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ABSTRACT 
The postnatal development of two visual areas (nucleus rotundus and 

ectostriatum) and two song control areas (hyperstriatum ventrale pars cau- 
dale, HVc, and nucleus robustus archistriatalis, RA) of the zebra finch brain 
was followed from birth to adulthood. The following parameters were inves- 
tigated: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(1) neuron size, (2) volume of the brain nuclei, and (3) myelination of 
axons. The nucleus rotundus, the diencephalic station of the tectofugal 
pathway, exhibits the fastest development: rotunda1 neurons reach their 
maximum size at 20 days of age; the volume of this structure reaches adult 
size at the same time. The process of myelination begins between day zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 and 
day 10 and is completed at 40 days of age. A similar temporal sequence of 
development is seen in the ectostriatum, except myelination starts some 
days later. Thus the development of these visual areas is completed at 40 
days. In contrast, the development of the song control nuclei is delayed. 
Neurons in RA and HVc grow steadily up to 40 days of age, attaining a size 
larger than that observed in adults. Whereas the volume of HVc increases 
until day 40 and remains stable thereafter, RA volume increases until day 
70 and evidences a decrease thereafter. It is not until postnatal day 20 (RA) 
and day 40 (HVc) that the myelination process starts in the song control 
areas. Adult myelin density is achieved by 70 days in RA and by 100 days 
in HVc. It can be demonstrated that the development of the visual system 
parallels the development of visual performance of the birds. Delayed growth 
of song control nuclei coincides with development of song. 
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It is generally accepted that in young animals the devel- 
opment of behavior and that of the central nervous system 
are correlated in time. Not much evidence is available 
concerning the question of whether this temporal correla- 
tion may be more specific in the sense that, for example, 
visually controlled behavior develops simultaneously with 
the development of the visual system and, in the same 
species the development of a motor pattern, such as song, 
is correlated with the growth of the motor control system. 
Evidence of this kind would strengthen the idea that a 
temporal coincidence of behavioral and neuronal develop- 
ment is causal instead of incidental. 

We chose the zebra finch for our studies, because, like 
other altricial birds, much of the neural and behavioral 
development occurs after hatching. Moreover, many aspects 
of behavioral, anatomical, and hormonal development of 
this bird are already known (Immelmann, '69a,b; Sossinka, 
'70; Prove, '83). As our intention was to look for correlations 
between neuronal and behavioral development, we concen- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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trated on two systems that are both ethologically and ana- 
tomically well investigated, namely, the visual and the 
song control systems. A recent ethological study of the 
ontogeny of visual function in zebra finches (Bischof and 
Lassek, '85) suggests that young birds do not react to visual 
stimuli before day 10, although their eyes open between 
day 5 and day 7. From day 15 onward the birds are able to 
discriminate between their parents and stuffed dummies. 
Having this knowledge, we investigated the ontogeny of 
two visual areas, the nucleus rotundus of the thalamus and 
the telencephalic ectostriatum. Both areas are anatomi- 
cally well-established stations of the tectofugal pathway in 
birds (Karten and Revzin, '66; Karten and Hodos, '70; Be- 
nowitz and Karten, '76; Nixdorf and Bischof, '82). This 
projection was chosen because in zebra finches as in other 
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birds with panoramic vision this pathway is more promi- 
nent than the thalamofugal one. The latter, in turn, gains 
more importance in birds with large binocular fields (Petti- 
grew, '77). 

The ontogeny and theory of song learning have been well- 
known for many years (Konishi, '65; Thorpe, '58; Kroodsma, 
'81; Immelmann, '69a). As in other oscine birds song learn- 
ing in zebra finches consists of two phases: a sensory and a 
sensory-motor phase. During a sensitive period, which lasts 
until day 35, young birds memorize song elements, prefer- 
ably from their father (Bohner, '83), and store them as a 
template (Konjshi, '65). Within a second period, the sen- 
sory-motor phase, lasting from day 35 to day 70 or 80, birds 
reproduce song by trying to match their vocal output to the 
previously stored template. The song system of zebra finches 
consists of a chain of telencephalic, thalamic, and mid- and 
hindbrain areas (Nottebohm et al., '76; Nottebohm, '80). We 
followed the development of the HVc (hyperstriatum ven- 
trale pars caudale) and the RA (nucleus robustus archistria- 
talis), whose function in adult song control has been 
examined in a series of studies (Nottebohm et al., '76; Not- 
tebohm, '80). Their role in song learning, however, is not 
clear (Bottjer et al., '84). Normal development of these nu- 
clei has not been studied previously. 

For this investigation we chose three morphological in- 
dices of maturation: neuron size, total volume, and myelin- 
ation of each given brain area. The volume of a brain 
structure as well as the size of single neurons are often 
suggested to be related to function. The sexual dimorphism 
of the song control areas (Nottebohm and Arnold, '76) and 
various deprivation studies concerning the mammalian vi- 
sual system (Guillery, '72; Guillery and Stelzer, '70) provide 
evidence for this interpretation. Myelination is generally 
seen as enhancing the rate of conduction of nerve fibers. 
LeVail and Stryker ('76) and Wolff ('81) propose that myelin- 
ation has an effect on the probability of plastic changes. 
With increasing myelination less space is available for out- 
growh of new presynaptic elements, as they can only de- 
velop where fibers are unmyelinated (Saito, '79). 

Thus, myelination might be a crucial developmental step, 
as it determines the time when the neuronal substrate is 
no longer plastic (but see Jacobson, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA'80). 

As could be expected from the behavioral data, there is a 
time lag between the maturation of visual and song control 
areas in the zebra finch brain. Visual areas attain adult 
morphology between day 20 and day 40, whereas song 
control areas continue to mature beyond day 70. The de- 
layed development of the song control areas can be nicely 
correlated with the behavioral development and reflects the 
need for sensory areas to mature earlier. 

MATERIALS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAND METHODS 

Forty male zebra finches from the institute's stock were 
taken for this study: five birds each at ages 1,5,10,20,40, 
70, and 100 days and more than 1 year. The birds were 
deeply anaesthetized with 0.03 ml Nembutal (1-day-old 
chicks: 0.02 ml) and perfused via the left ventricle with a 
0.9% NaCl solution followed by 10% formalin in 0.9% sa- 
line. Subsequently, the brains were exposed by partly re- 
moving the brain capsule and were fixed in situ for several 
days. 

For histological processing the brains were removed from 
the scull and stored in a solution of 30% sucrose in 10% 
formalin overnight, until the brains had sunk to the bottom 

of the jar. Thirty-micron serial sections were cut on a freez- 
ing microtome in either the sagittal or the transverse plane. 
The sections were mounted in three alternate series on 
gelatine-coated slides, dried on a hot plate, and processed 
according to three different histological protocols. Series, A 
was stained with cresyl violet in order to show the cell 
bodies. Series B was processed by a modified Fink-Heinier 
silver impregnation (M. Konishi, personal communicatilon) 
for demonstration of fiber development (the data are not 
presented here). Series C was stained according to the pro- 
tocol of Gallyas ('79). This method selectively impregnates 
myelin. As a control, some of these sections were stained 
alternatively with Sudan black according to Lison and Dag- 
nelle (Romeis, '68), a method that stains lipids and thus 
also reveals myelin. Examination of unstained sections with 
polarized light was also performed as a control. 

From the five brains of each age group, at least three 
were selected for analysis of volume and neuron size. The 
other two brains were examined only if the results of the 
myelin density classification were not clear. 

In Nissl-stained sections the volumes of the nuclei of the 
left hemisphere were estimated as follows. First, the out- 
lines of the nuclei were drawn with a drawing tube at- 
tached to a Zeiss microscope. Next, the area was estimated 
by using a graphics tablet and an Apple computer. Finally, 
the volume was calculated by adding the areas for all sec- 
tions and multiplying the sum by the distance between the 
individual sections (90 pm). Volume measurements were 
not feasible for the ectostriatum, as the boundaries of this 
nucleus are very ill defined at least at the dorsal and lateral 
boundaries. 

The soma size of individual neurons was defined by a cell 
size index. This was estimated by using a micrometer scale 
attached to the ocular of the microscope. The largest diam- 
eter (in pm) and that perpendicular to it were measiired 
and added together. This double measurement seemed to 
us to be a better compromise than the single measurements 
(e.g., the largest diameter) used in many comparable stud- 
ies, as the shape of neurons varies between extremely ovoid 
and circular. An example of the distribution obtained by 
this method is shown in Figure 1 (n. rotundus distribution). 
The values obtained in these measurements were not cor- 
rected for shrinkage, as this factor is rather constant for all 
age groups. Means of the cell size indices were tested for 
differences between the different ages by a two-tailed Mann- 
Whitney U-test. Differences in volumes between the age 
groups were tested with a two-tailed Student's t-test. 

The development of myelination was estimated by su bjec- 
tively grading the observed densities into five classes. Class 
1 was chosen if not more than about five fibers coulld be 
observed in a section: class five was chosen if the density of 
fibers was adultlike. As our goal was not to count absolute 
densities, but rather to compare the extent of myelination 
to the adult value; this method was sufficient to demon- 
strate the time course of development. 

RESULTS 
Nucleus rotundus 

Estimates of the mean volume are graphed in Figure 3a 
as a function of postnatal age. Nucleus rotundus can be 
distinguished from the surrounding tissue from the first 
day of life. The volume of this nucleus is large (0.081 mm3), 
even at this early state of development. Between day 1 and 
day 5 the nucleus triples in volume and reaches 71% of its 
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adult size. The further increase in volume at day 10 is not 
statistically significant. From day 10 to day 20, however, 
the volume increases to a value of 0.450 mm3, a 42% in- 
crease, which is highly significant. Nucleus rotundus ex- 
hibits little growth during the next 20 da zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs and then 

to the increase during the first 20 days, neither the growth 
in the second 20 days nor the decrease from day 40 to day 
70 are significant (Table 1). However, a comparison of 20- 
or 40-day values with those of birds older than 70 days 
shows a significant decline. 

The development of neuron size shows a pattern similar 
to that observed in volume growth: there is a marked in- 
crease in rotundal cell size from day 1 to day 20 (12.67 to 
33.74), which can be seen in Figure 1 and Figure 3b. From 
day 20 to day 40 the mean neuron size declines slightly 
(about 11%). The mean cell sizes expressed as percentages 
of the adult value are 42.7% at 1 day, 69.7% at 5 day, 91.8% 
at 10 day, and 113.6% at day 20. After day 40 rotundal cell 
size remains constant (30.0) (Table 2). 

The first myelinated axons in nucleus rotundus can be 
observed in 10-day-old brains (class 1). From this age, the 
number of stained fibers increases greatly. The myelin den- 
sity of the 20-day-old rotundus corresponds to class 3, and 
the adult myelin pattern (class 5 )  is achieved at 40 days. 
The data are presented graphically in Figure 3c and ana- 
tomically in Figure 2c-e. 

declines to an adult volume of about 0.4 mm l . In contrast 

Ectostriatum 

The volume of this nucleus was not calculated, as its 
lateral and dorsal borders are not clear-cut, at least in 
younger animals. For the estimation of cell size and myelin- 
ation we concentrated on the ectostriatal core region (Kar- 
ten and Hodos, '70). In two l-day-old brains it was difficult 
to distinguish between neurons and glia: nearly all ectos- 
triatal cells were spherical with two or more nucleoli (Fig. 
7a). In two other brains, however, cells could easily be 
identified as neurons or glia. Thus, differentiation from 
immature to mature ectostriatal neurons apparently takes 
place in the first day of life. The difficulty in separating 
neurons and glia may be the reason for the relatively large 
variance in the measurements of 1-day-old brains (Fig. 4b). 
By day 10 ectostriatal neurons have nearly doubled in size 
(Fig. 7c) and they continue to grow a further 20% between 
day 10 and day 20 (Fig. 7d). At this age a peak in cell size 
is achieved, which lies 18% above the adult value. After 
day 20 ectostriatal neuron size decreases to day 40. This 
difference is significant, as are all the differences between 
age groups mentioned above (Table 2). 

Myelin cannot be detected in the ectostriatum of 10-day- 
old brains. However, at day 20, myelin density has greatly 
increased and already reaches class 3. Thus, myelination of 
ectostriatal axons starts between day 10 and day 20. As in 
nucleus rotundus, adult myelin density is achieved by 40 
days. 

Fig. 1. Development of neuron size of nucleus rotundus (Rt). Histograms 
of cell size distributions of 1-, lo-, 20-, and 100-day-old zebra finches. Ab- 
scissa: Upper limit (LIM) of class of cell size index (in pm, see text). Ordinate: 
Number of neurons per class. N Number of neurons measured. Superim- 
posed curve: Normal distribution. d, days. 
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- TABLE 1. Volume (mm3) With Double Standard Deviation (n = number of samples, ns = P > .05 [t-test])' 

Age Nucleus 
I' __ (days) rotundus N P RA N P HVc N 

.~ 

1 0.081 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi 0.015 4 

5 0.282 0.027 4 0.022 k 0.001 2 
,001 

NS .03 

,004 .009 .0001 

NS ,001 .0001 

NS ,008 NS 

NS .05 NS 

NS NS NS 

10 0.316 k 0.060 4 0.043 k 0.011 4 0.038 ~t 0.005 3 

20 0.450 k 0.050 5 0.086 k 0.028 8 0.119 * 0.021 5 

40 0.489 i- 0.079 5 0.185 i 0.040 5 0.243 f 0.042 4 

70 0.430 -fr 0.063 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 0.290 k 0.059 4 0.257 + 0.059 4 

100 0.394 k 0.074 3 0.198 i 0.061 3 0.261 k 0.005 6 

> 365 0.397 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt 0.004 3 0.207 + 0.010 4 0.267 + 0.044 4 

'RA, robustus archistriataiis; HVc, hyperstriaturn ventrale pars candale: NS, not 
significant 

TABLE 2. Cell Size Index (See Text) With Double Standard Deviation (n = number of neuronslnumber of animals, ns = P > ,095 IW-test]) - 

Age Nucleus 
(days) rotundus N P Ectostriatum N P RA N P N P __ - - HVc 

.- 

1 

5 

10 

20 

40 

70 

100 

> 365 

12.67 k 2.27 

20.72 i- 3.34 

27.29 + 4.39 

33.74 f 5.23 

29.90 k 5.01 

31.26 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 5.10 

28.83 k 4.33 

29.79 k 4.48 

17313 

27013 

38214 

31414 

29613 

27413 

20312 

27913 

11.12 k 2.50 

15.28 f 2.91 

20.07 i 2.77 

.05 

.05 

,025 

.05 

NS 

,095 

NS 

24.11 k 3.48 

22.94 k 3.11 

21.79 k 2.57 

20.49 f 3.17 

20.45 k 2.50 

2 1614 

31513 

29813 

24413 

27714 

19313 

20113 

35713 

.05 

.05 

.05 

,095 

NS 

NS 

NS 

- 

14.22 2 3.38 20514 

17.64 It 3.36 27714 
,095 

,025 

.05 

NS 

,095 

NS 

25.31 +_ 4.68 24714 

29.69 k 5.16 25113 

29.32 k 5.48 25913 

27.12 i- 3.90 16412 

27.27 k 4.15 28313 

20.72 f 3.81 21313 

,095 

,095 

NS 

N S  

NS 

24.44 k 4.29 26115 

27.85 k 5.59 25113 

25.07 i 5.01 28513 

23.79 k 4.12 17412 

22.98 k 4.53 20313 

Nucleus robustus archistriatalis (RA) 

The estimations of the total volume of the RA are plotted 
in Figure 5a as a function of postnatal age. The RA can be 
detected in Nissl-stained sections from day zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 onward. At 
this time its volume is about 10% of the adult value. The 
volume increases linearly, reaches a peak of 0.290 mm3 at 
day 70 (the differences between the age groups are all 
highly significant), and then decreases again until day 100. 
The shrinkage from day 70 to day 100 is about 30%. 
(P < .05, see Table 1). 

In contrast to the other nuclei investigated, the develop- 
ment of RA neurons shows a time course differing from 
that of volume development (Fig. 5b). In 5-day-old brains 
neurons and glia can easily be differentiated. The cell size 
increases by 43% from day 10 to day 20. RA neurons grow 
a further 17% during the following 20 days and reach a 
peak in size, which remains relatively stable until day 70. 
After this age neurons in RA decrease to adult values. The 
differences between the age groups up to day 40 as well as 
the decrease from day 70 to older ages is significant (Table 
2). Thus, changes in neuron size markedly precede volume 
changes. 

Myelin density of 20-day-old RA was judged to be class 1. 
Although stained fibers were visible in only two of the five 
investigated brains (Fig. 5c) the other three seemed to be 
free of myelin. However, at day 40, myelin density had 

greatly increased and was categorized as class 3. At day 70 
the amount of myelinated axons is similar to that seen in 
adults (Fig. 2f-h). 

Hyperstriaturn ventrale pars caudale (HVc) 

The development of the HVc is much delayed in compari- 
son with the sensory nuclei and the RA. At day 10 the HVc 
could be separated from the surrounding tissue in Nissl- 
stained sections in three brains. The volume of this nucleus 
is then about 14% of the adult value. Two other brains, 
where separation was not possible at this age, were omitted 
from the calculation. The obtained volume of 0.038 mm3 
thus might be an overestimation, but probably a better 
compromise than assuming a volume of zero for those two 
brains. The HVc exhibits strong growth during the next 10 
days, in which it attains a volume of 0.119 mm3, which 
represents 43% of the adult value. During the next 20 days 
a further increase can be detected: 91% of the adult volume 
is achieved by day 40. In contrast to the increase up to day 

___. 

Fig. 2. Myelin-stained sections (Gallyas method) demonstrating the dif- 
ferent brain areas involved. a: ectostriatum (El and nucleus rotundus (Rt), 
transverse section; b: nucleus robustus archistriatalis (RA), hyperstriaturn 
ventrale pars caudale (HVc),  sagittal section; c-e: myelin-stained fibers in 
n. rotundus at different ages: c = 20 days, d = 40 days, e = adult. f-h: mye- 
lin-stained fibers in RA at different ages: f = ZOdays, g = 40 days, 
h = 70 days. Bars: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 mm for a and b, 100 pni for c-h. 
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40, the further increase measured at day 70 is not statisti- 
cally significant. A decrease to an adult value, as seen in 
all other investigated areas, was not seen in the HVc (Fig. 
6a, Table 1). As this nucleus cannot be identified clearly 
before day 10, no earlier measurements of cell size could be 
carried out. At day 10 the cell size index is already very 
high (20.72). Thus, little additional growth occurs in the 
next 20 days. At day 40 the value is about 20% greater 
than the adult level. As the graph in Figure 6b indicates, 
we observed a subsequent reduction in cell size, which 
continued for all age groups studied. However, the gradual 
decrease in neuron size was statistically not significant 
(Table 2). Some authors state that there might be a hemi- 
spheric asymmetry in the HVc (Nottebohm, '77). Therefore, 
we additionally measured the volume of the right HVc in 
one or two brains of each age group. Although we found 
small differences between hemispheres, they were not con- 
sistent and not statistically significant, if the data of all 
age groups were pooled. 

not investigated 

40 cell size index zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
30 1 ectostriatum 

10 ii.' 
I 4 b  
1 : :  ' /- 

I I 

Figs. 3-6. Development of nucleus rotundus (Fig. 3), ectostriatum (Fig. 
4), RA (Fig. 51, and HVc (Fig. 6). a. Volume of the nucleus (mm')). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAb. Neuron 
size (cell size index, pm): each point represents the mean of 50-100 neurons 
per animal; the dotted line connects the means for each group. c. Myalina- 
tion (note: classes are ordinate, not interval values). Abscissa: Age in days 
from hatching. a, Values with double standard deviation. 

Myelination of axons in the HVc starts between day 20 
and 40. At day 40 only a few myelinated fibers (class 1) can 
be observed. At 70 days of age myelin density is already 
very similar to that seen in adults; it was designated as 
class 4. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA"he adult myelin pattern is achieved by 100 days 
(Fig. 6c). 

DISCUSSION 

In the following discussion we would like to concentrate 
on two topics: the correlation between brain and behavioral 
development and the "peak decline trend" (Murphy, '84). 

Our results clearly show that there is a long delay be- 
tween the maturation of the visual and the song control 
regions. This delay is reflected in all parameters investi- 
gated here: volume, neuron size, and myelination. Whereas 
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in nucleus rotundus and ectostriatum the size of single 
neurons and the volume of the nucleus reach a peak by 20 
days (rotundus volume remains greater than in the adult 
until day 40), in the RA and HVc cellular and volume 
growth continues until day 40. Myelination is completed by 
day 40 in visual areas but only at day 70 and day 100 
within the RA and HVc, respectively. These results con- 
cerning myelination are consistent with the findings of 
Schifferli ('48) in the starling. If, as suggested above, the 
functioning of a nucleus is dependent on its maturation, 
one should find similar differences in the time of develop- 
ment of visual performance and song production in the 
zebra finch. Indeed, a similar delay between these two 
behavioral categories can be demonstrated a recent study 
of Bischof and Lassek ('85) revealed that important aspects 
of the development of visual performance occur between 
day 5, when the birds open their eyes, and day 15. At day 
10 the birds react for the first time to visual stimuli with 
gaping, and from day 15 they are able to distinguish their 
parents from stuffed dummies. At day 20, the young zebra 
finches usually leave the next. From that day on, the birds 

have to perform many behavioral acts, e.g., jumping, flying, 
feeding, which strongly depend on a fully functional visual 
system. That does not exclude that a refinement of visual 
performance, together with further developent of the visual 
system, occurs later. This further development, however, is 
not so conspicuous as to be detected easily. No data on fine 
visual discrimination ability are available so far. 

Learning to sing is markedly delayed in the zebra finch. 
The birds produce the first song elements at about day 30 
(Immelmann, '69a). Up to this age a large amount of the 
cellular development in the RA and HVc takes place. The 
earliest crystallized song appears at day 70. During the 
time between the first occurrence of song and crystalliza- 
tion, the myelination of the RA and HVc is very rapid. 
Moreover, the frequency of song uttered at different ages 
nicely coincides with the volume of the RA: young zebra 
finches sing more often at day 70 than at earlier or later 
ages (Bohner, personal communication). The late decline of 
RA volume occurs at a time when sensory learning of song 
syllables is virtually complete. Thus, this decline is un- 
likely to be related to sensory learning, but might be inter- 
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Fig. 7. Nissl-stained neurons in ectostriatum of different ages. a, 1 day; b, 5 days; zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc ,  10 days; d, 20 days. Bar zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 50 pm. 

preted as a correlate for functional stabilization of the motor 
program. 

The RA development and HVc development are different 
in two aspects; e.g., myelination is faster in the RA, whereas 
the HVc reaches adult volume earlier than the RA. This 
fits well with data of Konishi and Akutagawa ('85) and 
Bottjer et al. ('851, who suggested that the development of 
the RA may depend on the development of the HVc and 
vice versa. According to this speculation, the development 
of the RA has to have reached a certain developmental 
state before this nucleus is innervated by HVc efferents on 
day 35. As a consequence of this innervation, the RA might 
attain additional growth, Our data confirm this idea. At 
any rate, in both the visual and the song control system a 
correlation between the ontogeny of the brain areas in- 
volved in behavioral performance and the behavior itself 
can be demonstrated. 

Given the functional importance of the visual system 
even in young birds, it is not surprising that the visual 
system should develop earlier than the song system, which 
has to be used much later. At the latest the visual system 
must be ready to process the incoming information at the 
time when the birds leave the nest. Song, however, is not 
needed until the birds are sexually mature. 

A second general result of our study is that in nearly all 
brain regions, volume and neuron size first increase to 
values greater than those observed in adults, and then 
decrease to the adult values. This so-called "peak-decline 

trend" (Murphy, '84) has been described for features like 
development of spines (Boothe et al., '79; Juraska and Fif- 
kova, '79; Murphy, '84; Garey and Saini, '81; Rausch and 
Scheich, '81) and development of synapses (Purves and 
Lichtman, '80; Winfield, '83). The peak may be explained 
by some sort of overproduction of neuronal connections. The 
decrease to adult values may be due to a selection process, 
which stabilizes functional synapses and eliminates those 
connections that fail to function when the input from the 
environment gains access to the given brain area (LeVail 
and Stryker, '79; Changeux and Danchin, '76; Wolff, '81). 
In this context, myelination may be seen as a process that 
stabilizes the given neuronal network by decreasing the 
probability of outgrowth of new spines and construction of 
new synaptic connections (LeVay and Stryker, '79; Wolff, 
'81). According to this scheme, the absence of a decrease in 
HVc volume is difficult to interpret. One clue may be the 
late beginning of myelination. It might be that this nucleus 
remains in a quasi-embryonic state for a long time, perhaps 
even during adulthood. Nottebohm and Kasparian (cf. Not- 
tebohm, unpublished results) demonstrated that in adult 
zebra finch males new neurons proliferate, so that there is 
always a pool of small new neurons. However, as mentioned 
above, a similarity between the growth peak and decline in 
the RA and the behavior probably controlled by this nu- 
cleus can be demonstrated: the volume roughly coincides 
with the frequency of song. A similar increase and decrease 
were mentioned by Marler and Peters ('82) for the produc- 
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tion of song syllables in song sparrows: the birds sang the 
largest amount of different song types at the time of song 
crystallization, not as adults. 

In summaiy, we have demonstrated that there are strong 
correlations between the development of a given behavior 
and the neuronal structures that are involved in the control 
of this behavior. In addition, we have added evidence that 
the so-called peak-decline trend may be a general phenom- 
enon of development, not only occurring in mammals, but 
also in birds. 
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