
Effects of Corticosterone and DHEA on Doublecortin
Immunoreactivity in the Song Control System
and Hippocampus of Adult Song Sparrows

Haruka Wada,1* Amy E.M. Newman,2,3,4 Zachary J. Hall,1

Kiran K. Soma,3,4,5 Scott A. MacDougall-Shackleton1

1 Advanced Facility for Avian Research, University of Western Ontario, London, Ontario N6G 1G9, Canada

2 Department of Integrative Biology, University of Guelph, Guelph, Ontario N1G 2W1, Canada

3 Department of Psychology, University of British Columbia, Vancouver, British Columbia V6T 1Z4, Canada

4 Graduate Program in Neuroscience, University of British Columbia, Vancouver, British Columbia V6T
1Z4, Canada

5 Department of Zoology, University of British Columbia, Vancouver, British Columbia V6T 1Z4, Canada

Received 30 December 2012; revised 8 August 2013; accepted 17 September 2013

ABSTRACT: Adult neuroplasticity is strongly influ-

enced by steroids. In particular, corticosterone (CORT)

and dehydroepiandrosterone (DHEA) can have opposing

effects, where CORT reduces while DHEA increases neu-

rogenesis and neuron recruitment. It has been previously

shown that in adult male song sparrows, DHEA treat-

ment increases neuron recruitment throughout the telen-

cephalon, including the lateral ventricular zone, while

the effect of CORT treatment is restricted to HVC, one

of the song control regions. These data suggest that the

two steroids may differentially affect proliferation,

migration, differentiation, and=or survival of new neu-

rons. To determine if CORT or DHEA alters the migra-

tion and differentiation of young neurons, we examined

an endogenous marker of migrating immature neurons,

doublecortin (DCX), in HVC and hippocampus of adult

male song sparrows that were treated with CORT

and=or DHEA for 28 days. In HVC, DHEA increased the

number of DCX-labeled round cells, while CORT had no

main effect on the number of DCX-labeled cells. Further-

more, DHEA increased the area covered by DCX immu-

noreactivity in HVC, regardless of CORT treatment. In

the hippocampus, neither DHEA nor CORT affected

DCX immunoreactivity. These results suggest that

DHEA enhances migration and differentiation of young

neurons into HVC while CORT does not affect the pro-

cess, whether in the presence of DHEA or not. VC 2013
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INTRODUCTION

The structure of the adult brain shows dramatic

changes in response to stress, aging, and hormones.
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The song control system in songbirds is the best-

described example and undergoes pronounced struc-

tural and cellular changes throughout adulthood. The

song control system in songbirds has two pathways:

the motor pathway, which is involved in song pro-

duction and the anterior forebrain pathway (AFP),

which is involved in song learning. In the motor path-

way, HVC (a proper name) projects onto robust

nucleus of the arcopallium (RA), which in turn proj-

ects onto the respiratory motor neurons and syrinx

(Kirn, 2010). The AFP is analogous to the cortico-

basal ganglia pathway in mammals and begins at

HVC, projecting onto Area X which synapses onto

dorsal lateral nucleus of the medial thalamus (DLM).

DLM then projects onto lateral magnocellular

nucleus of the anterior nidopallium (LMAN), then

projects onto either RA or Area X (Vates and Notte-

bohm, 1995).

The HVC, Area X, and RA show seasonal plastic-

ity (Tramontin and Brenowitz, 2000). However, the

increase in HVC volume is due to incorporation of

new neurons while the increase in RA volume is due

to greater neuron size and spacing (Smith et al.,

1997, Tramontin et al., 1998, 2000). Among HVC

neurons, only HVC-RA neurons in the motor path-

way are replaced in adulthood whereas Area X pro-

jecting HVC neurons in AFP are not (Alvarez-Buylla

et al., 1988, 1990, Kirn et al., 1991, Scharff et al.,

2000). During neuroproliferation and neuron matura-

tion, precursor cells proliferate in the lateral ventricu-

lar zone (Goldman and Nottebohm, 1983), and these

neural progenitor cells then migrate to HVC and

other regions of the forebrain where they differentiate

into functional neurons. Not all new neurons survive

(Nottebohm, 2002), and thus, the number of mature

neurons and the size of associated brain regions result

from differential rates of proliferation, migration, and

survival of new neurons (Ming and Song, 2005).

The seasonal neuroplasticity is influenced by ste-

roid hormones. The song control nuclei have andro-

gen and estrogen receptors (Ball et al., 2002), as well

as glucocorticoid (GC) receptors (Katz et al., 2008,

Shahbazi et al., 2011), and administration of steroids

affects nuclei volumes and neuron recruitment in the

song control system and in the hippocampus (Hp). In

male songbirds, testosterone or estradiol implants

increase the volume of HVC, RA, and Area X (Notte-

bohm, 1981, Kirn et al., 1989, Rasika et al., 1994,

Smith et al., 1997, Tramontin and Brenowitz, 2000,

Tramontin et al., 2003). In the wild, the number of

new neurons incorporated into HVC peaks in the fall

when the plasma testosterone level is low (Kirn et al.,

1994, Tramontin and Brenowitz, 1999, 2000). At the

same time, the neuronal turnover is also higher in the

fall, thus the total number of HVC neurons remains

less than that of spring. Interestingly, testosterone

and estradiol do not solely regulate seasonal behav-

iour and neuroplasticity. Male song sparrows main-

tain high aggression throughout the breeding and

nonbreeding season. In this species, plasma levels of

dehydroepiandrosterone (DHEA, an androgen precur-

sor) remain high during the nonbreeding season com-

pared with testosterone and estradiol (Soma and

Wingfield, 2001). Administration of DHEA to male

song sparrows increases HVC and RA volumes, as

well as the number of bromodeoxyuridine-labeled

neurons (BrdU, a marker for neuron recruitment) in

HVC and Hp (Soma et al., 2002, Newman et al.,

2010).

However, steroid hormones associated with stress

have adverse effects on the brain, including the song

control system and Hp. Among the song control

nuclei, HVC appears to be most sensitive to chronic

stress and GCs (Newman et al., 2010). Corticosterone

(CORT), the predominant circulating GC in birds,

reduces HVC volume, HVC neuron number, and the

recruitment of new neurons in HVC (cells labeled

with BrdU). In rats, chronic elevation of CORT in
vivo and in vitro increases neuron death (Kimonides

et al., 1999) and reduces neuron recruitment in Hp

(Karishma and Herbert, 2002). Interestingly, this

could be prevented by co-administration of DHEA in

rats (Kimonides et al., 1999, Karishma and Herbert,

2002). Similar effects were observed in song spar-

rows where DHEA completely rescued the effects of

CORT on volume of, neuronal recruitment into, and

number of mature neurons in HVC (Newman et al.,

2010). Taken together, these studies suggest that

CORT has neurodegenerative effects, while DHEA

rescues the detrimental effects of CORT.

The entire process ultimately leading to the recruit-

ment of mature neurons is particularly complex with

multiple steps at which these hormones could exert a

regulatory effect. It is possible that CORT and DHEA

affect different steps of this process, leading to the

opposing phenomenon described above. Indeed, in

song sparrows, DHEA administration increased the

number of BrdU-labeled cells in general, including

those throughout the telencephalon and Hp (Newman

et al., 2010). In contrast, the reduction of BrdU-

labeled cells by CORT was found only in HVC.

Because CORT did not reduce BrdU-labeled cells

along the ventricular zone, we hypothesize that

CORT reduces neuron migration and survival in

HVC, while DHEA promotes neuroproliferation as

well as neuron migration and survival throughout the

telencephalon. Here, we focused on migration and

differentiation of immature neurons to HVC and Hp.
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To determine how CORT and=or DHEA affect the

migration and differentiation of immature neurons in

the song control system and Hp, we treated male

song sparrows with CORT and=or DHEA and then

examined doublecortin (DCX) immunoreactivity.

DCX is an endogenous protein expressed only in

migrating and differentiating immature neurons

(Francis et al., 1999; Gleeson et al., 1999) within 20–

25 days of neuron’s birth in the songbird telencepha-

lon (Balthazart et al., 2008). If CORT and DHEA

alter only survival of new neurons following migra-

tion, then we would expect to see no differences in

DCX immunoreactivity in subjects exposed to CORT

or DHEA. However, if both CORT and DHEA alter

the migration and differentiation of new neurons,

then we would expect a lower DCX immunoreactiv-

ity in CORT-implanted subjects and a higher DCX

immunoreactivity in DHEA-implanted subjects.

MATERIALS AND METHODS

Animals

This study used the same subjects as in Newman et al.

(2010). In June and July of 2007, a total of 36 adult male

song sparrows (Melospiza melodia) were captured at

Queens University Biological Station or around the Univer-

sity of Western Ontario. Birds were brought to the Univer-

sity of Western Ontario and housed individually in cages in

four animal rooms. The photoperiod in all rooms was ini-

tially matched to ambient conditions and then was reduced

gradually to a short-day photoperiod of 8L:16D. The birds

were maintained on the short-day photoperiod for 1 month

before the start of the experiment. The short-day photoper-

iod was used because, in songbirds, neuronal recruitment

into HVC is highest during the nonbreeding season (Kirn

et al., 1994, Tramontin and Brenowitz, 1999, 2000), and

DHEA treatment during this season increases HVC size

(Soma et al., 2002). Birds had ad libitum access to food

(Mazuri small bird maintenance diet and millet) and water.

In November 2007, subjects were randomly assigned to

one of the four treatments: control (two empty implants),

CORT (one empty and one CORT implant), DHEA (one

empty and one DHEA implant), and CORT 1 DHEA (one

CORT and one DHEA implant). All four animal rooms had

subjects from all four treatments. On the day of implanta-

tion (day 0 of experiment), birds were anesthetized with

isoflurane (1.5%, 2 L=min O2), and the Silastic implants

(CORT: i.d. 1.47 mm, o.d. 1.96 mm, 12 mm in length;

DHEA: i.d. 0.76 mm, o.d. 1.65 mm, 7 mm in length) were

inserted subcutaneously through a small incision on the

back (see Newman et al., 2010 for timelines). The opening

of the skin was sealed with veterinary skin adhesive (Nexa-

band S=C, Medical Corporation, Raleigh, NC). The effi-

cacy of steroid implants was validated previously in song

sparrows (see Newman et al., 2010). Briefly, when silastic

implants containing CORT were incubated in saline solu-

tion at �40�C for 28 days, high levels of CORT (above 75

mg=mL) were maintained in the media over the full 28 days

whether or not the implants had a hole. CORT implants in
vivo elevated baseline plasma CORT levels for the first 3

days, then plasma levels became comparable to controls

with empty implants for the remainder of the 28 days

(plasma collected on day 4, 7, 21, and 28). This is likely

because birds increased clearance and=or inhibited the

hypothalamic-pituitary-adrenal axis, as shown by the sup-

pressed adrenocortical response on day 7 and 21 (Newman

et al., 2010). DHEA implants in vivo elevated plasma

DHEA in both DHEA alone and DHEA and CORT group

between days 7 and 28. Each bird also received three intra-

muscular injections of BrdU per day (cat no. B9285;

Sigma, St. Louis, MO) on day 3 and on day 4 for the previ-

ous study.

On day 28 after implantation, birds were deeply anesthe-

tized using ketamine and xylazine. They were perfused

transcardially with heparinized saline, followed by buffered

4% paraformaldehyde. The brain was quickly removed

from the skull and placed in 4% paraformaldehyde (�24 h)

and then in 30% sucrose (�48 h) at 4�C. Brains were fro-

zen on crushed dry ice and then stored at 280�C. The ani-

mal care and experimental procedures used in this

experiment were approved by the University of Western

Ontario Animal Care and Use Committee.

Immunohistochemistry

The immunohistochemistry used an antibody that was pre-

viously validated in songbirds, including loss of immunore-

activity after preabsorption and identification of the protein

using Western blots (Boseret et al., 2007). Prior to the

assay, we optimized the concentration of primary antibody

for this species. We tested the primary antibody concentra-

tion of 1:200, 250, 500, and 1,000 and determined the opti-

mal concentration to be 1:250. Brains were sliced into 30

lm coronal sections on a cryostat and then stored in a cryo-

protectant solution of ethylene glycol and polyvinylpyrroli-

done at -20�C. Every third section (i.e., 90 lm apart) was

used to examine DCX immunoreactivity. Free-floating sec-

tions were thoroughly rinsed twice with 0.1 M phosphate-

buffered saline (PBS; pH 7.5), and then incubated with

0.5% H2O2 for 15 min to eliminate endogenous peroxidase

activity. Sections were rinsed three times with PBS, and

then incubated with 10% Normal Horse Serum (cat no. S-

2000; Vector Laboratories, Burlingame, CA) in PBS con-

taining 0.3% Triton X-100 (PBS=T) for 30 min. Sections

were incubated with primary antibody made in goat against

DCX (polyclonal, 1:250 dilution, cat no. SC-8066; Santa

Cruz Biotechnology, Santa Cruz, CA) in 0.3% PBS=T for

�24 h at 4�C. After rinsing with 0.1% PBS=T, sections

were incubated with biotinylated horse anti-goat IgG sec-

ondary antibody (1:400 dilution) for 1 hr at room tempera-

ture, followed by rinses with 0.1% PBS=T. Sections were

then incubated with avidin-biotin horseradish-peroxidase

complex (VectaStain Elite ABC Kit, cat. no. PK 6100;
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Vector Laboratories) at dilution of 1:200 for 1 h, followed

by rinses with 0.1% PBS=T. Immunoreactivity was visual-

ized with 0.04% 3,30-diaminobenzidine tetrahydrochloride

(DAB, cat. no., D5637; Sigma). After rinsing with PBS,

sections were mounted on microscope slides, dehydrated

gradually with increasing concentrations of ethanol, and

cleared of lipids with an organic solvent (NeoClear, cat no.

65038-71; EMD Chemicals, Mississauga, Ontario, Can-

ada). Slides were covered with coverslips and mounting

medium (Permount, cat no. SP15; Fisher Scientific).

Microscopy

Song control nuclei (HVC, Area X, and RA) and Hp of

each brain were qualitatively and quantitatively analyzed

for DCX-labeled (DCX1) cells using a Leica DM5500B

microscope coupled with a Leica DFC 420C camera. The

brain regions were first noted for presence or absence of

DCX1 cells. In the regions with densely stained cells

(HVC and Hp), we analyzed five coronal sections (90 lm

apart) in both hemispheres. We measured (1) the percent-

age of a field of view (192 3 257 lm2) covered by DCX1

cell bodies, dendrites, and axons and (2) the number of

DCX1 cells. The five sections were selected such that the

middle section contained the largest cross-section of HVC.

For each of the five sections, two sampling fields were ana-

lyzed for each HVC and Hp. For HVC, one field was posi-

tioned in the center of HVC, and the other field was

positioned just outside of HVC (in the adjacent nidopallium

that is ventral to HVC; see Fig. 1). For Hp, one field was

positioned dorsomedial to HVC (dorsal Hp), and the other

field was positioned at the medial edge of Hp (medial Hp;

Fig. 1). The experimenter who compiled and analyzed these

images was blind to the treatment group of each subject.

For each field of interest, z-stack images of 0.63 mm

steps through the focal planes were collected through the

403 objective lens and were then compiled using a mon-

tage mode in Leica Application Suite software. This cre-

ated an image where all DCX1 cells and projections were

in focus. Percent coverage by DCX1 cells and fibers (%

cover) was determined using a threshold feature of the

ImageJ program (NIH) after converting images into 32-bit

gray scale. As seen before in canaries (Boseret et al., 2007,

Balthazart et al., 2008, Yamamura et al., 2011), we

observed two types of DCX1 cells: round and fusiform.

Round and fusiform DCX1 cells typically represent fully

differentiated neurons and migrating neurons, respectively

(Balthazart et al., 2008). We counted these cell types sepa-

rately. When fields of interest were missing due to tissue

damage, the percentage cover or cell counts from the other

hemisphere were substituted. We only included subjects in

the statistical analysis that had 7 or more out of 10 sections

(5 sections=hemisphere).

Statistical Analyses

Statistical analyses were carried out using PASW (previously

SPSS) 18.0. We first tested for lateralization of all dependent

variables using paired t-tests. Normality and homogeneity of

variances were tested prior to each analysis and corrected via

data transformation when appropriate. The effects of CORT

and DHEA treatment on percentage DCX1 cover and total

number of round and fusiform DCX1 cells in HVC were ana-

lyzed using a two-way ANCOVA with DHEA and CORT as

fixed factors, respective values in the adjacent field in nido-

pallium as a covariate, and animal room number as a random

factor. The effects of CORT and DHEA treatment on the total

number of round and fusiform DCX1 cells in dorsal Hp and

medial Hp were analyzed using two-way MANOVA. Results

were considered significant at a � 0.05 level. Data are pre-

sented as mean 6 SEM.

RESULTS

HVC

DHEA treatment increased DCX staining in HVC.

DHEA treatment significantly increased the percent-

age of the area covered by DCX immunoreactivity,

which reflects the density of DCX1 cells and den-

drites [Table 1; Fig. 2(A)]. CORT treatment, how-

ever, did not affect percentage cover. Nor was there

an interaction between CORT and DHEA treatments,

indicating that the presence of CORT did not influ-

ence the effects of DHEA on DCX1 in HVC.

We observed both round DCX1 cells and fusiform

DCX1 cells in HVC. Similar to percentage cover,

DHEA treatment significantly increased the total

Figure 1 Schematic drawing of a coronal section of a

song sparrow telencephalon hemisphere, with two sample

squares in and just outside HVC and two sample squares in

dorsal and medial hippocampus (Hp). Sample squares indi-

cate the locations at which images were collected for fur-

ther analysis. Abbreviation: LAD: lamina arcopallialis

dorsalis.
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number of DCX1 cells (round 1 fusiform com-

bined) in HVC [Table 1; Fig. 2(B)]. When round

and fusiform DCX1 cells were analyzed sepa-

rately, it was evident that DHEA only increased

the number of round DCX1 cells but had no

effect on the number of fusiform DCX1 cells.

CORT treatment did not affect the number of

DCX1 cells in HVC. We found no interaction

between CORT and DHEA on numbers of round

or fusiform DCX1 cells.

Area X and RA

There were no or almost no DCX1 cells in Area X

and RA in subjects from all treatment groups (Fig. 3).

Area X was easily visualized by a lack of DCX stain-

ing, surrounded by moderate staining in the rest of

the medial striatum. In contrast, the arcopallium

intermedium, including RA, generally had no stain-

ing. Because of the near absence of staining, we did

not compare DCX immunoreactivity across treatment

groups for these areas.

Hippocampus

Dark staining of DCX1 cells was concentrated at the

subventricular zone and near the medial tip of Hp

Table 1 Effects of CORT and DHEA Treatments on

DCX Immunoreactivity

Two-factor ANOVA df F ratio p value

HVC % cover

CORT 1,26 0.25 0.62

DHEA 1,26 7.90 0.01

CORT 3 DHEA 1,26 0.05 0.82

HVC fusiform cells

CORT 1,26 4.41 0.21

DHEA 1,26 0.64 0.48

CORT 3 DHEA 1,26 0.23 0.66

HVC round cells

CORT 1,26 0.02 0.90

DHEA 1,26 53.37 0.006

CORT 3 DHEA 1,26 0.25 0.65

HVC total no. of DCX1 cells

CORT 1,26 0.06 0.83

DHEA 1,26 21.32 0.023

CORT 3 DHEA 1,26 0.34 0.60

Dorsal Hp fusiform cells

CORT 1,20 1.04 0.32

DHEA 1,20 0.008 0.93

CORT 3 DHEA 1,20 1.04 0.32

Dorsal Hp round cells

CORT 1,20 0.001 0.97

DHEA 1,20 2.98 0.10

CORT 3 DHEA 1,20 3.23 0.09

Dorsal Hp total no. of DCX1 cells

CORT 1,20 0.09 0.77

DHEA 1,20 1.80 0.20

CORT 3 DHEA 1,20 1.80 0.20

Medial Hp fusiform cells

CORT 1,20 0.03 0.88

DHEA 1,20 0.014 0.91

CORT 3 DHEA 1,20 0.24 0.63

Medial Hp round cells

CORT 1,20 0.39 0.54

DHEA 1,20 0.01 0.92

CORT 3 DHEA 1,20 0.42 0.53

Medial Hp total no. of DCX1 cells

CORT 1,20 0.28 0.60

DHEA 1,20 0.03 0.86

CORT 3 DHEA 1,20 0.24 0.63

CORT: corticosterone; DHEA: dehydroepiandrosterone; DCX:

doublecortin.
Figure 2 Effects of CORT and DHEA on (A) the percent-

age of a standardized area covered by DCX immunoreactiv-

ity and (B) the number of round and fusiform DCX1 cells in

HVC of adult male song sparrows (Melospiza melodia)

under short-day condition. Males were implanted with either

(1) two empty silastic implants, (2) one empty implant and

one CORT implant, (3) one empty implant and one DHEA

implant, or (4) one CORT implant and one DHEA implant

for 28 days. All bars represent untransformed, adjusted

means that incorporate a covariate of respective values in

the adjacent fields immediately ventral to HVC. Error bars

depict SEM. *p < 0.05. Abbreviations: CORT: corticoster-

one; DHEA: dehydroepiandrosterone; DCX: doublecortin.
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(Figs. 1 and 4). We also observed diffuse staining of

round cells across the Hp. This diffuse staining could

lead to overestimation of percentage cover, thus we

omitted measuring percentage cover in Hp and only

analyzed cell counts.

Neither steroid had significant effects on the num-

ber of DCX1 cells in Hp. The total number of

DCX1 cells was always higher in medial Hp than in

dorsal Hp (e.g., average of 25 vs. 2 cells in control

birds), with large variation in dorsal Hp due to the

small number of DCX1 neurons that were present.

Neither CORT nor DHEA affected the total number

of DCX1 cells (round cells 1 fusiform cells) in

either field of the Hp [Table 1; Fig. 5(A,B)]. When

we examined round cells and fusiform cells sepa-

rately, the pattern remained the same. Neither CORT

nor DHEA affected the number of round cells in

either field of Hp. Similarly, neither steroid affected

the number of fusiform cells in Hp.

DISCUSSION

Newman at al. (2010) showed that CORT decreased,

while DHEA increased, HVC volume, mature neuron

and neuron recruitment into HVC; however the mecha-

nism was unknown. To determine if CORT and=or

DHEA affect neuron recruitment and size of brain

regions via altering migration and differentiation of

young neurons, we examined DCX immunoreactivity

in HVC and Hp of male song sparrows exposed to

chronic elevation of CORT and=or DHEA. For HVC,

we found that DHEA increased the number of round

DCX1 cells as well as the percentage of the area cov-

ered by DCX1 migrating cells and their fibers, regard-

less of CORT treatment. CORT had no main effect on

DCX immunoreactivity of young neurons in HVC.

This suggests that the opposing effects of CORT and

DHEA on HVC result from different mechanisms. We

also found that DCX immunoreactivity in Hp was not

affected by either CORT or DHEA.

We observed little or no DCX immunoreactivity in

RA and Area X. RA has very low rates of neuronal

incorporation after hatching and completely ceases to

receive new neurons in adulthood (Alvarez-Buylla

and Kirn, 1997, Wilbrecht and Kirn, 2004). The lack

of DCX immunoreactivity in RA in our study is thus

consistent with this and is in accordance with previ-

ous studies in canaries that reported no or almost no

DCX staining in the arcopallium, especially in RA

(Boseret et al., 2007, Balthazart et al., 2008). New-

man et al. (2010) observed an increase in RA volume

in response to DHEA without an increase in DCX1

cells (this study). This supports the earlier findings

that the seasonal increase in RA volume is due to

neurite growth (DeVoogd and Nottebohm, 1981,

Maninger et al., 2009) rather than incorporation of

new neurons. In contrast, Area X is one of the brain

regions that continue to receive new neurons through-

out adulthood (Alvarez-Buylla and Kirn, 1997, Wil-

brecht and Kirn, 2004). In fact, Area X shows DCX

mRNA expression in adult male zebra finches (Kim

et al., 2006) and DCX immunoreactivity in adult

canaries (Boseret et al., 2007, Balthazart et al., 2008).

Yet, we observed very little DCX staining in Area X.

Two previous studies showed that 14- or 28-day

treatments of exogenous DHEA did not increase

Area X volume in song sparrows under short-day

conditions (Soma et al., 2002, Newman et al., 2010).

These studies together suggest that during

Figure 3 Photomicrographs illustrating little or no doublecortin (DCX) immunoreactivity in Area

X (left) and RA (right). The perimeters of Area X and RA are shown with dashed lines. Abbrevia-

tion: RA: robust nucleus of the arcopallium. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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nonbreeding season Area X is less sensitive to DHEA

compared to HVC in this species.

In Hp of adult song sparrows, DCX immunoreac-

tivity was present, but no effects of CORT or DHEA

were observed. This is in contrast with mammalian

studies. In rat Hp, CORT inhibits neuron recruitment,

partly due to reduction of neuron migration, marked

by a reduction in DCX1 cell number (Brummelte

and Galea, 2010). Unlike rats, the Hp in birds appears

to be less sensitive to CORT. Chronic elevation of

Figure 4 Photomicrographs of doublecortin (DCX) immunoreactivity in HVC (left column) and

hippocampus (right column) from subjects given empty implants (control), CORT, DHEA, or

CORT 1 DHEA for 28 days. The ventral edge of HVC is shown with arrows. Abbreviations:

CORT: corticosterone; DHEA: dehydroepiandrosterone. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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CORT did not alter Hp volume (Pravosudov and

Omanska, 2005, Newman et al., 2010), the total num-

ber of Hp neurons (Pravosudov and Omanska, 2005),

or neuron recruitment in Hp as measured by BrdU

incorporation (Newman et al., 2010). Our results are

consistent with these previous studies in birds, since

CORT did not modify DCX immunoreactivity in

song sparrow Hp. DHEA also had no effect on DCX

immunoreactivity in Hp of adult song sparrows,

despite the fact that DHEA increased the number of

BrdU-labeled cells (Newman et al., 2010). This indi-

cates that DHEA increased neurogenesis in Hp

through mechanisms other than promoting neuron

migration (e.g., neuron survival).

Chronic elevation of DHEA increased DCX1 cells

in HVC, suggesting that DHEA increases HVC vol-

ume and neuron recruitment in HVC in part by pro-

moting migration and differentiation of young

neurons. DHEA has been shown repeatedly to pro-

mote neuron survival in mammalian Hp (Karishma

and Herbert, 2002, Charalampopoulos et al., 2008, Li

et al., 2010, Shoae-Hassani et al., 2011). However, to

our knowledge, this is the first study to suggest that

DHEA stimulates neuron migration and differentia-

tion into HVC, indicated by DCX immunoreactivity.

Interestingly, DHEA only increased the number of

round DCX1 cells and did not affect fusiform

DCX1 cell number. Assuming that fusiform cells are

migrating neurons whereas round cells are differenti-

ating neurons (Balthazart et al., 2008; also see Her-

rick et al. 2006), this result suggests that DHEA

treatment promoted not only migration, but also

recruitment of young neurons to HVC. The fact that

DHEA treatment increased both NeuN1 and round

DCX1 cell numbers implies that DHEA also pro-

moted differentiation and survival of those immature

neurons in HVC. In fact, in embryonic rat forebrain,

DHEA reduces apoptosis (Zhang et al., 2002). Simi-

larly, in adult rat Hp, DHEA improves neuron sur-

vival (Karishma and Herbert, 2002). Newman et al.

(2010) found that DHEA increased BrdU1 cells at

the ventricular zone (Table 2). Taken together, these

studies suggest DHEA promotes nearly all steps of

neuroplasticity, from proliferation at the ventricular

zone to survival of immature neurons. It is worth not-

ing that the number of BrdU and the total number of

DCX cells within HVC did not correlate significantly

(linear regression, data not shown), highlighting the

complex relationship between steroids and the multi-

ple phases of neurogenesis. Further studies are

needed to directly measure the effects of DHEA on

neuron survival in songbird brains.

Neuronal recruitment into HVC is highest in the

fall when plasma testosterone level is low (Kirn

et al., 1994, Tramontin and Brenowitz, 1999, 2000).

It has been hypothesized that decreasing testosterone

levels causes apoptosis of HVC neurons creating

space in HVC for new neurons to migrate into (Tra-

montin and Brenowitz, 1999, Thompson and Breno-

witz, 2009). The birds used in this study were on the

short-day photoperiod, thus photosensitive. The

results of this study suggest that in male song spar-

rows, DHEA may contribute to the increased neuro-

nal migration and differentiation of HVC neurons

during nonbreeding seasons.

How DHEA may increase migration or survival of

neurons in HVC is unknown. Intracellular receptors

for DHEA have not been found (Widstrom and Dil-

lon, 2004). Since abundant numbers of androgen and

estrogen receptors are found in HVC (Balthazart

et al., 1992, Gahr et al., 1993, Bernard et al., 1999,

Soma et al., 1999) and DHEA is readily converted to

androgens and estrogens in HVC (Soma et al.,

2004a,2004b, Schlinger et al., 2008, Pradhan et al.,

Figure 5 Effects of CORT and DHEA on the total number

of round and fusiform DCX1 cells in (A) dorsal Hp and

(B) medial Hp of adult male song sparrows (Melospiza mel-
odia) under short-day condition. All bars represent raw

mean values 6 SEM. Abbreviations: CORT: corticoster-

one; DHEA: dehydroepiandrosterone; DCX: doublecortin;

Hp: hippocampus.
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2010), it has been proposed that DHEA acts indi-

rectly through androgen or estrogen receptors. In

fact, 3-week treatment with testosterone, but not

estradiol, increased fusiform and round DCX1 cells

in HVC of female canaries (Yamamura et al., 2011).

Interestingly, DHEA increased DCX immunoreactiv-

ity in HVC but not in Hp, despite the fact that DHEA

increased BrdU1 cell numbers in both areas (New-

man et al., 2010). This indicates that DHEA promotes

different steps of neurogenesis depending on the

brain region.

Chronic elevation of CORT did not alter DCX

immunoreactivity in HVC, although CORT sup-

pressed HVC volume and number of mature neurons

in HVC in the previous study (Newman et al., 2010).

This implies that CORT may be exerting its effects

through triggering apoptosis of the neurons, rather

than reducing neural migration or recruitment. In

rodents, CORT regulates apoptosis in dentate gyrus

(Gould et al., 1992; Cameron and Gould, 1994)

through dampening brain-derived neurotrophic factor

and other growth factors (Schaaf et al., 1997, Gubba

et al., 2004, Jacobsen and M�rk, 2006). Surprisingly,

we found CORT did not offset the positive effects of

DHEA on DCX staining in HVC. Numerous studies

demonstrate that DHEA and CORT have opposite

effects, where DHEA rescues detrimental effects of

CORT (Kalimi et al., 1994). In rats, DHEA rescued

negative effects of CORT on neuron numbers (Kimo-

nides et al., 1999), neurogenesis, and neuron survival

in Hp (Karishma and Herbert, 2002). In song spar-

rows, DHEA prevented the reduction in number of

mature neurons by CORT in HVC (Newman et al.,

2010). In conclusion, this study demonstrates that

DHEA increased DCX staining in HVC while CORT

had no effect, despite the fact that DHEA and CORT

had opposite effects on BrdU1, NeuN1 cell num-

bers in HVC as well as HVC volume. Taken together

with previous studies, our study suggests that CORT

and DHEA regulate brain anatomy and neurogenesis

via distinct mechanisms, with CORT possibly reduc-

ing survival of neurons and DHEA enhancing prolif-

eration, migration, recruitment, and survival of

young neurons.

The authors thank Dr. David Sherry for his advice on
microscope analysis.

REFERENCES

Alvarez-Buylla A, Kirn JR. 1997. Birth, migration, incor-

poration, and death of vocal control neurons in adult

songbirds. J Neurobiol 33:585–601.

Alvarez-Buylla A, Kirn JR, Nottebohm F. 1990. Birth of

projection neurons in adult avian brain may be related to

perceptual or motor learning. Science 249:1444–1446.

Alvarez-Buylla A, Theelen M, Nottebohm F. 1988. Birth of

projection neurons in the higher vocal center of the

canary forebrain before, during, and after song learning.

Proc Natl Acad Sci U S A 85:8722–8726.

Ball GF, Riters LV, Balthazart J. 2002. Neuroendocrinol-

ogy of song behavior and avian brain plasticity: Multiple

sites of action of sex steroid hormones. Front Neuroen-

docrinol 23:137–178.

Balthazart J, Boseret G, Konkle ATM, Hurley LL, Ball GF.

2008. Doublecortin as a marker of adult neuroplasticity

in the canary song control nucleus HVC. Eur J Neurosci

27:801–817.

Balthazart J, Foidart A, Wilson EM, Ball GF. 1992. Immu-

nocytochemical localization of androgen receptors in the

male songbird and quail brain. J Comp Neurol 317:407–

420.

Table 2 Summary of Effects of CORT and DHEA on Song Control System in Newman et al. (2010) and this Study

CORT DHEA CORT 3 DHEA

HVC HVC volume* # " n.s.

NeuN1 cell number* # " n.s.

BrdU1 cell number* # " n.s.

DCX1 % cover n.s. " n.s.

DCX1 round cell number n.s. " n.s.

DCX1 fusiform cell number n.s. n.s. n.s.

RA RA volume* # " Significant; DHEA

" volume only in

the absence of CORT

DCX immunoreactivity Very few DCX1 cells

Area X Area X volume* n.s. n.s. n.s.

DCX immunoreactivity Very few DCX1 cells

CORT: corticosterone; DHEA: dehydroepiandrosterone; DCX: doublecortin; RA: robust nucleus of the arcopallium; n.s.: not significant.

60 Wada et al.

Developmental Neurobiology



Bernard DJ, Bentley GE, Balthazart J, Turek FW, Ball GF.

1999. Androgen receptor, estrogen receptor a, and estro-

gen receptor b show distinct patterns of expression in

forebrain song control nuclei of European Starlings.

Endocrinology 140:4633–4643.

Boseret G, Ball GF, Balthazart J. 2007. The microtubule-

associated protein doublecortin is broadly expressed in

the telencephalon of adult canaries. J Chem Neuroanat

33:140–154.

Brummelte S, Galea LA. 2010 Chronic high corticosterone

reduces neurogenesis in the dentate gyrus of adult male

and female rats. Neuroscience 168:680–690.

Cameron HA, Gould E. 1994. Adult neurogenesis is regu-

lated by adrenal steroids in the dentate gyrus. Neuro-

science 61:203–209.

Charalampopoulos I, Remboutsika E, Margioris AN,

Gravanis A. 2008. Neurosteroids as modulators of neuro-

genesis and neuronal survival. Trends Endocrinol Metab

19:300–307.

DeVoogd T, Nottebohm F. 1981. Gonadal hormones induce

dendritic growth in the adult avian brain. Science 214:

202–204.

Francis F, Koulakoff A, Boucher D, Chafey P, Schaar B,

Vinet M-C, Friocourt G, et al. 1999. Doublecortin is a

developmentally regulated, microtubule-associated pro-

tein expressed in migrating and differentiating neurons.

Neuron 23:247–256.

Gahr M, Guttinger HR, Kroodsma DE. 1993. Estrogen

receptors in the avian brain: survey reveals general distri-

bution and forebrain areas unique to songbirds. J Comp

Neurol 327:112–122.

Gleeson JG, Lin PT, Flanagan LA, Walsh CA. 1999. Dou-

blecortin is a microtubule-associated protein and is

expressed widely by migrating neurons. Neuron 23:257–

271.

Goldman SA, Nottebohm F. 1983. Neuronal production,

migration, and differentiation in a vocal control nucleus

of the adult female canary brain. Proc Natl Acad Sci 80:

2390–2394.

Gould E, Cameron H, Daniels D, Woolley C, McEwen B.

1992. Adrenal hormones suppress cell division in the

adult rat dentate gyrus. J Neurosci 12:3642–3650.

Gubba EM, Fawcett JW, Herbert J. 2004. The effects of

corticosterone and dehydroepiandrosterone on neurotro-

phic factor mRNA expression in primary hippocampal

and astrocyte cultures. Mol Brain Res 127:48–59.

Herrick SP, Waters EM, Drake CT, McEwen BS, Milner

TA. 2006. Extranuclear estrogen receptor beta immunore-

activity is on doublecortin-containing cells in the adult

and neonatal rat dentate gyrus. Brain Res 1121:46–58.

Jacobsen JPR, M�rk A. 2006. Chronic corticosterone

decreases brain-derived neurotrophic factor (BDNF)

mRNA and protein in the hippocampus, but not in the

frontal cortex, of the rat. Brain Res 1110:221–225.

Kalimi M, Shafagoj Y, Loria R, Padgett D, Regelson W.

1994. Anti-glucocorticoid effects of dehydroepiandroster-

one (DHEA). Mol Cell Biochem 131:99–104.

Karishma KK, Herbert J. 2002. Dehydroepiandrosterone

(DHEA) stimulates neurogenesis in the hippocampus of

the rat, promotes survival of newly formed neurons and

prevents corticosterone-induced suppression. Eur J Neu-

rosci 16:445–453.

Katz A, Mirzatoni A, Zhen Y, Schlinger BA. 2008. Sex dif-

ferences in cell proliferation and glucocorticoid respon-

siveness in the zebra finch brain. Eur J Neurosci 28:99–

106.

Kim Y-H, Peregrine J, Arnold AP. 2006. The distribution

of expression of doublecortin (DCX) mRNA and protein

in the zebra finch brain. Brain Res 1106:189–196.

Kimonides VG, Spillantini MG, Sofroniew MV, Fawcett

JW, Herbert J. 1999. Dehydroepiandrosterone antago-

nizes the neurotoxic effects of corticosterone and translo-

cation of stress-activated protein kinase 3 in hippocampal

primary cultures. Neuroscience 89:429–436.

Kirn J, Alvarez-Buylla A, Nottebohm F. 1991. Production

and survival of projection neurons in a forebrain vocal

center of adult male canaries. J Neurosci 11:1756–1762.

Kirn J, O’Loughlin B, Kasparian S, Nottebohm F. 1994.

Cell death and neuronal recruitment in the high vocal

center of adult male canaries are temporally related to

changes in song. Proc Natl Acad Sci 91:7844–7848.

Kirn JR. 2010. The relationship of neurogenesis and growth

of brain regions to song learning. Brain Lang 115:29–44.

Kirn JR, Clower RP, Kroodsma DE, Devoogd TJ. 1989.

Song-related brain regions in the red-winged blackbird

are affected by sex and season but not repertoire size. J

Neurobiol 20:139–163.

Li L, Xu B, Zhu Y, Chen L, Sokabe M, Chen L. 2010.

DHEA prevents Abeta25-35-impaired survival of new-

born neurons in the dentate gyrus through a modulation

of PI3K-Akt-mTOR signaling. Neuropharmacology 59:

323–333.

Maninger N, Wolkowitz OM, Reus VI, Epel ES, Mellon

SH. 2009. Neurobiological and neuropsychiatric effects

of dehydroepiandrosterone (DHEA) and DHEA sulfate

(DHEAS). Front Neuroendocrinol 30:65–91.

Ming G-l, Song H. 2005. Adult neurogenesis in the mam-

malian central nervous system. Annu Rev Neurosci 28:

223–250.

Newman AEM, MacDougall-Shackleton SA, An Y-S,

Kriengwatana B, Soma KK. 2010. Corticosterone and

dehydroepiandrosterone have opposing effects on adult

neuroplasticity in the avian song control system. J Comp

Neurol 518:3662–3678.

Nottebohm F. 1981. A brain for all seasons: Cyclical ana-

tomical changes in song control nuclei of the canary

brain. Science 214:1368–1370.

Nottebohm F. 2002 Neuronal replacement in adult brain.

Brain Res Bull 57:737–749.

Pradhan DS, Newman AE, Wacker DW, Wingfield JC,

Schlinger BA, Soma KK. 2010. Aggressive interactions

rapidly increase androgen synthesis in the brain during

the non-breeding season. Horm Behav 57:381–389.

Pravosudov VV, Omanska A. 2005. Prolonged moderate

elevation of corticosterone does not affect hippocampal

Corticosterone and DHEA on DCX-ir in Songbirds 61

Developmental Neurobiology



anatomy or cell proliferation rates in mountain chicka-

dees (Poecile gambeli). J Neurobiol 62:82–91.

Rasika S, Nottebohm F, Alvarez-Buylla A. 1994. Testoster-

one increases the recruitment and=or survival of new

high vocal center neurons in adult female canaries. Proc

Natl Acad Sci 91:7854–7858.

Schaaf MJM, Hoetelmans RWM, de Kloet ER,

Vreugdenhil E. 1997. Corticosterone regulates expression

of BDNF and trkB but not NT-3 and trkC mRNA in the

rat hippocampus. J Neurosci Res 48:334–341.

Scharff C, Kirn JR, Grossman M, Macklis JD, Nottebohm

F. 2000. Targeted neuronal death affects neuronal

replacement and vocal behavior in adult songbirds. Neu-

ron 25:481–492.

Schlinger BA, Pradhan DS, Soma KK. 2008. 3beta-HSD

activates DHEA in the songbird brain. Neurochem Int 52:

611–620.

Shahbazi M, Schmidt M, Carruth LL. 2011. Distribution

and subcellular localization of glucocorticoid receptor-

immunoreactive neurons in the developing and adult

male zebra finch brain. Gen Comp Endocrinol 174:354–

361.

Shoae-Hassani A, Mortazavi-Tabatabaei SA, Sharif S,

Rezaei-Khaligh H, Verdi J. 2011. DHEA provides a

microenvironment for endometrial stem cells neurogene-

sis. Med Hypotheses 76:843–846.

Smith GT, Brenowitz EA, Wingfield JC. 1997. Roles of

photoperiod and testosterone in seasonal plasticity of the

avian song control system. J Neurobiol 32:426–442.

Soma KK, Alday NA, Hau M, Schlinger BA. 2004a. Dehy-

droepiandrosterone metabolism by 3b-hydroxysteroid

dehydrogenase=D5-D4 isomerase in adult zebra finch

brain: Sex difference and rapid effect of stress. Endocri-

nology 145:1668–1677.

Soma KK, Hartman VN, Wingfield JC, Brenowitz EA.

1999. Seasonal changes in androgen receptor immunore-

activity in the song nucleus HVc of a wild bird. J Comp

Neurol 409:224–236.

Soma KK, Tramontin AD, Featherstone J, Brenowitz EA.

2004b. Estrogen contributes to seasonal plasticity of the

adult avian song control system. J Neurobiol 58:413–422.

Soma KK, Wingfield JC. 2001. Dehydroepiandrosterone in

songbird plasma: Seasonal regulation and relationship to

territorial aggression. Gen Comp Endocrinol 123:144–

155.

Soma KK, Wissman AM, Brenowitz EA, Wingfield JC.

2002. Dehydroepiandrosterone (DHEA) increases territo-

rial song and the size of an associated brain region in a

male songbird. Horm Behav 41:203–212.

Thompson CK, Brenowitz EA. 2009. Neurogenesis in an

Adult avian song nucleus is reduced by decreasing

caspase-mediated apoptosis. J Neurosci 29:4586–4591.

Tramontin AD, Brenowitz EA. 1999. A field study of sea-

sonal neuronal incorporation into the song control system

of a songbird that lacks adult song learning. J Neurobiol

40:316–326.

Tramontin AD, Brenowitz EA. 2000. Seasonal plasticity in

the adult brain. Trends Neurosci 23:251–258.

Tramontin AD, Hartman VN, Brenowitz EA. 2000. Breed-

ing conditions induce rapid and sequential growth in

adult avian song control circuits: A model of seasonal

plasticity in the brain. J Neurosci 20:854–861.

Tramontin AD, Smith GT, Breuner CW, Brenowitz EA.

1998. Seasonal plasticity and sexual dimorphism in the

avian song control system: Stereological measurement of

neuron density and number. J Comp Neurol 396:186–

192.

Tramontin AD, Wingfield JC, Brenowitz EA. 2003. Andro-

gens and estrogens induce seasonal-like growth of song

nuclei in the adult songbird brain. J Neurobiol 57:130–

140.

Vates GE, Nottebohm F. 1995. Feedback circuitry within a

song-learning pathway. Proc Natl Acad Sci 92:5139–

5143.

Widstrom RL, Dillon JS. 2004. Is there a receptor for dehy-

droepiandrosterone or dehydroepiandrosterone sulfate?

Semin Reprod Med 22:289–298.

Wilbrecht L, Kirn JR. 2004. Neuron addition and loss in

the song system: Regulation and function. Ann N Y Acad

Sci 1016:659–683.

Yamamura T, Barker JM, Balthazart J, Ball GF. 2011.

Androgens and estrogens synergistically regulate the

expression of doublecortin and enhance neuronal recruit-

ment in the song system of adult female canaries. J Neu-

rosci 31:9649–9657.

Zhang L, Li Bs, Ma W, Barker JL, Chang YH, Zhao W,

Rubinow DR. 2002. Dehydroepiandrosterone (DHEA)

and its sulfated derivative (DHEAS) regulate apoptosis

during neurogenesis by triggering the Akt signaling path-

way in opposing ways. Mol Brain Res 98:58–66.

62 Wada et al.

Developmental Neurobiology


