-
thase-expressing cells in the VTA and nucleus accumbens,
respectively. Similar to the results described for TH-
expressing cells, the nitrergic systems were differentially
regulated after 6-OHDA lesion in control and prenatally
stressed rats. These results indicated that prenatal stress
affects the dopaminergic and nitrergic systems in the
mesolimbic pathway. In addition, we propose that the
mesolimbic areas are more susceptible than the motor areas
to a neurochemical insult during adult life.

Keywords Restraint stress - Limbic areas -
Neurochemical insult - Dopamine - Nitric oxide

Introduction

The midbrain dopaminergic system regulates diverse
behavioural and cognitive functions which are critical for
the integration of mammalian responses and adaptations to
the environment. In humans, dysfunction of the dopami-
nergic system is associated with the development of several
neurological disorders including Parkinson disease (PD),
schizophrenia, attention-deficit hyperactivity disorder and
depression. It has been demonstrated that prenatal stress
(PS) exerts a significant impact on foetal brain develop-
ment in experimental animal models (Weinstock 2001).
Indeed, the last few years have seen an increase in evidence
suggesting that exposure to a variety of stressful events
during the last week of pregnancy in rats interferes with the
correct progeny development, thus leading to delays in
motor development, impaired adaptation to stressful
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conditions, altered sexual behaviour, and learning deficits
(Weinstock 2001, 2008; Huizink et al. 2004; Darnaudery
and Maccari 2008). In addition, the offspring display
anomalies in neuronal development and brain morphology,
as well as changes in cerebral asymmetry which persist into
adulthood (Fride and Weinstock 1989). Evidence provided
by animal research, as well as retrospective studies in
humans, have indicated that exposure to adverse events in
early life can alter adult behaviour and neurochemical
indicators of midbrain dopamine (DA) activity, suggesting
that the development of the DA system is sensitive to
disruption if exposed to early stressors (Baier et al. 2012).

Local injections of 6-hydroxy-DA (6-OHDA) represent
the traditional method used when it comes to producing
neurodegeneration of the DA system. This molecule is
transported into the cell bodies and fibres of both dopa-
minergic and noradrenergic neurons. The intrastriatal
injection of 6-OHDA produces a selective and severe
degeneration of DA nerve terminals in the striatum as well
as a loss of DA cell bodies in the substantia nigra (SN) and
to a lesser extent in the ventral tegmental area (VTA;
Przedborski et al. 1995; Deumens et al. 2002; Debeir et al.
2005).

The pathogenic mechanism which leads to neuronal loss
and neurodegeneration still remains elusive. However,
among another candidates, recent data have identified nitric
oxide (NO)-derived reactive nitrogen intermediates as
critical contributors to protein modification and cell injury
(Eve et al. 1998; Ischiropoulos and Beckman 2003). In
particular, Kiss et al. (1999) showed that endogenously
produced NO may influence the activity of the DA trans-
porter (DAT), the effect of which may have special
importance in the regulation of extracellular DA trans-
mitter concentration in the striatum. In turn, basal ganglia
NO systems can be selectively regulated in response to
changes in dopaminergic input (Eve et al. 1998).

The free radical gas NO, is a highly reactive and short-
lived liposoluble molecule which is generated from the
amino acid L-arginine by a family of enzymes called NO
synthases (NOSs). In the central nervous system, NO is
synthesised by neuronal NOS (nNOS) and was originally
identified as a neurotransmitter (Bredt and Snyder 1992).
Interestingly, NO can lead to neuronal cell death when
produced in excess (Dawson et al. 1991; Zhang et al. 1994)
or can represent an anti-apoptotic factor (Estevez et al.
1998; Kim et al. 1999; Ha et al. 2003). In reference to NO
and 6-OHDA lesion, Barthwal et al. (2001) described the
role of NO in the neurotoxic damage induced by 6-OHDA,
whilst Singh et al. (2010) demonstrated that NO partici-
pates in the neuronal death caused by 6-OHDA. Similarly,
Gomes et al. (2008) and Yuste et al. (2012) found that NO
inhibitors attenuate the 6-OHDA damage in the nigrostri-
atal pathway. Treatment of C6 cells with 6-OHDA

increased the expression of inducible NOS and the sub-
sequent production of NO (Lee et al. 2011).

The aim of the present study was to investigate whether
PS affects the vulnerability of the nigrostriatal dopami-
nergic neurons to degenerate after an intrastriatal 6-OHDA
injection in adult life. The extent of the dopaminergic
damage in the nigrostriatal system measured by tyrosine
hydroxylase (TH) immunohistochemistry (IHC) was simi-
lar in control and prenatally stressed offspring. Unexpect-
edly, we found a decrease of TH immunoreactivity in the
VTA of prenatally stressed offspring, thus prompting us to
explore the characteristics of the lesion in this area. Since it
has been reported that nNOS participates in the 6-OHDA
lesion, we analysed whether or not the neurotoxic insult
differentially affects this system in prenatally stressed
animals. The results are discussed in the context of the
relationship between NO and DA and their vulnerability
following exposure to a prenatal insult.

Materials and Methods
Animals

Virgin females Wistar rats weighing 250 g were obtained
from an outbred colony of rats from the animal facility at
the Facultad de Farmacia y Bioquimica (University of
Buenos Aires). Vaginal smears were collected daily for
8 days before mating to determinate the stage of the oestrus
cycle and the day of conception. On the day of proestrus,
sexually experienced male Wistar rats weighing 250-300 g
were introduced for mating. Vaginal smears were taken on
the following morning. The day on which spermatozoa
were found in the smear was designated day 1 of preg-
nancy. A constant light/dark cycle (on at 06:00 h, off at
18:00 h) and the temperature of 21-25 °C were main-
tained. All procedures were in agreement with the stan-
dards for the care of laboratory animals as outlined in the
NIH Guide for the Care and Use of Laboratory Animals
and approved by the Institutional Animal Care and Use
Committee (Facultad de Medicina, Universidad de Buenos
Aires, Argentina). Care was taken to minimise the number
of animals used.

Prenatal Procedures

Pregnant dams were randomly assigned to either the con-
trol or the PS group and were individually housed with
ad libitum access to standard rat chow and water. Control
rats were left undisturbed in the home cage, while PS dams
were subjected to a restraint stress procedure, which
involved rats being transferred to an experimental room
where the stressor was applied. Pregnant females were
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individually placed into a transparent plastic restrainer
fitted closely to body size for three 45 min periods per day
(9:00, 12:00 and 16:00 h) between days 14 and 21 of the
pregnancy. The restrainer was fitted with ventilation holes,
whilst the dimensions needed for a pregnant rat of 350 g
involved an internal diameter of 64 mm with an adjustable
length of 149-208 mm. This type of stress was chosen
because it has an indirect influence on the foetuses via a
direct stress on the mother (Ward and Weisz 1984; Maccari
et al. 1995). The sessions were performed in a lit envi-
ronment. No other subjects were present in the experi-
mental room during the stress exposure. At the end of the
stress session, the rats were returned to the animal housing
room and were then individually housed with free access to
food and water. On the day of parturition, litter charac-
teristics were recorded and culled to 10 pups, maintaining
similar numbers of males and females wherever possible.
The male and female offspring were housed in separate
cages, with no more than five pups per cage, and with
standard rat chow and water ad libitum. Only male off-
spring were used in this study, whilst in order to prevent
litter effects, a maximum of one—two pups from each litter
were tested in each experiment.

6-OHDA Lesion Procedure

The procedure was performed following the protocol
described in Debeir et al. (2005). Briefly, control and
prenatal stressed males at postnatal day (PND) 75 of age
(average weight ~ 320 g) were injected with desipramine
(25 mg/kg i.p.) 1 h prior to surgery so as to protect nor-
adrenergic pathways against 6-OHDA neurotoxicity. Fifty
minutes later, animals were anesthetised with a Ketamine/
Xylazine mixture (50 and 8 mg/kg, respectively) and
placed in a small animal stereotaxic apparatus. Following
incision of the scalp, a small drill hole was made in the
skull and a pulled-glass injection cannula was slowly
inserted into the right striatum at the following stereotaxic
coordinates: 0.5 mm anterior and 3.5 mm lateral to
bregma, —5.0 mm ventral from dura mater. Following this,
6-OHDA hydrobromide (8.75-ug of 6-OHDA in 2-pL of
0.9 % NaCl containing 0.02 % ascorbic acid) was then
injected (Debeir et al. 2005). The cannula was left in place
for 5 min at the end of the injection to prevent reflux and to
allow for toxin diffusion. Control and prenatal stressed
animals which received an ipsilateral intrastriatal injection
of the vehicle alone (2 uL of 0.9 % NaCl containing
0.02 % ascorbic acid) served as the sham groups. The scalp
wound was then sutured, and the animals were housed
singly until sacrifice 28 days later. We used n = 4-5 rats
per condition. As a result, four experimental groups were
obtained: (1) control-sham (control rats injected with
vehicle), (2) PS—sham (prenatally stressed rats injected
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with vehicle), (3) control-6-OHDA (control rats injected
with 6-OHDA) and (4) PS-6-OHDA (prenatally stressed
rats injected with 6-OHDA).

Tissue Preparation

Twenty-eight days following the intrastriatal injection, rats
were deeply anesthetised with a Ketamine/Xylazine mix-
ture and perfused through the cardiac left ventricle, initially
with 50 mL of cold physiological saline (0.9 % NaCl
solution containing 0.05 % w/v NaNO, plus 50 IU of
heparin), followed by a perfusion with 500 mL of fixative
(4 % paraformaldehyde in 100 mM phosphate buffer, PBS,
pH 7.4). The brains were then removed, post-fixed for 2 h
in 4 % paraformaldehyde, cryoprotected by subsequent
overnight immersion in 15 and 30 % sucrose, and finally
stored at —80 °C until processing for IHC. Twenty series
of 25-pum-thick coronal sections for the striatum and 12 for
the midbrain were cut on a cryostat. Slices were stored at
—20 °C in PBS pH 7.4, with 50 % w/v glycerol added as a
cryoprotector until their use in immunohistochemical
studies.

Immunohistochemistry

Immunohistochemical reactions were performed on
25-um-thick free-floating sections encompassing the entire
striatum or midbrain. To inhibit endogenous peroxidase
activity, tissue sections were treated with 0.3 % v/v H,O,
in PBS containing 0.15 % Triton X-100 (PBST) for 30 min
at room temperature. Following this, and in order to block
non-specific binding sites, brain sections were incubated
for 1 h with 5 % v/v normal goat serum in PBST. Sections
were incubated overnight at 4 °C with primary antibodies
to TH (1:500; US Biological, MA, USA) and nNOS (1/
2,000 sc-648, Santa Cruz Biotechnology, CA, USA). After
five rinses in PBST, sections were incubated for 1 h at
room temperature with biotinylated secondary antibodies
diluted 1:200. After further washing in PBST, sections
were incubated for 90 min with streptavidin—peroxidase
complex (1:200; Sigma, St. Louis, MO, USA). Sections
were then washed three times in PBST and twice in 0.1 M
acetate buffer, pH 6 (AcB), whilst development of perox-
idase activity was carried out with 0.035 % w/v 3,30-di-
aminobenzidine hydrochloride (DAB, Sigma) plus 2 % w/v
nickel ammonium sulphate and 0.1 % v/v H,O, dissolved
in AcB. Alternatively, after the incubation with the bio-
tinylated secondary antibody, samples were incubated with
avidin-biotinylated horseradish peroxidase complex (Vec-
tastain, ELITE ABC kit, Vector Laboratories, Burlingame,
CA, USA). Finally, the substrate H,O, (0.015 %) was
added in the presence of 0.05 % DAB in order to visualise
the antigen—antibody complex. Following the enzymatic
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Fig. 1 Representatives coronal sections used for densitometry or cell
count analysis of rat brain regions. Samples include 25 pm from
a +2.52 to —1.56 mm AP, b —5.28 to —6.24 mm AP relative to
bregma, according to Paxinos and Watson (1986). The bar in
a indicate the location of the cannulae for 6-OHDA injections and the
stereotaxic coordinates: 0.5 mm anterior and 3.5 mm lateral to
bregma, —5.0 mm ventral from dura mater. CPu caudate putamen,
NAcC nucleus accumbens core, SN substantia nigra, VTA ventral
tegmental area. The areas indicated in grey were used for the analysis

reaction step, sections were washed five times in AcB.
Finally, sections were mounted on gelatine-coated slides
before being air dried and coverslipped using Permount for
light microscope observation.

Image Analysis

In order to ensure objectivity, all measurements were per-
formed on coded slides, under blind conditions, carrying out
the measurements of immunolabelled brain sections of both
controls and prenatally stressed rats with the same standard-
ised observation schedule. A single series of sections from
each animal of each group was used for quantification. The
optical densities of the TH+ fibres in the striatum were
measured using a computerised image analysis system
(MCID, Imaging Research, St. Catharines, Ontario, Canada)
reading optical density as grey levels. For each brain, the
optical density was measured at eight different rostrocaudal
levels along the extent of the striatum, from +2.52 to
—1.56 mm AP relative to bregma (Paxinos and Watson 1986)
(Fig. 1). For each brain level, nonspecific background densi-
ties were measured in a region devoid of TH-immunostaining,
such as the corpus callosum, and were subtracted from the
striatal optical density values. Optical density values for the
striatum on the ipsilateral side of lesioned and unlesioned
animals were expressed as a percentage of their nonlesioned
contralateral side. Stained neurons, TH+ and nNOS+, were
counted using a computerised image analysis system. Images
were captured from slices using a Zeiss microscope and CCD
camera, together with Image Pro-Plus software 9.0 (Media
Cybernetics, Inc., Bethesda, MD, USA) or Nikon Eclipse
E-600 using a K2E Apogee CCD camera driven by CCDOPS

software (Santa Barbara Instrument Group, Santa Barbara,
CA, USA). In order to count TH and nNOS-immunoreactive
neurons in all of the SN and VTA, sections encompassing
rostral, middle, and caudal levels of the whole SN and whole
VTA from its rostral to caudal extent were examined. These
range from —5.28 to —6.24 mm AP relative to bregma
(Paxinos and Watson 1986). For the analysis, we delimited the
area according to Paxinos and Watson (1986) (Fig. 1) in each
section, whilst the number of neurons obtained was norma-
lised to a fixed size/area (0.5 mmz).

In order to count nNOS-immunoreactive neurons in the
striatum and nucleus accumbens (NAc), we analysed different
rostrocaudal levels along the extent of the striatum (from
+2.52 to —1.56 mm AP relative to bregma Paxinos and
Watson 1986) and the NAc (from +2.76 to +0.76 mm AP
relative to bregma Paxinos and Watson 1986), respectively
(Fig. 1). For the analysis, the area was delimited according to
Paxinos and Watson (1986) in each section (Fig. 1), whilst the
number of neurons obtained was normalised to a fixed size/
area (0.5 mmz). The average section thickness was 25 pm.
Since measurements were made on every 12th or 20th serial
section (i.e. separated by 300-500 um), it was unlikely that a
neuron would be analysed twice.

Statistical Analysis

TH+ and nNOS+- cells counts results were analysed using
three way-ANOVA in order to evaluate the differences
between prenatal treatment (C, control, or PS), postnatal
treatment (sham or 6-OHDA administration), hemisphere
(ipsilateral or contralateral) and possible interactions
between the three factors. When interactions were found,
simple effects two-way or one-way ANOVA analyses were
conducted, followed by Tukey post hoc test, for multiple
comparison. Visual inspection of histograms, gg plots and
random distribution of fitted values were checked. All
results are presented as mean + SEM. The observed dif-
ferences were considered to be statistically significant
when p < 0.05. n values reported in the figures represent
number of litters. Analysis of data was performed using
SPSS 13.0 version and Infostat 2013. Optical density
measurements at seven different anatomical levels in sham
and lesioned animals were compared as above.

Results
Effect of Intrastriatal 6-OHDA Injection on TH-
Immunoreactivity in the Striatum of Control

and Prenatally Stressed Rats

In order to evaluate whether the nigrostriatal system of the
adult prenatally stressed offspring has a differential
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Fig. 2 Effect of intrastriatal 6-OHDA injection on striatal TH+
fibres. a Photomicrographs show four sections at equally spaced
rostrocaudal ipsilateral levels of the sham (control and PS) and
6-OHDA injected animals (control and PS). Scale bar 1 mm.
b Quantification of striatal TH immunoreactivity by optical density
measurements in the whole striatum. Values represent the percentage

susceptibility to a neurochemical insult we injected
6-OHDA into the striatum of control and prenatally stres-
sed males at PND 75. PS did not interfere with the length
of gestation, number, ratio, weight of the pups at birth as
well as body gain weight of offspring (Berger et al. 2002;
Barros et al. 2004; Pallares et al. 2013). The experimental
groups were designated as follows: (1) control-sham
(control rats injected with vehicle), (2) PS—sham (prena-
tally stressed rats injected with vehicle), (3) control-6-
OHDA (control rats injected with 6-OHDA) and (4) PS—6-
OHDA (prenatally stressed rats injected with 6-OHDA).
The extent of DA denervation at 28 days after the unilat-
eral injection of 6-OHDA into the dorsal part of the stria-
tum was analysed by IHC in serial coronal sections
throughout the rostrocaudal extent of the structure. Rep-
resentative images from four different levels of the ipsi-
lateral side of sham and lesioned animals are illustrated in
Fig. 2a. The 6-OHDA lesion affected the dorsolateral part
of the striatum (Fig. 2a, b). Quantitative analysis revealed a
mean TH-immunoreactivity of 56.8 (+4.7) % and 64.0
(£9.5), in control- and PS—-6-OHDA rats, respectively, in
the ipsilateral lesioned striatum with respect to contralat-
eral striatum, compared with its corresponding sham group
(Fig. 2b). We did not found an interaction between prenatal
and postnatal factors. As shown in Fig. 2b, TH immuno-
reactivity levels were not affected by prenatal treatment but
decreased after 6-OHDA lesion in both groups
[F(1,16) = 33.54, p <0.0001 for sham vs. 6-OHDA
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(mean == SEM) of the optical density of the contralateral (intact)
striatum; n = 4-5 litters per condition. Two-way ANOVA followed
by main effects analyses: F(1,16) = 33.54, p < 0.0001 for sham
versus 6-OHDA factors. Different letters depicts significant differ-
ences between groups with p < 0.0001

factors], i.e. PS did not differentially affect the degree of
the 6-OHDA lesion in the striatum of prenatally stressed
rats.

Evaluation of the Relative Number of TH+ Neurons
in the SN and VTA in Control and Prenatally Stressed
Rats

TH+ cell loss in whole SN from control and prenatally
stressed animals was assessed as described in “Materials
and Methods” section. No statistical interaction between
pre- and postnatal treatments (PS and 6-OHDA lesion,
respectively) weas found, but there is an effect as a con-
sequence of 6-OHDA lesion [F(1,26) = 11.40, p = 0.0023
for postnatal treatment factor effect]. No effects between
hemispheres were found in sham animals (Fig. 3b). After
6-OHDA treatment, as expected, there were a statistically
significant differences between hemispheres in 6-OHDA
treated rats [F(1,26) = 35.38, p < 0.001 for ipsi- vs. con-
tralateral hemispheres in 6-OHDA group]. Quantitatively, a
mean loss of 48 % (TH+ cells/0.5 mm? control-6-OHDA
ipsi-/contralateral 65 £ 5/124 £ 5) and of TH 36 % (TH+
cells/0.5 mm?® PS—6-OHDA ipsi-/contralateral 78 =+ 11/
122 + 4) were obtained in controls- and PS-6-OHDA rats,
respectively, in the whole ipsilateral side of SN respect to
contralateral SN in the same animal (Fig. 3b). Interest-
ingly, we found an effect of treatment in the contralateral
hemisphere as a consequence of the 6-OHDA treatment
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Fig. 3 Effect of intrastriatal 6-OHDA injection on TH+ cells and
fibres in the ventral mesencephalon. a Photomicrographs show the
ipsilateral side at three different levels of the ventral mesencephalon
in sham and 6-OHDA-lesioned rats. Scale bar 500 pm. b Quantifica-
tion of TH+ neurons of the entire SN. Three-way ANOVA followed
by main effects analyses: F(1,26) = 11.40, p = 0.0023 for postnatal
treatment factor effect; interaction between side and postnatal
treatment was statistically significant [F(1,26) = 40.18, p < 0.001
for postnatal treatment vs. hemisphere factors], F(1,26) = 35.38,
p <0.001 for left versus right hemispheres in 6-OHDA group,
F(1,26) = 4.53, p < 0.05 sham versus 6-OHDA in left hemispheres.

when compared to the sham animals [F(1,26) = 4.53,
p < 0.05 sham vs. 6-OHDA in contralateral hemispheres].
In summary, PS did not affect the extent of the 6-OHDA
lesion in the SN.

We also determined the relative TH+ cell number in
control and prenatally stressed animals in VTA (Fig. 3a, c).

control
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control PS control PS
sham 6-OHDA

¢ Quantification of TH+ neurons of the entire VTA. Three-way
ANOVA followed by main effects analyses: interaction between pre-
and postnatal treatment [F(1,43) = 7.79, p = 0.0078 for pre- vs.
postnatal treatment factors], F(1,43) = 22.35, p < 0.001 for control
versus PS factors in the sham group, F(1,43) = 7.778, p < 0.01 for
sham versus 6-OHDA factor in the PS group. Values represent
(mean == SEM) TH+ cells/0.5 mm?;, n = 4-5 litters per condition.
“Ipsi” and “cont” indicate ipsi- and contralateral sides respect to
6-OHDA-injection side, respectively. Different letters depicts signif-
icant differences between groups

We found that PS—sham offspring showed an increased
number of TH+ cells compared with control-sham ani-
mals. We found a statistically significant interaction
between pre- and postnatal treatment [F(1,43) = 7.79,
p = 0.0078 for pre- vs. postnatal treatment factors]. We
did not found an interaction between hemispheres and

@ Springer



280

Neurotox Res (2014) 26:274-284

postnatal treatment [F(1,43) = 1.18, p > 0.05]. When we
compare the sham animals we found an effect as a con-
sequence of prenatal treatment, i.e., the prenatal stressed
rats showed and increased number of TH+ cells in the
VTA (TH+ cells/0.5 mm® PS—sham ipsi-/contralateral
264 £ 10/248 £ 7) compared with control animals (TH+
cells/0.5 mm? control-sham ipsi-/contralateral 196 + 4/
195 £ 9) [F(1,43) = 22.35, p < 0.001 for control vs. PS
factors in the sham group]. Similar to Debeir et al. (2005)
an intrastriatal injection of 6-OHDA did not affect the
number of TH+ cells in the VTA of the control-6-OHDA
group (TH+ cells/0.5 mm? control-6-OHDA ipsi-/contra-
lateral 200 £ 7/226 + 10; Fig. 3c), although 6-OHDA
negatively affected the TH4 cell number in prenatally
stressed offspring (TH+ cells/0.5 mm? PS—6-OHDA ipsi-/
contralateral 231 £ 15/225 + 6), compared with PS—sham
group [F(1,43) = 7.778, p < 0.01 for sham vs. 6-OHDA in
the PS group]. In summary, PS increased the population of
TH+ cells in the VTA and intrastriatal 6-OHDA lesion
reduced this cell population to the levels of the control
group (control-sham/6-OHDA).

Evaluation of the Relative Number of nNOS+ Neurons
in the Mesolimbic System, in Control and Prenatally
Stressed Rats

We analysed the effects of PS on the population of cells
which express nNOS in the VTA and the NAc. We found
an interaction between prenatal and postnatal treatment
[F(1,16) = 40.08, p < 0.001 for pre- and postnatal fac-
tors]. We did not found an interaction between hemispheres
and postnatal treatment [F(1,16) = 0.06, p = 0.8033]. As
shown in Fig. 4, the number of nNOS+ cells in VTA
increased significantly in PS—sham rats (nNOS+ cells/
0.5 mm? PS—sham ipsi-/contralateral 170 & 18/160 + 5)
when compared to the control-sham group (nNOS+ cells/
0.5 mm? control-sham ipsi-/contralateral 78 + 1/84 4 7)
[F(1,16) = 62.06, p < 0.001 for control vs. PS factors in
the sham group]. Whilst the control-6-OHDA group
showed a slight increase in the number of nNOS+ cells
after 6-OHDA treatment (nNOS+ cells/0.5 mm? control—
6-OHDA ipsi-/contralateral 110 + 12/111 £ 17) [F(1,16) =
7.5, p <0.05 for sham vs. 6-OHDA factor in control
group], the PS-6-OHDA group showed the opposite
response after 6-OHDA treatment: PS—-6-OHDA rats
showed a decreased number of nNOS+ cells as a conse-
quence of the intrastriatal 6-OHDA lesion (nNOS+ cells/
0.5 mm” PS—6-OHDA ipsi-/contralateral 98 + 7/100 % 7)
[F(1,16) = 39.175, p < 0.001 for sham vs. 6-OHDA factor
in PS group] (Fig. 4b). Following 6-OHDA treatment,
control- and PS—6-OHDA rats did not show differences in
terms of nNOS+ cell number.
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Fig. 4 Relative number of nNOS+ cells in the VTA of control and
PS rats, sham and treated with 6-OHDA. a Representative sections at
equally spaced rostrocaudal sides of VTA in control and PS rats, sham
or treated with 6-OHDA, respectively. The inset corresponds to the
same image at low magnification. Scale bar 250 pm. b Quantification
of nNOS+ cells in the VTA of control and PS animals, sham or
6-OHDA lesioned. Three-way ANOVA followed by main effects
analyses: interaction between pre- and postnatal treatment
[F(1,16) = 40.08, p <0.001 for pre- and postnatal factors],
F(1,16) = 62.06, p < 0.001 for control versus PS factor in sham
group, [F(1,16) = 7.5, p <0.05 for sham vs. 6-OHDA factor in
control group], F(1,16) = 39.175, p < 0.001 for sham vs. 6-OHDA
factor in PS group. Values represent (mean == SEM) nNOS+ cells/
0.5 mm?; n = 3 litters per condition. “Ipsi” and “cont” in bar graph
indicate ipsi- and contralateral sides respect to 6-OHDA-injection
side, respectively. Different letters depicts significant differences
between groups

As shown in Fig. 5, PS—sham rats presented differences
related to the number of nNOS+ cells in the NAc core
(NAcC), compared with control-sham animals. Interest-
ingly, the control-sham group presented an asymmetrical
distribution of nNOS+ cells in the NAcC (nNOS+ cells/
0.5 mm” control-sham ipsi-/contralateral 10 & 1/16 % 2)
[F(1,16) = 18.55, p < 0.001 for ipsi- vs. contralateral
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Fig. 5 Relative number of A
nNOS+ cells in the NAcC of

control

PS

control and PS rats, sham and
treated with 6-OHDA.

a Representative sections at
equally spaced rostrocaudal
ipsilateral and contralateral
sides of NAcC in control and PS
rats, sham and treated with
6-OHDA, respectively. The
inset corresponds to the same
image at low magnification.
Scale bar 250 pm.

b Quantification of nNOS+
cells in the NAcC of control and
PS animals, sham or 6-OHDA
lesioned. Three-way ANOVA
followed by main effects
analyses: F(1,16) = 18.55,

p < 0.001 for contra- versus
ipsilateral hemisphere factors in
control group, F(1,16) = 11.6,

p < 0.001 for control versus PS B b
factors in the ipsilateral 18 -
hemisphere, F(1,16) = 5.32, b b NAcC
p < 0.05 for sham versus (\E 16
6-OHDA factors in the ,_,E, 14 4 ab abab
contralateral hemisphere of o ab
control group. Values represent 0 1o
(mean == SEM) nNOS+ cells/ 8
0.5 mm>. n = 3 litters per + 10 4
condition. “Ipsi” and “cont” in 8
bar graph indicate ipsi- and Z 81
contralateral sides respect to ‘.c:_) 6
6-OHDA-injection side, et T
respectively. Different letters S 4 4
depicts significant differences g
between groups C 24
0
control PS control PS
ipsi
I cont sham 6-OHDA

hemisphere factors in control group]. However, the asym-
metry was lost in the PS—sham group (nNOS+ cells/
0.5 mm? PS—sham ipsi-/contralateral 15 + 1/15 £ 1) and
consequently showed an increased number of nNOS+- cells
in the ipsilateral hemisphere compared with the control—
sham group [F(1,16) = 11.6, p < 0.001 for control vs. PS
factors in the ipsilateral hemisphere]. Following the intra-
striatal 6-OHDA lesion, the contralateral hemisphere of the
control-6-OHDA group showed a decrease in the number
of nNOS+ cells (nNOS+ cells/0.5 mm? control-6-OHDA
ipsi-/contralateral 13 &£ 0.3/13 &£ 1), losing its asymmetry
[F(1,16) = 5.32, p < 0.05 for sham vs. 6-OHDA factors in
the contralateral hemisphere of control group]. The number
and distribution of nNOS+ cells in the NAcC of 6-OHDA
lesioned animals showed no changes between control and
prenatally stressed rats. No changes in the number and
distribution of nNOS+ cells in the NAc shell were
observed in both analysed groups (data not shown).

Additionally, we also analysed the effect of PS on the
relative number of cells expressing nNOS in the nigro-
striatal pathway. No differences were found between con-
trol and prenatally stressed rats. The data are resumed in
Table 1.

Discussion

In the present article, we demonstrate that prenatally
restrained stressed rats showed an increased number of
TH+ cells in the VTA (PS—sham) and that a neurochemical
insult during adulthood (PS—6-OHDA) reduced this popu-
lation to the levels of control cells (control-sham/6-
OHDA). Additionally, the population of nNOS neurons
was quantitatively different between control- and PS—sham
rats in two areas corresponding to the mesolimbic system:
NAcC and VTA. Moreover, we found no alterations in the
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Table 1 Effect of unilateral striatal 6-OHDA injection on nNOS+ cell/0.5 mm? in striatum and SN

Brain areas Sham 6-OHDA

Control PS Control PS

Ipsi Contr Ipsi Contr Ipsi Contr Ipsi Contr
Striatum 10.0 £ 0.7* 9.5 £ 0.5 109 £ 0.3* 104 £ 0.2* 124 + 0.6° 10.2 £ 0.2* 13.5 + 0.4° 11.1 £ 0.3*
SN 123 £+ 1.4° 11.8 £ 0.9* 11.6 £ 0.2* 11.8 £ 0.3* 16.8 + 0.5° 10.6 £ 1.1* 18.0 £ 0.7° 10.9 £ 0.6*

Quantification of nNOS+ neurons in the striatum and SN. Values represent (mean £ SEM) nNOS+ cells/0.5 mm?; n = 3 litters per condition.
Three-way ANOVA followed by main effects analyses. In striatum: F(1,16) = 26.12, = 0.0001 for postnatal treatment factor effect; interaction
between side and postnatal treatment was statistically significant [F(1,16) = 8.55, p = 0.0099 for postnatal treatment vs. hemisphere factors];
F(1,16) = 27.84, p < 0.001 for ipsi- versus contralateral hemispheres in 6-OHDA group; F(1,16) = 32.15, p < 0.001 sham versus 6-OHDA in
ipsilateral hemispheres. In SN: F(1,16) = 15.46, p = 0.0012 for postnatal treatment factor effect; interaction between side and postnatal
treatment was statistically significant [F(1,16) = 32.00, p < 0.0001 for postnatal treatment vs. hemisphere factors]; F(1,16) = 67.01, p < 0.001
for ipsi- versus contralateral hemispheres in 6-OHDA group; F(1,16) = 46.03, p < 0.001 sham versus 6-OHDA in ipsilateral hemispheres.

Different letters depicts significant differences between groups

number of TH+ or nNOS+-expressing cells in the nigro-
striatal system. These results were in agreement with pre-
vious results from our laboratory showing that prenatal
restraint stress affected mostly limbic areas of the offspring
rather than motor areas (Baier et al. 2012).

The intrastriatal lesion of 6-OHDA is classically used as
a model for PD due to the fact that it primarily produces
nigrostriatal neuronal death. The fact that the procedure
employed by Debeir et al. (2005) produced minimal lesions
to the VTA of undisturbed animals (control-6-OHDA),
allowed us to demonstrate the increased sensitivity of TH+
neurons in this area of prenatally stressed offspring (PS—6-
OHDA).

Nurrl and Pitx3, two critical transcription factors reg-
ulating the development and maintenance of midbrain
dopaminergic neurons, were affected in prenatally stressed
adult offspring (Katunar et al. 2009, 2010). It is interesting
to note that Katunar et al. (2010) reported that the
expression of both Nurrl and Pitx3 increased in prenatally
stressed adult offspring in the VTA, although no changes
were observed in the SN. In agreement with this observa-
tion, the present work revealed an increased population of
TH-expressing neurons in the VTA of prenatally stressed
rats (PS—sham) with a differential susceptibility to a neu-
rochemical insult in the adulthood. Similarly, McArthur
et al. (2005, 2007) demonstrated that pre- and postnatal
exposure to dexamethasone increased the number of TH+
cells in the VTA. A possible mechanism involved in this
differential neurotoxicity of 6-OHDA in the VTA of pre-
natally stressed rats could be explained on the basis of the
higher levels of Nurrl observed in this area (Katunar et al.
2010). Higher levels of Nurrl might up-regulate TH
expression (Smidt and Burbach 2007), and eventually, as
we proposed recently (Baier et al. 2012), also increase the
expression or activity of DAT and vesicular monoamine
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transporter 2. We recently found that adult prenatally
stressed rats displayed an increased activity of DAT
(measured by [PH]DA uptake) in the NAc but not in the
striatum (unpublished results). The expression of DAT was
not affected in those brain areas (unpublished results).
Uptake of 6-OHDA to DA terminals is mediated by DAT
or noradrenaline transporter (Simola et al. 2007). There-
fore, the neurotoxic effects of 6-OHDA would be facili-
tated in the VTA of prenatally stressed offspring with a
higher activity of DAT.

The results described in the present study suggested the
existence of a deregulation between the dopaminergic and
the nitrergic system in the VTA of rats which were pre-
natally stressed. The combined analysis of the results
obtained in control offspring showed that the VTA
responded to the neurotoxic aggression of 6-OHDA, thus
increasing the number of nNOS cells, whose function
might be involved in the neuroprotection of TH+ cells.
However, this neuroprotective response would be impaired
in prenatally stressed offspring. In support of this hypoth-
esis, Klejbor et al. (2004) showed that TH+ and NOS+
neurons interact with each other in the VTA; and nNOS
knockout mice expressed lower levels of TH+ neurons in
the VTA compared to the wild type counterparts, sug-
gesting an essential role of nNOS in regulating the meso-
limbic DA system (Balda et al. 2009).

It is interesting to note that undisturbed animals (con-
trol-sham) present an asymmetry in the number of neurons
which express nNOS in the NAcC. This asymmetry was
lost in PS—sham/6-OHDA as well as in control-6-OHDA
groups. Alterations in NAc after intrastriatal injections of
6-OHDA were previously reported (Przedborski et al.
1995). Bilateral injection of 6-OHDA in the ventral stria-
tum of rats modified the DA metabolism at the NAc (Kuter
et al. 2011). Unilateral injection of 6-OHDA into the SN
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affected the TH immunoreactivity in the NAc (Steiner and
Kitai 2001). Gomes and Del Bel (2003) observed changes
in the number nNOS cells in the NAc contralaterally to the
lesion after unilateral 6-OHDA injection in the medial
forebrain bundle. Adrover et al. (2007) described that D2
DA receptors were asymmetrically distributed in the NAcC
of the control group but not in prenatally stressed rats. The
NO and DA systems are inter-related in the NAcC: Hoque
and West (2012) demonstrated that nNOS activity is dif-
ferentially modulated by DA D1 and D2 receptor activation
in distinct subregions of the NAcC. In addition, Ohno et al.
(1995) described how NO mediates DA release from
NMDA receptor activation in the NAc. Several studies
from our laboratory (Berger et al. 2002; Barros et al. 2004;
Adrover et al. 2007), as well as the present article, repre-
sent a final brain snapshot demonstrating that PS results in
a long lasting alteration of the DA and NO systems in the
VTA and NAcC of the offspring. These changes could be
responsible for the long term behavioural and cognitive
impairments observed in prenatally stressed rats (Lemaire
et al. 2000; Weinstock 2001, 2008; Kofman 2002; Pardon
and Rattray 2008; Hausknecht et al. 2013). More studies
will be necessary in order to understand whether the
modifications observed in these systems are independent or
are consequences of a developmental and complex
interrelationship.

Together, the results described in the present article
were in agreement with the literature (Kofman 2002; Rice
et al. 2007; Markham et al. 2010; Sun et al. 2013; and with
previous studies from our laboratory reviewed in Baier
et al. 2012). Biochemical alterations in the brain of pre-
natally restrained stressed rats were mainly observed in
limbic areas rather than in motor areas, thus suggesting that
these animals could be more prone to developing cognitive,
reward and motivational disorders rather than motor-rela-
ted affections.

Acknowledgments The authors wish to thank Dr. Ana Maria
Adamo and Ms. Maria Florencia Almeira Gubiani (Instituto de Qui-
mica y Fisicoquimica Bioldgicas, Facultad de Farmacia y Bioqui-
mica, Universidad de Buenos Aires, Buenos Aires, Argentina) for
their valuable assistance in the stereotaxical experiments as well as
Mr. Majid Amar (INSERM UMRS 975, CRICM, ICM, Thérapeu-
tique Expérimentale de la Neurodégénérescence, Paris, France) for
his assistance in IHC experiments. We are also indebted to Martin
Brahamian and Mercedes Imsem (Universidad de Buenos Aires,
Buenos Aires, Argentina) for their help and supervision in the man-
agement and care of the rats. The skilful technical assistance of Mrs.
Susana Buglione (Instituto de Quimica y Fisicoquimica Bioldgicas,
Facultad de Farmacia y Bioquimica, Universidad de Buenos Aires,
Buenos Aires, Argentina) is greatly appreciated. This research was
supported by Grants from CONICET (PIP 2065), ANPCYT (PICT
31981 and PICT 0040), and Bernardo Houssay Program (CONICET/
MINCyT/France Embassy).

Conflicts of interest The authors report no conflicts of interest. The
authors alone are responsible for the content and writing of the paper.

References

Adrover E, Berger MA, Perez AA, Tarazi FI, Antonelli MC (2007)
Effects of prenatal stress on dopamine D2 receptor asymmetry in
rat brain. Synapse 61(6):459-462

Baier CJ, Katunar MR, Adrover E, Pallares ME, Antonelli MC (2012)
Gestational restraint stress and the developing dopaminergic
system: an overview. Neurotox Res 22(1):16-32. doi:10.1007/
$12640-011-9305-4

Balda MA, Anderson KL, Itzhak Y (2009) The neuronal nitric oxide
synthase (nNOS) gene contributes to the regulation of tyrosine
hydroxylase (TH) by cocaine. Neurosci Lett 457(3):120-124.
doi:10.1016/j.neulet.2009.04.011

Barros VG, Berger MA, Martijena ID, Sarchi MI, Perez AA, Molina
VA, Tarazi FI, Antonelli MC (2004) Early adoption modifies the
effects of prenatal stress on dopamine and glutamate receptors in
adult rat brain. J Neurosci Res 76(4):488-496

Barthwal MK, Srivastava N, Dikshit M (2001) Role of nitric oxide in
a progressive neurodegeneration model of Parkinson’s disease in
the rat. Redox Rep Commun Free Radic Res 6(5):297-302

Berger MA, Barros VG, Sarchi MI, Tarazi FI, Antonelli MC (2002)
Long-term effects of prenatal stress on dopamine and glutamate
receptors in adult rat brain. Neurochem Res 27(11):1525-1533

Bredt DS, Snyder SH (1992) Nitric oxide, a novel neuronal
messenger. Neuron 8(1):3—11

Darnaudery M, Maccari S (2008) Epigenetic programming of the stress
response in male and female rats by prenatal restraint stress. Brain
Res Rev 57(2):571-585. doi:10.1016/j.brainresrev.2007.11.004

Dawson VL, Dawson TM, London ED, Bredt DS, Snyder SH (1991)
Nitric oxide mediates glutamate neurotoxicity in primary cortical
cultures. Proc Natl Acad Sci USA 88(14):6368-6371

Debeir T, Ginestet L, Francois C, Laurens S, Martel JC, Chopin P,
Marien M, Colpaert F, Raisman-Vozari R (2005) Effect of
intrastriatal 6-OHDA lesion on dopaminergic innervation of the
rat cortex and globus pallidus. Exp Neurol 193(2):444-454.
doi:10.1016/j.expneurol.2005.01.007

Deumens R, Blokland A, Prickaerts J (2002) Modeling Parkinson’s
disease in rats: an evaluation of 6-OHDA lesions of the nigrostriatal
pathway. Exp Neurol 175(2):303-317. doi:10.1006/exnr.2002.7891

Estevez AG, Spear N, Thompson JA, Cornwell TL, Radi R, Barbeito
L, Beckman JS (1998) Nitric oxide-dependent production of
cGMP supports the survival of rat embryonic motor neurons
cultured with brain-derived neurotrophic factor. J Neurosci
18(10):3708-3714

Eve DJ, Nisbet AP, Kingsbury AE, Hewson EL, Daniel SE, Lees AJ,
Marsden CD, Foster OJ (1998) Basal ganglia neuronal nitric
oxide synthase mRNA expression in Parkinson’s disease. Brain
Res Mol Brain Res 63(1):62-71

Fride E, Weinstock M (1989) Alterations in behavioral and striatal
dopamine asymmetries induced by prenatal stress. Pharmacol
Biochem Behav 32(2):425-430

Gomes MZ, Del Bel EA (2003) Effects of electrolytic and
6-hydroxydopamine lesions of rat nigrostriatal pathway on nitric
oxide synthase and nicotinamide adenine dinucleotide phosphate
diaphorase. Brain Res Bull 62(2):107-115

Gomes MZ, Raisman-Vozari R, Del Bel EA (2008) A nitric oxide
synthase inhibitor decreases 6-hydroxydopamine effects on
tyrosine hydroxylase and neuronal nitric oxide synthase in the
rat nigrostriatal pathway. Brain Res 1203:160-169. doi:10.1016/
j.brainres.2008.01.088

HaKS, Kim KM, Kwon YG, Bai SK, Nam WD, Yoo YM, Kim PK, Chung
HT, Billiar TR, Kim YM (2003) Nitric oxide prevents 6-hydroxy-
dopamine-induced apoptosis in PC12 cells through cGMP-dependent
PI3 kinase/Akt activation. FASEB J Off Publ Fed Am Soc Exp Biol
17(9):1036-1047. doi:10.1096/1j.02-0738com

@ Springer


http://dx.doi.org/10.1007/s12640-011-9305-4
http://dx.doi.org/10.1007/s12640-011-9305-4
http://dx.doi.org/10.1016/j.neulet.2009.04.011
http://dx.doi.org/10.1016/j.brainresrev.2007.11.004
http://dx.doi.org/10.1016/j.expneurol.2005.01.007
http://dx.doi.org/10.1006/exnr.2002.7891
http://dx.doi.org/10.1016/j.brainres.2008.01.088
http://dx.doi.org/10.1016/j.brainres.2008.01.088
http://dx.doi.org/10.1096/fj.02-0738com

284

Neurotox Res (2014) 26:274-284

Hausknecht K, Haj-Dahmane S, Shen RY (2013) Prenatal stress
exposure increases the excitation of dopamine neurons in the
ventral tegmental area and alters their responses to psychostim-
ulants. Neuropsychopharmacology 38(2):293-301. doi:10.1038/
npp.2012.168

Hoque KE, West AR (2012) Dopaminergic modulation of nitric oxide
synthase activity in subregions of the rat nucleus accumbens.
Synapse 66(3):220-231. doi:10.1002/syn.21503

Huizink AC, Mulder EJ, Buitelaar JK (2004) Prenatal stress and risk
for psychopathology: specific effects or induction of general
susceptibility? Psychol Bull 130(1):115-142. doi:10.1037/0033-
2909.130.1.115

Ischiropoulos H, Beckman JS (2003) Oxidative stress and nitration in
neurodegeneration: cause, effect, or association? J Clin Investig
111(2):163-169. doi:10.1172/JCI17638

Katunar M, Saez T, Brusco A, Antonelli M (2009) Immunocyto-
chemical expression of dopamine-related transcription factors
Pitx3 and Nurrl in prenatally stressed adult rats. J Neurosci Res
87:1014-1022

Katunar M, Saez T, Brusco A, Antonelli M (2010) Ontogenetic
expression of dopamine-related transcription factors and tyrosine
hydroxylase in prenatally stressed rats. Neurotox Res 18(1):69-81

Kim YM, Chung HT, Kim SS, Han JA, Yoo YM, Kim KM, Lee GH,
Yun HY, Green A, Li J, Simmons RL, Billiar TR (1999) Nitric
oxide protects PCI12 cells from serum deprivation-induced
apoptosis by cGMP-dependent inhibition of caspase signaling.
J Neurosci 19(16):6740-6747

Kiss JP, Hennings EC, Zsilla G, Vizi ES (1999) A possible role of
nitric oxide in the regulation of dopamine transporter function in
the striatum. Neurochem Int 34(4):345-350

Klejbor I, Domaradzka-Pytel B, Ludkiewicz B, Wojcik S, Morys J
(2004) The relationships between neurons containing dopamine
and nitric oxide synthase in the ventral tegmental area. Folia
Histochem Cytobiol 42(2):83-87

Kofman O (2002) The role of prenatal stress in the etiology of
developmental behavioural disorders. Neurosci Biobehav Rev
26(4):457-470

Kuter K, Kolasiewicz W, Golembiowska K, Dziubina A, Schulze G,
Berghauzen K, Wardas J, Ossowska K (2011) Partial lesion of
the dopaminergic innervation of the ventral striatum induces
“depressive-like” behavior of rats. Pharmacol Rep 63(6):1383-1392

Lee C, Park GH, Jang JH (2011) Cellular antioxidant adaptive
survival response to 6-hydroxydopamine-induced nitrosative cell
death in C6 glioma cells. Toxicology 283(2-3):118-128. doi:10.
1016/j.tox.2011.03.004

Lemaire V, Koehl M, Le Moal M, Abrous DN (2000) Prenatal stress
produces learning deficits associated with an inhibition of
neurogenesis in the hippocampus. Proc Natl Acad Sci USA
97(20):11032-11037

Maccari S, Piazza PV, Kabbaj M, Barbazanges A, Simon H, Le Moal
M (1995) Adoption reverses the long-term impairment in
glucocorticoid feedback induced by prenatal stress. J Neurosci
15(1 Pt 1):110-116

Markham JA, Taylor AR, Taylor SB, Bell DB, Koenig JI (2010)
Characterization of the cognitive impairments induced by
prenatal exposure to stress in the rat. Front Behav Neurosci
4:173. doi:10.3389/fnbeh.2010.00173

McArthur S, McHale E, Dalley JW, Buckingham JC, Gillies GE
(2005) Altered mesencephalic dopaminergic populations in
adulthood as a consequence of brief perinatal glucocorticoid
exposure. J Neuroendocrinol 17(8):475-482. doi:10.1111/j.
1365-2826.2005.01331.x

@ Springer

McArthur S, McHale E, Gillies GE (2007) The size and distribution
of midbrain dopaminergic populations are permanently altered
by perinatal glucocorticoid exposure in a sex- region- and time-
specific manner. Neuropsychopharmacology 32(7):1462-1476.
doi:10.1038/sj.npp.1301277

Ohno M, Arai I, Watanabe S (1995) N-Methyl-p-aspartate stimulates
dopamine release through nitric oxide formation in the nucleus
accumbens of rats. Brain Res 699(2):332-335

Pallares ME, Baier CJ, Adrover E, Monteleone MC, Brocco MA,
Antonelli MC (2013) Age-dependent effects of prenatal stress on
the corticolimbic dopaminergic system development in the rat
male offspring. Neurochem Res 38(11):2323-2335. doi:10.1007/
s11064-013-1143-8

Pardon MC, Rattray I (2008) What do we know about the long-term
consequences of stress on ageing and the progression of age-
related neurodegenerative disorders? Neurosci Biobehav Rev
32(6):1103-1120. doi:10.1016/j.neubiorev.2008.03.005

Paxinos G, Watson C (1986) The rat brain in stereotaxic coordinates.
Academic Press, San Diego

Przedborski S, Levivier M, Jiang H, Ferreira M, Jackson-Lewis V,
Donaldson D, Togasaki DM (1995) Dose-dependent lesions of
the dopaminergic nigrostriatal pathway induced by intrastriatal
injection of 6-hydroxydopamine. Neuroscience 67(3):631-647

Rice F, Jones I, Thapar A (2007) The impact of gestational stress and
prenatal growth on emotional problems in offspring: a review.
Acta Psychiatr Scand 115(3):171-183. doi:10.1111/j.1600-0447.
2006.00895.x

Simola N, Morelli M, Carta AR (2007) The 6-hydroxydopamine
model of Parkinson’s disease. Neurotox Res 11(3—4):151-167

Singh S, Kumar S, Dikshit M (2010) Involvement of the mitochon-
drial apoptotic pathway and nitric oxide synthase in dopaminer-
gic neuronal death induced by 6-hydroxydopamine and
lipopolysaccharide. Redox Rep Commun Free Radic Res
15(3):115-122. doi:10.1179/174329210X12650506623447

Smidt MP, Burbach JP (2007) How to make a mesodiencephalic
dopaminergic neuron. Nat Rev Neurosci 8(1):21-32

Steiner H, Kitai ST (2001) Unilateral striatal dopamine depletion:
time-dependent effects on cortical function and behavioural
correlates. Eur J Neurosci 14(8):1390-1404

Sun H, Guan L, Zhu Z, Li H (2013) Reduced levels of NR1 and
NR2A with depression-like behavior in different brain regions in
prenatally stressed juvenile offspring. PLoS ONE 8(11):e81775.
doi:10.1371/journal.pone.0081775

Ward IL, Weisz J (1984) Differential effects of maternal stress on
circulating levels of corticosterone, progesterone, and testoster-
one in male and female rat fetuses and their mothers. Endocri-
nology 114(5):1635-1644

Weinstock M (2001) Alterations induced by gestational stress in brain
morphology and behaviour of the offspring. Prog Neurobiol
65(5):427-451

Weinstock M (2008) The long-term behavioural consequences of
prenatal stress. Neurosci Biobehav Rev 32(6):1073-1086.
doi:10.1016/j.neubiorev.2008.03.002

Yuste JE, Echeverry MB, Ros-Bernal F, Gomez A, Ros CM,
Campuzano CM, Fernandez-Villalba E, Herrero MT (2012)
7-Nitroindazole down-regulates dopamine/DARPP-32 signaling
in neostriatal neurons in a rat model of Parkinson’s disease.
Neuropharmacology  63(7):1258-1267.  doi:10.1016/j.neuro
pharm.2012.07.031

Zhang J, Dawson VL, Dawson TM, Snyder SH (1994) Nitric oxide
activation of poly(ADP-ribose) synthetase in neurotoxicity.
Science 263(5147):687-689


http://dx.doi.org/10.1038/npp.2012.168
http://dx.doi.org/10.1038/npp.2012.168
http://dx.doi.org/10.1002/syn.21503
http://dx.doi.org/10.1037/0033-2909.130.1.115
http://dx.doi.org/10.1037/0033-2909.130.1.115
http://dx.doi.org/10.1172/JCI17638
http://dx.doi.org/10.1016/j.tox.2011.03.004
http://dx.doi.org/10.1016/j.tox.2011.03.004
http://dx.doi.org/10.3389/fnbeh.2010.00173
http://dx.doi.org/10.1111/j.1365-2826.2005.01331.x
http://dx.doi.org/10.1111/j.1365-2826.2005.01331.x
http://dx.doi.org/10.1038/sj.npp.1301277
http://dx.doi.org/10.1007/s11064-013-1143-8
http://dx.doi.org/10.1007/s11064-013-1143-8
http://dx.doi.org/10.1016/j.neubiorev.2008.03.005
http://dx.doi.org/10.1111/j.1600-0447.2006.00895.x
http://dx.doi.org/10.1111/j.1600-0447.2006.00895.x
http://dx.doi.org/10.1179/174329210X12650506623447
http://dx.doi.org/10.1371/journal.pone.0081775
http://dx.doi.org/10.1016/j.neubiorev.2008.03.002
http://dx.doi.org/10.1016/j.neuropharm.2012.07.031
http://dx.doi.org/10.1016/j.neuropharm.2012.07.031

	Intrastriatal 6-OHDA Lesion Differentially Affects Dopaminergic Neurons in the Ventral Tegmental Area of Prenatally Stressed Rats
	Abstract
	Introduction
	Materials and Methods
	Animals
	Prenatal Procedures
	6-OHDA Lesion Procedure
	Tissue Preparation
	Immunohistochemistry
	Image Analysis
	Statistical Analysis

	Results
	Effect of Intrastriatal 6-OHDA Injection on TH-Immunoreactivity in the Striatum of Control and Prenatally Stressed Rats
	Evaluation of the Relative Number of TH+ Neurons in the SN and VTA in Control and Prenatally Stressed Rats
	Evaluation of the Relative Number of nNOS+ Neurons in the Mesolimbic System, in Control and Prenatally Stressed Rats

	Discussion
	Acknowledgments
	References


