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Nucleus HVC (formerly called high vocal center) of songbirds contains

two types of projecting neurons connecting HVC respectively to the

nucleus robustus archistriatalis, RA, or to area X. These two neuron

classes exhibit multiple neurochemical differences and are differentially

replaced by new neurons during adult life: high rates of neuronal

replacement are observed in RA-projecting neurons only. The activity

of these two types of neurons may also be modulated differentially by

steroids. We analyzed by magnetic resonance imaging the effect of

testosterone on the volume of RA and area X and on the dynamics of

Mn2+ accumulation in RA and area X of female starlings that had been

injected with MnCl2 through a permanent cannula implanted in HVC.

Repeated visualization 6 weeks apart (before and after testosterone

treatment) identified a volume increase of both nuclei in testosterone-

treated birds associated with a concomitant decrease in controls.

Following testosterone treatment, the total amount of Mn2+ transported

to RA and area X increased but the dynamics of accumulation,

reflecting in part the activity of HVC neurons, was specifically altered

in area X but not in RA. These data indicate that testosterone

differentially affects the RA- and area X-projecting neurons in HVC.

Manganese-enhanced magnetic resonance imaging (ME-MRI) thus

provides repeated measures of connected brain areas and demonstrates

testosterone-dependent regionally specific changes in brain activity and

functional connectivity. The slow time scales investigated by this

technique (compared to functional MRI) appear ideally suited for

characterizing slow processes such as those involved in brain plasticity

and learning.

D 2004 Elsevier Inc. All rights reserved.

Keywords: Starling; Songbird; Song control nuclei; HVC; RA; Area X;

Brain plasticity; Testosterone; Manganese enhanced-MRI
1053-8119/$ - see front matter D 2004 Elsevier Inc. All rights reserved.

doi:10.1016/j.neuroimage.2003.10.007

* Corresponding author. Bio-Imaging Laboratory, UA, Department of

Biomedical Sciences, University of Antwerp, Groenenborgerlaan 171-

Gebouw V, B-2020 Antwerp, Belgium. Fax: +32-3-218-02-33.

E-mail address: vincent.vanmeir@ua.ac.be (V. Van Meir).

Available online on ScienceDirect (www.sciencedirect.com.)
Introduction

Songbirds are one of the few groups of vertebrates that evolved

a vocal communication system, which is based on the production

of songs of various complexities. These songs play a key role in

social (sexual, aggressive) interactions and are learned during

ontogeny. In songbird species that live in the temperate zone, the

structure and function of songs also changes seasonally. During the

phylogenetic evolution that led to songbirds, several telencephalic

brain regions became part of a spatially organized neuronal

circuitry along with the ability of song learning and song produc-

tion; these brain regions are called song control nuclei (Brenowitz

et al., 1997; Fig. 1). In response to changes in day length and

plasma testosterone, the song control nuclei of songbirds exhibit

among the largest morphological changes that have been described

in the brain of warm-blooded vertebrates (Tramontin and Breno-

witz, 2000). A high level of neuronal replacement, associated with

an active neurogenesis also takes place in some of these nuclei

even in adult birds, which makes them an outstanding model to

study brain plasticity in vertebrates. HVC (the song control nucleus

formerly known as high vocal center) is an important sensory

motor region that serves as a relay center within the vocal network

connecting the brain areas involved in hearing, song production

and vocal learning in songbirds. It contains three distinct types of

neurons from which two project respectively to the nucleus

robustus archistriatalis, RA, or to area X. The third type can be

identified as interneurons. All three neuron types show strong

electrical responses both during song production and during

auditory stimulation with songs (Mooney et al., 2002).

The two types of projection neurons are part of two brain

circuits that play a critical role in the production of song (RA-

projecting neurons) or its acquisition in juveniles and stability in

adults (X-projecting neurons) (Brainard and Doupe, 2000a,b;

Hessler and Doupe, 1999; Jarvis et al., 1998; Nottebohm et al.,

1976; Scharff and Nottebohm, 1991; Yu and Margoliash, 1996).

RA-projecting neurons are part of a motor pathway that controls
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the activity of the syrinx, the sound-producing organ in birds, and

of medullary nuclei that synchronize respiration with song produc-

tion (Wild, 1997). The X-projecting neurons, in contrast, belong to

the so-called anterior forebrain pathway that is required for song

learning but also plays a key role in maintaining song stability in

adulthood (Brainard and Doupe, 2000a,b). This pathway includes

the area X in the avian homologue of the mammalian basal ganglia

(the lobus parolfactorius or caudate–putamen in mammals) and it

is therefore not surprising that this circuit plays a role in the

coordination of fine motor actions. It is well known that in human

neurodegenerative diseases such as Parkinson’s disease, leading to

alterations of the basal ganglia circuits, are associated with severe

problems of motor coordination.

Most studies of the song system have relied so far on

histological techniques that require the sacrifice of the experimen-

tal subjects and therefore prevent the use of birds as their own

controls in successive measurements. However, recent advances in

magnetic resonance imaging (MRI) techniques have allowed

visualization and accurate delineation of the two monosynaptic

targets of HVC, RA and area X, by application of an in vivo tract-

tracing technique based on the injection of paramagnetic Mn2+

into HVC. This technique, which uses Mn2+ as a calcium

analogue, is known as manganese-enhanced (ME)-MRI. Previous

work had used Mn2+ to identify activated brain regions, taking

advantage of the tract tracing properties of this ion (Pautler and

Koretsky, 2002) or after its intravenous infusion associated with a

pharmacological opening of the blood–brain barrier (Aoki et al.,

2002; Duong et al., 2000; Lin and Koretsky, 1997). In addition,

our work that analyzed the dynamics of Mn2+ accumulation in the

two target nuclei of HVC revealed functional sex differences

between the RA- and area X-projecting HVC neurons (Van der

Linden et al., 2002). This approach, that we called dynamic ME-

MRI, opens new perspectives for the study of brain plasticity in

particular for long-term studies of morphological and functional

responses of specific brain circuits to changes in endocrine

conditions. We used here repeated dynamic ME-MRI in a well-

characterized neuronal system to assess the potential of this

technique through the study in individual birds of the long-term

effects of testosterone on the song control system of female

starlings. Repeated visualization and monitoring of the dynamics

of Mn2+ accumulation in RA and area X demonstrates testoster-

one-dependent regionally specific changes in brain activity and

functional connectivity.
Materials and methods

Experimental setup

Ten first-year female starlings were caught in the wild during

the winter before February and housed in two indoor cages (1.40 �
2.20 � 2.10 m) on a stable 10:14-h light–dark cycle, that was

selected to maintain birds in a durable state of photosensitivity. All

birds were studied by MRI for the first time between March 15 and

April 30, 2001. One or two days after the first ME-MRI measure-

ment, subjects were implanted subcutaneously in the neck region

with one 15-mm long Silastick capsule [Degania Silicone, inner

diameter (id) 1.47 mm, outer diameter (od) 1.96 mm] filled with

crystalline testosterone (Sigma, St. Louis, MO) (testosterone-trea-

ted birds, n = 5) or left empty (control birds, n = 5). Birds were

studied by MRI again 5 to 6 weeks after the treatment. All
experimental procedures were approved by the Committee on

Animal Care and Use at the University of Antwerp, Belgium.

Testosterone assay

The day before or after each ME-MRI measurement, a blood

sample (250–400 Al) was taken from the brachial vein into

heparinized haematocrit capillary tubes, centrifuged and the plasma

stored at �25jC. Testosterone levels were determined in all

samples using an iodine-125 double-antibody assay (ICN Biomed-

icals, Inc., Costa Mesa, CA) (Eens et al., 2000) previously

validated for use in starlings (Duffy et al., 2000).

Cannula implantation

To allow repeated and reproducible injections of MnCl2, one

plastic cannula (id 0.39 Am, od 0.69 Am; Plastics One, Inc.,

Roanoke, VA) was implanted in the right HVC of each bird that

was anaesthetized as described before (Van der Linden et al.,

2002). Briefly, birds were first anaesthetized with an intramuscular

injection of 5 ml/kg of a mixture containing 0.33 ml xylazine

(Rompun: 20 mg/ml), 2.10 ml ketamine (Ketalar: 50 mg/ml) and

4.33 ml saline solution. Anesthesia was maintained by adminis-

tration of one fifth of the initial dose every 30 min through a

catheter positioned in the chest muscle. The head of the animal was

fixed in a stereotaxic device with the beak positioned 45j under

the horizontal plane of the ear bars. An incision was made in the

skin and the skull opened at the appropriate coordinates. The V-

shape formed by the vena cerebralis dorsocaudalis and two

branches of the sinus transversus at the border of the two

telencephalic lobes was taken as zero point for positioning the

cannula. From this point, the cannula coordinates were +3.0 mm

lateral to the right and �0.7 mm deep. The cannula was fixed to

the skull with dental cement (Dentalbiolux, Int., Brussels, Bel-

gium), the skin was sutured and the bird was allowed to recover.

When not used for injections, cannulae were closed by a dummy

insert (Plastics One) The first ME-MRI measures were done at

least 5 days later.

ME-MRI protocol

The anaesthetized subject was immobilized in a nonmagnetic

Teflonk stereotaxic head holder combined with a radio frequency

receiver surface antenna (diameter 20 mm) and a headphone

transmitter antenna (diameter 45 mm). Two hundred nanoliter of

a 10 mM MnCl2 solution was injected over a period of 10 min

during the MRI acquisition with the bird positioned inside the

magnet. For this purpose we used an internal cannula (fused silica:

id 0.152 Am, od 0.36 Am) (Plastics One) that fitted into the plastic

cannula and was connected by a 2 m long PE50 tubing (id 580 Am,

od 965 Am) (Intramedic, Sparks, MD) to a pressure injection pump

(Apparatebeau injector, B. Braun, Melsungen, Germany) posi-

tioned outside the magnet. This allowed monitoring quantitatively

the dynamics of the Mn2+ accumulation in RA and area X starting

from a control situation before Mn2+ was present in the brain.

MnCl2 was injected, between two layers of mineral oil (sandwich

technique), which ensures a reproducible injection volume.

Magnetic resonance (MR) images were acquired on a 7 T

horizontal bore MR microscope (SMIS, MRRS, Guildford, UK),

provided with shielded gradients (8 cm width, maximal strength

= 0.1 T/m). The dynamic of the Mn2+ accumulation was studied by



Table 1

Statistical analysis of the volumes and kinetic parameters describing Mn2+

accumulation in RA and area X of control and testosterone-treated female

starlings

Group Time Interaction

F(1,8) P F(1,8) P F(1,8) P

RA

Volume 0.001 0.9874 0.129 0.7291 10.818 0.0110

SImax 0.453 0.5199 0.105 0.7543 2.789 0.1335

n 1.508 0.2543 0.801 0.3970 0.760 0.4086

T50 0.487 0.5050 1.513 0.2536 1.399 0.2708

SImax � volume 0.023 0.8838 0.175 0.6863 5.869 0.0417

Area X

Volume 0.001 0.9781 1.948 0.2004 8.057 0.0219

SImax 6.899 0.0303 1.176 0.3098 4.998 0.0588

n 0.710 0.4240 1.357 0.2778 6.326 0.0361

T50 0.435 0.5277 3.136 0.1145 2.159 0.1799

SImax � volume 5.830 0.0422 1.548 0.2486 5.662 0.0446

Data were analyzed by two-way ANOVA with the experimental groups

(control vs. testosterone-treated) and the two time points (before and after

treatment) as independent variables. For each dependent variable con-

sidered, the table presents the degrees of freedom, F and P values associa-

ted with the two main effects (groups, time) and their interaction. P-values

indicated in bold are considered significant (P < 0.05).
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T1-weighted multislice spin echo images (FOV = 30 mm, acqui-

sition matrix = 256 � 128, image matrix = 256 � 256, slice

thickness = 0.8 mm) as described in Van der Linden et al. (2002).

After acquisition of a set of control images, MnCl2 was injected in

the cannulated HVC. Two sets of five coronal slices (one through

HVC and RA, one through area X) were then acquired every 15

min for up to 6–7 h after injection.

The volumes of RA and area X were determined on coronal 3D

spin echo T1-weighted images obtained 8 h after MnCl2 injection

as described earlier (Van der Linden et al., 2002) except for the

FOV = 25 � 25 � 25 mm, the image matrix = 256 � 256 � 256

and the total acquisition time = 90 min. Each MRI experiment took

approximately 10–12 h. During the whole experiment starlings

were kept anaesthetized as described above (see also Van der

Linden et al., 2002), except that the anesthetic was infused in the

chest muscle at a constant rate of 0.15 ml/h. Body temperature was

continuously monitored and kept within a narrow range (40–

41jC; Van der Linden et al., 2002).

ME-MRI data processing

Dynamic ME-MRI

RA and area X were segmented on the T1-weighted multislice

images obtained 6 h after injection. Mean signal intensity was

determined within the defined regions of interest and in an

adjacent control area in images collected every 15 min starting

before the injection for up to 6–7 h after the injection. Changes

in relative signal intensity were then plotted as a function of time

and fitted by nonlinear regression to a sigmoid curve to define the

kinetics: the maximal signal intensity (SImax), the time required to

reach 50% of this maximum (T50) and the n coefficient that

describes the shape of the curve (Van der Linden et al., 2002).

When a sigmoid curve is used to describe a complex (allosteric)

kinetics in enzymology, n reflects the index of cooperativity and

provides a measure of the numbers of active sites in an enzyme

that participate to the catalysis of the reaction (number of

substrate binding sites). n therefore provides by analogy a

measure of the complexity of the processes involved in the

uptake, transport and accumulation of Mn2+ in the targets even

if the cellular nature of these processes cannot be inferred from

the value of this coefficient.

Nucleus volume reconstruction

RA and area X were delineated on 3D coronal MRI sections

and the total number of pixels in the nuclei was multiplied by the

resolution of the image (1 voxel = 9.3�10�4 mm3) to obtain the

volume of the nucleus. The total amount of manganese transported

to area X and RA was calculated as the product of the maximal

average signal intensity (SImax) by the volume of the nucleus (Van

der Linden et al., 2002).

Histological measurements

After the last MRI acquisition, birds were decapitated, their

brains removed, frozen on dry ice and stored at �70jC until used

for histological analyses. Brains were sectioned at 50 Am thickness

in the coronal plane with a cryostat. Sections were stained for Nissl

bodies with toluidine blue. The volumes of RA and area X on the

cannulated and noncannulated side were reconstructed with the

help of the NIH-Image Program (version 1.52; Wayne Rasband;
NIH, Bethesda, MD) on a Macintosh computer equipped with a

CCD camera mounted on a microscope using objective �10 (for

RA) or �5 (for area X). The area of interest was measured in

sections collected every 150 Am, these measurements were

summed and multiplied by 150 Am.

Statistics

All data were analyzed by mixed two-way ANOVA with the

experimental groups as independent factor and multiple measures

in a same subject as repeated factor. In all analyses, effects were

considered significant for P V 0.05. Results of these analyses are

summarized in the text by providing the F values (ratios of

variance related to the factor under study versus the residual

unexplained variance), the associated degrees of freedom (in

parentheses after the F values) and the corresponding probabilities.

These results are provided for each main effect and for the

interaction between factors in case of multifactorial ANOVA (see

Steel and Torrie, 1980 for detail on statistical techniques). All

values presented are means F SEM.
Results

Serum testosterone concentrations

Analysis of plasma testosterone levels at the beginning and end

of the experiment identified a significant group difference (testos-

terone vs. control; F(1,8) = 5.586, P = 0.0457), as well as effects

of time of sampling (before vs. after implant; F(1,8) = 6.106, P =

0.0387) and of the interaction between the two factors [F(1,8) =

7.143, P = 0.0282]. In the testosterone group, testosterone levels

were higher after (3.31 F 1.26 ng/ml) than before (0.04 F 0.01 ng/

ml) treatment but no change was observed in control birds (before:



Fig. 1. Schematic sagittal view on the song control system. The green arrows

represent the anterior forebrain pathway that starts in HVC and projects to

area X ! DLM ! lMAN. Individual cells in lMAN project both to area X

and to the RA. The pink arrows indicate the motor pathway that projects from

HVC directly to RA and further to nXIIts. Notice that the two pathways

originate from distinct cell populations within HVC. A third population of

neurons in HVC consists of interneurons, here indicated in gray. Manganese

was repeatedly injected into HVC to evaluate the physiological modulation

of the two pathways upon testosterone treatment.

Fig. 2. Illustration of the dynamicME-MRI images and subsequent data processing.

covering area X (green line) and RA (pink line). Panel B illustrates the Mn2 + uptake

image was obtained before the MnCl2 injection. Subsequently the increase in signal

coronal brain sections (slice thickness = 0.8mm). Both nuclei were delineated as sho

recorded immediately after the acquisition of the dynamic ME-MR images and have

respectively RA (left) delineated in pink and area X (right) delineated in green. F

individual, indicated by the small squares, is shown before (blue) and after (red) tre

fitted by nonlinear regression; it is characterized by three parameters SImax, n and T5

asymptote of the curve. T50 is the time point when half the SI of SImax is reached. Fina

further explanation). The data were analyzed by comparison of each parameter in on

(control) implant.
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0.23 F 0.17; after: 0.10 F 0.03 ng/ml). Initial plasma testosterone

levels were not different between these two groups [F(1,8) =

1.206, P = 0.304] but they were very different at the end of the

experiment [F(1,8) = 6.458, P = 0.0346]. The testosterone levels

observed in the testosterone group after treatment are similar to the

levels of free ranging males during the breeding season (Ball and

Wingfield, 1987).

Impact of cannulation on HVC targets

To analyze the potential impact of the cannula on HVC targets,

birds were sacrificed at the end of the ME-MRI experiments and

their brains were processed by histological techniques to determine

the volumes of RA and area X in both the right (cannulated) and

the left (noncannulated) hemisphere. Volumes were accurately

reconstructed in three control and five testosterone-treated birds

among birds used for the ME-MRI experiments plus two additional

subjects treated with testosterone in similar conditions. Two way

ANOVA with one repeated factor (brain side) identified no differ-

ence in the volume of RA or area X between the right and left side

[RA: F(1,8) = 0.005, P = 0.9431; area X: F(1,6) = 0.070, P =

0.8000] and no interaction between groups and brain side [RA:

F(1,8) = 0.137, P = 0.7210; area X: F(1,6) = 0.785, P = 0.4098].

Thus the implantation of a cannula into HVC does not affect RA

and area X volumes.
Panel A indicates on a sagittalME-MR image the position of the coronal slices

in RA and area X followingMnCl2 stereotaxic injection into HVC. A control

intensity due to Mn2 +-ions in RA (top) and area X (bottom) was followed on

wn in panel C. The pictures shown in this panel are obtained from a 3D dataset

an in plane resolution of 100 Am and a slice thickness of 100 Am. They show,

urther data processing is explained in Panel D. SI increases in RA of one

atment with testosterone. Through each set of data points a sigmoid curve is

0 which are indicated on the figure. SImax is the maximal SI determined by the

lly, n is a parameter which describes the overall shape of the curve (see text for

e individual before and after a treatment with either testosterone or a placebo
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The volume of both nuclei was numerically larger in testos-

terone-treated than in control birds (RA: 0.454 F 0.033 vs.

0.334 F 0.013 mm3; area X: 2.395 F 0.391 vs. 1.434 F 0.168

mm3) but the difference did not reach statistical significance

[RA: F(1,8) = 5.095, P = 0.0540; area X: F(1,6) = 1.791, P =

0.2293].

Effects of testosterone on RA and area X volumes measured by

ME-MRI

No overall difference was detected by two way ANOVA

[factors = treatment (testosterone vs. control) and repeated meas-

ures (before vs. after testosterone)] in the volume of RA or area
Fig. 3. Repeated measurements by ME-MRI of the volumes of RA and area X and

volumes with standard error that were measured and the average values with standa

data points describing the Mn2+ accumulation in RA (left) and area X (right).

respectively, with a control (n = 5) or testosterone (n = 5) implant.
X between testosterone-treated and control birds and no overall

change in these volumes took place between the two successive

measures performed by ME-MRI (no effect of the two main

factors in the ANOVA; see Fig. 3 and Table 1). There was

however a significant interaction between these factors [RA:

F(1,8) = 10.818, P = 0.0110, X: F(1,8) = 8.057, P = 0.0219]

reflecting the volume increases in testosterone-treated birds (RA:

50.2 F 20.8%, X: 19.6 F 7.6%) and concomitant decreases in

control subjects (RA: �25.6 F 11.5%, X: �5.7% F 4.6%) (Fig.

3, top). Due to these changes in opposite directions observed in

testosterone-treated and control birds, t tests revealed no differ-

ence between the two groups in the first or second set of

measures.
of the Mn2+ accumulation in these nuclei. The figure presents the average

rd error of the parameters defining the sigmoid curves that were fitted on the

White and gray bars represent the measures before and after treatment,
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Kinetics of Mn2+ accumulation in RA and area X

Because Mn2+ is a calcium analogue that enters HVC neurons

largely as a function of their electrical activity, the kinetics of Mn2+

accumulation in RA and area X reflects the activity of the RA- and

area X-projecting HVC neurons, respectively. The two sets of 5

coronal slices (one through HVC and RA, one through area X)

acquired every 15 min during 6–7 h after the injection of Mn2+ into

HVC provided a clear visualization of these processes (Fig. 2).

Changes in the activity or density of these projections following

testosterone treatment were estimated by the analysis of three

parameters (SImax, n and T50) describing the sigmoid curve fitted

to the observed time-dependent changes in the signal intensity in

RA and area X. The rate of accumulation of Mn2+ in RA was not

affected by testosterone and did not change in time between the

first and second ME-MRI measures that were taken approximately

V. Van Meir et al. / Neu
Fig. 4. Reconstruction of the sigmoid curves based on the mean parameter values

measurements in 10 animals along with the mean sigmoid fits through the data po

illustrate the changes in the parameters SImax, n and T50. In area X testosterone-tr

which half of SImax is reached) did not change. The curve indicates that Mn2+ is

towards area X after testosterone-treatment than before.
5 to 6 weeks apart (Figs. 3 and 4). Two-way ANOVA of the three

parameters describing these accumulation curves detected no

significant effects of the treatment, of the repeated measure and

of their interaction (all P > 0.25, see Table 1).

Significant changes were, in contrast, observed in parameters

describing Mn2+ accumulation in area X. An overall group

difference between testosterone-treated and control birds was

observed for SImax (Fig. 3). During the experiment, this intensity

tended to decrease in control subjects but increased in testosterone-

treated birds which resulted in a nearly significant interaction (P =

0.0588) between the two factors (groups and time) in the ANOVA.

The maximal intensity of the signal in testosterone-treated birds

(after treatment) was almost twice higher than the intensity in

control birds at the same time.

In addition, the shape of the curve (n factor) leading to this

differential accumulation of Mn2+ changed differentially in time in
in each group. The two rows show the raw data obtained from two repeated

ints obtained in control (top) and testosterone-treated (bottom) birds which

eatment causes a significant decrease in parameter n while T50 (the time at

accumulated faster in area X and that more Mn2+ is ultimately transported



V. Van Meir et al. / NeuroImage 21 (2004) 914–923920
the two groups of subjects resulting in a significant interaction

between the two factors in the corresponding ANOVA. The two

curves had fairly similar shapes in control and testosterone-treated

birds before the endocrine treatments (see average n values in Fig.

3 and shapes of the curves in Fig. 4) but following testosterone

application, the curve became much steeper in testosterone-treated

birds to reach a higher asymptote (SImax) in a similar amount of

time. This is reflected in the significant interaction mentioned

above. No difference in the half time (T50) needed to reach the

maximal intensities was detected in area X like in RA.

Total amount of Mn2+ accumulated in RA and area X

The amount of Mn2+ ultimately transported from HVC to RA or

area X as estimated from the product of SImax by volume increased

markedly in both nuclei in testosterone-treated birds but concom-

itantly decreased in control subjects. Two-way ANOVA of these

data detected significant interactions between repeated measure-

ments and experimental groups in both RA [F(1,8) = 5.869, P =

0.0417] and area X [F(1,8) = 5.662, P = 0.0446] but no overall

effects of the two factors (groups and time) was present (see Fig. 3

and Table 1 for detail of statistical results).
Discussion

We present here the first morphological and functional study of

song control nuclei based on multiple ME-MRI measurements in

the same subjects that were implanted with a permanent cannula in

HVC to allow repeated injections of MnCl2 at the same location.

Repeated visualization of RA and area X demonstrated significant

volume increases in testosterone-treated birds by comparison with

control subjects (significant interactions in the two-way ANOVA).

Testosterone treatment also significantly altered the rate of Mn2+

accumulation in area X but not in RA indicating specific effects of

the steroid on the two classes of HVC projection neurons identified

based on their targets. Testosterone also increased the total amount

of Mn2+ ultimately transported to RA and area X. Together these

data confirm and extend morphological results that were expected

based on previous histological techniques in other songbird species

and reveal new functional consequences of the exposure to

testosterone that appear to be specific to the area X-projecting

neurons. They also clearly demonstrate the validity of the dynamic

ME-MRI approach in a previously well-characterized neural model

and therefore demonstrate its usefulness for the study of other

experimental models.

Volumetric changes in the song control nuclei following

testosterone treatment

The effects of exogenous testosterone in female songbirds are

species-specific. Whereas testosterone has no effect on singing and

song control nuclei volumes in adult female zebra finches (Adkins-

Regan and Ascenzi, 1990; Arnold, 1980; Gurney, 1981), testos-

terone induces active singing behavior and more than doubles the

volume of HVC and RA in female canaries (Brown and Bottjer,

1993; Nottebohm, 1980). Previous studies showed that testoster-

one-treatment significantly increases song behavior in female

starlings (De Ridder et al., 2002; Eens, 1997; Hausberger et al.,

1995) but, to our knowledge, effects of exogenous testosterone on
the volume of these nuclei has not been studied in females of this

species.

We found here by histological techniques that testosterone-

treated females have numerically larger RA and area X than control

birds but these differences failed to reach statistical significance

due to high individual variation for the limited sample size.

Because the technique allows repeated measures in the same

subjects, MRI assessed these volumetric changes taking into

account variable baseline levels in controls and detected in this

way significant effects of testosterone (interactions between tes-

tosterone and the repeated measurement) on both RA and area X

volumes. The volume increase observed in testosterone-treated

birds was paralleled by a decrease of similar amplitude in controls

possibly related to spontaneous seasonal changes or to the mild but

chronic stress induced by captivity.

Independent of the origin of this decrease in controls, these

results illustrate the power of repeated imaging by ME-MRI.

Although histology revealed no group difference in RA and area

X volumes, an effect of testosterone on the volume of these nuclei

was demonstrated by the significant interaction between treatment

and repeated measures. Effects of testosterone were superimposed

to the effects of a nonidentified phenomenon leading to a substan-

tial although not significant volume decrease in controls. The use

of birds as their own control and of a parallel control group allowed

us to detect effects of testosterone that would have gone unnoticed

in a single histological measure. This clearly illustrates the value of

repeated MRI as a tool for the study brain plasticity over time. This

technique could similarly be used in the future to analyze the

detailed relationships between changes in size of these nuclei and

in singing behavior as well as in other model systems.

The effects of testosterone on the volumes of RA and area X

could result from a direct action on neurons located within these

nuclei but also from indirect effects of the steroid (Ball et al., 2002).

Because HVC is monosynaptically connected to these two nuclei,

their plasticity might depend on the action of steroid hormones on

receptors in HVC. This mode of action appears to be especially

important for area X which does not apparently express significant

levels of sex steroid receptors contrary to RAwhich contains many

androgen receptor-positive neurons (Ball et al., 2002).

Functional changes in the song control nuclei induced by

testosterone

ME-MRI also provided a measure of functional changes in

response to testosterone in the two distinct projection pathways

emerging from HVC. Mn2+ uptake into living cells is activity-

dependent: Mn2+ is a calcium analogue that enters neurons via

voltage-gated Ca2+ channels (Narita et al., 1990). Subsequent

movements of Mn2+ are then mediated by fast axonal transport

(Sloot and Gramsbergen, 1994) as confirmed by estimates of the

speed of this process previously obtained in starlings and other

species (Pautler et al., 1998; Van der Linden et al., 2002). Previous

ME-MRI studies in mice, rats and monkeys showed that Mn2+ is

released at the synapse and taken up by the postsynaptic neuron in

the circuit (Pautler et al., 1998; Saleem et al., 2002). The Mn2+

transport therefore provides an effective tract-tracing method for in

vivo MRI studies.

Mn2+ uptake is largely controlled by the electrical activity of

the neuronal perikarya accumulating this ion. Based on available

knowledge, it appears that the rate of Mn2+ transport along the

axon is not very variable in physiological conditions and is only
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affected in pathological states (anoxia, temperature changes) or

following very deep anesthesia (Grafstein and Forman, 1980;

Vallee and Bloom, 1991). This suggests that changes in the

accumulation of Mn2+ in target nuclei reflect in a fairly direct

manner the activity of the neurons where Mn2+ was injected and

taken up. This technique was indeed used previously to visualize

changes in the activity of the olfactory pathway in mice (Pautler

and Koretsky, 2002). Acute exposure of mice to different odors

affected the accumulation of Mn2+ in specific areas of the olfactory

bulbs and in connected brain areas. The Mn2+ accumulation in

these brain areas was also impaired in a dose-dependent manner by

a calcium channel blocker thus confirming the notion that Mn2+

enters active neurons through calcium channels. In agreement with

these data collected in mammals, the dynamics of Mn2+ accumu-

lation in RA and area X following injection in HVC is modified in

male canaries exposed to conspecific songs (Tindemans et al.,

2003) and the dynamics of Mn2+ accumulation in RA and area X is

different in male and female starlings reflecting the sexually

differentiated activity and density of HVC neurons and their

projections (Van der Linden et al., 2002). Together these results

support to the notion that the dynamics of Mn2+ accumulation in a

given nucleus reflects the activity/density of its synaptic inputs.

Dynamic ME-MRI thus provides a new method to assess the

functional state of a specific brain circuit that complements

previously used techniques such as the analysis of immediate early

genes expression or of 2-deoxyglucose uptake.

Since the two pathways emerging from HVC start from distinct

populations of neurons within HVC, effects of testosterone on

Mn2+ accumulation in RA and area X must be specifically related

to the uptake or transport in these two separate pathways. There is,

to our knowledge, no data available on the potential effects of

testosterone on the rate of axonal transport but given that this

aspect of the cellular physiology is very stable as long as the

neuron is not placed in a pathological state (see above), it is likely

that changes in axonal transport play no or only a minor role in the

effects described here. Changes in the dynamics of Mn2+ accumu-

lation in area X or in RA should therefore be directly related to the

electrical activity of HVC neurons projecting to these nuclei and/or

the density of their projections.

The increase in total amount of Mn2+ accumulated after 8 h

(SImax � volume) provides indirect experimental evidence demon-

strating that testosterone significantly affects the basal activity,

density or morphology of the connections between HVC and its

monosynaptic targets, RA and area X. Its increase in both nuclei

partially reflects the increase in the volume of these nuclei. However

if no change in activity or density of HVC neurons and their

projections had taken place, a same amount of Mn2+ would have

accumulated in a larger volume thus resulting in lower SImax values.

In addition to these global changes in the amounts of Mn2+

accumulated in the targets, specific changes in SImax and in the n

factor describing the rate of Mn2+ accumulation (the shape of the

sigmoid curve) were detected in area X indicating specific effects

of testosterone on this projection of HVC. In contrast, testosterone

did not affect Mn2+ accumulation kinetics in RA suggesting that

electrical activity in RA-projecting HVC neurons was not affected

by testosterone. Several mechanisms could contribute to these

differential effects of testosterone on the HVC projections towards

RA and area X. Three types of explanations deserve special

consideration.

It must first be reminded that in the HVC of songbirds, the RA

projection neurons are replaced at high rate during the annual cycle
while there is no replacement of area X projecting cells (Alvarez-

Buylla and Kirn, 1997). The replacement of RA projecting neurons

is controlled by testosterone, which significantly increases the rate

of neuronal incorporation when present in high level in the plasma

(Rasika et al., 1994). It can therefore be expected that the

testosterone-treated female starlings experienced during the exper-

iment a large increase in the number of RA-projecting HVC

neurons while the number of area X projecting neurons remained

unchanged. This could explain the increase in the total amount

(SImax � volume) of Mn2+ transported to RA (increase in the

number of HVC neurons and/or of their projections to RA) but not

to area X. It is actually puzzling to notice that the SImax increased

in area X but not in the RA pathway. This surprising observation

must find its explanation either in the endocrine characteristics or

in the electrophysiological characteristics of these two types of

HVC neurons.

A second explanation of these specific changes in Mn2+

accumulation could be related to differences in steroid receptors

types expressed by the two types of HVC projection neurons.

Neurons projecting to RA only express androgen receptors

whereas the neurons that project to area X contain both androgen

and estrogen receptors of the alpha subtype (Bernard et al., 1999;

Johnson and Bottjer, 1995; Sohrabji et al., 1989). Testosterone is

converted into estrogen by the enzyme aromatase in the telen-

cephalon of songbirds, mainly in the medial part of the caudal

neostriatum (Balthazart et al., 1996; Metzdorf et al., 1999;

Saldanha et al., 2000; Shen et al., 1995; Vockel et al., 1990).

Testosterone entering the brain could thus be converted into

estrogens in neurons located within the caudal neostriatum and

then be released by aromatase-positive terminals in the vicinity of

HVC. Aromatase activity is increased by testosterone in female

canaries (Fusani et al., 2001) and shows a seasonal peak during

the early spring in adult male starlings when plasma testosterone

is maximal (Riters et al., 2001). The treatment with testosterone

of female starlings thus probably increased available estrogens in

HVC and these estrogens could be responsible for the specific

increase in activity of area X-projecting HVC neurons, RA-

projecting neurons being unaffected because they do not express

estrogen receptors. The present study would then suggest that

estrogen action could be linked more specifically to the modu-

lation of the anterior forebrain pathway implicated in the control

of song learning and song stability. This hypothesis could be

tested by repeated ME-MRI in birds submitted to treatments

specifically affecting the availability of estrogens or nonaromatiz-

able androgens in the brain such as the injection of estradiol or

5a-dihydrotestosterone or the treatment with testosterone in

association with an aromatase inhibitor.

Thirdly and finally, electrophysiological characteristics of the

two types of HVC projection neurons and of the specific inter-

neurons that modulate their activity could play a key role in

determining the differential effects of testosterone on the Mn2+

accumulation in RA and area X. Recent electrophysiological

studies indicate that hearing their own song evokes in songbirds

interneuronal firing that closely matches the responses evoked by

the same stimuli in area X projecting neurons, suggesting that

HVC interneurons make restricted inputs onto area X-projecting

(but not on RA projecting) neurons (Mooney, 2000). In addition, it

has been reported that a particular type of action potential wave-

forms (short potential duration and high firing rate) is observed

more frequently in breeding than in nonbreeding male canaries

(Del Negro and Edeline, 2002). These action potentials character-
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istics are usually associated with interneurons suggesting that

interneurons may be more active and/or more numerous in breed-

ing birds, i.e., in conditions associated with high plasma testoster-

one levels. Because the activity of these neurons has been found to

be closely associated with the activity of area X projecting neurons

(Mooney, 2000), it can thus be speculated that the changes in the

activity and Mn2+ transport in area X-projecting neurons results

from effects of testosterone on the activity and the number of

interneurons that innervate them. In any case, it cannot, contrary to

what is observed in RA, reflect changes in the numbers of area-X

projecting HVC neurons since these are known to be present in

stable numbers in adult songbirds.

Future experiments with ME-MRI on the song control system

will be carried out in combination with other recently developed

MRI techniques such as diffusion weighted and diffusion tensor

imaging, which allow quantification of cell density and connec-

tivity of the brain regions involved. In addition, MRI studies could

be combined with histological techniques such as the labeling of

dividing neurons by bromo-deoxyuridine or the assessment of

neuronal connectivity between HVC and its target by tract tracing

to better discriminate between effects due to changes in the

morphological substrate of the neuronal circuit or in its functional

properties.

In conclusion, the dynamic ME-MRI confirmed here many

morphological and physiological effects of testosterone in one of

the best characterized neuronal circuits in warm-blooded verte-

brates. This technique also revealed new features of the global

activity in this system that would have been difficult if not

impossible to identify by previously available techniques such as

electrophysiology or 2-deoxyglucose autoradiography. Functional

changes were detected in subpopulations of HVC neurons that can

be univocally identified by their connections to specific targets.

These results reflect either the changes in neuron numbers that are

known to be induced by exposure to testosterone and/or changes in

neuronal activity confined to specific neuronal populations. Dy-

namic ME-MRI therefore represents a new technique for the

neurosciences that can be used to address a variety of questions

concerning the physiology and plasticity of precisely identified

brain circuits.
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