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Endogenous Estrogen Formation

Is Neuroprotective in Model of Cerebellar Ataxia
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The expression of aromatase, the enzyme that transforms
testosterone into estradiol, was analyzed by reverse
transcriptase polymerase chain reaction in the inferior
olive of adult male rats. The expression of this messen-
ger in the inferior olive suggests that this brain area may
be able to synthesize estradiol. The neuroprotective role
of estradiol in the inferior olive was then assessed in
a model of cerebellar ataxia, achieved by the ip admin-
istration of 3-acetylpyridine (3-AP). Inafirst experiment,
male Wistar rats were orchidectomized to diminish
the plasmatic levels of testosterone, the direct precur-
sor of estradiol. Inmediately after castration, animals
were implanted with a silicone tube that was either
empty or filled with estradiol. One week later, animals
were injected with 3-AP. Estradiol treatment resulted
in a significant reduction in neuronal death in the olive.
In a second experiment, animals were treated with
fadrozole, an aromatase inhibitor, to assess the role of
endogenous estradiol formation in neuroprotection.
The results show that the inhibition of aromatase activ-
ity, and therefore the decrease in endogenous estro-
gen formation, increases the death in inferior olive. In
conclusion, this study indicates that the inferior olive
is a steroidogenic tissue and that olivary neurons are
protected by exogenous and endogenous estradiol.

Key Words: Aromatase; estradiol; neuroprotection; infe-
rior olive.

Introduction

Decreasing levels of estradiol after menopause in women
are associated with loss in cognitive function, the progres-
sion of neurodegenerative disorders, increased depressive
symptoms, and other neurologic and psychologic distur-
bances (/—10). This suggests that the decrease in estradiol
levels after menopause may have a negative impact on brain
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function. In agreement with this assumption, massive evi-
dence from animal studies indicates that estradiol is neuro-
protective (for recent reviews see refs. //—16). Many studies
have assessed the neuroprotective effect of estradiol either
after the addition of the hormone to neuronal cultures or
after its systemic administration to adult female rodents.
However, the potential neuroprotective role of endogenous
estradiol formation has been in general neglected.

Androgenic C19 steroids (testosterone and androstene-
dione) are transformed into estrogenic C18 steroids (estra-
diol and estrone) by the activity of the enzyme aromatase
(17). This enzyme consists on two proteins, the cytochrome
p450Aro (CYP19) and NADPH cytochrome p450 reduc-
tase. We have recently reported that aromatase is neuropro-
tective in the hippocampus. Aromatase knockout male mice
are more susceptible than wild animals to excitotoxic hip-
pocampal neurodegeneration. Furthermore, the inhibition
of aromatase activity in male rats enhances excitotoxicity,
an effect that is reverted by the administration of exoge-
nous estradiol (718). These findings suggest that endogenous
formation of estradiol may be protective for hippocampal
neurons.

To determine whether aromatase and endogenous estra-
diol formation have neuroprotective effects in areas other
than the hippocampus, we used a well-established model
of cerebellar ataxia: the degeneration of rat inferior olivary
nucleus after treatment with 3-acetylpyridine (3-AP), an
antimetabolite of nicotinamide. The destruction of the
inferior olive results in loss of climbing fiber input to cere-
bellar Purkinje neurons (79), and this deafferentiation leads
to ataxia (20). In the present study, we assessed the expres-
sion of aromatase in the inferior olivary nucleus as well as
the effect of estradiol and the aromatase inhibitor fadrozole
(FAD) on the survival of inferior olivary neurons after 3-AP
treatment.

Results

Inferior Olive Expresses Aromatase

The expression of mRNA for aromatase was assessed by
reverse transcriptase polymerase chain reaction (RT-PCR).
A band corresponding to the expected size for aromatase
was obtained in the samples from the inferior olive (Fig. 1).
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Fig. 1. Aromatase mRNA expression in inferior olive and ovary
(as positive control). Numbers on the left represent known molec-
ular weights, in base pairs. The expected PCR product for aroma-
tase has 330 bp. The fourth lane is a negative control for genomic con-
tamination, PCR amplification of RNA with no retrotranscription.

Additionally, the ovary, a steroidogenic tissue with high
expression of aromatase, was positive for the amplification
with the same protocol. Sequencing confirmed the speci-
ficity in relation to the sequence published in GeneBank.
The percentage of alignment was 76.3% for the sense chain
of aromatase and 87.3% for the antisense.

Estradiol Protects Inferior
Olivary Neurons from 3-AP Toxicity

An experiment was designed to determine whether 17f3-
estradiol is able to prevent the cell loss caused by 3-AP in
the inferior olive. Control animals (orchidectomized) were
compared with animals treated with 3-AP or with 3-AP plus
estradiol. The estradiol treatment protocol used resulted in
serum levels of the hormone of 26.79 = 7.51 pg/mL at the
day of death, as measured by radioimmunoassay (RIA); estra-
diol was undetectable in untreated animals. In addition, RIA
for testosterone revealed undetectable levels in the control
and estradiol groups.

The visual inspection of inferior olive in Nissl-stained
sections revealed an apparent neuronal loss in animals treated
with 3-AP compared with control animals. The loss of Nissl-
stained neurons was apparently reduced by the administra-
tion of estradiol (Fig. 2). This qualitative impression was
confirmed by quantitative analysis. The quantification of
neuronal numbers in the inferior olive using Nissl sections
was extremely difficult and unreliable, given the high den-
sity of neurons in control animals. To avoid this problem,
we used sections immunostained with the specific neuro-
nal nuclear marker NeuN (Fig. 2). The different treatments
resulted in a significant change in the number of neurons in
the medial nucleus of the inferior olive (MIO) (%2 [2] =
12.490; p = 0.002). Treatment with 3-AP caused a 40%
neuronal loss in castrated males. Chronic administration of
estradiol prevented neuronal loss induced by 3-AP (Fig. 3).

In contrast to the effect of the treatments on the number
of neurons, no apparent differences were observed in the
intensity of NeuN staining among the experimental groups.
No significant differences in the cross-sectional area of the
medial inferior olive were detected (data not shown), indicat-
ing that the differences in neuronal counts reflect differences

in the total neuronal number and not mere differences in
cell density.

To evaluate cell death, sections were stained with Fluoro-
Jade. The treatments had a significant effect on the number
of Fluoro-Jade—stained neurons (% [2] = 11.649; p =0.003)
(Fig. 4). Fluoro-Jade staining was undetectable in the infe-
rior olive of control animals. Animals treated with estra-
diol and 3-AP had a mean of 7 + 4 stained neurons per olive.
By contrast, animals injected with 3-AP in the absence of
estradiol showed 73 + 13 neurons/olive (p = 0.004 vs the
control group and p = 0.005 vs estradiol plus 3-AP).

Aromatase Inhibition Increases
Neurodegeneration after 3-AP Toxicity

To test the role of aromatase and estradiol synthesis in neu-
roprotection, animals were treated with FAD, a pure inhibi-
tor of aromatase. FAD alone had no significant effect on
neuronal number. The number of NeuN-immunoreactive
neurons was significantly decreased in animals treated with
3-AP and FAD compared with animals treated with 3-AP
alone (70 and 30% of neuronal loss with respect to the con-
trol group, respectively; x? [4] = 27.806; p < 0.001) (Figs.
5 and 6). Furthermore, the administration of estradiol to ani-
mals treated with FAD and 3-AP reverted the effect of FAD.

In parallel to the decrease in the number of neurons stained
with NeuN after treatment with FAD and 3-AP, there was
an increase in the number of cells stained with Fluoro-Jade
(x2[4]=16.534; p=0.002) (Fig. 4). The number of Fluoro-
Jade—stained neurons raised from 38 £ 21 in 3-AP—treated
animals to 206 + 40 in animals that received 3-AP plus FAD
(p = 0.03). Estradiol-treated animals had a mean of 23 = 8
neurons/olive (p = 0.02 vs FAD + 3-AP). Fluoro-Jade—stained
neurons were detected neither in control animals nor in ani-
mals treated with FAD alone.

Correlation Between NeulN
Immunostaining and Fluoro-Jade Staining

The apparent opposite relationship between the two vari-
ables measured (number of NeuN-immunoreactive neurons
as a measure of neuronal survival and number of Fluoro-
Jade—stained neurons as an indication of cell death) was
confirmed by statistical analysis (Fig. 7). There was a rela-
tively high correlation between the number of NeuN-posi-
tive cells in the medial inferior olive and the number of
Fluoro-Jade—positive cells in the whole inferior olive. The
correlation coefficient was R? = 0.8193. Analysis of variance
for regression was significant (p <0.001), and, as expected,
the slope was negative (p < 0.001 vs being null).

Discussion

Previous studies have shown that inferior olivary neurons
express estrogen receptors (21) and that inferior olive func-
tion is affected by estradiol (22). These findings, together with
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Fig. 2. Representative sections from medial nucleus of inferior olive of orchidectomized male rats. (A,C,E) Sections immunostained with
NeuN; (B,D,F) sections Nissl-stained with toluidine blue. (A,B) Control rats were injected with vehicle. (C,D) Rats were injected with
3-AP. (E,F) Rats were treated with estradiol (E2) and 3-AP. Chronic administration of estradiol prevented the neuronal death produced

by the neurotoxin. Bar =200 pm.

the present observation of the expression of aromatase in
the inferior olive of male rats, suggest that estradiol may play
an important role in this nucleus. Here, we have assessed
whether estradiol is a neuroprotectant for inferior olivary
neurons in male rats. Systemic administration of 3-AP is a
well-recognized model of inferior olive neurodegeneration
and cerebellar ataxia (23). This toxin produces metabolic
stress because it interferes with the formation of NAD"
(nicotinamide adenine dinucleotide). Olivary neurons have
a very high metabolic rate and are therefore very sensitive
to 3-AP toxicity. The effect of estradiol administration on
the survival of inferior olivary neurons was assessed in male
rats treated with 3-AP. In the present study, animals were
castrated to reduce plasma testosterone levels and, there-

fore, to reduce the formation of estradiol from its circulat-
ing precursor. Indeed, castration resulted in undetectable
levels of both hormones in plasma. Estradiol administra-
tion, under this condition, resulted in a significant protec-
tion of inferior olivary neurons against 3-AP.

The toxicity of 3-AP was qualitatively assessed by Nissl-
staining and by a semiquantitative analysis of neurons stained
with Fluoro-Jade, a marker of dying cells (24). Previous stud-
ies have shown the validity of Fluoro-Jade as a stain suitable
for detecting necrotic neurons in inferior olive after 3-AP
administration (25). Furthermore, the number of surviving
inferior olivary neurons was assessed by unbiased morphom-
etry using NeuN, a specific neuronal marker (26). Our find-
ings indicate that the number of NeuN-immunoreactive sur-
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Fig. 3. Number of NeuN-immunoreactive neurons in medial inferior olive in castrated male rats treated with vehicles (Control, n = 4),
3-AP (n=9), or 3-AP and estradiol (3-AP-E2, n = 4). 3-AP was neurotoxic for the olivary neurons and resulted in a 40% neuronal loss
(p <0.001 vs the control group) in castrated male rats. Estradiol administration abolished the effect of 3-AP (p <0.001). Data represent
individual values (dots) and means + SEM. Asterisks indicate significant differences with respect to the 3-AP group.

viving neurons is inversely correlated with the number of
Fluoro-Jade—stained dying cells in the inferior olive when
animals from different groups are compared. This indi-
cates that the combination of NeuN immunoreactivity and
Fluoro-Jade staining is a reliable method to assess neuronal
viability in the inferior olive after 3-AP toxicity.

Administration of 3-AP resulted in a significant loss of
NeuN-immunoreactive neurons in male rats. The magni-
tude of neuronal loss in our study is in agreement with that
observed in previous studies using calbindin-D28k immu-
noreactivity, another neuronal marker for inferior olivary
neurons (23). Since sex steroids are known to affect cal-
bindin-D28k expression in the brain (27), we decided to
use a different neuronal marker, NeuN, for morphometric
analysis. The number of NeuN-immunoreactive neurons
that survived to 3-AP was significantly increased in estra-
diol-treated animals. The neuroprotective effect of estradiol
was accompanied by a decrease in the number of Fluoro-
Jade staining in the inferior olive.

Having determined that exogenous estradiol was neuro-
protective for inferior olivary neurons, our next goal was to
determine whether endogenous estradiol formation was neu-
roprotective as well. Estradiol may be formed from aroma-
tization of testosterone in the periphery or in the brain (78).
As our present results indicate, the inferior olive is also a
potential area for estradiol biosynthesis. To test the role of
endogenous estradiol formation in neuroprotection against
3-AP, we used FAD, a pure and nonsteroidal inhibitor of
the enzyme aromatase (28). The dose used in our study is
known to inhibit more than 90% of total enzyme activity
including brain aromatase (29). The inhibition of aromatase,
and thus the blockade of estradiol biosynthesis, enhanced
the injury produced by 3-AP in the inferior olive. FAD treat-

ment decreased the number of NeuN-expressing neurons that
survived to 3-AP, and increased the number of Fluoro-Jade—
stained dying cells. Moreover, administration of exogenous
estradiol was capable of reverting the toxicity produced by
the combination of FAD plus 3-AP. This suggests that the
toxic effect of FAD is owing to the inhibition of aromatase
and not to another unknown effect of the drug. Therefore,
we may conclude that endogenous estradiol is neuropro-
tective for inferior olivary neurons. Our results do not per-
mit differentiation between brain and peripheral estradiol
production, but the possibility exists that FAD inhibits aro-
matase in the inferior olive as well as in peripheral tissues.
In conclusion, our findings indicate that the inferior olive
expresses the messenger for the enzyme involved in estra-
diol biosynthesis and that the inferior olive is a target for
estradiol. Furthermore, our data indicate that endogenous
estradiol in male rats exerts a neuroprotective effect on in-
ferior olivary neurons. Therefore, estradiol may be impor-
tant for the maintenance of motor function that is under the
control of the olivocerebellar system. The decline in estro-
gen formation with aging may thus contribute to age-related
disturbances in motor function by affecting inferior olivary
nucleus. Moreover, the neuroprotective effects of estradiol
in the olivocerebellar system may contribute to the decreased
risk of falling and better postural balance observed in post-
menopausal women receiving estrogens (30,31).

Materials and Methods

Animals

Wistar albino male rats weighting 250-300 g were main-
tained on a 12:12 h dark:light cycle, with free access to chow
and water. Manipulation of the animals was performed fol-
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Fig. 4. Representative sections of inferior olive stained with Fluoro-Jade. (A) Control intact animal treated with vehicles; (B) intact
animal treated with 3-AP; (C) orchidectomized animal treated with 3-AP; (D) intact animal treated with aromatase inhibitor FAD and
3-AP; (E) orchidectomized animal treated with 3-AP and estradiol (E2); (F) intact animal treated with FAD, 3-AP, and estradiol. In
control and orchidectomized animals, 3-AP induced the appearance of acidic neurons stained with Fluoro-Jade. The administration of
FAD increased the number of degeneration neurons. This situation is reversed in the presence of estradiol. Bar = 200 pm.

lowing the European Union Normative (86/609/EEC), and
special care was taken to minimize animal suffering and to
set the number of animals to the minimum required.

RNA Isolation and RT-PCR Analysis

Total RNA from the inferior olive and surrounding tis-
sue (pyramidal tracts and part of the reticular nucleus) and
from the ovary were isolated with TRIzol Reagent (Gibco,
Invitrogen, Carlsbad, CA) according to the manufacturer’s
instructions. Five micrograms of the samples for the olive,
and 2 pg for the ovary, were used for first-strand synthesis
with M-MLV Reverse Transcriptase (Promega, Madison,

WI) and random primers (Gibco) for 1 h at 37°C, followed
by inactivation at 70°C for 15 min. Then, 4 pL was used for
amplification by PCR with 0.3 pL of Tag DNA Polymerase
(Roche Diagnostics GmbH, Mannheim, Germany) in a total
volume of 50 pL, in a thermal cycler (Mastercycler; Eppen-
dorf, Hamburg, Germany). For aromatase amplification
the primers used were TAT TGG AAA TGC TGA TTG
CGG for sense and TTG GGC TTG GGG AAA TAC TCG
for antisense (accession code for GeneBank M33986); the
resulting fragment had 313 bp. Primers were used at a final
concentration of 0.4 pM. To ensure that no genomic ampli-
fication is detected, the pair of primers was designed to
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Fig. 5. Representative histologic sections of MIO showing immunostaining for NeuN. (A) intact control rat treated with vehicles; (B)
rat treated with 3-AP; (C) rat treated with aromatase inhibitor FAD, 3-AP, and estradiol; (D) rat treated with FAD and 3-AP. The
aromatase inhibitor enhanced neuronal death produced by 3-AP. Estradiol prevented neuronal death caused by 3-AP and FAD. Bar =

100 pm.
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Fig. 6. Number of NeuN-immunoreactive neurons in medial olivary nucleus in intact male rats treated with vehicles (Control, n = 9);
FAD (n=3);3-AP (n=11); FAD and 3-AP (FAD-3-AP,n=11); or FAD, 3-AP, and estradiol (FAD-3-AP-E2, n =4). The toxic effect
of 3-AP (p = 0.003 vs the control group) was enhanced by the chronic treatment with FAD (p < 0.001 vs the control group and p <0.05
vs the 3-AP group). This effect was reverted by estradiol (» <0.001 vs FAD plus 3-AP). Data represent individual values (dots) and means
+ SEM. Asterisks indicate significant differences with respect to the FAD-3-AP group.

hybridize a fragment that includes some introns; in case
of DNA presence, the amplified fragment would be much
longer. The amplification protocol consisted of 35 cycles
with 1 min of denaturation at 95°C, 1 min of annealing at 65°C,
and 1 min of elongation at 72°C. Images from 1.5% (w/v)

ethidium bromide—stained agarose gels were captured with
GelPrinter (TDI, Madrid, Spain).

To assess the reliability of the amplification products,
bands were excised and DNA was purified using the QIAquick
Gel Extraction Kit (Quiagen Gmbg, Hilden, Germany). One
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Fig. 7. Linear regression analysis between neuronal survival (NeuN-positive cells in MIO) and neuronal death (Fluoro-Jade—immunore-
active cells in inferior olive). The plot shows a high negative correlation between the two variables (R* = 0.8193).

hundred nanograms of each sample was sequenced (Auto-
matic Sequencing Center, CSIC, Madrid, Spain) with the same
sense and antisense primers. The obtained sequence was
aligned with the expected sequence obtained from GeneBank.

Effect of Estradiol
Administration in 3-AP-Treated Animals

To assess whether estradiol protects inferior olivary neu-
rons, animals were bilaterally orchidectomized under 2,2,2-
tribromoethanol anesthesia (0.2 g/kg; Fluka Chemika AG,
Buchs, Switzerland) in order to reduce circulating test-
osterone that may be converted into estradiol. Immediately
after castration, intrascapular silastic tubes (Nalgene 550 Sili-
cone Tubing 8060-0020, 1.57 mm id, 0.317 mm od, Nalge,
Rochester, NY) were implanted between scapulae. A group
of animals was implanted with silastic tubes filled with 17(3-
estradiol (1:1 in cholesterol, 5 mm; Sigma-Aldrich Chemie
Gmbh, Steinheim, Germany). Another group of animals was
implanted with empty tubes. One week later, animals were
injected intraperitoneally with 3-AP (30 mg/kg in saline;
Sigma) or with vehicle. This dose has been tested previ-
ously and causes a significant neuronal loss in the inferior
olive (32).

Effect of Aromatase Inhibition on 3-AP Toxicity

Intact male rats were anesthetized with tribromoetha-
nol, and an osmotic minipump (flow rate of 0.5 pL/h, Alzet
2002; Alza, Palo Alto, CA) was subcutaneously implanted
between the scapullae. Before implantation, the pumps were
filled with either saline or the aromatase inhibitor FAD
(4.16 mg/mL insaline, CGS16949A; Ciba-Geigi, Basel, Swit-
zerland). Animals were implanted with estradiol tubes or

with empty tubes. Seven days after implantation, animals
received 30 mg/kg of 3-AP or vehicle.

Histology

One week after 3-AP administration, animals were sub-
mitted to cardiac puncture under pentobarbital anesthesia
(75 mg/kg) to obtain blood samples. These samples were
centrifuged twice at 1100g for 30 min at 4°C to separate
the sera and then kept at —20°C until estradiol and testoster-
one RIA (Ultra-sensitive Estradiol RIA from Diagnostic
Systems, Webster, TX; and Coat-A-Count Free Testoster-
one RIA from Diagnostic Product, Los Angeles, CA). The
animals were then perfused through the ascending aorta with
50 mL of saline followed by 300 mL of 4% paraformalde-
hyde in 0.1 M phosphate buffer, pH 7.4. The brains were
removed and immersed in the same fixative for 4 h at 4°C
and rinsed in buffer. The rhombencephalon was dissected
out and coronal Vibratome sections were cut at 50 pm.

To evaluate neuronal survival, three consecutive sections
(taking as reference the coordinates —12.80 mm from bregma
/33]; Fig. 8) for each animal were immunostained with NeuN,
a specific neuronal marker. This protocol resulted in a high
homogeneity in the data from animals of the same group.
Sections were first quenched in 1% hydrogen peroxide,
50% methanol in phosphate-buffered saline (PBS) for 10
min, then rinsed with PBS and incubated overnight with
the NeuN antibody (1:5.000 in PBS; Chemicon, Temecula,
CA) diluted in PBS with 0.3% bovine serum albumin and
0.3% Triton X-100. Sections were then rinsed in the same
medium and incubated for 2 h at room temperature in bioti-
nylated goat anti-mouse IgG (Pierce, Rockford, IL) diluted
1:250. Immunostaining was amplified with the avidin-biotin
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Fig. 8. Different nuclei of inferior olive, at Paxinos and Watson (33) coordinates: —12.80 mm from bregma, stained with NeuN antibody.
DMIO, dorsomedial; MIO, medial; DIO, dorsal; PrlO, principal. Bar = 200 pm.

system (ImmunoPure ABC Peroxidase Staining Kit, Pierce)
for 90 min, and peroxidase was detected using diamino-
benzidine as chromogen. Other sections were Nissl stained
with Toluidine blue.

Cell death was evaluated using Fluoro-Jade (Histochem,
Jefferson, AR), an anionic dye reported to selectively stain
degenerating neurons (24), according to the protocol described
by Poirier etal. (34). Briefly, mounted sections were immersed
for 17 min in 0.06% potassium permanganate, rinsed in
water, and then stained at room temperature for 30 min with
0.001% Fluoro-Jade in 0.1% acetic acid.

Morphometric Analyses

The number of NeuN-positive cells in the MIO was esti-
mated by the optical disector method as described by Howard
and Reed (35), using total section thickness for disector
height (36) and a counting frame of 55 pm x 55 pm. A total
of 100 counting frames were assessed per animal. Section
thickness was measured using a digital-length gage device
(Heidenhain-Metro MT 12/ND221; Traunreut, Germany),
attached to the stage of a Leitz microscope. Cell nuclei that
came into focus while focusing down through the disector
height were counted. MIO areas were estimated by using
a randomly translated point grid with a known area associ-
ated with each point (35). All counts were performed blind.
Microphotographs were taken with a Nikon digital camera.

Cell death was evaluated by simple count of Fluoro-Jade—
positive cells in the whole inferior olive in a Leica Micro-
scope under a 450-nm filter. It is not possible to evaluate
Fluoro-Jade sections by the optical disector method because
the areas cannot be fully delimited and the section thickness
cannot be properly estimated. Two sections were evaluated
by this method for each animal. These semiquantitative
measures were used to have a correlation between neuronal
survival and cell death for each animal.

Statistical Analyses

Data of each experiment were assessed for homogeneity
of variances using Levene’s statistic. Since the variances of
the data were not homogeneous, analysis was carried out

using a Kruskal-Wallis test followed by a Games-Howel
test. In the evaluation of cellular death, linear regression
analysis was done. Differences with p < 0.05 were consid-
ered significant. All analyses were done using the statistical
program SPSS (SPSS, Chicago, IL). All values represent
mean + SEM. The number of animals studied for each expe-
rimental group is indicated in the figure legends.
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