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Forebrain Lesions Disrupt Development 
But Not Maintenance of Song in Passerine Birds 

Abstract. The magnocellular nucleus of the anterior neostriatum is a forebrain 
nucleus of passerine birds that accumulates testosterone and makes monosynaptic 
connections with other telencephalic nuclei that control song production in adult 
birds. Lesions in the magnocellular nucleus disrupted song development in juvenile 
male zebra finches but did not affect maintenance of stable song patterns by adult 
birds. These results represent an instance in which lesions of a discrete brain region 
during only a restricted phase in the development of a learned behavior cause 
permanent impairment. Because cells of the magnocellular nucleus accumulate 
androgens these findings raise the possibility that this learning is mediated by 
hormones. 

Investigation of the neural basis of 
complex learned behaviors in verte- 
brates has been hampered by the difficul- 
ty of identifying discrete neural circuits 
for such behaviors: neural control of 
learning often seems to be broadly and 
diffusely represented in the brain (1). A 
salient exception to this problem is the 
highly localized system of hormone-sen- 
sitive central pathways that control 
learned vocal behavior in passerine birds 
(2). Previous investigations of this sys- 
tem have revealed the direct participa- 
tion of discrete brain nuclei in song pro- 
duction by adult birds. We now report 
what we believe to be the first demon- 
stration of the importance of a discrete 
forebrain nucleus for development of 
learned vocal patterns by young birds 
but not for production of stable song 
patterns by adults. 

A young male zebra finch (Poephila 
guttata) learns to imitate the song of his 
father during a so-called "critical" or 
"sensitive" period of development (3). 
Song-related vocalizations are first pro- 
duced at around 25 days of age; these 
early "subsong" vocalizations bear little 
resemblance to the bird's final song pat- 
tern, but vocal patterns become progres- 
sively more stereotyped between 50 and 
90 days of age, and do not change there- 
after. The stereotypical song patterns of 
adult zebra finches do not change even if 
birds are deprived of auditory feedback 
(by deafening) and of feedback from the 
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vocal organ [by severing afferent fibers 
traveling from the vocal organ to the 
brain (4)l. Conversely, the song patterns 
of young birds are completely disrupted 
after deafening (4) and may also be af- 
fected by eliminating feedback from the 
vocal organ (5). 

The system of interconnected brain 
nuclei that controls adult song produc- 
tion in passerine birds is shown in Fig. 1. 
Neurons in the caudal nucleus of the 
ventral hyperstriatum (HVc) project di- 

w d' Syrinx 

Fig. 1. Schematic drawing of the sagittal view 
of the neural network involved with song 
control in male passerine birds. Evidence for 
direct participation in song control has previ- 
ously been reported only for telencephalic 
nuclei HVc and RA (2). Dots indicate nuclei 
containing androgen-accumulating cells; num- 
bers are percentages of cells labeled within a 
given nucleus (7). Abbreviations: HVc, cau- 
dal nucleus of ventral hyperstriatum; RA, 
robust nucleus of archistriatum; nXIIts, tra- 
cheosyringeal portion of hypoglossal nucleus; 
MAN, magnocellular nucleus of the anterior 
neostriatum; ICo, intercollicular nucleus; X ,  
area X. 

rectly onto the robust nucleus of the 
archistriatum (RA). Axons of RA cells 
leave the telencephalon and synapse on 
the hypoglossal motor neurons (nXIIts) 
that innervate the vocal organ (syrinx). 
Bilateral lesions of either the HVc or the 
RA severely disrupt vocal behavior in 
adult songbirds (2). The magnocellular 
nucleus of the anterior neostriatum 
(MAN) projects directly onto both the 
HVc and the RA (2). Song (and possibly 
song learning) are androgen-dependent 
behaviors (6), and cells in the MAN, 
HVc, RA, and nXIIts accumulate testos- 
terone or its metabolites (7). 

The MAN has traditionally been de- 
fined as part of the song system, al- 
though nothing is known of its function. 
The purpose of our study was to deter- 
mine the role of the MAN in the develop- 
ment of learned vocal behavior by juve- 
nile male zebra finches, the production 
of stable song patterns by adult males, or 
both. 

Twenty male zebra finches ranging in 
age from 35 to > 90 days received bilat- 
eral lesions aimed at the MAN. Birds 50 
days of age and older were recorded 
while singing before undergoing surgery. 
Electrolytic lesions were produced un- 
der anesthesia (Equithesin), with mono- 
polar stainless-steel insulated electrodes 
to pass anodal d-c current of 90 to 100 
pA for 60 seconds. The song patterns of 
all birds were recorded postoperatively 
at approximately 2-week intervals until 
the birds were at least 90 days old, at 
which time they were killed with an 
overdose of anesthetic. Their brains 
were fixed, embedded, sectioned at 40 
pm, and stained with thionin. The use of 
a microprojector to examine the sections 
allowed the exact location of the lesion 
to be verified. Song recordings were 
analyzed with a sound spectrograph 
(Kay Elemetrics, model 7800). 

Birds with complete bilateral lesions in 
the MAN made when they were between 
35 and 50 days old (n = 6) produced 
severely abnormal vocalizations until 
they were killed (Fig. 2). Their "songs" 
usually consisted of one or two highly 
abnormal notes, often produced at very 
low amplitude. Their notes lacked the 
frequency modulations characteristic of 
normal zebra finch song and were pro- 
duced in extremely long bouts of singing 
which lacked normal phrasing. These 
abnormal song patterns appeared when 
birds were first recorded after surgery 
(typically 48 to 72 hours). In contrast, 
birds with lesions that missed all or most 
of the MAN (n = 5) showed normal song 
development (Fig. 2) (8). Their final song 
patterns consisted of short stereotyped 
phrases including approximately five 
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 HZ for auditory information relevant to 
song-related feedback. However, there 
is no neuroanatomical evidence that the 
MAN receives any auditory inputs (2). 

, . 2 , I ,  r .  I , r .  I I * \ ,  Furthermore, emergence of a motor pat- 
tern of song in zebra finches does not 
signify an end to the need for auditory 
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feedback, since deafening continues to 

I , .  I N  ,$. I ,,. I ,  I , ,  exert a deleterious effect on song behav- 
ior up until zebra finches are approxi- 
mately 85 to 90 days old (4). Thus, the 
time course of song development as a 
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" 'f 1 motor pattern and the effectiveness of 

'q ;; ;, y;2 ' .  MAN lesions appear to be different from 
the time course of dependence on audi- 
tory feedback. This pattern of results 
may indicate that functions important for 

so Days motor learning of song are being carried 
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, , . . .  out in the MAN during a restricted peri- 
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od of development (although the MAN is 
clearly not on the main motor output 

Fig. 2. Spectrographs showing abnormal song development in a bird with a complete bilateral path in adulthood). ~ h ~ ~ ~ ~ f t ~ ~ ,  vocal de- 
lesion of the MAN made at 35 days (left) and normal song development in a bird with a control 
lesion made at 38 days (right). velopment either becomes independent 

of these functions, or they are somehow 
"transferred" to another area of the 
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Decreased Oxidation of Labeled Glucose by Dissociated Brain 
Cells in the Presence of Fetal Bovine Serum 

Abstract. The effect of serum on the rate of substrate oxidation by dissociated 
brain cells in vitro was examined. At a serum protein concentration of approximately 
0.55 milligram per milliliter, oxidation of [6-'4~lglucose to I4co2 was decreased 
more than 50 percent. Oxidation of [3-14~]-3-hydroxybutyrate and [ ~ - ' ~ c ] ~ l u t a r n i n e  
was decreased much less. Serum from cows, rats, horses, and humans produced 
similar effects, as did serum from young and old animals and from both sexes. The 
effect on [6- '4~]glucose oxidation was proportional to serum protein concentration, 
and significant inhibitory activity was obtained with dialyzed serum. Heating (80°C 
for 10 minutes) significantly reduced the inhibitory activity. These results suggest the 
presence of a factor in serum that can preferentially decrease glucose oxidation. 
Such a factor would have profound implications for metabolic regulation in vivo and 
for studies of cells in vitro in which serum is included in the growth medium. 

It is an accepted practice to add serum 
(5 to 20 percent) to most tissue culture 
systems, including media used for neuro- 
nal and glial cell cultures (1, 2). This 
practice is based on the idea that serum 
is required to support the proliferation 
and survival of cells in culture (3, 4). 
However, the value of including serum 
in cell culture media has been questioned 
(5, 6), mainly because of the variability 
of the components in serum. This has led 
to the identification of an increasing 
number of "growth factors" required for 
the maintenance of neuronal cells in cul- 
ture (7-10). 

One rationale for using defined media 
is that every cell type may need a specif- 
ic microenvironment for survival and 
growth (6, 11). Kaufman and Barrett (12) 
recently identified a serum fraction that 
supported long-term survival of dissoci- 
ated rat neurons more reliably than un- 
fractionated serum and suggested that 
some serum fractions may be toxic to 
nerve cells in culture. The implication is 
that a variety of factors in serum may 
affect several different aspects of the 
cell. Most investigators have described 
the effects of serum or isolated factors in 
terms of cell viability, proliferation, or 
survival; relatively few have studied the 
effects of serum on substrate oxidation 
(13). We (14-16) and others (17-19) have 
investigated the metabolic characteris- 
tics of brain cells in culture. Most of the 
studies concerned the nature of nutrients 
required by these cells and possible dif- 
ferences in the capacities of various cell 

types to use different substrates. Since 
serum produces a variety of effects on 
the proliferation and survival of cells in 
culture, we attempted to examine the 
effect of serum on the rate of substrate 
oxidation. We report that the addition of 
serum causes a much greater decrease in 
the oxidation of labeled glucose by disso- 
ciated brain cells than in the oxidation of 
other substrates. 

Dissociated brain cells were prepared 
from adult albino Wistar rats (200 to 250 
g) (14-16). After rapid removal of the 
brain, the tissue was immersed in 0.9 
percent NaC1, cut into small pieces, in- 
cubated with 0.2 percent trypsin, washed 
three times, and further dissociated by 

Fetal bovlne serum protein (mglml) 

Fig. 1. The effect of increasing fetal bovine 
serum protein concentrations on the rate of 
[6-'4C]gluco~e oxidation by dissociated brain 
cells. Oxidation rates are expressed as per- 
centages of the control value (2.12 nmolelhour 
per milligram of protein). Each point 
represents the average of triplicate determina- 
tions with variations less than 10 percent. The 
specific activity of [6-'4C]glucose was 296,000 
dpmlpnole. 

gentle titration. The suspension was cen- 
trifuged at 600 revlmin for 5 minutes and 
the supernatant was removed. Cells 
were resuspended in 0.9 percent NaCl 
and filtered through Nitex. Trypan blue 
exclusion and lactate dehydrogenase 
leakage revealed that cell viability ex- 
ceeded 90 percent. 

Measurement of I4C-labeled substrate 
oxidation by dissociated brain cells was 
performed as previously described (14). 
In these experiments I4CO2 produced 
was trapped on Hyamine hydroxide-sat- 
urated filter paper in hanging center 
wells and counted in a liquid scintillation 
spectrometer. Previous studies revealed 
that the rate of I4CO2 production is linear 
for up to 2 hours and is proportional to 
protein concentration. Cell protein con- 
centrations were maintained between 
0.75 and 1.5 mg per sample. The specific 
activity of [6-14Clglucose was 0.1 ~ C i l  
kmole; similar specific activities were 
used for other labeled substrates. 

Addition of 10 percent rat serum great- 
ly reduced the rate of I4CO2 production 
from [6-'4C]glucose (Table 1). Similar 
results were obtained with horse, hu- 
man, and bovine serum. The inhibitory 
activity was not affected by freezing for 
up to 3 weeks and appeared to be stable 
at 4°C for more than 72 hours. The 
activity was present in a commercial 
preparation of dialyzed fetal calf serum 
and in rat serum samples that had been 
dialyzed for 18 hours, although the 
amount of inhibitory activity was consid- 
erably reduced in these preparations. 

Figure 1 shows the inhibitory effect of 
fetal bovine serum on [6-'4C]glucose oxi- 
dation to I4CO2 by dissociated brain cells 
as a function of serum protein concentra- 
tion. At a relatively low serum protein 
concentration (0.5 mglml), the rate of 
oxidation was decreased more than 50 
percent. With increasing concentrations 
of serum, the rate decreased exponen- 
tially. A considerable amount of the ac- 
tivity was lost when fetal bovine serum 
was heated (80°C for 10 minutes). 

Figure 2 shows the effects of rat serum 
on the oxidation of several different sub- 
strates. Serum had its most pronounced 
effects on [6-14C]glucose oxidation, de- 
creasing the rate > 75 percent at a serum 
protein concentration of 2.6 mglml. In 
contrast, an equivalent amount of serum 
caused only a 35 percent decrease in 
[u-14C]glutamine oxidation and a < 20 
percent decrease in [3-I4C]-3-hydroxy- 
butyrate oxidation. Increasing the serum 
concentration fourfold resulted in a rela- 
tively small increment in the inhibition of 
the latter two substrates. However, the 
rate of [6-14C]glucose oxidation was de- 
creased to < 10 percent of the control 




