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Glial Aromatization Decreases Neural Injury in the Zebra Finch
(Taeniopygia guttata): Influence on Apoptosis
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Abstract

Emerging evidence suggests a neuroprotective role for oestrogens following damage to the vertebrate
brain. Aromatase (oestrogen synthase) is rapidly transcribed and translated in glial cells around areas of
neural damage in several vertebrates. However, the potential neuroprotection afforded by locally up-
regulated glial aromatase immediately surrounding the injury remains to be tested. Towards this end,
individual birds sustained penetrating mechanical injuries via a needle that contained either vehicle or the
aromatase inhibitor fadrozole into contralateral hemispheres. Seventy-two hours later, the size of neural
injury (as assessed by the extent of necrotic tissue) and the number of apoptotic cells around the injuries
were evaluated. The size of injury in the hemisphere injected with fadrozole was significantly larger than the
injury caused by vehicle injection. Furthermore, a greater number of apoptotic nuclei were found around
the fadrozole-associated lesion relative to vehicle. Finally, constitutively expressed, neuronal aromatase
close to the injury site did not differ between hemispheres. We conclude that local inhibition of glial
aromatase immediately around the site of injury plays a neuroprotective role in the songbird brain and this
protection involves apoptotic pathways. Local up-regulation of glial aromatase may play a pivotal role in the
limitation of secondary damage and/or the acceleration of restorative processes following injury to the

vertebrate brain.

Oestrogens mediate many important events in the vertebrate
central nervous system (CNS) including neurite outgrowth
(1), neuronal migration (2, 3), and perhaps neuronal survival
(4). These events likely underlie the pivotal role played by
oestrogens in the organization and activation of sexual and
other behaviours (5). These effects also include an emerging
role for oestrogens in neuroprotection (6).

Premenopausal women appear at a lower risk of stroke
than age-matched men, possibly due to higher circulating
oestrogen levels (7). In support of this idea, reduced infarc-
tion volumes have been reported in female rats compared to
males in response to identical neural insults (7). Additionally,
oestrogen administration to male rats lowers brain infarction
volumes relative to saline treated controls (8). Recently,
numerous studies performed both in vitro and in vivo have
found that oestrogens may also play an important role in the
protection of neurones against cell damage and death, such as
that caused by serum deprivation (9), exposure to glutamate
(10) or mechanical injury (11, 12). Taken together, the data
strongly suggest a protective role for oestrogens against
neural damage. However, the mechanisms of this protection
are poorly understood.

Oestrogens such as 17p-oestradiol are available to the adult
CNS from peripheral sites, such as the ovary in females (13),
but may also be produced within the brains of both males and
females via the expression of aromatase (oestrogen synthase)
(14-17). Songbirds (order: Passeriformes) are unique from
other homeotherms in that the neural expression of aroma-
tase is particularly abundant and widespread in the telen-
cephalon (18, 19). In particular, aromatase is expressed at
high concentrations in several brain areas including the
hippocampus, caudomedial and lateral nidopallium and
nucleus taeniae (20, 21). In all probability, this abundant
expression of aromatase is critical in the provision of
oestrogen to telencephalic circuits in species of this order.
Because aromatase is extremely low in the telencephalon of
adult mammals, songbirds may serve as valuable animal
models in understanding the role of local oestrogen provision
in the maintenance of neural pathways.

In every homeotherm investigated, the expression of
aromatase is limited to the cell bodies and processes of
neurones (11, 19, 20, 22). However, under in vitro conditions
such as primary cell cultures of developing telencephalon,
aromatase mRNA, immunoreactive protein and activity is
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detectable in glial cells (23-25). Glial aromatase is only
detectable in the songbird brain in vivo following disruption
of the neuropil by injury (11).

As in some rodents (26), a penetrating injury to the zebra
finch brain results in a rapid and dramatic increase in
aromatase transcription and translation directly surrounding
the injury site (11). This increase in aromatase around the
injury site may result in high levels of locally synthesized
oestrogen, available for the modulation of physiological
processes contributing to neuroprotection (6). Studies in
which aromatase was systemically inhibited and/or injuries
were evaluated in aromatase-knockouts strongly suggest that
aromatase may be neuroprotective (26). However, whether
(or not) locally up-regulated aromatase has functional con-
sequences upon the extent of neural injury remains to be
directly tested.

In the present report, we tested the role of aromatization
around neural injury upon: (i) the extent of mechanical injury
and (ii) programmed cell death (apoptosis). We report that
local inhibition of glial aromatase around the injury site
greatly increases the extent of neural damage without an
apparent effect on adjacent pools of neuronal aromatase.
Furthermore, this effect is accompanied by an increase in
apoptotic cells around the injury site.

Materials and methods

Experimental design

Adult male zebra finches (> 90 days of age; Canary Bird Farm, Old Bridge,
NJ, USA) were used as subjects in this study. Birds were group-housed in
single-sex cages (three per cage) under a 14 : 10 light/dark cycle. The room
was maintained at 72 + 2°F and food and water were available ad libitum.

Each bird served as its own control. The potential role of neural
aromatization on injury was tested by injecting fadrozole (27) into one
hemisphere and vehicle into the contralateral hemisphere. In three birds,
vehicle was first delivered into the right hemisphere followed by fadrozole into
the left. In one bird, the fadrozole injection preceded delivery of saline. In the
last bird, saline was delivered first into the left hemisphere followed by
fadrozole into the right hemisphere. All birds were killed 72 h postinjury. In
each bird, we tested the influence of fadrozole on: (i) extent of injury caused by
the lesion and injection; (ii) apoptotic cells around the site of injury; and
(iii) aromatase expression in glia and neurones. Aromatase protein expression
was visualized via immunocytochemistry, and the presence of apoptotic cells
was visualized by terminal deoxynucleotidyl transferase biotin-dUTP nick
end-labelling (TUNEL). Detailed descriptions of the experimental procedures
are presented below.

Surgery: neural injury and delivery of fadrozole

Experimental birds (n = 5) were anaesthetized 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 18-G needle was used to
create a bilateral craniotomy. Injections were targeted at the entopallial
nucleus (previous nomenclature: ectostriatum) 2 mm anterior to the pineal
gland and 3 mm lateral to the midline (28). A 50-pl 22-s Hamilton syringe
(Hamilton Company, Reno, NV, USA) was positioned at the surface of the
brain at an angle of 45°, and lowered 4 mm ventrally where it resided for 60 s.
After the initial 60 s, 10 pl of either a 10-mg/ml solution of fadrozole in 0.9%
saline or 0.9% saline (vehicle) was injected into one of the two hemispheres.
The needle remained in the brain for 60 s following which it was retracted. The
scalp was repositioned over the cranium and sealed with Collodion Flexible
(EM Science, Gibbstown, NJ, USA). After surgery, the birds recovered from
anaesthesia under a heat lamp, and were subsequently used for neuroana-
tomical analyses 72 h later. The 72-h time point was based upon a previous
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report on glial aromatase in the zebra finch that showed robust expression of
aromatase mRNA and protein at this time after injury (11).

Tissue preparation

Birds were killed via decapitation and the brain rapidly dissected out and
frozen on dry ice. At this time, the abdominal cavity was opened to reveal the
testes which were found to be well developed in every bird, suggesting
physiological levels of circulating androgen. Coronal frozen sections (20 pm)
were cut on a cryostat and thaw-mounted onto superfrost slides. Each slide
contained five consecutive sections (total distance sampled was 100 pm) and
six alternating sets of sections were collected through the anterior—posterior
extent of the brain. Three of these sets were stained with thionin, aromatase,
or TUNEL. Other sets served either as replicates or were used for other
experiments in the laboratory. Slides were maintained at —80 °C until
processed for immunocytochemistry or TUNEL.

Thionin histochemistry

Thionin, which stains for the DNA and Nissl granules of neurones and glia,
was utilized to determine the total area of the lesion generated by the
penetrating needle. This is feasible because the thionin stain around the needle
tract is much more intense than that of adjacent healthy neuropil. Within the
former, thionin presumably continues to stain Nissl granules and DNA;
however, the disrupted and therefore condensed nature of these elements is
visible as a more blue and intense stain relative to the surrounding tissue.
Sections were fixed in 4% paraformaldehyde (pH = 7.34) for 10 min, washed
in distilled water for 1 min and stained with thionin as previously reported
(20). Sections were then dehydrated through graded alcohols (70, 95, 95, 100,
100%), cleared with xylene, and coverslipped.

TUNEL histochemistry

The TUNEL Apoptosis Detection Kit was purchased from Upstate Biotech-
nology (Charlottesville, VA, USA). Briefly, sections were fixed in 4%
paraformaldehyde (pH = 7.34) for 10 min and washed in 0.1 M phosphate
buffer saline (PBS) x 1 for 30 min at room temperature. Sections were then
incubated with terminal deoxynucleotidyl transferase (TdT) buffer (30 mm
Tris-HCI buffer, pH 7.4, containing 140 mMm sodium cacodylate, 1 mm cobalt
chloride) for 10 min followed by incubation in TdT end-labelling cocktail
containing TdT buffer, biotin-dUTP, and TdT ata 90 : 5 : 5 ratio for 120 min
at 37 °C. Once incubation in the cocktail was complete, the reaction was
terminated by immersing the sections in 1 x Termination Buffer (0.1 m TRIS-
HCI buffer containing 30 mm NaCl and 30 mm sodium citrate) for 5 min at
room temperature. Sections were once again washed with 0.1 m PBS for
10 min, and then incubated in a 1 : 200 avidin-biotin complex (Vectastain,
Vector Laboratories, Burlingame, CA, USA) in 0.3% PBT for 60 min at room
temperature. Sections were then washed in 0.1 M PBS x 1 for 45 min, and
incorporated biotin was visualized using the Vector SG substrate kit (Vector
Laboratories) for peroxidase. Following the colour reaction, sections were
washed once for 5 min in 0.1% PBT, dehydrated through graded alcohols
(70, 95, 95, 100, 100%), cleared with xylene, and coverslipped.

Aromatase immunocytochemistry

The immunocytochemistry protocol has been described previously (21).
Sections were fixed in 4% paraformaldehyde (pH = 7.34) for 10 min and then
washed 3 x 5 min in 0.1 M phosphate buffer to eliminate excess aldehydes.
The sections were then immersed in 0.036% H,O, for 10 min to neutralize
endogenous peroxidases. Sections were treated with 10% normal goat serum
(Vector Laboratories) in 0.3% Triton X100 in phosphate buffer (PBT) for
60 min at room temperature. For primary antibody treatment, mounted
sections were incubated with a 1 : 2500 polyclonal aromatase antibody for
24 h at room temperature. Once primary incubation was complete, sections
were washed 3 x 5 min with 0.1% PBT and treated with a 1 : 200 biotinylated
goat anti-rabbit IgG (Vector Laboratories) in 0.3% PBT for 60 min.
Following secondary incubation, sections were washed (3 X 5min) in 0.1%
PBT and then incubated in a 1 : 200 avidin—biotin complex (Vectastain) in
0.3% PBT for 60min at room temperature. After washing the sections
3 x5min in 0.1% PBT, aromatase immunoproduct was visualized using
0.03% diaminobenzidene containing 0.8 pm nickel sulphate and 0.9 pm cobalt
chloride activated with 0.001% H,O,. Following the colour reaction, sections
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were washed once for 5 min in 0.1% PBT, dehydrated through graded
alcohols (70, 95, 95, 100, 100%), cleared with xylene, and coverslipped. Slides
were examined by means of the Nikon eclipse EI000M (Nikon, Tokyo, Japan)
to determine the presence and distribution of immunoproduct.

Data collection and statistical analysis

The potential effects of aromatase-inhibition via the delivery of fadrozole were
assessed on: (i) size of injury and (ii) apoptotic cells around the injury site. In
addition, to validate the efficacy of fadrozole-administration, we measured
aromatase expression in glia around the injury site (injury-induced aromatase)
and in neurones in the ventromedial nucleus of the hypothalamus (VMN;
constitutive neuronal aromatase).

Effect of fadrozole on size of injury

To describe the effect of fadrozole on size of injury, we measured the total
area of the lesion on thionin-stained sections and on sections stained for
aromatase. Image analysis (NIH Image; http://rsb.info.nih.gov/nih-image/)
was used to render a digitized image of the injury site under low magnification
for area measurements. Area measurements were performed by two exper-
imenters, one of whom was blind to the experimental condition of the animals.
Between 10 and 15 images of injury were captured per bird and the area of the
needle tract was measured. We computed the: (i) area of injury per section and
(if) the total area of injury by summing the injury area over the number of
sections analysed within each slide and multiplying by 600 [the distance (in
um) between successive slides within each series]. Analysis of variance (ANOVA)
with Tukey—Kramer post-hoc tests were used to compare the injury in the
hemisphere injected with fadrozole to that in the hemisphere injected with
vehicle.

Effect of fadrozole on injury-induced apoptosis

The effect of fadrozole upon injury-induced apoptosis was measured to
identify potential mechanisms whereby glial aromatization ameliorates the
extent of neural injury. Evaluation of injury-induced programmed cell death
was performed by measuring: (i) the density of apoptotic cells along the
entire length of the neural injury and (i) the density of apoptotic cells
immediately surrounding the tip of the neural injury alone. We selected
sections containing different portions of neural injury induced by the needle
(i.e. the tip, the shaft, and the point of insertion into the brain) by
referencing sections previously processed via immunocytochemistry and
thionin. The total number of apoptotic nuclei around the injury was not
evaluated. Multiple random samples (10 fields around each injury per bird)
of a 64 000 um? area from the point of insertion, shaft, and tip of the needle
tract were averaged within each hemisphere and bird. Images of sections
labelled via TUNEL were captured at x 200 magnification and the number of
positively stained apoptotic nuclei was counted by two individuals, both
whom were blind to the experiment.

These same observers also measured the distance of apoptotic nuclei from
the edge of the necrotic zone. In low-power images, the distance from the
necrotic margin to approximately 25 cells furthest from the injury (18-42 per
injury) was measured and averaged within hemisphere and bird. Data were
compared between fadrozole- and saline-associated injuries using ANovaA and
post hoc Tukey-Kramer tests.

Effect of fadrozole on aromatase-expression

The effect of fadrozole on aromatase expression around the injury was
measured to determine the efficacy of drug delivery. Correspondingly, the
spatial extent (diffusion of delivered drug around the injection site) of this
potential effect was estimated by comparing constitutive neuronal aromatase-
expression across both hemispheres. We measured: (i) the relative intensity of
immunoproduct within individual immunoreactive glia and neurones and (ii)
the density of immunoreactive cell bodies (number of immunoreactive
astrocytes per unit area). Hereafter, we use the terms ‘intensity’ for the
amount of immunoproduct on digitized images and ‘density’ for the number
of immunoreactive cells per unit area.

The intensity of immunoproduct on digitized images of the area directly
surrounding the injury was quantified as an indirect measure of aromatase
expression. Immunoproduct of individual astrocytic cells was digitized at high
magnification (x 400) and the intensity of immunostain in 75-100 astrocytes
immediately surrounding the injury. The limits of the intensity were set by the
digitizing software utilized (NIH Image) ranging from 0 (white) to 255 (black).

The astrocytes sampled included only those with clear, unstained nuclei. The
intensity of adjacent neuropil lacking visible immunostain was also measured
as an index of background intensity. The relative intensity of immunostain
was normalized within each subject by either subtracting the background from
that of specific immunostain, or by dividing that of specific immunostain by
background. Two individuals who were blind to the study performed all
density measurements. Identical procedures were used to measure the intensity
of aromatase neurones in the VMN.

The intensity of aromatase expression was compared by two-way ANOVA
with type of cell (glial versus neuronal) and treatment (fadrozole versus saline)
as the main variables. Post-hoc Tukey-Kramer (main variables) and least
square means (interaction) tests were used to evaluate sources of systematic
variation.

Results

In the present experiment, the aromatase-inhibitor, fadrozole
(27) and vehicle injections were injected into contralateral
hemispheres within each subject. Thus, each subject served as
its own control. We assessed: (i) the extent of injury caused
by delivery of the drug; (ii) the density and intensity of
apoptotic cells immediately surrounding the injury; (iii) the
density and intensity of injury-dependent glial aromatase
expression around the needle-tract; and (iv) the density and
intensity of constitutive neuronal aromatase expression in the
VMN, a locus approximately 3 mm away from the entopall-
ial nucleus.

Effect on neural injury size

The injury caused by penetration of the drug-delivery needle
was measured on each side of the brain in all sections with a
visible tract (Fig. 1a). The area of injury on each section and
the total injury (sum of the area of injury over all sections
processed) was compared between hemispheres that received
either fadrozole or vehicle.

The size of injury was consistently greater in the
hemisphere that received fadrozole compared to vehicle
(Fig. 1). Specifically, the size of injury per section on sections
stained with thionin was greater around the tract receiving
fadrozole [F(1,4) = 6.956; P = 0.0298] as was the total size
of injury over all sections with a visible injury tract
[F(1,4) = 10.439; P =0.0319] (Fig. 1B). The absolute size
of injury did not differ between sections stained with thionin
or aromatase in that total injury and injury per section
measures were similar in magnitude. Specifically, comparable
measures were obtained from sections processed with aro-
matase immunocytochemistry for total injury [F(1,8) =
8.263; P = 0.0188] as well as injury per section [F(1,8) =
22.401; P = 0.0091].

Effect on apoptosis

Programmed cell death was analysed on each side of the brain
by two separate measures: (i) the density of TUNEL labelled
cells along the entire length of the injury tract and (ii) the
density of TUNEL labelled cells at the tip of the needle.
The density of apoptotic cells along the entire length of
the injury tract did not differ between hemispheres that
received fadrozole or vehicle [554 + 108 versus 422 + 116;
fadrozole versus vehicle; F(1,7) = 0.682; P = 0.4363]. How-
ever, within individual subjects the fadrozole associated
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FiG. 1. (a) The experimental design is depicted in schematic. The coronal section shows injection of fadrozole (F) or saline (S) into the entopallium (E) in
contralateral hemispheres of individual birds. M, Mesopallium; N, nidopallium; AC, anterior commissure; VMN, ventromedial nucleus of the hypothalamus.
The anteroposterior position of the sections is depicted (28). The injury caused by penetration of the drug-delivery needle was measured on each side of
the brain in all sections with a visible injury tract. The total injury (sum of the area of injury over all sections processed), is shown in (B). The injury is visible
as necrotic tissue in thionin-stained sections through the site of fadrozole (c) and saline (D) injection. Photomicrographs are from the same experimental

animal.

injury consistently showed greater numbers of apoptotic
nuclei relative to vehicle. Therefore, we re-evaluated the
number of apoptotic cells located at the tip of the needle
only (Fig. 2a) and found that the density of apoptotic cells
in the hemisphere injected with fadrozole was significantly
higher than the hemisphere injected with vehicle
[F(1,4) = 11.627; P = 0.0270] (Fig. 2B).

The distance of apoptotic nuclei from the edge of the
necrotic zone was not statistically different between fadroz-
ole- and saline-induced injuries (225 + 26 versus 204 + 19;
fadrozole versus saline; P = 0.54).

Effect on injury-induced aromatase expression

The expression of aromatase in glia was consistently higher in
the hemisphere that received fadrozole in comparison to
vehicle for intensity measures (Fig. 4). In particular, the
intensity of aromatase positive glia was higher around the
tract receiving fadrozole when the relative intensity of aroma-
tase immunoproduct was normalized within each subject by
dividing the background intensity from that of specific immu-
nostain [(F(1,8) = 10.190; P = 0.0122]. Similar results were
observed when the relative intensity of aromatase immuno-
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Fic. 2. High-power photomicrographs depicting apoptotic nuclei adjacent to
the fadrozole (A) or saline (B) associated needle tracts (asterisks) in an
individual, representative subject. Scale bar = 10 pm for both panels. (c)
Histogram of the difference in the number of apoptotic cells at the tip of the
injection needle between fadrozole- and saline-associated injuries
(P < 0.05).

product was normalized within each subject by subtracting the
background intensity from that of specific immunostain
[(F(1,8) = 10.861; P = 0.0472]. Because both measures gener-
ated similar trends in the relative intensity of staining of
aromatase immunoproduct, we hereafter present values nor-
malized by dividing the background intensity from that of
specific immunostain. The density (number of cells per unit
area) of aromatase immunostained reactive glia surrounding
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Fic. 3. High-power photomicrograph showing the morphological difference
between aromatase-expressing glia around the injury site (A) and aromatase-
expressing neurones (B) in the zebra finch brain. Magnification is identical in
both panels.

the fadrozole injection was not different in comparison to the
saline injection [F(1,8) = 0.028; P = 0.8709] (data not shown).

Effect on constitutive neuronal aromatase expression

The intensity of 100 aromatase positive neuronal cells
(Fig. 3B) and the density of aromatase positive neuronal cells
were measured and compared between hemispheres that
received either fadrozole or vehicle.

The expression of aromatase in neuronal cells was com-
parable between both hemispheres for all intensity and
density measurements (Fig. 4). Specifically, the intensity of
aromatase positive neurones was indistinguishable between
the hemisphere of the brain that received the fadrozole
injection in comparison to the saline injection [(F(1,8) =
0.857; P = 0.3902; 1.91 + 0.072 versus 1.83 = 0.045; fadro-
zole versus saline]. Similarly, the density of aromatase
positive neurones was nearly identical for each side of the
brain that received the fadrozole injection or the saline
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Fic. 4. Histogram of relative optical density of aromatase expression in glial
(injury-induced) and neuronal (constitutive) cells in fadrozole versus saline
injected hemispheres. Columns with different letters are significantly different
(P < 0.05).

injection [F(1,8) = 16.397; P = 0.5829; 42.5 + 4.9 versus
41.6 + 2.4; fadrozole versus saline].

Discussion

In the current study, we examined the role of aromatization
around neural injury on two separate measures: (i) the
extent of mechanical injury and (ii) programmed cell death
(apoptosis). We found that local inhibition of glial aroma-
tase around the injury site greatly increases the extent of
neural damage (Fig. 1) without an apparent effect on
adjacent pools of neuronal aromatase (Fig. 4). Additionally,
this effect is accompanied by an increase in apoptotic cells
around the fadrozole-associated injury site (Fig. 2). These
data suggest that inactivation of aromatase results in
increased vulnerability to neural insult in vivo. Additionally,
the neuroprotective function of aromatase is mediated via
pathways that include (but are perhaps not limited to)
apoptotic signalling cascades as evidenced by the greater
number of cells undergoing apoptosis around the tip of the
needle delivering fadrozole.

As described in previous studies, local oestrogen synthe-
sis may increase around neural insult due to the up-
regulation of glial aromatase, suggesting a protective role
for the enzyme aromatase and its biosynthetic product
oestrogen (6, 8, 11, 21, 26, 29). Therefore, it may be
predicted that, by locally inhibiting aromatase activity, the
neuroprotective functions of aromatase would be de-
creased. As described, local injection of fadrozole increased
the extent of injury relative to saline approximately two-
fold, suggesting that up-regulated aromatase plays a crucial
role in neuroprotection. This observation is in excellent
agreement with other studies reporting that global inhibi-
tion of aromatase activity via peripheral delivery of
fadrozole resulted in decreased survival of hilar neurones
relative to animals treated with vehicle (26). Moreover,
neural injury is potentiated in aromatase knockout mice
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relative to homozygous and heterozygous wild-types (26).
The present study extends these findings to suggest that
discrete inhibition of local, injury-induced aromatase results
in an increase in the magnitude of injury. To our
knowledge, this is the first study that directly manipulates
local aromatase activity levels immediately surrounding
neural injury.

Although we cannot unequivocally define the extent of
diffusion of administered fadrozole, the data suggest that
the treatment was indeed restricted to the area immediately
surrounding the injury. The efficacy of fadrozole treatment
was assessed by measuring the immunoproduct intensity in
injury induced glia. Aromatase positive glia around the
injury created by fadrozole were darker than glia around
vehicle injection (Fig. 4), indicating a decrease in aromatase
activity because fadrozole causes an increase in aromatase
mRNA and protein levels (30). Furthermore, to test
whether the injection of fadrozole remained local to the
injury site, we measured the intensity of staining in
aromatase positive neurones in the VMN, approximately
3 mm distal to the site of injury. The staining intensity of
neurones containing aromatase on the side injected with
fadrozole was not significantly different from the neurones
containing aromatase on the side that received saline
(Fig. 4), supporting the idea that injected fadrozole
remained local to the injury site. Finally, the intensity of
staining of aromatase positive glia regardless of injection
type was equivalent or higher than that of aromatase
positive neuronal cells located in the VMN, suggesting that
up-regulated injury induced glial aromatase may be phys-
iologically relevant because studies have shown aromatase
expressed in the hypothalamus is critical in the regulation
of sexually dimorphic behaviours in several animal models
(31). We have no direct knowledge of the time-course of
aromatase activity inhibition achieved in the current
experiment. However, our treatments and observations are
consistent with other studies describing the dissociation
between fadrozole-induced activity inhibition and protein
expression up-regulation (30).

Previous studies have demonstrated that the up-regulation
of aromatase protein following neural injury occurs in
reactive astrocytes (11, 21, 26). Similar results are presented
in the current report. Unfortunately, classical markers for glia
do not work well in songbirds (11); thus, the identification of
injury-induced aromatase is limited to morphological criteria.
As shown in Fig. 3(A,B), the morphology of glial cells around
the neural injury is distinct from aromatase-positive neuronal
cells constitutively expressed in the VMN. To further support
this idea, neural injuries were created in the entopallium
(Fig. 1A), which is an area of the avian brain that lacks
constitutively expressing aromatase positive neuronal cells.
These data reinforce the idea that glial cells assist in
neuroprotection of the vertebrate brain.

In the present report, programmed cell death around the
fadrozole-associated injury exceeded that around vehicle-
associated injury. However, we believe that apoptosis may
account for only some of the total cell loss occurring after
injury. The number of apoptotic nuclei around the entire
fadrozole-associated injury was 125% of that around vehicle
injections. However, the size of injury around the fadrozole
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injection was 200% of that around vehicle. This suggests that
apoptotic pathways account for some, but not all, of the loss
of viable cells around the injury tract. Indeed, previous
research suggests that both apoptosis and necrosis contribute
to cell death following neural injury (32). Furthermore,
excitotoxic injury of the rodent visual cortex reveals pyknotic
pathways as assessed by Fluoro-Jade staining (33). Taken
together, the current findings suggest that several signalling
pathways mediate cell death as well as survival following
traumatic brain injury.

Locally up-regulated aromatase may increase oestrogen
levels surrounding the injury. Oestradiol may protect the
brain by actions on traditional intranuclear oestrogen
receptors (ER) or via nongenomic pathways (34). This
action may involve several cell types including neurones,
astrocytes, endothelia and microglia (34). Indeed, previous
studies have found an increase in ER-alpha (ERa) in
reactive astrocytes and androgen receptor (AR) in microglia
after brain injury in the rat (29). Others have demonstrated
that ERa, and not ERp, is a critical mechanistic link in
mediating the protective effects of estradiol in a mouse
model of brain injury (35). The up-regulation of steroid
receptors following brain injury may be important in the
activation of various growth- and survival-promoting factors
such as fibroblast growth factor, insulin-like growth factor-1,
transforming growth factor-f, and connective tissue growth
factor (29). We do not know which, or even if, steroid
receptors are up-regulated around injury in the songbird.
These hypotheses are currently being tested in our laborat-
ory and may indicate crucial mechanisms whereby oestro-
gens increase neural survival and promote the reorganization
of the adult vertebrate brain.
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