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A B S T R A C T

Acute and long-term complications can occur in patients receiving radiation therapy. It has been

suggested that cytoprotection might decrease the incidence and severity of therapy-related toxicity in

these patients. Developing cerebellum is highly radiosensitive and for that reason it is a useful structure

to test potential neuroprotective substances to prevent radiation induced abnormalities.

Recent studies have shown that estrogen can rapidly modulate intracellular signalling pathways

involved in cell survival. Thus, it has been demonstrated that estrogens mediate neuroprotection by

promoting growth, cell survival and by preventing axonal pruning.

The aim of this work was to evaluate the effect of the treatment with 17-b-estradiol on the motor,

structural and biochemical changes induced by neonatal ionizing radiation exposure, and to investigate

the participation of nitric oxide and protein kinase C, two important intracellular messengers involved in

neuronal activity. Our results show that perinatal chronic 17-b-estradiol treatment partially protects

against radiation-induced cerebellar disorganization and motor abnormalities. PKC and NOS activities

could be implicated in its neuroprotective mechanisms. These data provide new evidence about the

mechanisms underlying estrogen neuroprotection, which could have therapeutic relevance for patients

treated with radiotherapy.

� 2010 Elsevier Ltd. All rights reserved.
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1. Introduction

Acute and long-term complications can occur in patients
receiving radiation therapy. It has been suggested that cytoprotec-
tion might decrease the incidence and severity of therapy-related
toxicity in these patients. Previous findings in our laboratory
showed that neonatal ionizing radiation induces permanent
abnormalities in cerebellar cortex cytoarchitecture (granule cell
loss and disarrangement of Purkinje cell monolayer), with
increased levels of noradrenaline, increased activity of protein
kinase C (PKC) PKC and diminished activity of nitric oxide synthase
(NOS) in the cerebellum, as well as an impairment in motor gait
(ataxic gait) (Dopico et al., 1989; Zorrilla Zubilete et al., 2005).
These results have demonstrated that during development, the
cerebellum is highly radiosensitive and for this reason it is a useful
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Facultad de Medicina, U.B.A., Ciudad Autónoma de Buenos Aires, Argentina.

Tel.: +54 11 4508 3733; fax: +54 11 4508 3733.

E-mail address: mariazorrillaz@gmail.com (M.A. Zorrilla Zubilete).

0197-0186/$ – see front matter � 2010 Elsevier Ltd. All rights reserved.

doi:10.1016/j.neuint.2010.11.020
tool to test potential neuroprotective substances to prevent
radiation-induced abnormalities.

Epidemiological studies have shown that estrogen therapy soon
after the menopause is associated with numerous beneficial health
effects, including decreased risk of neurodegenerative diseases
(Zandi et al., 2002) and increased cognitive performance (Hen-
derson et al., 1994). Experimental data in animal models have
provided exhaustive evidence of the neuroprotective properties of
17-b-estradiol (E2). This hormone increases neuronal survival
after different forms of brain injury in vivo and protects neuronal
cultures from serum or growth factor deprivation, anoxia,
excitotoxicity or oxidative damage (reviewed in Green and
Simpkins, 2000; Lee and Mc Ewen, 2001).

This neuroprotective effect is not due to a single phenomenon
but rather encompasses a spectrum of independent proccesses.
Estrogens directly promote cell survival, synaptic plasticity and
prevent axonal and dendritic pruning. Estrogens can also prevent
neuronal malfunction by modulating the levels of neurotransmit-
ters, its receptors and second messengers. Thus, the protective
effects of estrogens appears to be multifacetic (reviewed in Garcia-
Segura et al., 2001).

http://dx.doi.org/10.1016/j.neuint.2010.11.020
mailto:mariazorrillaz@gmail.com
http://www.sciencedirect.com/science/journal/01970186
http://dx.doi.org/10.1016/j.neuint.2010.11.020
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Fig. 1. Scheme of E2 treatment. Rats were treated with a subcutaneous injection of

17-b-estradiol one hour prior to 5 Gy gamma-irradiation (IR) alone (E2 acute

treatment) or followed with several doses of 17-b-estradiol (1 mg/g) (E2 chronic

treatment). First dose 30 min prior IR and four dairy same dose.
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Recent studies suggest that physiological levels of estrogen can
also rapidly modulate diverse intracellular signalling pathways
(reviewed in Kelly and Levin, 2001), several of which have been
shown to regulate cell viability (Dudek et al., 1997; Walton et al.,
1999). One important mediator of intracellular signalling is PKC, a
family of 12 serine/threonine kinases. PKC has been found to
regulate several cellular events such as cell cycle progression,
neuronal signalling and apoptosis (reviewed in Mellor and Parker,
1998). Activation of PKC modulates cell viability pathways,
resulting in protection of non-neuronal (Liu et al., 2001) and
neuronal cells (Xie et al., 2000; Maher, 2001). However, activation
of PKC can also contribute to cell death (Datta et al., 1997). It has
been shown that estrogen-induced neuroprotection of primary
cerebrocortical neurons from beta-amyloid peptide toxicity
depends on activation of conventional PKC (Cordey et al., 2003;
Cordey and Pike, 2006).

Nitric oxide (NO), probably the smallest and most versatile
bioactive molecule identified, plays an important role in the
central nervous system (Dawson and Snyder, 1994) being involved
in both physiological and pathological processes (Dawson and
Dawson, 1996; Yun et al., 1997). In addition, it plays an important
role in the control of neural activity by diffusing into neurons, and
participates in learning and memory processes (Chen et al., 1997).
It has been demonstrated that NO has a significant function in long
term potentiation (LTP) in the hippocampus (Hawkins et al., 1998)
and long term depression (LTD) in the cerebellum (Lev-Ram et al.,
1995). NO is synthesized from L-arginine by the NOS. At least three
distinct isoforms of NOS have been cloned and located: endothelial
NOS (eNOS) and neuronal NOS (nNOS), having calcium-dependent
activity and being constitutively expressed in endothelial cells and
in neurons, respectively, and a calcium independent subtype
known as inducible NOS (iNOS) (Bredt and Snyder, 1990). There is
evidence that NOS can be phosphorylated by different kinases,
including PKC. PKC phosphorylation has been shown to either
stimulate (Nakane et al., 1991) or inhibit (Bredt et al., 1992;
Dawson and Snyder, 1994) NOS activity in vitro, whereas in
transfected cells it clearly inhibits the catalytic activity of the
enzyme.

The aim of the present work was to examine the potential
protective properties of E2 on the motor and neurochemical
alterations in rat’s cerebellum induced by neonatal gamma-
irradiation using a previously described neuroprotection assess-
ment protocol (Guelman et al., 2001). Specifically, the participation
of PKC and NO in the neuroprotective effects of E2 was also studied.
On the other hand, it has been shown that neuroprotective agents
are effective in counteracting ROS toxicity after different types of
neuronal injury (Ishikawa et al., 1999; Almli et al., 2001; Eshhar
et al., 1995). Previously, using an in vitro radiation model, we
demonstrated that an iron chelator (deferoxamine) and a ROS
scavenger (amifostine) were able to prevent cell death (Guelman
et al., 2004, 2005). Therefore, the potential antioxidant mechanism
for E2 will be evaluated in the present paper.

2. Experimental procedures

2.1. Materials

Dowex AG 50WX-8 was purchased from Bio Rad and DE-52 from Whatman & Co.

[32P]-g ATP (Specific Activity 6000 Ci/mmol) was provided by New England

Nuclear. All other reagents were provided by Sigma Chemical Co. St. Louis, MO, USA.

2.2. Animals

Newborn littermate Wistar rats from both sexes (10 pups per litter) were

maintained with their dams until weaning and allowed free access to food and

water. The light–dark cycle was 12:12 (h) and room temperature (RT) was held

constant at 25 � 2 8C. Animals were separated into different experimental groups,

following random mixing across multiple dams: control (C), control + 17-b-estradiol

(E2), gamma-irradiated (IR) and gamma-irradiated +17-b-estradiol (IR + E2). All
animal procedures were performed according to the Guide for the Care and Use of

Laboratory Animals, US National Research Council, 1996 and approved by the

Institutional Commitee for the care and use of laboratory animals (CICUAL), School of

Medicine, University of Buenos Aires.

2.3. Irradiation procedure

Wistar rats were exposed to g-rays, using a 60Co source with a total single

dose of 5 Gy applied to the head. The dose rate of 1 Gy/min was delivered by a

cobalt beam (Theratron 80). The exposure time was fixed by previous dosimetry.

Littermates from IR and IR + E2 experimental groups were exposed for 5 min,

between 36 and 48 h after birth, focusing the radiation field just over the pup’s

head, allowing the exposure only in the rat’s cephalic end. Rats from the

control group were handled similarly to the their respective littermates

from the g-irradiated groups, but without being exposed to radiation (SHAM

group).

2.4. Pharmacological treatment

Acute and chronic treatment with E2 were performed. For this purpose, 1 mg of

17-b-estradiol per g of body weight was dissolved in 100 ml of saline. For acute

treatment, only one subcutaneous (sc) injection was administered 30 min before

irradiation. For chronic treatment, five doses were administered (total dose = 5 mg/

g) to neonatal pups, the first beginning 30 min before exposure, another dose

30 min after the irradiation exposure (or sham exposure), following by one dose per

day during three days to E2 and E2 + IR groups. Pups from groups C and IR were

injected with equal volumes of isotonic saline (see schedule in Fig. 1).

2.5. Histological procedure

2.5.1. Calbindin D28K immunohistochemistry

Perfusion fixation of cerebella was performed according to a modification of

the original method (Gonzalez-Aguilar and De Robertis, 1963). Animals were

perfused intracardiacally with a solution of 4% paraformaldehyde (w/v) in 0.1 M

phosphate buffer, pH 7.3–7.5. After dissecting out, the cerebella were placed in

the same fixative solution for 6–8 h at 4–5 8C. Cerebella were sliced coronally

with an Oxford vibratome and sections (40–50 mm thick) were stored at 5 8C in

0.85% NaCl 0.05 M, Tris–HCl pH 7.5 (TS) or dehydrated in ethanol, transferred to

1:1 (v/v) ethanol–toluene, cleared in toluene and then embedded in paraplast.

Before cutting with a MINOT microtome, the sections (15 mm) were mounted on

gelatin coated glass slides. In order to unmask tissue antigens, paraplast

sections were pretreated with microwave heating (5 min at 750 W) using urea

5%, Tris–HCl 0.1 M pH 9 as the antigen retrieval solution. Paraplast was removed

with toluene (2 washes � 10 min each) and sections were passed through

graded ethanol and finally left in distilled water. The immunostaining was

performed with a modified procedure using biotin–avidin conjugate. Slices were

incubated with the primary antibody (Calbindin mouse antibody, biotinilated

goat anti-mouse antibody and streptavidin, from Chemicon). Endogenous

peroxidase activity was suppressed by immersing the sections in a solution of

0.5% hydrogen peroxide in absolute methanol for 10 min. To prevent non-

specific antibody binding, sections were incubated in a 3% normal sheep serum,

0.3% Triton X-100, Tris Buffer Saline (TBS) pH 7.4–7.5 solution for 3–4 h at RT.

Then, sections were incubated in Calbindin antibody (dil: 1:400) for 48 h at

room temperature (20–24 8C) followed by incubation in secondary antibody

(GAM, Sigma, 1:300) for 5 h and the PAP–avidin complex, (1:400) for 3 h.

Developer was performed in a 0.04% (w/v) DAB solution in buffer acetate pH 6

for 5 min, and finally sections were incubated with DAB 0.04%, hydrogen

peroxide 0.01%, in acetate buffer pH 6.0, for another 5 min. The reaction was

stopped by immersing the slides first in tap water and then in distilled water.

Finally, sections were mounted in mounting media (DPX-Permount). Sections

from each group were stained together eliminating conflicts between different

experimental conditions

2.5.2. Microphotography

Calbindin immunostained sections were observed and photographed with a

Zeiss Axiophot light microscope. Histological fields were randomly chosen.
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2.6. Motor test

2.6.1. Gait evaluation

Gait of rats from each experimental group described above were evaluated at

post-irradiation day (PID) 30, 60 and 90, using an ad hoc quantitative test (Guelman

et al., 2001). Briefly, the rats were allowed to walk freely on a non-moving paper

covered horizontal surface, having their forelimbs and hindlimbs painted with two

different colour inks. Both the distance between the center of each hindlimb

footprint (HH: hindlimb, hindlimb) and the distance between the center of the

hindlimb footprint and the ipsilateral forelimb footprint (HF: hindlimb, forelimb)

taken from successive steps were measured.

2.6.2. Motor coordination

To corroborate gait data, rotarod test was performed at 30, 60 and 90 PID, with

six trials for each rat on two consecutive days (three trials at intervals of 20 min/

day). The apparatus (UGO Basile, Italy) was composed of an 8 cm diameter and

10 cm long bar which rotated at 13 rpm. The interval between the moment the rat

was mounted on the rod until it fell off was monitored with a cutoff time of 60 s,

according to the established methods, and the average time spent on the rod was

calculated in C, IR, E2 and IR + E2 groups (Sakamoto et al., 2003).

2.7. Biochemical evaluation

For biochemical studies, animals were sacrificed by decapitation at different PID:

7, 10, 15 or 30 and the brains were removed. The cerebella were dissected out on an

ice-cold glass petri dish. Samples were immediately weighted out, frozen and

stored in liquid nitrogen until analysis.

2.7.1. PKC activity

The soluble (cytosolic fractions) and particulate fractions (membrane fractions)

were obtained as previously described (Genaro and Bosca, 1993). PKC enzyme was

purified by filtration through a DE 52 column (3.5 cm � 0.5 cm). The enzyme was

eluted in a buffer containing 120 mM NaCl, 10 mM b-mercaptoethanol, 0.5 mM

EGTA, 10 mM HEPES (pH 7.4). PKC activity was assayed on both cytosolic and

membrane preparations by measuring the incorporation of 32P from [g32P/ATP] into

histone1 (H1). Incubations were performed for 30 min at 30 8C in a final volume of

85 ml. Final concentrations of the assay mixture were 25 mM ATP (0.4 mCi), 10 mM

Mg2 acetate, 5 mM b-mercaptoethanol, 50 mg H1, 20 mM HEPES (pH 7.4), 0.2 mM

CaCl2 and 10 mg/ml phosphatidylserine vesicles, unless otherwise indicated. The

incorporation of 32P phosphate into H1 was linear for at least 30 min. The reaction

was stopped by the addition of 2 ml of ice-cold 5% trichloroacetic acid, 10 mM

H3PO4. The radioactivity retained on GF/C glass-fiber filters after filtration was

determined by counting the filters in 2 ml of scintillation liquid. PKC activity was

determined by subtracting the incorporation of 32P in the absence of calcium and

phospholipids.

2.7.2. NOS activity

NOS activity was determined by measuring conversion of [U–14C] arginine into

[U–14C] citrulline as described by Bredt and Snyder (1990). Briefly, samples were

pre-incubated in 50 mM Hepes buffer pH 7.4, pre-warmed and equilibrated with 5%

CO2 in O2. Then tissues were homogenized by sonication in 1 ml of medium

containing 20 mM HEPES pH 7.4, 1 mM DTT, 1 mM leupeptin, 0.45 mM CaCl2 and

0.2 mM PMSF, and incubated at 37 8C for 30 min in 5% CO2 in O2, in the presence of

[U–14C] arginine (0.5 mCi). In addition, the same buffer without CaCl2 and

containing 1 mM EGTA was added to another aliquot of homogenate for iNOS

determination. The reaction was stopped by quick ice-cold cooling and the samples

were centrifuged at 20,000 � g for 10 min at 4 8C. Supernatants were passed

through 2 ml Dowex AG 50 WX-8 (sodium form) columns. [14C] citrulline was

eluted in 2 ml of water and quantified by liquid scintillation counting. Calcium

dependent activity was estimated by subtracting the activity in the absence of

calcium from the activity in the presence of this ion.

2.8. In vitro studies

2.8.1. Cell culture

The procedure of Gallo et al. (1982) was followed, with minor modifications.

Briefly, 6–8-days-old Wistar rats were decapitated and the cerebella dissected in

Krebs–Ringer solution supplemented with 2.5 g/l glucose. The meninges were

eliminated, and the tissues were cut into 1 mm pieces and incubated in saline

containing 0.25% trypsin, 1.2 mM SO4Mg and 3 mg/ml bovine serum albumin for

15 min at 37 8C with continuous agitation. Digestion was stopped with 10% heat

inactivated fetal bovine serum (FBS). The cells were mechanically dissociated with

Pasteur pipettes of two different diameters (25 strokes) in saline solution

containing 10% FBS and 0.001% DNAse. The cell suspension obtained was

centrifuged at 150 � g for 10 min and the pellet resuspended in Basal Modified

Eagle’s medium supplemented with 25 mM KCI, 100 mg/ml gentamicin, 2 mM L-

glutamine and 10% FBS. Cell viability was estimated using Trypan Blue exclusion

and cell counting was performed in a Neubaüer camera. 106 cells (105 cells/cm2)

were seeded in 35 mm Petri dishes pre-coated with 10 mg/ml poly-D-lysine
(MW > 300,000). Cell cultures were grown in a 37 8C incubator with a humidified

atmosphere containing 5% CO2. Cytosine arabinoside (ARA-C) was added at a final

concentration of 10 mM 24 h after seeding to prevent glial cell growth.

2.8.2. Irradiation procedure

The g rays source was a Theratron unit for cobalt therapy and the dose-rate was

of approximately 0.4 Gy/min. The source-target distance was fixed at 95 cm. A

single dose of g-rays (0.3 Gy, the dose that produces 50% of cell death (ED50), see

Guelman et al., 1996) was delivered to the dishes, randomly designed as g-

irradiated, E2/g-irradiated and control (sham-irradiated) groups, 1–2 h after

plating. Cell viability was assessed 2 days after irradiation. Each condition was run

in triplicate and each experiment was repeated at least four times.

2.8.3. Viability assays

Viable neurons were identified as phase-bright cells of 6–8 mm in diameter, each

with one or more neuritic processes. Cultured at this developmental age, more than

98% of the observed neurons are granule cells, according to Gallo et al. (1982). After

48 h, viable neurons were counted using Trypan Blue exclusion in five fields of

triplicate samples per experimental group (100 mm2 per dish) using a gridded

ocular, under a Nikon inverted phase-contrast microscope at 200� magnification

(Guelman et al., 1996). For each treatment, 200–300 cells were counted. To verify

that neurons have been counted accurately, cells from several platings were tested

for MTT formazan product (Zhang et al., 2003). Cells were incubated 2 h with

0.5 mg/ml MTT at 37 8C and thereafter a solution of acidic isopropanol was added.

After dissolution of the blue formazan, samples were read spectrophotometrically

at 570 nm.

2.8.4. ROS determination

Reactive oxygen species (ROS) levels were assessed using the method of Ceccon

et al. (2000). Briefly, at 48 h post irradiation, cells were washed three times with

Locke’s buffer and then incubated with 10 ml of 20 ,70-dichlorofluorescein diacetate

(DCFH) (1.7 mg/ml) for 15 min at 37 8C. Therefore, the cultures were washed with

Locke’s solution to remove extracellular DCFH-DA and 1.2 ml of 0.1 M KH2PO4–0.5%

Triton X-100 (pH = 7) were added to the cells for 10 min at RT. Cells were scrapped

from the dish and the extract was centrifuged for 5 min at 12,000 rpm (Eppendorf

microfuge). Fluorescence was read at 488 nm and 525 nm (wavelengths of

excitation and emission, respectively).

2.8.5. E2 treatment

A toxicity curve was performed to find the maximal non-toxic concentration of

E2, being 1 mM the final concentration chosen. Half of the total E2 required was

added 30 min before irradiation and the remainder 30 min after. Neuroprotective

index (NI) was defined as the ratio between the percentage of the mean number of

neurons or ROS levels present in E2/g-irradiated cultures in relation to the

percentage of the mean number of neurons or ROS levels present in the g-irradiated

cultures.

2.9. Statistical analysis

Data are expressed as means � SEM from four to six independent experiments,

each including three animals per treatment group (n). Data were analyzed using a

single-factor analysis of variance (ANOVA). To test the significance of the difference

between individual means a post hoc analysis of Bonferroni was performed (Hochberg

and Tamhane, 1987).

3. Results

3.1. Motor evaluation

Fig. 2 shows the motor gait results. As expected according to our
previous results (Zorrilla Zubilete et al., 2005) gait of PID 30 rats,
after neonatal gamma-irradiation exposure, was significantly
impaired, when compared to matched control animals, both in
HF (p < 0.01) and in HH analysis (p < 0.05). At PID 60 HF distance
was significantly impaired when compared to matched controls
(p < 0.05). Chronic but not acute E2 treatment reverted the motor
coordination deficit significantly reaching HF and HH control
values at both 30 and 60 PID. Similar results to 60 PID were
obtained at 90 PID (data not shown). In order to confirm the
observed gait impairment another motor test was performed. A
rotarod was used to evaluate motor coordination in C, IR, E2 and
IR + E2 groups at 30, 60 and 90 PID. Table 1 shows that the interval
of time spent on the rotarod significantly decreased in irradiated
rats at all PID tested. Chronic E2 treatment improved motor
coordination. Acute E2 treatment had no effect on motor



[()TD$FIG]

Fig. 2. Effect of perinatal in vivo E2 treatment on motor deficit induced by neonatal

gamma-irradiation. Gait motor was evaluated at 30 and 60 PID in animals with a

dose of 17-b-estradiol (5 mg/g) without irradiation E2 (white bars), irradiated

animals without treatment IR (black bars), irradiated animals with a single dose of

17-b-estradiol (lined bars) or with a multiples doses of 17-b-estradiol (total

dose = 5 mg/g) (gray bars). Results are expressed as percentage of control values.

HH: distance between hindlimb footprints (control = 5.8 � 0.5 cm); HF: distance

between ipsilateral hind and forelimb footprint (control = 0.39 � 0.06 cm) [left: HH;

right: HF]. Values shown are the mean � SEM of 7 experiments, each performed with

three rats per group. *p < 0.05, **p < 0.01 with respect to control.+p < 0.05, ++p < 0.01

with respect to irradiated non-treated rats.
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impairment (data not shown). It is important to note that chronic
17-b-estradiol treatment of SHAM rats (E2) had not significant
effect on motor gait or motor coordination (Fig. 2 and Table 1).

3.2. Cerebellar cytoarchitecture

Changes in cerebellar cytoarchitecture of irradiated rats have
been demonstrated by our group (Guelman et al., 2000; Zorrilla
Zubilete et al., 2005). The developmental time-course of changes in
the cytoarchitecture of the cerebellar cortex from both gamma-
irradiated rats and age-matched controls was studied at 7, 15, and
30 PID (see Fig. 3a–c (C), d–f (IR), g–i (IR + E2). The presence of
numerous postmitotic calbindin positive neuroblasts in the
external granular (EG) layer of the cerebellar cortex in non-
irradiated 7-day-old rats was observed (Fig. 3a). On the contrary,
the EG almost disappeared 7 days after radiation exposure (Fig. 3d)
as a consequence of the effect of the ionizing noxa on developing
premitotic neuroblasts. The E2 treatment (Fig. 3g) modified the
abnormal morphology, and cortical cerebellar cytoarchitecture
trends to have a normal stratification. At 15 and 30 PID, the
thickness of cerebellar granule cell layer was notably reduced (as
described in Zorrilla Zubilete et al., 2005). Purkinje cells – normally
arranged in a monolayer (Fig. 3b and c) – were scattered within the
cortex (see Fig. 3e and f). Fig. 3f shows that cerebellar
cytoarchitecture was disrupted in 30 PID rats, the thickness of
cerebellar granule cell layer was reduced, and Purkinje cells –
normally arranged in a monolayer – were spread within the cortex.
Table 1
Effect of 17-b-estradiol on motor coordination abnormalities induced by neonatal

gamma-irradiation. The interval of time spent on the rotarod at 13 rpm until the rats

fell off was recorder for 60 s at 30, 60 and 90 PID. Six trials were performed for each

group. Values represent the means� SEM of 6 independent experiments using three

rats per group.

Treatment Time spent (s)

PID 30 PID 60 PID 90

Control 52.8�1.2 56.7�2.7 57.3�3.1

E2 50.4�4.3 53.5�3.8 54.1�4.9

IR 5.1�0.8** 6.2� 0.4** 5.6�1.9**

IR + E2 15.7�0.5+ 19.5� 0.5+ 13.6�3.4+

** p<0.01 with respect to control.
+ p<0.05 respect to irradiated without treatment.
Chronic E2 treatment was partially effective in preventing the
abnormal stratification of cortical cerebellar neurons and Purkinje
cells disarrangement (Fig. 3h and i). Animals treated with E2
showed similar cytoarchitecture than control (data not shown).

3.3. Cerebellar NOS activity

As previously described, after a single dose of 5 Gy of gamma-
irradiation at birth, calcium dependent NOS activity was
diminished compared to matched controls, reaching the maximal
decrease at 15 PID and being 63% lower than control (p < 0.001)
(Fig. 4). A progressive restoration of NOS activity was observed,
returning to control values after 30 PID. Chronic treatment with
E2 prevented this decrease by partially restoring NOS activity.
Chronic treatment of SHAM group had no effect on NOS activity
(Fig. 4). No effect was found for acute E2 treatment (data not
shown).

3.4. Cerebellar PKC activity

As shown in Fig. 5, g-rays induced an initial increment in
cerebellar PKC activity that reached the maximal value at 7 PID
(p < 0.001), returning to control values at 30 PID. Chronic but not
acute treatment with 17-b-estradiol prevented PKC activity
increase induced by g-irradiation. Estradiol treatment on SHAM
rats had not effect.

3.5. Neuroprotective role of E2 on irradiated cells

Table 2 shows that in vitro irradiation of cerebellar granule cells
induced a significant decrease in cell viability (F2,14 = 22,616,
p < 0.001) together with a significant increase in ROS levels (ROS:
F2,8 = 8882, p < 0.05). E2 treatment before and after radiation
exposure was effective in promoting cell viability (p < 0.01 when
compared with control and p < 0.05 when compared with
irradiated cultures) and in preventing the increase in ROS levels
(NS when compared with control and p < 0.05 when compared
with irradiated cultures). When the neuroprotective index was
calculated (irradiated + E2/irradiated), a significant difference was
observed, both in terms of viability (F1,9 = 14,914, p < 0.01) and in
ROS levels (F1,5 = 12,254, p < 0.05).

4. Discussion

Ionizing radiation in biological systems induces a series of early
events that occur instantly to several hours post-irradiation. Many
effects involve cytoplasmatic amplification mechanisms, which
include diverse signal transduction pathways (Schmidt-Ullrich
et al., 2000). However, these studies have described the effect of
ionizing irradiation only at very short term (between 5 and
240 min post-irradiation). We have previously performed a study
(Zorrilla Zubilete et al., 2005) pointing to long-lasting effects of
ionizing radiation on developing structures. A single dose of
gamma-irradiation applied to the cephalic end of newborn rats
induces disorganization in cerebellar cytoarchitecture correlated
with motor abnormalities. The motor syndrome includes dystonia-
like movements, a fine tremor and an ataxic gait. Abnormal
movements are evident from 10 PID, being fully developed by
30 PID and remaining until adulthood (Zorrilla Zubilete et al.,
2005). Here we show that perinatal chronic E2 treatment partially
protects against radiation-induced long-term cerebellar abnor-
malities. In fact, E2 was able to prevent the disorganization of
cerebellar cytoarchitecture and the development of the motor
syndrome.

Purkinje cells are involved in the cerebellar cortex formation
during neonatal life. Interestingly, estradiol contributes to Purkinje
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Fig. 3. Effect of perinatal in vivo 17-b-estradiol treatment on the cerebellar cortex cytoarchitecture following exposure to neonatal gamma-irradiation. Picture shown C28K

Calbindin immunostaining of cerebellar cortex of parasagital sections (25 mm thick) through the cerebellar hemisphere, from animals: control (C), irradiated (IR) and

irradiated + 17-b-estradiol (IR + E2) at 7 PID (a, d and g), 15 PID (b, e and h) and 30 PID (c, f and i) PID. In control three layers can be clearly distinguished: molecular layer (ML),

Purkinje layer (PL) and granular layer (GL). In photo (b and d) all Purkinje cells have their primary dendrites oriented towards the pial surface and show a completely well

defined dendritic tree arrangement. In irradiated cerebella a complete cytoarchitectural disorganization and shrinkage of the cerebellar cortex and agranular cortex is seen (e

and f). Purkinje neurons are dispersed and their dendrites do not develop normally (3 PL + GL). In E2 treated-irradiated cerebella the general cytoarchitecture of the cortex is

well preserved during temporal course of development. Most of Purkinje cells are partially arranged in a monolayer with their primary dendrite oriented towards molecular

layer but some are scattered within granular layer. The correct orientation is clearly seen at 30 PID (i).
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cells growth during this process (Sakamoto et al., 2003). The effect
of estradiol might be mediated by estrogen receptor-b (ERb),
which is expressed in rat Purkinje cells (Price and Handa, 2000).
Sakamoto (Sakamoto et al., 2003) showed in both in vitro and in

vivo studies performed with newborn rats that estradiol, in the
developing Purkinje cell, promotes dendritic growth and spino-
genesis via ERb. In general, free radicals generation is considered
the most important mechanism involved in ionizing radiation
induced neurotoxic damage. The best-known mechanism for the
neuroprotective actions of E2 is related to the antioxidant
properties of this hormone and its capacity to attenuate the
oxidative stress-induced damage, which is independent of the
activation of estrogen receptor (Behl et al., 2000). However, the
mechanism(s) underlying E2 neuroprotection involve several
Table 2
Effect of 17-b-estradiol on viability and ROS levels of irradiated cerebellar granule

cells grown in vitro. Data are mean� SEM of the percent of cell viability or ROS levels

of cerebellar granule cell cultures irradiated two hours after plating when compared

with control cultures (100%). Neuroprotective index refers to the ratio between

irradiated + 17-b-estradiol and irradiated cultures.

Irradiated Irradiated

+ E2

Neuroprotective

index

Cell viability 43,832�5488*** 71,440�8632**,§ 1.65�0.17§§

ROS levels 144,067�3227* 96,133�15,136§ 0.66�0.09§

* p<0.05, when compared with control cultures.
** p<0.01, when compared with control cultures.
*** p<0.001, when compared with control cultures.
§ p<0.05, when compared with irradiated cultures.
§§ p<0.01, when compared with irradiated cultures.
pathways. Up-regulation of antiapoptotic proteins such as Bcl-2
(Garcia-Segura et al., 1998) and Bcl-xL (Pike, 1999) may mediate
the long-term protective effects of estrogen. Recent studies suggest
that physiological levels of estrogen can also rapidly modulate
diverse intracellular signalling pathways (Kelly and Levin, 2001),
several of which have been shown to regulate cell viability (Xia
et al., 2009; Dudek et al., 1997) and may contribute to estrogen
neuroprotection (Singer et al., 1999; Honda et al., 2000; Fitzpatrick
et al., 2002).
Fig. 4. Effect of perinatal in vivo 17-b-estradiol on NOS activity. NOS activity was

evaluated at 7 PID, 10 PID, 15 PID and 30 PID in cerebellum from animals C: control

(white bars); E2: only 17-b-estradiol chronic treatment without irradiation (bars);

IR: irradiated (black bars); and irradiated plus chronic treatment of 17-b-estradiol

(IR + E2) (gray bars). Values shown are mean � SEM of 4–6 experiments, each

performed with three rats per group. ***p < 0.001 with respect to control. +p < 0.05,
++p < 0.01 with respect to irradiated non-treated rats.
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Fig. 5. Effect of perinatal in vivo 17-b-estradiol on PKC cerebellar activity. PKC

activity was analyzed at 2, 7, 10, 15 and 30 post-irradiation-days (PID) in control

animals (empty circle), E2 treated not-irradiated (filled square), irradiated (empty

triangle) and irradiated plus multiples doses of 17-b-estradiol (5 mg/g) (filled

triangle). Values shown are the means � SEM of 4–6 experiments, each one

performed with three animals per group. ***p < 0.001, *p < 0.05 respect to control.
+p < 0.05, ++p < 0.01, +++p < 0.001 with respect to irradiated without treatment

animals.
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PKC and NOS have been described as important enzymes in
mediating cellular transduction mechanisms and in the regulation
of neuronal plasticity. Previously we have shown that neonatal
ionizing radiation induces an increase in PKC activity and the
related decrease in nitric oxide (NO) production, indicating that NO
and PKC could be intracellular events that participate in the onset
of motor and cerebellar abnormalities induced by g irradiation
(Zorrilla Zubilete et al., 2005). The production of NO might lead to
either toxicity or neuroprotection, depending on the level of NO,
the location of NO production, the extent of oxidative stress and
the type of neurodegenerative process (Chiueh, 1999; Iadecolo,
1997; Lipton, 1999). NO at low concentrations protects against
peroxide-mediated toxicity (Wink et al., 1995). In fact, it has been
demonstrated in vitro as well as in vivo that during a brain insult
NO might be part of the physiological response to injury (Tregnago
et al., 1998). In general, it is accepted that a normal pathophysio-
logic response of the damaged tissue involves controlled NO
production and the inhibition of this response may interfere with
the normal repair process. Nevertheless, a high NO production
after induction of iNOS expression results in cell damage and alters
the neuronal physiological function. It is important to note that,
according to our results, the irradiation mainly affects micro-
neurons such as granule and basket cells, which contain high
activity of NOS (Wang et al., 1998; Schilling et al., 1994). The
decrease of nNOS activity in the cerebellum is consistent with the
large depletion of intrinsic nNOS expressing neurons, mainly
granule cells (Wang et al., 1998; Schilling et al., 1994) after ionizing
radiation. Although there is not an exact parallelism between
activity and enzyme expression, as it has been shown by Yu et al.
(2000) and Pelligrino et al. (1998) this specific neuronal destruc-
tion could be contributing to the diminished NOS activity. Herein
we show that 17-b-estradiol chronic treatment after irradiation
prevents NOS activity decrease. It has been described that at
physiological levels, estrogens induce NO formation, resulting in
neuroprotection (Pelligrino et al., 1998; Wen et al., 2004). In fact,
Wen et al. report that both 17-b-estradiol and low concentrations
of NO attenuate hydrogen peroxide (H2O2) induced toxicity in SK–
N–SH cells, which express the (nNOS). 17-b-Estradiol rapidly
induces dose-dependent activation of nNOS which may contribute
to estrogens neuroprotection. A nNOS inhibitor was able to block
the 17-b-estradiol induced neuroprotection. In addition, it is also
noteworthy that the increase in NO induced by estrogen was small
(within 2-fold) suggestive of a regulatory role rather than a toxic
NO production. In accordance with this, we have demonstrated
that NO produced by nNOS shows protective activity against
insults that trigger tissue toxicity leading to memory impairments
(Palumbo et al., 2007). It is important to note that although
cerebellar cytoarchitecture and motor gait at 30 and 60 PID are
abnormal, changes in NOS and PKC activities were observed as
soon as 7 and 15 PID, returning to normal values by 30 PID, without
E2 treatment (Zorrilla Zubilete et al., 2005). As E2 treatment
reverted the early PKC and NOS alterations, it is possible to
postulate that 17-b-estradiol, in this model, has a window of
opportunity to exert its neuroprotective effect via NOS and PKC
activities.

In order to study the role of PKC and its interdependency with
NO changes, the effect of E2 on the activity of this enzyme was
studied. The results shows that g-irradiation induced an increase
in PKC activity between 7 and 15 PID in irradiated rat’s cerebellum,
which returns to control values after 30 PID. Studies in vitro or in
transfected cells have clearly documented that phosphorylation of
constitutive NOS by different kinases, including PKC, inhibits the
enzyme’s catalytic activity (Bredt et al., 1992; Dinerman et al.,
1994). Other authors confirmed the same effect in intact neurons
(Kim et al., 2003; Riccio et al., 1996) and PC12 cells (Onoue et al.,
2002). We have previously reported that g-irradiation induces an
increase in PKC activity that, in turn, contributes to a decrease in
calcium dependent NOS activity. Interestingly, E2 inhibited this
PKC increase. However, PKC may be involved in 17-b-estradiol
action not only by its regulation of NOS activity but also by a direct
effect on cells. It has been reported that PKC plays a critical role in
the protective effects exerted by estrogen against b-amyloid
toxicity in intact neurons, suggesting a downstream role of Bcl
proteins and/or MAPK/ERK signal transduction cascades in
mediating estrogen neuroprotection (Cordey et al., 2003). Al-
though some reports suggest that PKC promotes neuronal survival,
as noted above, there is also evidence that PKC can induce
apoptosis or participate in the mechanisms of predominantly
necrotic insults, such as glutamate excitotoxicity or ischemia
(McNamara et al., 1999; Koponen et al., 2003). Differential cellular
and subcellular localization of PKC isoforms are thought to account
for functional specificity of enzymatic actions and contribute to
different PKC effects (Mochly-Rosen, 1995). However, the opposing
role of some isoforms in regulating cell survival suggests that
isoforms relevant for neuroprotection may depend on the type of
cell or insult studied (Chen et al., 1999; Knauf et al., 1999).

On the other hand, ROS accumulation and the consequent
oxidative stress has been found as an important pathways that
induce damage of cellular molecules and disturbance of normal
cell function after ionizing radiation exposure (Dubner et al., 1995).
Previously, we demonstrate that at very early stages, neonatal
ionizing radiation exposure induces a significant increase in
cerebellar ROS levels 1 h after irradiation reaching control levels at
3–5 days post-irradiation and lasting until, at least, day 90 post-
irradiation (Di Toro et al., 2007). To evaluate if ROS generation
could be involved in E2 neuroprotective effect we analyze the E2
effect on viability and ROS levels in culture of cerebellar granule
cell. The results indicate that E2 treatment before and after
radiation exposure was partially effective in preventing the fall in
cell viability as well as the increase in ROS levels induced by
ionizing radiation. This findings are consistent with our in vivo

observations indicating that developing cerebellar granule cells are
direct targets of ionizing radiation in the neonatal model of
cephalic radiation exposure and that these changes would be
partially prevented by a low concentration of E2.

In summary, 17-b-estradiol, through modulation of early
increase in ROS levels and the later PKC and calcium dependent
NOS activity, can protect against radiation triggered tissue toxicity
and motor impairments. Finally, our results provide new evidence
on the mechanisms of estrogen neuroprotection. Extensive
understanding of estrogen actions is particularly important for
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the development of therapeutic strategies against the adverse
consequences of radiotherapy.
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