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Abstract
Steroid-induced changes in dopaminergic activity underlie many correlations between gonadal
hormones and social behaviors. However, the effects of steroid hormones on the various
behaviorally relevant dopamine cell groups remain unclear, and ecologically relevant species
differences remain virtually unexplored. We examined the effects of estradiol (E2) manipulations
on dopamine (DA) neurons of male and female zebra finches (Taeniopygia guttata), focusing on
numbers of tyrosine hydroxylase-immunoreactive (TH-ir) cells in the A8–A15 cell groups, and on
TH colocalization with Fos, conducted in the early A.M., in order to quantify basal transcriptional
activity. TH is the rate-limiting enzyme for catecholamine synthesis, and specifically DA in the
A8–A15 cell groups. In contrast to other examined birds and mammals, reducing E2 levels with
the aromatase-inhibitor Letrozole failed to alter TH-ir neuron numbers within the ventral
tegmental area (VTA; A10), while increasing neuron numbers in the central gray (CG; A11) and
caudal midbrain A8 populations. Consistent with findings in other birds, but not mammals, we
also found no effects of E2 manipulations (Letrozole or Letrozole plus E2 replacement) on TH-
Fos colocalization in any location. In accordance with previous observations in both mammals and
birds, E2 treatment decreased the number of TH-ir neurons in the A12 population of the tuberal
hypothalamus, a cell group that inhibits the release of prolactin. In general, males and females
exhibited similar TH-ir neuron numbers, although males exhibited significantly more TH-ir
neurons in the A11 CG population than did females. These results suggest partial variability in E2
regulation of DA across species.
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1. Introduction
In all vertebrate species, the catecholaminergic neurotransmitter dopamine (DA)1 modulates
motivated, goal-directed social behaviors, such as those associated with reproduction and
aggression [e.g., 9,15,24,35,59,68,80,83,84]. In many species, such behaviors are also
regulated by levels of circulating steroid hormones, and thus vary with reproductive state
and season [e.g., 18,30,78,82]. Because a number of catecholaminergic populations express
steroid hormone receptors across a variety of species [e.g., 12,20,39,49,70], it has been
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hypothesized that steroid hormones directly or indirectly regulate social behaviors via
modification of DA circuits [reviewed in 7].

Sex steroids, especially estradiol (E2), have now been shown to regulate DA activity and
synthesis via a wide variety of mechanisms, including the phosphorylation of tyrosine
hydroxylase (TH; the rate-limiting enzyme in DA production) [58,67], and effects on other
factors such as TH mRNA and protein expression [34,40,41,45,72], DA release
[26,33,61,62], DA content and turnover in tissues [11,26,54,63,66,but see 75], and
concentrations of certain DA receptors and transporter proteins [19,81]. Estrogens have also
been shown to affect catecholaminergic neurons directly via nongenomic mechanisms, at
least during specific developmental periods [reviewed in 41].

Ample evidence now exists to support the hypothesis that steroidal effects on DA circuits
also results in behavioral changes. For example, in humans being treated for disorders of the
basal ganglia, dopaminergic drug effectiveness is known to depend upon the patient's sex
and gonadal hormone levels [81]. In other species, steroid-dependent DA effects have been
demonstrated in the regulation of courtship [31,45,67], reproductive behaviors
[18,33,61,62,71], and parental behaviors [reviewed in 56]. Other DA-dependent behavioral
processes such as pair bond formation [reviewed in: 5,85], and aggression [reviewed in 53]
may also prove to be modulated by steroid-DA interactions. What remains unclear, however,
is which DA populations are regulated by steroid hormones to achieve these behavioral
effects, and whether there exist species differences in this regulation. The brain distributions
of the A8–15 (caudal to rostral) DA populations are strongly conserved across amniotes
[27,64,65], and given that these populations extensively overlap the known distributions of
androgen and estrogen receptors, steroid hormones may influence DA neurons on an
anatomically widespread level.

Based on the colocalization of TH with inducible transcription factors (Fos and/or egr-1), it
appears that almost all TH-immunoreactive (-ir) cell groups are involved in the processing
of social information. In male zebra finches, Taeniopygia guttata, sociosexual interactions
such as copulation and courtship singing (with and without aggressive competition) produce
increases in TH-Fos colocalization within the A8, A9, A10, A11, and preoptic A14
populations, whereas these stimuli actually reduce colocalization in the A12 population
(using a survival time of 90 min) [15]. Furthermore, TH-Fos colocalization in the caudal
ventral tegmental area (VTA, A10) and midbrain central gray (CG, A11) correlates
positively with directed singing to females [29], as does the colocalization of TH and egr-1
in the CG [48]. Additionally, TH-ir neuron numbers in the CG correlate positively with
constitutive levels of sexual motivation [29]. Copulation similarly induces Fos (though not
egr-1) within TH-ir neurons of the VTA and CG in male Japanese quail, Coturnix japonica
[18]. In male rats, TH-Fos colocalization increases following both copulation and the
anticipation of copulation [6], and finally, in male praire voles, Microtus ochrogaster,
copulation increases Fos expression within a large, species-specific TH-ir cell group of the
medial extended amygdala [55], which may represent an expanded A15 population.

Most studies of hormonal effects on TH-ir numbers or activity levels focus on just a few DA
cell groups, and to our knowledge, none have comprehensively examined the A8–15 cell

1Abbreviations used: iii, 3rd ventricle; A12dl, A12 dorsolateral subdivision; A12vm, A12 ventromedial subdivision; ANOVA, analysis
of variance; ca, cerebral aqueduct; CG, central gray; CTRL, control; DA, dopamine; E2, estradiol; EW, Edinger-Westphal nucleus;
HYP, hypothalamic; IP, interpeduncular nucleus; ir, immunoreactive; LET, Letrozole; LET+E2, Letrozole plus estradiol replacement;
ME, median eminence; Niii, 3rd nerve; oc, optic chiasm; OM, occipitomesencephalic tract; ot, optic tract; POA, preoptic area; PVN,
paraventricular nucleus; SN, substantia nigra; T, testosterone; TH, tyrosine hydroxylase; tsm, septomesencephalic tract; VIP,
vasoactive intestinal peptide; VTA, ventral tegmental area; VTAc, caudal ventral tegmental area; VTAr, rostral ventral tegmental area;
ZI, zona incerta

Kabelik et al. Page 2

Gen Comp Endocrinol. Author manuscript; available in PMC 2012 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



groups and few have provided extensive data on both males and females. The present study
therefore examines E2 regulation of all the major DA populations, A8–A15, in both male
and female zebra finches. The A8–A15 cell groups have been shown to be immunonegative
for DA β-hydoxylase and are thus presumably dopaminergic and not noradrenergic [52,64].
Zebra finches are an interesting species for this work because they are opportunistic breeders
that do not exhibit regular breeding and nonbreeding seasons, but rather initiate reproduction
after the unpredictable onset of rainfall, regardless of current gonadal steroid hormone levels
[21,60,87]. Opportunistic species may possess neural adaptations that allow them to exhibit
and respond to behaviors related to reproduction year-round. Such is the case with socially
relevant, extrahypothalamic vasotocin circuitry, which is maintained year-round in zebra
finches and several other opportunistically breeding species [36], but fluctuates seasonally
and with steroid hormone levels in most seasonally breeding species [22,28,36,37]. Because
DA is also involved in the regulation of courtship and copulation, levels of the DA
synthesizing enzyme TH may therefore need to be maintained at appropriate levels
throughout the year, regardless of hormonal state – at least within certain behaviorally and
physiologically relevant DA populations. Therefore, we may expect to see more limited
regulation of TH by estrogens in zebra finches than has been reported in other species.
However, E2 may still regulate these neurons more subtly by affecting their constitutive
activity levels, as recently demonstrated for vasotocin neurons in the bed nucleus of the stria
terminalis of zebra finches [36].

Using both male and female zebra finches, we examined the effects of aromatase blockade
(preventing conversion of testosterone, T, to E2), with and without E2 replacement, on the
numbers of TH-ir neurons in the A8–A15 cell groups, and on their early A.M. (basal)
colocalization with Fos protein, which provides a measure of treatment effects on
transcriptional activity. To our knowledge, this represents the most comprehensive analysis
of this type to be conducted in any vertebrate.

2. Methods
2.1 Subjects

Domestic zebra finches, 18 males and 18 females, were obtained from commercial suppliers
and housed on a 14L:10D photoperiod with ad libitum access to finch mix and vitamin-
enriched water. Subjects were treated humanely and all procedures were carried out in
accordance with federal guidelines and approved by the Institutional Animal Care and Use
Committee. The subjects in this experiment are the same as those in another report that
examines hormonal effects on vasotocin circuitry [36].

2.2 Treatments
The subjects were divided into three treatment groups, each consisting of six males and six
females: 1. control group (CTRL) subjects were given an empty subcutaneous silastic
implant and 20 μl daily of 0.9 % saline vehicle; 2. Letrozole (LET) group subjects were
given an empty implant and 20 μl daily of 10 mg/ml LET (Fisher Scientific, Pittsburgh, PA);
3. LET plus E2 replacement group (LET+E2) were given an implant containing E2 (i.d. 1.47
mm, o.d. 1.96 mm, total length 0.9 cm, steroid packing length of 0.5 cm) and 20 μl daily of
10 mg/ml LET. All treatments were administered for three weeks. The subjects were housed
in six cages (60 cm W × 40 cm H × 36 cm D) containing plastic nests and shredded burlap
nesting material. One male and one female of each treatment group were assigned per cage.
Any laid eggs were removed within 24 hours. Because several birds became sick, we cut the
LET dose in half for the remainder of the treatment period. This change occurred
approximately mid-way through the experiment, although the exact date per subject varied
since the initiation of treatment was staggered across cages. One LET male and three LET
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+E2 females died, and another LET female was removed due to sickness (final sample sizes
are shown in Table 1). Despite these initial problems, the modified dose was well tolerated
and all subjects appeared in good health at the end of the experiment. In addition, there were
no significant treatment group differences or sex*treatment group interactions in final body
weight (p = 0.65 and p = 0.48, respectively; two-way analysis of variance, ANOVA).

At the end of the treatment period, subjects were captured prior to lights-on (thus allowing
for assessment of baseline TH-Fos colocalization), rapidly bled from the alar wing vein, and
euthanized with isoflurane. Subjects were then transcardially perfused with 0.1 M
phosphate-buffered saline (PBS; pH 7.4), followed by 0.4 % paraformaldehyde. Testes and
ovaries were removed and weighed. Brains were removed, postfixed overnight, and
cryoprotected in 30 % sucrose in PBS for 48 h before sectioning on a cryostat.

2.3 Hormone Analyses
Blood samples were centrifuged and plasma stored at −80 °C. Treatment efficacies were
verified by radioimmunoassay. Assays were run using T antibody from Wien Laboratories
Inc (now Fitzgerald Industries International, Concord, MA) and E2 antibody from
Biogenesis Ltd. (Poole, England). Samples were equilibrated overnight with 2000 cpm of
radioactive hormone for determination of individual recoveries. Steroids were extracted
from plasma using 30% ethyl acetate in isooctane and separated by stepwise elution using
celite chromatography. Collected fractions were dried down, resuspended in PBS, and
assayed. Based on an average plasma volume of 113 μl, the minimum detectable hormone
values were 24 pg/ml for T and 26 pg/ml for E2. These values were calculated using an
average recovery of 89.1% for T and 90.4% for E2, as well as a minimum binding curve
value 2 S.D. beyond the means for water blanks.

2.4 Immunocytochemistry
Brains were cut on a cryostat into three 40-μm series. Immunocytochemistry was performed
using free-floating sections. Tissues were blocked using 10 % normal donkey serum + 0.3 %
Triton-X-100 in PBS. Rinse steps were in PBS, while all antibody steps were in 5 % normal
donkey serum + 0.3 % Triton-X-100 + 0.05 % sodium azide in PBS. Primary antibodies
were run at 2 μg/ml for sheep anti-tyrosine hydroxylase (Novus Biologicals, Littleton, CO)
and 1 μg/ml for rabbit anti-Fos (Santa Cruz Biotechnology, Santa Cruz, CA). Following a
two-day primary incubation, sections were rinsed and incubated with donkey anti-rabbit
secondary conjugated to Alexa Fluor 594 at 5 μl/ml, and donkey anti-sheep secondary
conjugated to Alexa Fluor 680 at 7 μl/ml (all from Invitrogen, Eugene, OR). Sections were
post-rinsed, mounted onto slides subbed with gelatin and chrome alum and coverslipped
with ProLong Gold mounting medium containing DAPI nuclear stain (Invitrogen). The
brains in this study were labeled in three runs, each containing a balance of groups and
sexes. The K-25 Fos antibody has been extensively used and validated in songbirds [e.g., 1],
and we likewise found that preadsorption of the primary antibody with 100 μM blocking
peptide (SC-253P, Santa Cruz) eliminates labeling. Immunizing peptide is not available for
the TH antibody; however the specificity of that antibody has been extensively addressed by
the manufacturer (manufacturer's data sheet), and both the distribution of labeling and
morphology of labeled neurons closely matches previous descriptions of TH labeling in
birds [17,64,65].

2.5 Image Acquisition and Quantification
Bilateral photomicrographs (Fig. 1) of the A8–A15 cell groups were captured according to
various published sources [3,10,15,17,64]. A series of line drawings showing the
distribution of these cell groups is provided in a previous publication [15] and the drawings
can be directly and freely accessed via the following web address:
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(http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2570784/figure/F1/). Monochrome images
were captured using standardized acquisition parameters on a Zeiss AxioImager microscope
(Carl Zeiss Inc., Göttingen, Germany) outfitted with a Zeiss optical dissector (Apotome), a
Zeiss Axiocam HRm camera and a high intensity X-Cite fluorescence illuminator (EXFO
Photonic Solutions Inc., Mississauga, Canada). Images were captured in Zeiss AxioVision
4.6.3.0 and exported into Photoshop CS3 (Adobe Systems Inc., San Jose, CA). Counts of
TH-immunoreactive (TH-ir) cells and TH-ir cells colocalized with Fos (supplementary Fig.
1) were conducted blind to treatment and by a single observer per brain region. The A12–
A15 cell groups were each captured at both a rostral and a caudal level, and these counts
were summed. The tuberal A12 population was further subdivided into dorsolateral and
ventromedial cell groups, which are spatially segregated and contain relatively large and
small neurons, respectively. The rostral hypothalamic (HYP) group of A11 neurons was also
captured across two levels, but analyzed separately from two levels of the caudal CG A11
cell group. The A10 VTA cell group was analyzed separately at rostral and caudal levels, as
these levels have been shown to be somewhat functionally discrete [29,42]. The A9
(substantia nigra, SN) and caudal midbrain A8 cell groups were each captured at a single
level. The A8 neurons are contiguous with scattered cells and remnants of the A9 group
ventrally, and thus, consistent with Reiner et al. [64], we restricted our analyses to the cells
that lie above an imaginary line extending laterally from the ventral margin of the medial
longitudinal fasciculus, excluding the A11 population, which is readily distinguished from
the A8 population. These counts are intended to provide a reasonable estimate of the relative
number of cells across treatment groups, not an estimate of the absolute number of TH-ir
cells throughout the forebrain and midbrain, and for such measures of relative density, the
optical dissector approach yields comparable accuracy to stereology [79].

2.6 Statistical Analysis
Hormone levels, TH-ir cell numbers, and the percent of TH-ir neurons containing Fos-ir
nuclei were analyzed using two-way (sex × treatment) ANOVA. Testes and oviduct mass
were analyzed separately for males and females, using one-way ANOVA. Testes and
oviduct mass, hormone levels, and ventrolateral A12 TH-ir cell counts were positively
skewed and thus log10 transformed for analyses. Percent colocalization data were arcsin
square-root transformed where necessary. Student's t post hoc analyses were conducted at
α=0.05.

3. Results
3.1 Treatment effects on hormones, testes and oviducts

Testes mass was affected by experimental treatment (F2,14 = 41.11, p < 0.0001), with LET
+E2 causing testicular regression relative to CTRL and LET males. Oviduct mass was also
affected by treatment (F2,11 = 30.01, p < 0.0001), with LET+E2 treatment increasing
oviduct size relative to both LET and CTRL females. The oviduct mass of LET females was
less than a third that of CTRL females, although these groups did not differ significantly,
likely due to a floor effect as both groups had extremely small oviducts (see Table 1 for a
summary of testes and oviduct mass).

Levels of T were higher in males than in females (F1,25 = 202.79, p < 0.0001), and they
were affected by hormonal treatment (F2,25 = 162.40, p < 0.0001), with LET subjects having
higher T levels than CTRL subjects, and CTRL subjects having higher T levels than LET
+E2 individuals. A significant sex*treatment effect (F2,25 = 52.93, p < 0.0001) was also
present, with LET females having higher T levels than CTRL and LET+E2 females, while
both CTRL and LET males had higher T levels than LET+E2 males.
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Levels of E2 did not differ between sexes (F1,25 = 0.001, p = 0.97), but did vary with
treatment (F2,25 = 242.63, p < 0.0001), with LET+E2 subjects having higher E2 levels than
both CTRL and LET subjects. A significant sex*treatment effect was also present for E2
(F2,25 = 6.03, p = 0.007), although it merely reflects a sex difference in the magnitude of
treatment effects, such that LET+E2 produced a greater elevation of E2 in females than in
males.

Overall, these results suggest that the LET treatment was highly effective, particularly given
the strong effects on T levels, with similar trends for oviducts. As described in the following
sections, LET treatments also produced significant effects on TH-ir cell counts, some of
which were reversible by E2. However, final E2 levels did not differ between LET and
CTRL subjects (although both were fairly low; Table 1), which may reflect a temporal
variation in hormonal effects, with early E2 reductions in LET subjects slowly disappearing
as T levels began to rise (see Discussion).

3.2 Treatment Effects on relative TH-ir cell number and TH-Fos colocalization
Figure 2 (A–K) depicts results of experimental treatment on relative TH-ir cell counts. Table
2 presents TH-Fos colocalization levels throughout the brain. Table 3 presents results of
statistical analyses.

A large effect of treatment was seen on the number of small ventromedial TH-ir neurons of
the A12 cell group (p < 0.0001; Fig. 2D), with posthoc analyses revealing that LET+E2
individuals had fewer cells than did either the CTRL or LET subjects. An effect of treatment
was also seen on the number of A11 TH-ir cells in the HYP (p = 0.02; Fig. 2F), with both
LET and LET+E2 individuals having more cells than CTRL subjects. There was also a trend
toward a treatment effect in the A11 CG population (p = 0.066; Fig. 2G), with posthoc
analyses determining that LET subjects possessed significantly more TH-ir cells than did
either CTRL or LET+E2 subjects. A strong effect of treatment was also seen on the number
of caudal midbrain A8 TH-ir cells (F2,25 = 13.53, p = 0.0001; Fig. 2K), with posthoc
analyses revealing that LET subjects have approximately one third more cells than do either
CTRL or LET+E2 individuals. No treatment effects, or interactions between treatment and
sex, were observed in TH-Fos colocalalization in any cell group.

The only significant sex difference in TH-ir number was within the A11 subpopulation of
the CG (p = 0.004; Fig. 2L), with males having more TH-ir cells than females. No sex
differences existed in TH-Fos colocalization.

4. Discussion
4.1. Overview

This study demonstrates that estradiol levels can alter the abundance of TH-producing
neurons within a limited number of regions of the zebra finch brain, namely within the A8
cell group of the caudal midbrain, the A11 subpopulations of the caudal hypothalamus and
midbrain CG, and the ventromedial subpopulation of tuberal A12 neurons. Relative cell
numbers in both the midbrain A8 and CG A11 groups were increased by LET treatment in a
manner that was clearly reversed by concomitant E2 treatment, whereas the hypothalamic
effects were more complex. These results are not entirely consistent with previous findings,
suggesting potential species differences in hormonal regulation of TH expression, some of
which may reflect variation between opportunistic and seasonal breeders. The lack of E2
effects on the VTA cell group, which differs from previously reported findings in mammals
and birds [45,88], is particularly notable in this regard. However, it is important to keep in
mind that subtle effects of estradiol manipulation on dopaminergic neurons may not have
been detected because we did not examine TH mRNA within this study. Differences were
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generally not observed between male and female brains, both in terms of responses to
hormonal manipulations, and in constitutive numbers of TH neurons. The only exception
was the CG A11 population, where males possessed relatively more TH neurons than did
females. The CG A11 is one of the brain regions that innervate song control nuclei [2,4],
which are themselves sexually dimorphic [3,17]. Surprisingly, no significant effects of
hormonal manipulations were observed on constitutive dopaminergic activity, assessed as
TH-Fos colocalization, whereas significant effects on vasotocin-Fos colocalization were
observed in these same animals [36].

Relative to other aromatase inhibitors, LET has been employed to only a limited extent in
songbirds, and although we found clear evidence of its efficacy, the drug was not tolerated
well in zebra finches at doses comparable to an orally administered aromatase inhibitor in a
previous study [46]. However, LET appears to be more effective than another popular
aromatase inhibitor, ATD, at least under certain experimental conditions [36,74]. LET is
also known to cross the blood brain barrier and thus likely reduces central aromatase activity
[38]. The efficacy of LET in the present study was demonstrated in that, as noted above,
some LET effects were reversed with E2 treatment, which returned TH-ir cell numbers to
those of controls. Additionally, we observed the expected feedback effects of LET and E2
treatment on T levels. A significant effect of E2, and a trend with LET treatment, were also
observed for oviduct mass. Nonetheless, final E2 levels did not differ between LET and
CTRL subjects, although both were low. We hypothesize that this paradoxical pattern of
effects reflects temporal variation in E2 levels across the course of the study, such that initial
reductions in the bioavailability of E2 by LET treatment produced the observed effects on
TH-ir cell numbers, while compensatory upregulation of T production returned E2 to control
levels by the end of the study. Apart from our study, the efficacy of LET has been also
demonstrated in chickens, another avian species [23].

4.2. Hormonal Effects on DA Neuron Numbers
A13–A15 Multiple hypothalamic and midbrain DA populations project to the preoptic area
to regulate hormonal release and reproductive behaviors [24]. In Japanese quail [8], and
likely other bird species, DA projections to the preoptic area arise primarily from the A9,
A10 and A14 populations, with minimal contribution from the A13 and A15 cell groups, all
of which were not altered by E2 manipulations in the present study (although given that
zebra finches are strongly opportunistic, our negative findings for certain cell groups may
not be predictive for other species). However, moderate projections to the preoptic area also
arise from the A8 and A11 CG neurons [8], which were indeed affected by E2 in our study,
suggesting that E2 regulation of preoptic DA release may still be influenced, at least
partially, by E2 effects on the A8 and A11 cell groups.

The lack of treatment effects on relative TH-ir neuron numbers within the A13–15
populations in this study is generally consistent with previous findings. Du and Hull [25]
demonstrated that while castration of male rats lowers medial preoptic DA release in
response to the presence of a receptive female, presumably via regulation of nitric oxide
synthesis, it has no effect on the actual number of A14 TH-ir neurons in the region.
Similarly, Lehman et al. [47] observed no effect of E2 manipulations on numbers of A12–
A15 TH-ir neurons in ewes. However, the latter authors did observe differences in numbers
of A13 and A15 TH-ir neurons across ewes differing in reproductive state, suggesting that
some hormonal regulation of TH in these cell populations may still occur. Circulating
androgens may regulate rostral A14 neurons in the anteroventral periventricular preoptic
area (AVPV) of male prairie voles, as castration reduced TH-ir cell numbers in this region,
while ovariectomy had no effect on cell counts in females [43]. However, both androgens
and estrogens have been linked to suppression of TH-ir or mRNA within this subpopulation
of A14 neurons in male and female rats [73]. These results suggest large species differences
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in steroidal regulation of A14 neurons, even among rodents. Finally, Lansing and Lonstein
[43] also observed no effects of gonadectomy on TH-ir cell counts within other
hypothalamic A11–A14 cell groups of male and female prairie voles.

A12 E2 has been shown to inhibit DA release from the A12 tuberal neurons in rats, and in so
doing, disinhibits prolactin release from the adenohypophysis [reviewed in 81]. Similar
findings have also been obtained in turkeys, where DA has been shown to inhibit prolactin
release, though via the intermediary signaling molecule vasoactive intestinal peptide (VIP)
[86]. Thus, E2 seems to exert effects on reproductive physiology via its inhibitory actions on
TH in A12 tuberal neurons. Our finding that E2 downregulates TH-ir in ventromedial A12
neurons is in line with these findings in other species, while a lack of LET treatment alone
may indicate a ceiling effect on TH-ir neuron numbers in this cell group.

A11 and A10 The HYP subpopulation of the A11 cell group increases immediate early gene
activity during the performance of reproductive behaviors, whereas the CG subpopulation,
along with the A10 VTA, are activated by both reproductive and aggressive interactions in
male zebra finches [15,29,48], and by interactions with a female in male Japanese quail [18].
In the present study, suppression of E2 levels by LET tended to increase TH-ir cell numbers
in both of these A11 subpopulations. Although E2 replacement (LET+E2) reduced TH-ir
neuron numbers to control levels in the CG, cell numbers were increased in both the LET
and LET+E2 groups relative to CON subjects within the HYP population. Because A11
neuron numbers and their activity levels are correlated with singing and calling in zebra
finches [15,29,48], an increase in the number of these cells in the presence of low E2 levels
may help maintain a high level of social vocalization during times of low circulating
hormone levels when other behavioral and motivational systems may be downregulated.
This differs from female white-throated sparrows, a seasonally breeding songbird species, in
which no effect of E2 manipulation on A11 TH-ir cell numbers was detected [45]. However,
vocalizations were not monitored in the present study.

The A10 VTA neurons may modulate selectivity for male song in females [50,51] and
courtship production in males [32]. Whereas we observed no hormonal effects on these
neurons, LeBlanc et al. [45] found that in female white-throated sparrows, E2 increases the
number of A10 neurons. Furthermore, Goodson et al. [29] found that the number of caudal
A10 TH-ir neurons in male zebra finches correlates positively with gonadal state, which
may reflect either a transsynaptic effect or a direct sensitivity to androgen levels. However,
consistent with our results, Goodson et al. [29] found no effect of reproductive state on the
rostral A10 neurons. These findings are in line with studies demonstrating that canaries
possess androgen receptors primarily in the caudal VTA, whereas estrogen receptor α is
present primarily in the rostral VTA [49]. However, LeBlanc et al. [45] found E2-induced
changes at a more caudal level of the VTA of female white-throated sparrows than where
estrogen receptor α presence was reported in the canary brain [49], suggesting that receptor
distributions in the VTA exhibit at least a modest amount of species-specificity.

Other findings in zebra finches also suggest that levels of DA and DA metabolites may be
less strongly altered by changes in E2 in this species than are DA neurons in other species.
For instance, Svec et al. [75] have shown that in female zebra finches, while E2 treatment
reduces vocalization and visual scanning in the direction of a speaker playing male song, E2
does not influence DA release or turnover in either the striatum or nucleus accumbens,
which are major target sites for DA action. This is in contrast to findings in mammalian
species where E2 has been shown to affect DA release within these regions [e.g.,
13,14,69,77], or to reduce numbers of TH-ir neurons within certain subdivisions of the VTA
[88]. However, we must also consider other alternative explanations for our observed E2
effects, such as dose and experimental duration. For instance, Serova et al. [72] found that
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whereas short term E2 treatment of ovariectomized female rats can increase TH mRNA in
the VTA, this effect disappears following long term, high dose treatment.

A9 The A9 neurons of the SN project heavily to the striatum, thus comprising the
nigrostriatal system, but also contribute substantially to mesolimbic projections, and are thus
involved in both behavioral motivation and execution [16]. Bharati et al. [15] observed
significant, but very modest, elevations of TH-Fos colocalization in these neurons (from 0 %
to about 2 %) following both copulatory behaviors and aggressive encounters in male zebra
finches, relative to control subjects, whereas Charlier et al. [18] found no changes in TH-Fos
or TH-ZENK (egr-1) colocalization in the A9 group following copulation in male Japanese
quail. In the present study, we did not observe any effects of E2 manipulation on the
numbers of TH-ir neurons in the SN, although E2-induced reductions in TH-ir neuron
numbers in this area have been observed in female rats [88].

A8 Like the A9 cell group, the caudal midbrain A8 also exhibits mixed projections to
striatal, cortical, and limbic areas [16]. However, a much higher percentage of the A8
neurons respond to various social stimuli than do those in the A9 cells, suggesting a strong
behavioral role for the A8 cell group in zebra finches [15]. As in the A11 CG population,
LET treatments decreased the number of TH-ir neurons within the A8 cell group and this
effect was reversed by simultaneous administration of E2. In contrast, LeBlanc et al. [45]
observed no effect of E2 manipulation on the number of A8 TH-ir neurons within female
white-throated sparrows. Thus, consistent with our interpretions for the A11 TH population,
this may be an adaptation to support year-round expression of behavior.

4.3. Sex Differences
The only dopaminergic region in our experiment to exhibit sex differences was the A11 CG
population. Dimorphism of relative TH-ir cell numbers in this region are consistent with
previous studies that show innervations of song control nuclei by dopaminergic neurons
from this region [2,4], as well as a sexual dimorphism of TH-ir fiber presence within song
control regions of the canary brain [3,17]. Lumbar-projecting A11 neurons also exhibit a
male-biased sexual dimorphism in mice [57], suggesting that this region may exhibit sexual
dimorphism across species. While parts of the A10 VTA also project to song control regions
[2,4], we found no evidence for sex differences at either the rostral or caudal levels of this
cell group. The lack of sexual dimorphism in other TH-ir containing regions was also
consistent with previous findings [17,43,44].

4.4 Conclusions
Comparison of the present results with those from other studies suggests that numerous
species differences exist in the regulation of TH-ir neurons by E2. Hence, in contrast to
findings for other bird species, E2 manipulations in zebra finches did not alter the number of
TH-ir neurons in the A10 cell group of the VTA, while decreasing E2 levels via LET
treatment caused an increase in the numbers of TH-ir neurons within the A11 and A8
populations. We hypothesize that these changes are adaptations for the year-round
maintenance of reproduction-related neural circuitry in both male and female zebra finches,
an opportunistically breeding species that can breed throughout the year. We also found no
effects of E2 manipulation on immediate early gene expression within TH-ir neurons, as was
also found following steroid hormone manipulations in other bird species [18,45,76],
although this lack of effects differs from what has been observed in some DA regions of
mammals [47], and may therefore represent a phylogenetic phenomenon. Finally, we
observed E2-mediated suppression of A12 TH-ir neurons, and a general lack of sex
differences in TH-ir cell counts throughout the brain, except for the A11 subpopulation of
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the midbrain CG. These findings are consistent with previous findings in both birds and
mammals [2,4,17,43,44,57,81,86].

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Tyrosine hydroxylase immunoreactive (TH-ir) cell groups in the zebra finch brain, shown
from rostral (A15, panel A) to caudal (A8, panel H). Abbreviations: iii, 3rd ventricle; A12dl,
A12 dorsolateral subdivision; A12vm, A12 ventromedial subdivision; ca, cerebral aqueduct;
CG, central gray; HYP, hypothalamic; IP, interpeduncular nucleus; ME, median eminence;
Niii, 3rd nerve; oc, optic chiasm; OM, occipitomesencephalic tract; ot, optic tract; POA,
preoptic area; PVN, paraventricular nucleus; SN, substantia nigra; tsm, septomesencephalic
tract; VTAc, caudal ventral tegmental area; VTAr, rostral ventral tegmental area; ZI, zona
incerta. Scale bar denotes 500 μm.
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Figure 2.
(A–K) Relative numbers of tyrosine hydroxylase immunoreactive (TH-ir) neurons in the
A15-A8 cell groups of male and zebra finches that were administered vehicle control
(CTRL; white), Letrozole (LET; gray), and Letrozole plus estradiol (LET+E2; black). There
were no sex differences (see Results) and sexes are shown pooled. (L) A sex difference in
the number of A11 neurons in the midbrain central gray. Abbreviations: CG, central gray;
SN, substantia nigra; VTA, ventral tegmental area; ZI, zona incerta. Symbols: *p < 0.05, **p
< 0.01, ***p = 0.0001, †p = 0.066. Different letters above bars denote significant posthoc
group differences following significant ANOVA. See text for full ANOVA results.
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