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ABSTRACT: Upregulation of aromatase (estrogen
synthase) in glia around the site of neural injury may
limit neural degeneration. Systemic administration of
estrogen limits neural damage, but the specific role of
local estrogen provision in this effect is unclear. In
male zebra finches, we tested the effect of local aroma-
tase inhibition and estrogen replacement on type of
cellular degeneration and the distance of this degenera-
tion from the source of insult. Subjects received injec-
tions of the aromatase inhibitor fadrozole into one
telencephalic lobe and fadrozole and estradiol into the
contralateral lobe. Seventy-two hours later, we used
Fluoro-Jade B and TUNEL to label dying and apo-
ptotic cells, respectively. Since each subject was its own
control, we were able to assess the influence of local
estrogen replacement in relative distinction from circu-
lating steroids and constitutive aromatization. Cellular
degeneration around the lesion was measured with

Fluoro-Jade B, TUNEL, and indirectly with aromatase
expression. Additionally, the glial nature of aromatase-
positive cells around the injury was queried by co-
localization with vimentin. The estrogen replaced
injury had fewer apoptotic cells clustered more closely
around the injury compared to the hemisphere injected
with fadrozole alone. Since Fluoro-Jade B and TUNEL
labeled similar numbers of cells, and the distance of
these cells from the injection was identical, we suggest
that estrogen replacement functions primarily to
restrict apoptosis in the current paradigm. Lastly, aro-
matase-positive cells around injuries co-localize vimen-
tin, establishing their glial nature. Thus, glial estrogen
provision at sites of neural insult may be critical in lim-
iting the cellular degeneration caused by injury via an
inhibition of apoptosis.  © 2005 Wiley Periodicals, Inc. J Neurobiol
00: 000-000, 2005
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INTRODUCTION

The vertebrate brain is responsive to steroids
including 17f-estradiol (E,) throughout life (Arnold
and Gorski, 1984; McEwen and Alves, 1999;
McEwen, 2001; Wise, 2003). Earlier work estab-
lished a pivotal role for E, in the organization and
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activation of circuits necessary for sexual and
aggressive  behaviors in  several vertebrates
(MacLusky and Naftolin, 1981; Adkins-Regan and
Watson, 1990; Balthazart et al., 1992). More recent
work has expanded the role of this steroid into such
arenas as neuromuscular control, pain, learning,
memory, and mood (McEwen, 2001; Morrison,
2003; Wise, 2003; Maggi et al., 2004; Morgan
et al., 2004). Estrogenic modulation of the central
nervous system appears to be multifaceted and well
conserved across vertebrates. Included in the suite
of physiological parameters modulated by E, is an
emerging role for this steroid in the protection of
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the brain from degeneration (Cho et al., 2003; Mer-
chenthaler et al., 2003).

In some vertebrates, neural insult by ischemia,
mechanical injury, or excitotoxicity results in the
expression of aromatase (estrogen synthase) in glial
cells around the site of damage (Garcia-Segura et al.,
1999; Azcoitia et al., 2001; Peterson et al., 2001).
This up-regulation appears functional. Neural injury
is exaggerated in aromatase knockout mice relative to
heterozygous conspecifics and in rats subjected to
systemic aromatase inhibition (Garcia-Segura et al.,
2001). Indeed, peripheral administration of estrogen
or aromatizable androgens decreases neural injury in
rats, and replacement of peripheral estrogens amelio-
rates the effect of aromatase inhibition supporting a
role for aromatase in limiting neural damage (Garcia-
Segura et al., 2003).

Cellular degeneration following neural injury typi-
cally involves two distinct phases. First, necrotic cell
death characterized by a compromise of the integrity
of the cell membrane and swelling of the cell, occurs
as an immediate consequence of insult (Nicotera and
Lipton, 1999). A subsequent round of death follows
in susceptible cells neighboring the lesion site. This
degeneration is characterized by apoptotic cell death
and typically occurs over an extended period of time
(Tang and Porter, 1996). We have shown that inhibi-
tion of aromatase immediately around the injury site
increases apoptosis in zebra finches (Wynne and Sal-
danha, 2004). These data suggest that local E, provi-
sion may limit the amount of delayed cell death,
thereby reducing injury. However, the involvement
of general degeneration and apoptosis in this para-
digm remains to be directly tested. Further, though
strongly suggested, the idea that locally up-regulated
aromatase in glial cells is neuroprotective by provid-
ing high levels of E, to local circuitry remains un-
evaluated.

Songbirds (order: Passeriformes) are excellent
models for these studies. Injury-induced aromatase is
rapid and robust in the zebra finch (Taeniopygia gut-
tata), where transcription and translation of this gene
are detectable as early as 24-h post-insult (Peterson
et al., 2001) and persist at least 7-days post-insult
(Peterson et al., 2004). Secondly, although glial aro-
matase is detectable in primary dissociated cell cul-
tures of developing telencephalon (Schlinger et al.,
1994), it is only detectable in vivo following disrup-
tion of the neuropil (Peterson et al., 2001, 2004;
Wynne and Saldanha, 2004). Further, in male zebra
finches, the brain may be the only source of E, avail-
able to modulate central and peripheral processes
(Schlinger and Arnold, 1991, 1992). Lastly, the high
expression of neuronal aromatase at several well-

defined telencephalic loci in this species makes it
possible to experimentally discriminate between
injury-induced glial and constitutive neuronal aroma-
tase expression (Shen et al., 1995; Saldanha et al.,
2000; Peterson et al., 2001). In the present report, we
tested the influence of aromatase inhibition and
simultaneous E,-replacement on generalized cellular
degeneration and apoptosis in adult male zebra
finches.

METHODS

Subjects were six adult (>90 days) male zebra finches pur-
chased from a local breeder (Canary Bird Farms, Old
Bridge, NJ) and housed at the Biological Sciences Animal
Facility, Lehigh University. Birds were held in same-sex
groups (two—four per group) in cages (18" x 18" x 16")
under a 14:10 LD cycle (lights on at 0600 h). The room
temperature was maintained at 72° = 2F, and food, grit,
water, and a cuttlebone were available ad libitum. All hous-
ing and experimental protocols used in this study were
approved by Lehigh University Institutional Animal Care
and Use Committee (IACUC).

General Experimental Design

We have previously shown that administration of fadrozole
increases neural damage and apoptosis relative to saline
(Wynne and Saldanha, 2004). In the present study, we
asked if this effect was due to a decrease in local E,. Each
subject served as its own control. The potential role of
localized E,-provision on injury was tested by injecting the
aromatase inhibitor fadrozole (Wade et al., 1994) into one
hemisphere and fadrozole + E, into the contralateral hemi-
sphere. Based upon previous research (Peterson et al.,
2001; Wynne and Saldanha, 2004), all animals were sacri-
ficed 72-h post-injury, when aromatase transcription and
translation is robust, and when fadrozole administration
alone increases injury twofold relative to saline (Wynne
and Saldanha, 2004). In each animal, we tested the influ-
ence of E,-replacement on (a) cellular degeneration around
the lesion site, (b) distance of degenerating cells from the
lesion and injection, and (c) aromatase expression in glia
and neurons. A detailed description of each experimental
procedure follows.

Neural Injury and Drug Delivery

Subjects (n = 6) were anesthetized with ketamine/xylazine
(0.08 ml per bird with 0.3 and 16 mg/mL ketamine and
xylazine) and positioned in a stereotaxic apparatus with the
head angled at 45°. The cranium was exposed by midline
incision and an 18G needle was used to create a bilateral
craniotomy. Injections were targeted at the entopallial
nucleus 2 mm anterior to the pineal gland and 3 mm lateral
to the midline (Stokes et al., 1974). The entopallial nucleus
was selected as a target since it is devoid of constitutive



aromatase (Shen et al., 1995; Saldanha et al., 2000). Thus,
the only aromatase detected immediately surrounding the
injury site ought to be a direct consequence of neural dis-
ruption (Peterson et al., 2001, 2004; Wynne and Saldanha,
2004). A 50-pL 22s Hamilton syringe (Hamilton Company,
Reno, NV) was positioned at the surface of the brain at an
angle of 45°, and lowered 2.5 mm ventrally where it resided
for 120 s. At this point, 5 pL of either a 10 mg/mL solution
of fadrozole (50 pg total) in steroid-suspension vehicle
(SSV; 9 mg NaCl, 5 mg sodium carboxymethylcellulose,
4 pl polysorbate 80, 9 ul benzyl alcohol in 1 ml distilled
water) or 5 ul of a 200 pg/ml E, solution in 10 mg/ml
fadrozole (1 pg E, and 50 pg fadrozole total) in SSV was
injected into one of the two hemispheres. The concentration
of fadrozole used was based upon previous research show-
ing a reliable inhibition of neural aromatase activity follow-
ing oral administration (Saldanha et al., 2004). The amount
of E, delivered was half that used in previous studies that
showed neuroanatomical changes in response to local E,
implants in birds (Grisham et al., 1994). In two birds, fadro-
zole was first delivered into the right hemisphere followed
by fadrozole + E, into the left. The next two birds first
received fadrozole into the left hemisphere followed by
fadrozole + E, into the right. The last two birds first
received fadrozole + E, delivered to the right hemisphere
followed by fadrozole to the left. The needle remained in
the brain for 60 s and was then retracted. The scalp was
repositioned over the cranium and sealed with Collodion
Flexible (EM Science, Gibbstown, NJ). Following surgery,
the birds recovered from anesthesia under a heat lamp, and
were subsequently used for neuroanatomical analyses.

Tissue Preparation

Following the 72-h recovery period, subjects were deeply
anesthetized with 1.5 ml of ketamine/xylazine and transcar-
dially perfused with 5 ml 0.1 M phosphate buffer (PB) fol-
lowed by 40 ml of 4% paraformaldehyde (pH 7.35)
containing 15% picric acid. The abdominal cavity was
opened to reveal the testes which appeared well developed
in all birds, suggesting physiological levels of circulating
androgens (Farner and Wingfield, 1980). The brains were
removed and immersed in 4% paraformaldehyde (48 h,
4°C), embedded in 8% gelatin, re-immersed in 4% parafor-
maldehyde (72 h, 4°C), cryoprotected in 30% sucrose in PB
(72 h, 4°C) and sectioned on a cryostat. Five sets (A-E) of
50-pum coronal sections were collected into a high-sucrose,
polyethylene glycol solution (Watson et al., 1986) and the
sections were stored at —20°C until ready for use. Sets of
coronal sections were used to determine (a) general degen-
eration using Fluorojade B, (b) apoptotic degeneration
using TUNEL, (c) extent of diffusion of fadrozole and E,
using aromatase expression, and (d) glial (vs. neuronal)
nature of aromatase expressing cells around injury using
double-label immunocytochemistry. Other sets of sections
were used to optimize protocols for data collection or as
replicates.
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General Degeneration

To determine the extent of neural injury achieved by the
lesions and associated injections, we used Fluoro-Jade B, a
poly-anionic fluroescein derivative believed to bind to posi-
tively charged molecules in dying neurons and glia
(Schmued and Hopkins, 2000; Butler et al., 2002; Anderson
et al., 2003). Sections were mounted onto subbed slides and
allowed to air dry for 24 h, immersed in 100% ethanol for
3 min, 70% ethanol for 1 min, and distilled water for 1 min.
Sections were then washed in 0.06% potassium permanga-
nate (15 min), distilled water (1 min), and then stained with
0.001% Fluoro-Jade B (Chemicon, Temecula, CA; 30 min)
under low light conditions. Following staining, sections
were rinsed in distilled water (3 x 1 min), air dried, cleared
with xylene and coverslipped.

Apoptotic Degeneration

To determine the extent of programmed cell death induced
by the mechanical injuries and injections, sections were
exposed to terminal deoxynucleotidyl transferse UTP nick
end labeling (TUNEL) which labels the 3’ ends of degener-
ating DNA, thereby permitting visualization of apoptotic
nuclei. The TUNEL Apoptosis Detection Kit was purchased
form Upstate Biotechnology (Waltham, MA). Briefly, sec-
tions were washed in 0.1 M phosphate buffer saline (PBS)
1x for 30 min at room temperature, exposed to 0.036%
H,0, (10 min) and washed in PBS (3 x 15 min). Sections
were then incubated with terminal deoxynucleotidyl trans-
ferase (TdT) buffer (30 mM Tris-HCI buffer, pH 7.4, con-
taining 140 mM sodium cacodylate, 1 mM cobalt chloride)
for 20 min followed by incubation in TdT end labeling
cocktail containing TdT buffer, biotin-dUTP, and TdT at a
90:5:5 ratio overnight at 37°C. Once incubation in the cock-
tail was complete, the reaction was terminated by immers-
ing the sections in 0.1 M PBS for 10 min, and then
incubated in a 1:200 avidin-biotin complex (Vectastain,
Vector Laboratories, Burlingame, CA) in 0.3% PBT for
60 min at room temperature. Sections were then washed in
0.1 M PBS 1x for 45 min, and incorporated biotin was
visualized using the Vector SG substrate kit (Vector Labo-
ratories) for peroxidase. Following the color reaction, sec-
tions were washed 1x for 5 min in 0.1% PBT, dehydrated
through graded alcohols (70, 95, 95, 100, 100%), cleared
with xylene, and coverslipped.

Aromatase Expression

In order to determine if the administered fadrozole and E,
remained local to the injection site, we used immunocyto-
chemistry with a specific antibody against aromatase using
previously published protocols (Saldanha et al., 2000). Briefly,
sections were washed several times in 0.1 M PB, rinsed in
0.036% H,0,, washed, immersed in 10% normal goat serum
(60 min) and incubated in 1:5000 AZAC for 48 h at 4°C.
Specific binding of the antibody was amplified by incubation
in 1:200 biotinylated goat anti-rabbit IgG, 1:100 avidin-bio-
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tin-HRP, and the immunoproduct developed with diamino-
benzidene activated by peroxide (Saldanha et al., 2000).
Sections were washed several times, mounted onto subbed
slides, air dried, dehydrated, cleared, and coverslipped.

Co-Expression of Glial Markers
and Aromatase

To determine the nature of cells expressing aromatase
around the injury tract, we used double-label immunocyto-
chemistry with an antibody against the glial marker vimen-
tin (Developmental studies Hybridoma Bank, Iowa City, [A)
and aromatase. Sections were washed in 0.1 M PB (6 x
5 min), incubated in 0.036% H,0O, (10 min) to exhaust
endogenous peroxidase, washed in 0.1 M phosphate buffer
containing 0.1% Triton X100 (0.1% PBT; 3 x 15 min), and
incubated in 10% normal goat serum in 0.3% PBT (1 h).
Sections were then incubated in a primary antibody cocktail
containing 1:2500 AZAC (Saldanha et al., 2000) and 1:750
anti-vimentin in 0.3% PBT (48 h, 4°C). Each run included a
subset of sections that were exposed to AZAC only (no
vimentin control). Sections were washed 3 x 15 min in 0.1%
PBT to remove excess primary and then incubated in a sec-
ondary antibody cocktail containing 1:50 mouse-adsorbed,
goat anti-rabbit cyanine-5 (CY-5) and 1:50 rabbit-adsorbed,
goat anti-mouse cyanine-2 (CY-2; Jackson Immunochemi-
cals, West Grove, PA) in 0.3% PBT for 2 h at room tempera-
ture under foil. Sections were then washed in 0.1% PBT for a
total of 2 h, mounted, dehydrated, and coverslipped.

Confocal Microscopy

Sections stained with the fluorescein-derivative Fluoro-Jade
B and those double-stained with antibodies against vimen-
tin and aromatase were inspected under a scanning confocal
microscope. Sections were observed using a 25x or 40x/
1.4 NA plan apo objective on an inverted microscope (Zeiss
Axiovert 200M) equipped with a Zeiss LSM510 META
scan head. Argon ion, 543 HeNe, and 633 HeNe lasers were
used to generate the 488 (not used), 543 (Fluoro-Jade B and
CY-2), and 633 (CY-5) lines used for excitation, and pin-
holes were typically set to 1-1.5 airy units. For Fluoro-Jade
B, we collected 3-9 images of nonoverlapping fields of
cells around a visible needle tract per injury per bird at low
power (total of 56 photomicrographs for analysis). Addi-
tionally, we collected 3 images of nonoverlapping fields of
labeled cells per injury per bird at high power (total of 36
photomicrographs for analysis). For vimentin/aromatase,
high-power images were collected from areas adjacent to
the injury and within the ventromedial nucleus (VMN),
approximately 3 mm distal to the lesion. Images were
exported and stored as TIFF files.

Light Microscopy

Sections stained for TUNEL to label apoptotic nuclei and
those stained for aromatase expression were examined

under a light microscope. Sections were viewed under
100x or 200x and digitized images were captured using a
DXM1200 camera mounted atop a Nikon EM1000 light
microscope. For TUNEL, we captured 2—12 frames of non-
overlapping field of labeled nuclei per injury per bird at
high power (total of 81 photomicrographs of analysis). For
aromatase expression, we captured 4—14 images of non-
overlapping fields of cells around the needle tract per injury
per bird at low power (total of 82 photomicrographs for
analysis). At high power, 5 images of nonoverlapping fields
of cells were captured around the injury and in the VMN
(total of 120 photomicrographs for analysis). Digitized
images were exported and stored as TIFF files.

Data Collection and Analysis

To measure the effect of E, replacement on the type of
degeneration caused by the injections, high-power photomi-
crographs of Fluoro-Jade B and TUNEL were rendered
using NIH Image J. An experimenter blind to the source of
the photomicrographs counted the number of labeled
Fluoro-Jade B and TUNEL cells in each picture. Data from
pictures within individual injuries and subjects were aver-
aged, and group means representing the number of Fluoro-
Jade B and TUNEL labeled cells were computed across
treatment. Group means were analyzed using two-way
ANOVA with treatment (fadrozole vs. fadrozole + E,) and
type of cell death (Fluoro-Jade B vs. TUNEL) both as
within subject variables.

To measure the effect of E, replacement on the extent of
degeneration, low-power photomicrographs of Fluoro-Jade
B and TUNEL were rendered using NIH Image J. In each
photomicrograph, an experimenter measured the distance
between the needle tract and the 10 most distal labeled cells
that were visible. These distances were averaged within pic-
ture and hemisphere to yield group means across fadrozole
and E,-replaced treatments. Data were analyzed using two-
way ANOVA with treatment and type of cell death both as
within subject variables (see above).

As an independent confirmation of extent of degenera-
tion, we used low-power photomicrographs of aromatase
expression to quantify the area of degeneration around
injection sites. An experimenter blind to the condition of
the animals rendered the photographs using Image J and
measured the halo of degeneration in each picture. The area
of degeneration, visible as a halo of negative staining
immediately surrounding the lesion (Peterson et al., 2004;
see Fig. 3) was summed across individual injuries (x 250)
and compared across treatments using one-way ANOVA
and Fisher LSD.

To ascertain if the drug delivery remained local to the
injection site, we used the intensity of aromatase immu-
noproduct in individual glia in the area of damage and
individual neurons within the VMN, a locus approx-
imately 3 mm away from the lesion. Aromatase expres-
sion is responsive to fadrozole and E,, in that a
compromise in aromatase activity results in an increase in
immunoproduct (presumably due to negative feedback)



and treatment with E, decreases aromatase immunopro-
duct (Harada et al., 1999). The optical density of immu-
nostain (hereafter: intensity) was measured using Image J
in approximately 100 glia per injury per bird and 100
neurons per hemisphere within the VMN per bird. The
intensity of unstained areas in between labeled cells was
measured as an index of background and these numbers
were either subtracted from or divided into the intensity
of immunostain to yield a measure of relative optical den-
sity (ROD). ROD was averaged across samples within
individual injuries. Data were compared using two-way
ANOVA with treatment and cell type (glia or neurons)
both as within subject variables.

RESULTS

All data presented herein reflect means * S.E.M. In
general, the injury caused by injection of fadrozole
alone appeared more extensive and severe than the
lesion associated with injection of fadrozole and E,.
Specifically, hemispheres injected with fadrozole had
more degenerating cells labeled with Fluoro-Jade B
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and TUNEL relative to the lobe administered E,
(F.s) = 43.978; p = 0.0012; Fig. 1). There was no
effect of type of death (Fluoro-Jade B vs. TUNEL,
F 5 = 1.405; p = 0.289), but a modest interaction
between treatment and type of cell death; (Fs) =
8.012; p = 0.04). The source of the significant inter-
action term was a difference between E,-replaced
Fluoro-Jade B and fadrozole-associated TUNEL (p <
0.05; least square means).

These data are supported by the extent of injury as
assessed by the distance of Fluoro-Jade B and
TUNEL-labeled cells from the injury tract. In lobes
injected with fadrozole, labeled cells were found fur-
ther away from the needle tract relative to hemi-
spheres that received E,-replacement (F sy =
55.745; p = 0.0007; Fig. 2). There was no effect of
type of cell death (F 5y = 0.054; p = 0.83) or an
interaction between treatment and type of cell death
(F5) = 0.223; p = 0.66). Thus, the data suggest that
E,-replacement decreases the number of necrotic and
apoptotic cells, thereby limiting the extent of cellular
degeneration around neural damage.

100 |
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Number of nuclei

— FAD FAD +E,

Figure 1 The number of cells undergoing generalized cellular degeneration (A, B, C) including
but not limited to apoptosis (D, E, F) is larger around the fadrozole (FAD)-associated injury (A, D)
compared to E,-associated injury (B, E). Histograms (C, F) of the difference in the number of cells
undergoing generalized cellular degeneration as assessed by Fluoro-Jade B and apoptosis as deter-
mined by TUNEL. *Represents needle tract. Scale bar = 50 pm for all panels.
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Figure 2 Replacement with E, (B, E, H) decreases the extent of generalized cellular degenera-
tion (A, B) and apoptosis (D, E) from the lesion tract (*) relative to fadrozole (FAD) alone (A, D,
G). The extent of presumptive necrotic tissue (G, H) as evidenced by negative staining around the
lesion was also lower in the E,-treated hemisphere. Histograms (C, F, I) depicting the difference in
distance of cells undergoing generalized cellular degeneration as measured by Fluoro-Jade B, apop-
tosis as assessed by TUNEL, and the extent of presumptive necrotic tissue as determined by nega-
tive staining in aromatase stained sections. NZ = presumed necrotic zone. Scale bar = 200 pum in
panels (A) and (B); 50 pm in (D) and (E); and 250 pm in (G) and (H).

The extent of damage resulting from injections
was also assessed indirectly using visibly damaged
tissue on sections processed for aromatase expres-
sion. These data showed a similar pattern of variation
between treatments relative to measures of Fluoro-
Jade B and TUNEL. Specifically, the total volume of

injury was greater around the fadrozole-injected lobe
relative to the hemisphere that received fadrozole and
Es (F(1,10) = 6.937; p = 0.02; Fig. 2).

In order to judge whether the administered drugs
remained local to the injection site, we used an indi-
rect measure of aromatase content in glia around the
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injury and neurons at a locus about 3 mm away. Both
methods of standardization (subtraction of vs. divi-
sion by background) yielded similar patterns of
results. Here we report the relative optical density of
aromatase immunostain after subtraction of nonspe-
cific staining. Two-way repeated measures ANOVA
revealed a significant effect of treatment (F( s, =
45.498; p = 0.0011), no effect of cell type (F5) =
3.621; p = 0.115) but a significant interaction
between these variables (F(; 5y = 43.202; p = 0.0012;
Fig. 4). Post hoc tests reveal that both main effect and
the interaction are due to higher relative optical den-
sity of immunostain in glia surrounding the fadro-
zole-associated injury relative to all other groups.
Thus, glia around the fadrozole injury were most
darkly stained and were darker than contralateral
pools of neuronal aromatase and the glia surrounding
the E,-replaced injury.

Tissue double-labeled with antibodies against aro-
matase and vimentin allowed for classification or aro-
matase expressing cells around the site of injury by
means other than general morphology. All aromatase-
positive cells around the injury site showed colocal-
ized vimentin staining. This staining was specific to
the monoclonal vimentin antibody as evidenced by
lack of CY-2 signal in sections that served as a
no-vimentin-primary antibody control [Fig. 3(D)].
Lack of vimentin immunoproduct in neuronal pools
expressing aromatase such as those examined in the
VMN showed that vimentin staining was specific to
reactive glia (data not shown).

DISCUSSION

The administration of aromatase inhibitor alone or
aromatase inhibitor with E,-replacement into dispa-
rate hemispheres of the same brain, permitted the
evaluation of local aromatization and estrogen provi-
sion. We have learned that cells that up-regulate aro-
matase in response to mechanical injury also express
the glial marker vimentin. These cells function to
limit the extent of neural degeneration by apparently
increasing local levels of E,. Locally elevated estro-

Figure 3 (A) Aromatase cells around injury co-express
glial proteins (yellow). Panels (B) and (C) reveal the identi-
cal field of cells viewed through the red [aromatase (B)]
and green [vimentin (C)] channels alone. (D) Aromatase
positive glia with no anti-vimentin control in a section with
both emission channels visible (note the absence of green in
the image). Scale bar = 20 ym and is identical in all panels.
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Figure 4 Histogram of relative optical density (ROD) of
aromatase expression in glial (injury-induced) and neuronal
(constitutive) cells in fadrozole vs. fadrozole + E, injected
hemispheres. Column with * is significantly different from
all others which do not differ from each other (p < 0.05).

gens may decrease neurodegeneration by inhibiting
programmed cell death in response to mechanical
injury.

In avian species, the identification of aromatase-
expressing cells around injury sites as glial, was lim-
ited to morphological criteria (Peterson et al., 2001,
2004; Wynne and Saldanha, 2004). Using double-
label immunocytochemistry with antibodies specifi-
cally raised against songbird aromatase (Saldanha
et al., 2000) and vimentin (Alvarez-Buylla et al.,
1987), the present data reveal that the vast majority of
aromatase-expressing cells around the site of injury
also co-localize the glial marker vimentin [Fig. 3(A)].
We are confident in the authenticity of immuno-
product achieved in these protocols. The aromatase
antibody has been previously characterized using
absorption, no-primary, and Western Blot analyses
(Saldanha et al., 2000). In the present study, omission
of the monoclonal primary antibody against vimentin
from the reaction completely eliminated CY-2 signal
around the site of injury (no primary control; Fig. 3).
Additionally, in double-labeled tissue, aromatase-
expressing neurons show no evidence of vimentin
immunoproduct pointing to the specificity of this
antibody in labeling glia and not neurons. Thus,
aromatase expression around the site of neural injury
is restricted to reactive glia.

The present data strongly suggest that reactive glia
protect the brain from degeneration caused by
mechanical insult. Earlier studies have supported the
idea that aromatization, most likely within these very
glia, is neuroprotective (Garcia-Segura et al., 2001;
Peterson et al., 2001; Azcoitia et al., 2002; Wynne
and Saldanha, 2004). This hypothesis was directly
tested in the current experiment, and reveal that
locally elevated E, rescues the degeneration caused
by mechanical injury (Figs. 1, 2). These findings are

in excellent agreement with previous reports where
systemic estrogen administration decreased the
amount of neural damage in response to injury in
rodents (Simpkins et al., 1997; Toung et al., 1998;
Rusa et al., 1999; Garcia-Segura et al., 2001; Rau
et al., 2003a). However, systemic manipulations
leave open the possibility that aromatization at
peripheral sites and/or constitutive neuronal aromati-
zation acting on peripheral substrates could contrib-
ute to the observed neuroprotective effects. To the
best of our knowledge, this is the first study to reveal
that local aromatization in glial cells immediately
surrounding injury may protect the brain via a para-
crine increase in estrogens.

The idea that treatments in the current paradigm
remained local to the delivery site is supported by
measures of aromatase optical density. Specifically,
glial aromatase around the site of fadrozole delivery
was found to be more intense than around the site of
E, replacement (Fig. 4). This effect was not apparent
in pools of neuronal aromatase in the VMN, a locus
about 3 mm away. These finding suggest the possibil-
ity that while lesion sites were exposed to different
levels of E, (resulting in differences in ROD), nearby
sites of constitutive neuronal aromatization did not
differ in the level of E, exposure. We therefore con-
clude that our treatments did indeed isolate the role
of up-regulated aromatase in glia around the site of
injury in distinction from constitutive neuronal aro-
matase.

This E,-dependent neuroprotection could involve
apoptotic and necrotic pathways. The data suggest
that the number and distance of apoptotic cells
around the needle tract is statistically indistinguish-
able from the number and distance of pyknotic
cells. Specifically, we were unable to detect differ-
ences in the extent of degeneration as measured
using TUNEL (apoptosis) or Fluoro-Jade B (gener-
alized cell death). Thus, apoptosis is sufficient to
account for all degeneration observed in the cur-
rent paradigm. We recognize that this interpretation
requires further rigorous testing perhaps by varying
the type of neural insult, dose of fadrozole and E,
used, and importantly the survival time after insult.
Further, we do not know whether TUNEL-labeled
cells co-localize Fluoro-Jade B. These experiments
are currently underway. Nevertheless, the current
results are in good agreement with other studies
since work in rodents suggests that peripheral
estrogens can severely inhibit apoptosis as early as
8 h following injury (Rau et al., 2003a). The bio-
chemical cascades that ensue may involve caspase
activity as has been suggested by several studies in
rodents (Jover et al., 2002; Monroe et al., 2002;



Rau et al., 2003b; Yune et al., 2004). We do not
know, however, if E, protects the brain by a simi-
lar pathway in birds. Experiments that explore the
time course, regulation, and mechanism of estro-
genic neuroprotection in songbirds are currently
underway in our laboratory.

Locally elevated estrogen may protect the brain by
actions on traditional intranuclear receptors or via
membrane pathways, an effect that may involve ER«
rather than ERG (Wise, 2002). Indeed, ERa and
androgen receptor (AR) are prominent in astrocytes
and microglia, respectively, following injury in the
rat (Garcia-Ovejero et al., 2002). The expression of
steroid receptors around sites of neural injury in the
songbird awaits evaluation.

In summary, the present data strongly implicate
estrogen provision by reactive glia around neural
damage as a mechanism that limits the extent of
degeneration. Further research will examine the bio-
chemical and cellular pathways recruited by locally
elevated estrogens towards limiting programmed cell
death in this in vivo model for neuronal degeneration.
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