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Sexual differentiation of the zebra finch (Taeniopygia guttata)
neural song circuit is thought to be initiated by sex differences in
sex chromosome gene expression in brain cells. One theory is that
Z-linked genes, present in the male’s ZZ genome at double the dose
of females’ (ZW), are expressed at higher levels and trigger mas-
culine patterns of development. We report here that trkB (tyrosine
kinase receptor B) is Z-linked in zebra finches. trkB is the receptor
for neurotrophic factors BDNF and neurotrophin 4, and mediates
their influence on neuronal survival, migration, and specification.
trkB mRNA is expressed at a higher level in the male telencephalon
or whole brain than in corresponding regions of the female in
adulthood, and at posthatch day (P) 6, when the song circuit is
undergoing sexual differentiation. Moreover, this expression is
higher in the song nucleus high vocal center (HVC) than in the
surrounding telencephalon at P6, and in males relative to females.
In addition, trkB protein is expressed more highly in male than
female whole brain at P6. These results establish trkB as a candi-
date factor that contributes to masculine differentiation of HVC
because of its Z-linkage, which leads to sex differences in expres-
sion. BDNF is known to be stimulated by estrogen and to be
expressed at higher levels in males than females at later ages in
HVC. Thus, the trkB-BDNF system may be a focal point for conver-
gent masculinizing influences of Z-linked factors and hormones.

sex determination � song � Z chromosome

The development of sex differences in the vertebrate brain is
largely attributed to the differential effects of gonadal se-

cretions. For example, in mammals, testosterone, secreted from
the fetal testes, directs patterns of brain development leading to
masculine behavior in adults, whereas the relative absence of
testosterone leads to feminine behavior (1–3). Brain cells of
males and females also contain different numbers and types of
genes encoded on the sex chromosomes, which, in addition to the
effects of gonadal secretions, could contribute to sex differences
in neural function and behavior (4). In mammals, for example,
only male cells are potentially influenced by Y genes, and the
double genomic dose of X genes in females could lead to sex
differences in the expressed dose of some of those genes.

Both sex hormones and sex-linked genes have been suggested
as the cause of sex differences in zebra finches (Taeniopygia
guttata), in which singing is a male-specific behavior mediated by
a brain circuit that is much more developed in males than in
females (5, 6). Because females treated with estradiol at hatching
develop a more masculine song system and sing as adults (7–10),
higher concentrations of estrogens in the male brain (relative to
those in females) are probably required for normal masculin-
ization of the song circuit. In males, the estrogen presumably
derives from local metabolism of androgens produced by the
testes or by the brain (11). In slice cultures of forebrain tissue
harvested from posthatch day (P) 25 birds, estradiol is released
at higher levels in tissue from males than from females (12, 13),
indicating that estradiol is synthesized de novo in the telenceph-
alon, and at a higher level in juvenile males. Nevertheless,
gonadal secretions are probably not the primary determinants of
brain sexual phenotype. This conclusion derives from the fol-
lowing findings. (i) Sex steroid hormones only partially mascu-

linize the brain of females (14, 15). (ii) Blocking these hormones
in males has not prevented the normal development of song (16,
17). (iii) Females induced to form testes during early develop-
ment do not develop a masculine song system or sing, even
though they are exposed to testicular hormones (18, 19). (iv)
Genetically male and female brain tissue differ in their sexual
phenotype even if they reside in the same bird and are exposed
to the same gonadal hormonal milieu (20). Thus, in several cases
the sexual character of the song system correlates with chromo-
somal sex of the brain, not with gonadal type. Although these
studies do not eliminate gonadal hormones as agents of brain
masculinization, as a group they suggest that nongonadal factors,
instead, may be primary (20, 21).

We propose that genetic differences encoded on the sex
chromosomes represent the brain-autonomous factor(s) that
instruct cells of the zebra finch brain to develop in a sexually
dimorphic manner. Because we hypothesize both a sex chromo-
some factor and a role for sex steroid hormones, it would be
particularly interesting to find sex-linked genes that could either
augment the response to steroid hormones in males relative to
females or reduce the response to hormones in females. Because
male birds have two Z chromosomes, whereas females have one
Z and one W chromosome, sex differences in the dosage of Z
and�or W genes could initiate sex-specific patterns of brain
development.

Previous studies have indicated that Z-linked genes may be
expressed at a higher level in male birds than in females (20,
22–25). Here, we test the hypothesis that trkB (tyrosine kinase
receptor B), a Z-linked gene in chickens (26) (www.ensem-
bl.org), is expressed at a higher level in male than female zebra
finch brain. trkB is the receptor for the neurotrophins BDNF and
neurotrophin 4. BDNF plays a critical role in neuronal cell
survival and differentiation (27–37), and in male-specific devel-
opment of song nucleus high vocal center (HVC) in songbirds
(38–43). BDNF expression is regulated by steroid hormones
including estradiol and testosterone (38, 40), so a sex-
chromosome-linked mechanism that augments or limits BDNF’s
effect might provide a link between the effects of sex hormones
and sex chromosomes. Sex differences in trkB expression would,
therefore, be particularly well positioned to play a prominent
role in song-system sexual differentiation.

Materials and Methods
Cloning of Zebra Finch trkB and zRalDH cDNAs. A 2,393-bp cDNA
partially encoding zebra finch trkB (GenBank accession no.
AY679520) was isolated by RT-PCR from male zebra finch brain
total RNA by using the primers zfTrkB3F 5�-CAAGTGTTC-
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CTGTGAAATCATGTGG-3� and zfTrkB3R 5�-TTGTGRT-
GGGCAAACTGGAG-3�. The 2,393-bp cDNA has 91% nucle-
otide homology to the chicken trkB sequence (GenBank
accession no. X77251) and is predicted to be missing �800 bp of
the 5� end based on the chicken cDNA, which includes approx-
imately the first 100 aa of the ORF.

A 1,240-bp cDNA partially encoding zebra finch class I
aldehyde dehydrogenase (zRalDH, nucleotides 31–1271 of Gen-
Bank sequence AF16770) (44) was similarly amplified by RT-
PCR (primers zRalDHF, 5�-CAACCCAAAACACAACA-
CAGCAT-3�, and zRalDHR, 5�-CTTTCCCCCACATTC-
AAGTTTTG-3�).

Northern Blot Analysis. Total RNA was isolated from telenceph-
alon of zebra finches at P2, P6, P10, and P14 (P1 is the day of
hatch; n � 8 per sex per day) and separated on 1.2% agarose
formaldehyde denaturing gels. Each gel and Northern blot
contained 16 samples for each age analyzed. Although age and
blot were therefore confounded, the blots were produced and
probed at the same time, reducing interblot variability. Each lane
contained 20 �g of total RNA and was probed with the 2,393-bp
fragment of the trkB cDNA. Blots were exposed, and expression
of the dominant 8.0-kb transcript was quantified relative to
GAPDH by using a phosphorimager (Amersham Pharmacia).
Group differences were analyzed by using two-way ANOVAs
(main factors of sex and age), using NCSS software (NCSS,
Kaysville, UT). Because a main effect of sex was found, t tests
were used at each age to evaluate when the sex difference
occurred.

Western Blot Analysis. P6 whole brains (n � 6 per sex) were
dissected out and kept in cold buffer (1% sodium deoxy-
cholate�10 mM Tris�HCl pH 7.4�10 mM EDTA�10 mM
EGTA�1 mM phenylmethylsulphonyl f luoride�1 g/ml pepstain
A�1 g/ml aprotinin�1 g/ml leupeptin�1 mM NAF�1 mM navan-
date), homogenized with a Polytron homogenizer (Brinkmann
Instruments), and centrifuged at 5,000 � g for 10 min at 4°C.
Protein concentrations were quantified by Bradford assay.
Twenty micrograms of protein from each brain was electropho-
resed on a 4–12% Tris�HCl gel (Bio-Rad) and transferred at 4°C
to a polyvinylidene difluoride membrane. The membrane was
incubated with 1:5,000 rabbit anti-trkB antibody [kind gift of
Louis Reichardt (University of California, San Francisco) and
Frances Lefcort (University of Montana, Missoula)] at 4°C, then
with 1:5,000 horseradish peroxidase-labeled goat anti-rabbit
antibody at room temperature for 1 h. Immunoreactivity was
detected by chemiluminescence (ECL, Amersham Pharmacia)
and quantified on a phosphorimager. The antibody used here
recognizes both the functional 145-kDa form of trkB and the
presumably nonfunctional 95-kDa form that lacks the intracel-
lular signal transducing domain (45). The membrane was then
probed with 1:20,000 anti-tubulin antibody (Upstate Biotech-
nology) at 4°C, then processed and quantified as for trkB. The
trkB to tubulin ratio was calculated for each animal and com-
pared (t test).

In Situ Hybridization on Tissue Sections. Coronal sections were cut
at 20 �m from frozen unfixed P6 brains, then mounted onto
slides. Each slide contained sections from the same level of a
male and a female brain sectioned in parallel for comparison
under identical conditions of in situ hybridization and autora-
diography. Sections were fixed in 4% paraformaldehyde and
stored at �80°C until processing. After linearization of plasmids,
sense and antisense trkB and zRalDH mRNAs were transcribed
and labeled with 35S-�UTP and further purified by phenol�
chloroform extraction. Hybridization was performed in 50%
formamide�0.14� SSC (1� SSC � 0.15 M sodium chloride/
0.015 M sodium citrate, pH 7)�25% Denhardt’s solution�10%

dextran sulfate at 60°C for 16 h. After a series of low- and
high-stringency washes (from 4� SSC�sodium thiosulfate to
0.1� SSC�sodium thiosulfate) at 60°C, sections were exposed to
Kodak BioMax film for up to 5 days. Sections were dipped in
Kodak NTB2 emulsion and exposed for up to 5 weeks, then
developed and fixed. Sections were stained with thionin.

Films were digitized in a flatbed scanner or with a digital
camera, using a microscope. To compare the level of trkB
mRNA expression in HVC (n � 5 per sex), HVC was located in
tissue sections hybridized by using the zRalDH probe, a marker
for HVC (44). On the immediately adjacent tissue section
hybridized with the trkB antisense riboprobe, the density of trkB
hybridization in HVC was measured bilaterally from digitized
autoradiogram images by using SCIONIMAGE software (Scion,
Frederick, MD). All sections containing HVC were measured
(three to six sections per bird), and the density of label was
averaged across sections to yield the mean density per bird. All
measurements were performed by an individual unaware of the
sex of the brains.

To compare levels of trkB mRNA expression in the telen-
cephalon based on brain sections hybridized in situ with trkB
antisense riboprobes, film images of brain sections were digitized
in a flatbed scanner. A person unaware of the sex of the tissue
chose two or three male–female pairs of telencephalic sections
for analysis from each of eight male–female pairs of brains
processed in parallel. The sections were chosen to represent
three rostrocaudal different levels for each brain sectioned. The
mean density of pixels in the telencephalon was measured by
using SCIONIMAGE.

Fluorescent in Situ Hybridization (FISH). Female zebra finch meta-
phase chromosome sets were prepared from female embryonic
fibroblast cells according to the methods of Y.I. and A.P.A. (46).
The zebra finch trkB cDNA was used to probe the zebra finch
bacterial artificial chromosome (BAC) library constructed by the
Arizona Genome Institute (www.genome.arizona.edu) to iden-
tify three BAC clones (ZF085A14, ZF081L02, and ZF245F08)
containing trkB. The identification was confirmed by probing a
Southern blot of the restriction-digested BAC clones with the
trkB cDNA. The BAC clones were labeled with biotin by nick
translation with biotin-16-dUTP (Roche) for use as FISH
probes. FISH to mitotic chromosomes was carried out as de-
scribed in ref. 47. Hybridization of the probe was detected by
reactions with FITC-labeled avidin (Vector Laboratories), bio-
tinylated goat anti-avidin antibody (Vector Laboratories), and
FITC-labeled avidin. Chromosomes were counterstained with
4�,6-diamidino-2-phenylindole.

Quantitative RT-PCR. Total RNA was isolated from telencephalon
(P1, P6, P10, and adult) or whole brain (P1 and adult) by using
TRIZOL (Invitrogen). Telencephalic group sizes were as follows:
P1, 14 male, 15 female; P6, 5 each sex; P10, 6 each sex; adult, 8
each sex. Whole-brain samples were as follows: P1, 6 each sex;
adult, 5 males, 8 females. After DNase treatment, 1 �g of total
RNA from each sample was reverse-transcribed by SuperScript
III RNase H� reverse transcriptase (Invitrogen). Real-time
PCR analysis was performed on an ABI 7300 sequence detection
system (Applied Biosystems) by using the SYBR Green PCR
Master Mix kit with 0.3 �M each primer: trkB forward, 5�-
CCATGGTATCAGCTCTCAAACAAT-3�, and trkB reverse,
5�-TCATACACTTCCTTTGGGCATGT-3�, in a total volume
of 25 �l. Amplification of GAPDH was used as loading controls
with 0.3 �M each primer: GAPDH forward, 5�-TGACCTGC-
CGTCTGGAAAA-3�, and GAPDH reverse, 5�-CCATCAG-
CAGCAGCCTTCA-3�. Cycling conditions were 50°C for 2 min,
95°C for 10 min, and 40 cycles at 95°C for 15 s and 60°C for 1 min.
A standard curve was constructed with known concentrations of
cDNA. Each sample was run in duplicate. The melting curve of
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PCR products was also assessed to ensure the absence of DNA
contamination.

For statistical analysis, expression of trkB was divided by
expression of GAPDH in each sample, and values for each age
were converted to Z scores, Z � (X � m)�s, where X is the level
of expression of trkB in the sample, m is the mean of all male and
female samples for one assay (only samples from one age were
run in each assay), and s is the standard deviation of all values
in the assay. P1 telencephalic samples were run in two assays and
transformed to Z scores for uniform scaling. For telencephalon
or whole brain, a two-way ANOVA was calculated with factors
of age and sex. Because a main effect of sex was found, t tests
were used at each age to determine the ages at which the sex
difference occurred.

Results
The three BAC clones encoding trkB mapped by means of FISH
to the zebra finch Z chromosome (Fig. 1), which is recognized
by its size and position of the centromere (46, 48). The trkB
BACs hybridized to a single chromosome in females (ZW) and
to two in males (ZZ). Furthermore, Southern blot hybridization
with the trkB cDNA as probe showed stronger hybridization to
bands in males than those in females, as expected for a Z-linked
gene (data not shown). The Z-linkage of trkB in zebra finches is
consistent with its Z-linkage in chickens (26) (www.ensembl.
org).

In Northern blots, the trkB cDNA hybridized to a similar
pattern of transcripts in males and females. The strongest
hybridization was at �8 kb, but smaller products at �2–5 kb were
observed with lower expression (Fig. 2). Expression of the 8-kb
transcript was quantified relative to GAPDH during early post-
hatch development at P2, P6, P10, and P14. In both sexes,

expression was higher at the earlier two ages, increasing from P2
to P6 but then rapidly declining by P10 and P14 (Fig. 2). Analysis
of the pattern of expression with a two-way ANOVA indicated
a main effect of age (P � 0.000001), a main effect of sex (P �
0.0002), and an interaction of sex and age (P � 0.0008). Planned
comparisons showed that the sex difference was statistically
significant at P2 (P � 0.03) and P6 (P � 0.0008) but not at P10
or P14 (P � 0.05). The 8-kb mRNA product was clear at P2 and
P6 but was not usually at P10 and P14, although the smaller
bands increased in density at those ages. A similar two-way
ANOVA of GAPDH levels alone showed a main effect of age
(declining monotonically with age; P � 0.000001) and a trend
(P � 0.058) toward a sex difference (M � F) that would reduce
rather than account for the sex difference in the trkB�GAPDH
ratio.

Levels of trkB mRNA were measured by using quantitative
RT-PCR in telencephalon at P1, P6, P10, and adulthood (Fig. 3),
and in whole brain at P1 and adulthood. trkB expression was
measured relative to GAPDH and converted to Z scores for each
day measured. The two-way ANOVA for telencephalic samples
showed a significant main effect of sex (P � 0.002, male �
female). Planned comparisons indicated that the sex difference
in trkB expression was significant at P6 (P � 0.02) and in adults
(P � 0.008) but not at P1 or P10 (P � 0.05). This analysis did not
compare expression across ages because the comparison of
samples was only valid within each age group. The two-way
ANOVA for whole brain showed a significant main effect of sex
(P � 0.0003, male � female), and planned comparisons found a
sex difference in adults (P � 0.0008) but not at P1 (P � 0.056).
None of the samples showed a sex difference in GAPDH levels
(P � 0.05).

We measured trkB protein expression relative to tubulin via
Western blot analysis in whole brain at P6 (n � 6 per sex) (Fig.
4). Males had �25% higher expression of trkB (male�female

Fig. 1. Fluorescent in situ hybridization of BAC probe ZF085A14, encoding
the trkB gene, to zebra finch metaphase chromosomes. The probe hybridized
to the single Z chromosome of the female (Right, ZW) and to both Z chromo-
somes of the male (Left, ZZ). (Scale bar, 10 �m.)

Fig. 2. Northern blot analysis of trkB mRNA expression at P6. (Left) Part of
Northern blot of male (M) and female (F) P6 telencephalic samples. A greater
expression can be seen consistently in males at the 8-kb band and smaller
bands. (Right) Graph showing quantification of expression of the 8-kb trkB
band relative to GAPDH. trkB mRNA expression dropped significantly be-
tween P6 and P10. The male–female difference was statistically significant at
P2 and P6 (P � 0.05, asterisks).

Fig. 3. Histograms of Z scores of the level of expression of trkB mRNA,
relative to GAPDH, determined by quantitative RT-PCR. Telencephalic RNA
was measured at P1, P6, P10, and adulthood. Whole-brain RNA was measured
at P1 and in adults. The mean level of expression was greater in males than
females at all ages but was statistically significant (asterisks) in the telenceph-
alon at P6 and in adults, and in adult whole brain.

Fig. 4. Western blot analysis of trkB expression in whole brain at P6 in six
males (m) and females (f). The expression in males, relative to tubulin loading
control, was on average 25% higher than in females (P � 0.05).
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ratio range, 0.99–1.65; mean, 1.25 � 0.118; P � 0.05, Wilcoxon
signed-ranks test).

The sex difference in trkB expression at P6 was confirmed by
in situ hybridization in side-by-side comparison of male and
female brain sections (Fig. 5). trkB mRNA was expressed at
consistently higher levels in the telencephalon than in most other
brain regions and was higher in male telencephalon than in
female telencephalon. The mean density of labeling, averaged
across tissue sections, was higher in the telencephalon of all
males relative to females in eight male–female brain pairs that
were each processed in parallel, a result that occurs by chance
with a probability of �0.004. Within the telencephalon, expres-
sion was widespread and in all regions, with locally heavier
expression in broad areas of, for example, the nidopallium and
mesopallium (for brain nomenclature, see www.avianbrain.org).
Hybridization of the sense probe was much lower and showed no
regional differences as with the antisense probe (data not
shown).

To measure expression of trkB mRNA in song nucleus HVC
at P6, we located HVC by its expression of zRalDH, a marker for
HVC (44), in male and female sections. trkB riboprobe hybrid-
ized clearly to HVC (Fig. 6). The labeling for trkB mRNA was
higher in HVC than in the surrounding nidopallium and was
consistently more prominent in males than in females. Although
hybridization was variable in individual sections, in all five
male–female pairs, the mean density in males was greater than
that in females (male�female ratio, 1.09–2.13; mean, 1.40 � 0.19;
P � 0.05, Wilcoxon signed-ranks test). The results suggest that
trkB expression was higher in male HVC than in female HVC.

Discussion
The present study establishes that trkB, the membrane receptor
for the neurotrophin BDNF, is expressed at a higher level in the
forebrain of male zebra finches at P2–P6, �3 days before the
earliest previously reported sex difference in the neural circuit
for song (15, 49). Moreover, song nucleus HVC itself shows

higher expression of trkB in males than in females. These results
suggest that the sexual differentiation of HVC is already under-
way by P6. Moreover, the sex difference in trkB expression may
contribute to subsequent sexually dimorphic development in
HVC because of heightened responsiveness to BDNF in males
than in females.

The Z-linkage of the trkB gene is important because current
theories of sexual differentiation of the zebra finch song system
attribute the origins of sexual differentiation to a sex differ-
ence in expression of sex chromosome genes within brain cells
themselves (21). Thus, if the sex difference in trkB expression
stems from the higher genomic dose of Z genes in males than
in females, then trkB represents a strong candidate for a sex
chromosome-linked factor that initiates sexual differentiation
of the song nucleus HVC. Other sex-linked factors, of course,
might also be required for male-specific patterns of neural
development.

Among species with heteromorphic sex chromosomes, the
resulting sex difference in genomic dosage of sex-linked genes is
thought to represent a major problem that has led to the
evolution of several distinct dosage compensation mechanisms.
In mammals, f lies, and worms, the dosage of X genes is adjusted
via three different molecular mechanisms (50). In mammals,
transcriptional silencing, or inactivation, of one of the two X
chromosomes in females balances X gene dose (51). However,
this mechanism is incomplete, and some genes on the inactivated
X chromosome escape inactivation so that sex differences in the
expression of some X genes does occur (52–54).

The mechanism for balancing Z gene dosage in birds, if any,
is not understood. Some Z genes appear to be equivalently
expressed in the two sexes, suggesting some compensation
mechanism, but in other cases both Z alleles are expressed (23,
24, 55, 56). Three Z genes in zebra finches (trkB, CHD1Z, and
PKCIZ) all show generally higher expression in male brain (20,
22), raising the possibility that Z genes are typically expressed at
a higher level in males. trkB differs from CHD1Z and PKCIZ
because the latter two genes have W-linked homologues.
CHD1Z is highly similar to CHD1W (22), and PKCIZ is
somewhat similar to the W gene ASW (57, 58). In those cases,
the expression of the W homologue may offset any male-specific
effect of a higher dose of the Z gene in males.

Because there are no known instances in which a genomic dose
of a sex-linked gene leads to sexual differentiation of the brain
of a vertebrate, it will be important to determine what causes the
sex difference in trkB expression. On the one hand, Z-linkage is
likely to lead to higher expression in males than in females,
because several other Z-linked genes have been found to be
expressed higher in males than in females just after hatching. For
example, in an unbiased screen for genes that are sexually
dimorphic in the zebra finch telencephalon at hatching, Wade et

Fig. 5. Photomicrographs of autoradiograms of representative frontal sec-
tions at three levels of the brain of a P6 male (Left) and a P6 female (Right)
showing in situ hybridization of the antisense trkB probe. The middle of the
sections are approximately at AP levels A2.6 (Top), A1.8, and 0.0 (Bottom) of
the atlas of Stokes et al. (84). The telencephalon was labeled more than other
brain regions. These sections were sectioned and processed in parallel, and
hybridized on the same slide. trkB mRNA was expressed higher in the male
than in the female. Hp, hippocampus; M, mesopallium; N, nidopallium; OM,
occipitomesencephalic tract; S, septum; StL, lateral striatum; StM, medial
striatum; TeO, optic tectum; Th, thalamus; V, third ventricle. (Scale bar, 1 mm.)

Fig. 6. Expression of trkB mRNA in situ in HVC of a P6 male and female, based
on digitized images of emulsion-dipped sections. Labeling of the trkB anti-
sense riboprobe appears black. Adjacent sections were hybridized with anti-
sense probes for zRalDH, a marker for HVC (arrows). The zRalDH labeling
unequivocally identifies the location of HVC. Cb, cerebellum; N, nidopallium;
Th, thalamus. Labeling of HVC by trkB is clearly seen. (Scale bar, 1 mm.)
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al. (25) found that many of the genes tested that are higher in
males are Z-linked in chickens. Because of high conservation of
zebra finch and chicken chromosomes (46), these genes are likely
to be Z-linked also in zebra finches. This pattern of results
suggests strongly that Z genes tend to be expressed higher in
males than in females, a conclusion that implies that the sex
difference in expression reported here may be the result of
Z-linkage of the genes. On the other hand, factors other than
genomic dose appear to control trkB expression as well, because
we did not find a sex difference in trkB expression at all ages
tested. By early posthatch ages, male and female gonads (or the
brain itself) produce and secrete steroid hormones (12, 59–61),
and therefore may be involved in the sex-specific expression of
trkB. Indeed, estrogen has been shown to up-regulate trkB
expression in cells from the hypothalamus and olfactory bulb of
mice (62, 63). Thus, we cannot rule out the possibility that sex
differences in trkB expression are the result of sex differences in
gonadal secretions or sex steroids produced within the brain
itself.

Might the sex difference in trkB expression contribute to, or
even be responsible for, sex differences in the neural song
circuit? Could a 2-fold sex difference in trkB expression lead to
subsequent differences in HVC development? In mice, haplo-
insufficiency of the trkB gene has a significant impact, lowering
the number and density of neurons in the hippocampal dentate
gyrus (29). Like the hippocampus of mammals, the songbird
HVC receives a continuous supply of new neurons in adulthood
(64, 65), is important for song learning and memory, and is
impacted strongly by the action of BDNF (38, 66–68). If trkB
plays a similar role in these tissues, the effects of a haploinsuf-
ficiency in the HVC of zebra finches may be similar. Thus, the
lower genomic dose of trkB in female zebra finches, compared
with males, could limit the trophic action of BDNF and result in
fewer neurons in HVC.

The present results suggest that the sex difference in trkB
mRNA expression in the telencephalon is present at P2 and P6,
and in adulthood, but not at P10 or P1. The expression pattern
at P10 shows little bias in favor of males, but at P1 there was a
consistent tendency (not statistically significant) for male sam-
ples to have a higher mean than female samples. Thus, the
present results suggest that the sex difference in telencephalic
trkB expression is established by P2–P6, abolished by P10, and
reestablished by adulthood. Sexual differentiation of HVC is
probably occurring during the first week after hatching. Sex
differences in HVC can be found at P9 in expression of androgen
receptor mRNA (15, 49), at P15 in number of pyknotic cells (69),
and at P20–P25 in neuron number and volume (69–71). The
expression of BDNF and neurotrophin 4, the ligands for trkB,
has not been described for the first posthatch week, although
BDNF is expressed in male HVC by P30 (38).

BDNF can increase androgen receptor expression in rat spinal
motoneurons (72–75). If a similar mechanism operates in HVC,
the higher expression of trkB in HVC at P6 could lead to greater
BDNF signaling, which in turn increases androgen receptor

expression, accounting for the higher male expression of andro-
gen receptors in HVC found by P9 (15, 49). The greater
sensitivity of HVC cells to androgen might in turn account for
the importance of androgens in the growth and differentiation
of HVC at later ages (76, 77). Thus, the sex difference in trkB
expression at the earliest stages of formation of HVC could have
a long-lasting impact on diverse cellular mechanisms that favor
sexual differentiation of HVC.

The sex difference in trkB expression occurs during a sensitive
period (first week posthatch) when estrogen has its greatest
influence on masculinizing the song system in females (78).
Although estrogen could potentially regulate trkB expression, it
is better known for its ability to regulate BDNF expression in
mammalian systems and, importantly, in the HVC of zebra
finches (38, 40, 79–83). For example, BDNF expression is higher
in HVC of males between 30 and 35 days of age and can be
induced in females if treated with estrogen at P5–P10 (38). In
addition, estrogen can be used to increase BDNF expression
prematurely in the HVC of P15–P25 males, which normally
express little BDNF in HVC (38). Thus, estrogen’s effect on
BDNF expression during early development may be its more
important role in masculinizing female HVC. Because females
express less trkB receptor mRNA in HVC, sensitivity to BDNF
signaling may be reduced relative to males and result in a sex
difference in HVC neuron number. Treatment of females with
estradiol, which masculinizes female HVC, could increase
BDNF signaling and partially overcome the deficit in trkB
receptors in females. This explanation is attractive because it
would help resolve the question of how sex chromosome-linked
factors interact with estradiol, which has an established role in
partially masculinizing the song system. If Z-linkage causes
sexually dimorphic expression of the trkB receptor, and if
estradiol, synthesized at a higher level in male forebrain (12),
increases BDNF in HVC, then the trkB�BDNF system provides
a focal point for the convergence of sex chromosome and sex
steroid influences on the brain. The factors leading to higher
synthesis of estradiol in the brain, of course, are not yet known.

How might the action of Z-linked factors such as trkB cause
sex differences in a discrete brain region like HVC but not in
other areas of the telencephalon, where trkB is also expressed?
Why might some species respond to a Z-linked factor(s) with
sexually dimorphic development, whereas other species that
have the same Z-linkage show less dimorphic development? To
answer each of these questions, one must postulate other factors
that modulate the effects of the dimorphic Z-linked signal. In
this respect, the Z-linked hypothesis discussed here is similar to
the idea that all sex differences in Drosophila development are
initiated by a measurement of the X to autosome ratio in each
cell, even though only some cells respond to that signal in a
sexually dimorphic manner (50). Future studies are needed to
resolve these interesting questions.
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