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Because the projections into the robust nucleus of the ar- 
chistriatum (RA) are thought to play important roles in song 
learning and sexual differentiation of the zebra finch (Poeph- 
i/a guffata), quantitative electron microscopic techniques 
were used to measure the development of synaptic input to 
the neuropil of RA in this species. Two nuclei [hyperstriatum 
ventrale pars caudalis (HVc) and lateral magnocellular nu- 
cleus of the anterior neostriatum (IMAN)] that send projec- 
tions to RA were lesioned at each of three different ages: 
25 d after hatching, 53 d, and adulthood. In tissue from RA 
processed for conventional electron microscopy, lesion-in- 
duced degeneration was used to identify synapses from 
either HVc or IMAN. Axosomatic synapses were excluded 
from analysis. In control (unlesioned) animals, the density 
of synapses in neuropil increased slightly between days 28 
and 56 and remained constant thereafter. Because of a large 
increase in the volume of RA, the total number of synapses 
in neuropil of RA tripled between days 28 and 56 and de- 
creased significantly between day 56 and adulthood. The 
density and total number of synapses in neuropil originating 
from HVc increased significantly between days 25 and 53, 
but did not change significantly thereafter. In contrast, the 
density and total number of synapses from IMAN decreased 
significantly between days 25 and 53 and did not change 
thereafter. Presynaptic terminals from IMAN were larger than 
those from HVc. These data demonstrate that the most rapid 
phase of song learning is accompanied by a major rear- 
rangement of synaptic contacts into RA that stem from HVc 
and IMAN. 

Male passerine birds learn songs from other members of their 
species, often during critical periods early in development. Be- 
cause learning is normally confined to a limited period in these 
species, it is possible to examine brain regions that control song 
to determine how these regions change during the period of 
learning. The neural changes correlated with learning represent 
candidates for the neural basis of learned changes in song. 

In zebra finches, males learn songs from their fathers during 
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the first three months after hatching (Immelmann, 1969; Bob- 
ner, 1983). At first, zebra finches begin the sensory phase of song 
development, in which they memorize the acoustic features of 
the father’s song. The timing of this phase has been determined 
in experiments in which males were acoustically isolated at 
various ages, or were switched from one acoustic environment 
to another. The sensory phase probably begins after about day 
20 (Arnold, 1975) and usually ends by about day 35, at least 
in birds housed in large aviaries similar to those used in the 
present experiments (BBhner, 1987). Under some conditions, 
sensory acquisition lasts longer but is mostly complete by day 
50 (Eales, 1985, 1987). The second phase of learning, called 
sensory-motor learning, involves learning to coordinate the mo- 
tor apparatus to produce good copies of the model sounds learned 
earlier. The onset of singing, which marks the onset of sensory- 
motor learning, occurs around 25-30 d after hatching. All of 
the adult elements are typically in place by around 60 d, after 
which only minor changes occur until fully adult songs are pro- 
duced at around 90 d (Arnold, 1975). Thus, the period between 
25 and 60 d of age encompasses most of the two phases of song 
learning. 

There are dramatic changes occurring during this period in 
the neural regions controlling song. The robust nucleus of the 
archistriatum-(RA), which projects to the motoneurons (nXIIts) 
of the vocal organ, the syrinx, increases in volume as the result 
of an increase in the size of RA neurons and an increase in the 
amount of neuropil in RA (Bottjer et al., 1985, 1986; Konishi 
and Akutagawa, 198 5; Herrmann and Bischof, 1986). Two nu- 
clei that send projections to RA (Bottjer et al., 1989) also un- 
dergo extensive changes. The nucleus originally named hyper- 
striatum ventrale, pars caudalis (HVc) undergoes an increase in 
the number of neurons as the result of addition of neurons 
generated after day 20 (Bottjer et al., 1986; Nordeen et al., 1987; 
E. Nordeen and K. Nordeen, 1988; K. Nordeen and E. Nordeen, 
1988). Many of these new HVc neurons project to RA, as ev- 
idenced by retrograde labeling experiments. Indeed, anterograde 
tract tracing experiments indicate that the axons of HVc fail to 
innervate RA up through day 25, but do enter RA after day 35, 
suggesting that there is a rapid growth of HVc axons into RA 
around day 30 (Konishi and Akutagawa, 1985). These obser- 
vations lead to the hypothesis that the growth of the HVc-to- 
RA pathway is essential for the process of song learning. Similar 
changes in this pathway also occur in other species correlated 
with different forms of song learning (Arnold, 199 1). 

At the same time, there are profound changes in a second 
nucleus that projects to RA, the lateral magnocellular nucleus 



2064 Herrmann and Arnold - Development of Afferents to RA in the Zebra Finch 

of the anterior neostriatum (IMAN). This nucleus decreases in 
volume and loses half of its neurons between days 25 and 53, 
probably because of cell death (Bottjer et al., 1985; Bottjer and 
Sengelaub, 1989). Lesions of 1MAN are ineffective in disrupting 
song in adult zebra finches, but they prevent song learning if 
the lesions are made before day 65 (Bottjer et al., 1984). Thus, 
1MAN may play a special role during the period of song learning. 

These various studies draw attention to RA and its two af- 
ferent nuclei, HVc and lMAN, as possible sites of neural changes 
responsible for learning. The present article examines the changes 
that occur in synaptic input to RA during the period of learning. 
We address several questions raised by previous studies. For 
example, we have measured the developmental changes in the 
number of synapses onto RA neuropil that originate from HVc, 
because the growth of the HVc-to-RA pathway implies that 
there is a developmental increase in the number of such syn- 
apses. It has also been suggested that the simultaneous loss of 
1MAN neurons and increase in HVc neurons may be causally 
related. Perhaps the ingrowing axons from HVc displace 1MAN 
synapses and contribute to the death of 1MAN neurons. Thus, 
we have examined quantitatively the relationship between 
changes in RA synapses of HVc origin and of 1MAN origin to 
evaluate this hypothesis more critically. 

Using lesion-induced electron-dense degeneration (Blackstad, 
1965; Matsumoto and Arai, 1981; Ichikawa et al., 1985; Mo- 
riiumi et al., 1987; Canady et al., 1988) to describe the devel- 
opment of projections from HVc and 1MAN in the neuropil of 
RA, we counted the density and number of synapses at 25 d of 
age (when males are beginning the sensory phase, and when 
lesions of 1MAN disrupt song development), at 53 d of age 
(towards the end of sensory-motor learning, when 1MAN lesions 
are less effective), and in adult birds (after song crystallization). 
The data show that song learning is accompanied by a major 
increase in the synaptic connections from HVc and a drastic 
decrease in the number of synapses from IMAN. The most 
dramatic changes occur between days 25 and 53, when most 
song learning occurs. 

Materials and Methods 
Animals and surgery 
We used 53 male zebra finches (Poephila guttata) from our breeding 
colony, aged 25 d, 53 d, or > 100 d (adult). The animals were deeply 
anesthetized with 0.05 ml Equithesin. Stereotaxic lesions of either HVc 
(25 d, n = 7; 53 d, n = 7; adult, n = 6) or 1MAN (25 d, n = 7; 53 d, n 
= 8; adult, n = 6) were made by a unilateral injection of0.5-1~1 ibotenic 
acid (10 pg dissolved in 3 ~1 of 0.1 M phosphate buffer) with the aid of 
a 2-~1 Hamilton syringe (Schwartz et al., 1979). The stereotaxic coor- 
dinates for HVc (relative to the “Y” junction of the two caudal cerebral 
sinuses at the top to the brain) were AP, 0; L, 2.0-2.4; depth, 0.6. For 
IMAN lesions, we injected ibotenic acid at A, 3.8-4.0; L, 1.6-l .8; depth, 
2.0-3.0. 

Because neurogenesis and cell death are naturally occurring events in 
juvenile and adolescent zebra finches (Kim and De Voogd, 1989), we 
also measured intact, unlesioned zebra finches of the same ages (28 d, 
n = 3; 56 d, n = 4; adults, n = 4; at the same ages the lesioned birds 
were killed, see below) as controls to determine the frequency of nat- 
urally occurring degenerating synapses. 

Survival time 
To recognize synaptic terminals from either HVc or 1MAN in the neu- 
ropil of RA, we lesioned either HVc or 1MAN to produce degenerating 
synaptic profiles containing an electron-dense axoplasmic matrix. Fol- 
lowing a lesion, the early stages of degeneration involve a slight darkness 
of the terminal and swollen mitochondria and synaptic vesicles. After 
a longer survival time, changes include an increased electron density 
(darkness), often with the collapse of the presynaptic profile. Following 

longer survival times, microglia and astrocytic processes invade the area, 
resulting in a detachment of pre- and postsynaptic elements and the 
engulfing and final phagocytosis of the presynaptic element (Mugnani 
and Friederich, 1982). For each type of lesion, we determined empiri- 
cally the survival time at which the degenerating synaptic profiles were 
easily recognizable by their dark appearance, but nevertheless main- 
tained contact with the postsynaptic membrane. In this manner, we 
could classify synapses according to the type of postsynaptic contact, 
either dendritic shaft or spine. We found that in zebra finches with an 
HVc lesion, regardless of age, rather light degenerating profiles could 
be seen as early as 2 d after the lesion, but they were still difficult to 
identify at this stage. At 60 hr following the lesion, dark, electron-dense 
synapses could be easily identified. A survival time of 120 hr resulted 
in a high number of degenerating profiles engulfed by microglia, but 
few degenerating presynaptic terminals were still attached to the post- 
synaptic membrane. We chose 60-96 hr as the optimal survival time 
for recognizing degenerating synapses from HVc, because within this 
period there was no apparent change in the ability to recognize terminals. 

The optimal survival time for mapping degenerating synapses from 
IMAN in RA was significantly longer. At 60 hr or more than 120 hr 
after the lesion, few degenerating synapses could be identified, whereas 
a large number of electron-dense terminals were found after a survival 
of 84-120 hr. Therefore, a postlesion time of 90-120 hr was used to 
recognize synapses from 1MAN occurring in RA. Similar optimal sur- 
vival times have also been found after electrolytic lesions in the canary 
(Canady et al., 1988). 

Tissue preparation 
After the survival times described above, the birds were deeply anes- 
thetized with 0.08 ml Equithesin and perfused transcardially with 0.75% 
NaCl, followed by a cold (4°C) solution containing 4% paraformaldehyde 
and 1% glutaraldehyde in 0.1 M phosphate buffer (pH, 7.2). After a 
period of at least 2 hr, the brains were dissected out and stored in the 
same fixative overnight at 4°C. On the following day, sagittal sections 
of the hemisphere ipsilateral to the lesion were cut with a vibratome at 
a thickness of 50 pm and collected in phosphate buffer. Tissue pieces 
containing BA were dissected out with a blade and rinsed in phosphate 
buffer. These pieces were postfixed in 1% osmium tetroxide, stained en 
block with aqueous uranyl acetate, dehydrated in a graded series of ethyl 
alcohols, emersed in propylene oxide, and embedded flat in Epon 8 12. 
Semithin sections were cut with an LKB ultramicrotome and stained 
with toluidine blue to identify the position of RA within the section. 
Ultrathin sections (silver) were cut with a glass knife, mounted onto 
300-mesh grids, counterstained with lead citrate, and observed in the 
electron microscope. 

Data collection 
For the quantitative investigation of the number of degenerating and 
nondegenerating synapses in RA, micrographs intended for counting 
were randomly selected throughout neuropil within the center of this 
nucleus, carefully excluding the borders of RA. From each animal, 20- 
40 micrographs were taken at a nominal magnification of 7000 x (total 
area of each micrograph, 93.5 pm>). which after photographic enlarge- 
ment yielded a magnification of 2 1,000 x . The micrographs were coded 
and scored by a person who was unaware of the treatment condition of 
the animal. To maximize our neuropil sample, the sampling excluded 
areas containing mostly non-neuropil elements: neural and glial somata, 
blood vessels, and large myelinated axons. This procedure allowed us 
to avoid numerous micrographs of RA that were devoid of synapses, 
Indeed, axosomatic synapses were relatively rare, and we never observed 
a degenerating axosomatic synapse in any of our material. Thus, our 
data on synapses in neuropil undoubtedly represent a picture of the 
majority of synapses in RA. 

Normal, nondegenerating synapses were identified on the basis of 
three features: a postsynaptic membrane density (PSD), a clearly visible 
synaptic cleft separating pre- and postsynaptic elements, and synaptic 
vesicles adjacent to the presynaptic membrane. Degenerating synaptic 
profiles were identified on the basis of an electron-dense presynaptic 
terminal, a synaptic cleft, and a PSD. 

Data analysis 
Synapse density. To measure the number of synaptic contacts per unit 
area (100 pm2), each synapse was marked on the photomicrograph. Each 
synaptic profile was classified as degenerating or nondegenerating, and 
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according to the nature of the postsynaptic element: dendritic shaft, 
dendritic spine, growth cone, or soma. Because our sample was exclu- 
sively taken from the RA neuropil, the incidence of somatic synapses 
was less that 0.5% in all groups. Axon terminals that made synaptic 
contacts with two different postsynaptic membranes were counted as 
two synapses. In addition, the incidence of synapses with perforated 
PSDs was recorded. 

Len.& ofthe PSD.The length of the PSD was measured with the aid 
of a d&it&ing tablet attached to a microcomputer. In each brain, the 
mean length of PSDs was calculated from 100-l 20 PSDs whose entire 
length wascontained within the micrograph frame. In all lesioned brains, 
the PSD length was calculated separately for degenerating and nonde- 
generating synaptic profiles. There was never a statistically significant 
difference in size between degenerating and nondegenerating synapses 
from any brain. The PSD lengths were further used to calculate synapse 
numbers (see below). For these calculations, the value for PSD size was 
taken as the mean of nondegenerating PSDs, because the incidence of 
degenerating PSDs was so low in some brains that estimates of degen- 
erating PSD size were variable and inaccurate. 

Total number of synapses. To calculate the total number of synaptic 
contacts in the neuropil of RA, we used the stereological formula of 
DeHoff and Rhines (196 1): N, = N,/d, where N, represents the number 
of synapses per unit volume, N, is the mean number of synapses per 
unit area, and d is the mean length of profiles of synapses (PSDs). This 
formula gives accurate and consistent results on truly representative 
samples (Colonier and Beaulieu, 1985). N, was then multiplied by an 
estimate of the volume of neuropil (V,,) in RA to calculate the total 
number of synapses in the neuropil. V,, was estimated at each age in 
SO-pm vibratome sections from untreated birds (n = 4 for each age) 
that were prepared using procedures identical to those used in preparing 
the tissue for electron microscopic analysis. 

To measure V,,, we first estimated the total volume of RA by mea- 
suring the area occupied by RA in consecutive sections, summing these 
values and multiplying by the sampling interval (50 pm). The total 
volume of RA was then multiplied by the proportion of RA occupied 
by neuropil, which was estimated as follows. In the brains prepared for 
measurement of RA volume, small fields of RA were viewed in the light 
microscope with a 100 x objective. Use ofa high-power objective meant 
that there was a small depth of field, so that only a thin “section” (several 
microns thick) was in focus at any one time. Within this thin section 
of focus, the cross-sectional areas of all cell bodies were measured using 
a digitizing tablet and microcomputer-based morphometrics program. 
Each field of view was at least 1049 prn2, and at least 40 such fields 
were measured in R4 in each of the 12 Nissl-stained control brains. 
The percentage of volume occupied by neuropil was taken as 100 minus 
the percentage of volume occupied by cell bodies, which was calculated 
as the sum of cell body areas divided by the area of the sampling field, 
multiplied by 100. The percentage occupied by cell bodies was 37.1 ? 
0.8% (mean ? SEM) for the 28-d group, 18.2 & 2.9% for the 56-d group, 
and 18.4 f 2.5 for the adult group. The value of V”, was taken as a 
constant for all animals in each age group. 

Size of degeneratingsynapticprofiles. In all lesioned animals, the area 
of all degenerating synaptic terminal profiles was measured on a graphics 
tablet so that mean values of synapses originating from 1MAN and HVc 
could be compared. Terminals that were cut longitudinally, and hence 
had an elongated shape (including a portion of the axon), were excluded 
from these measurements. 

Size of the lesion 
The size of the lesion was confirmed by mounting the remaining portion 
of the vibratome sections (from which the piece containing RA had 
been dissected) onto gelatin-coated slides. The sections were stained 
with thionin, and the lesion was inspected under the light microscope. 
Because both HVc and 1MAN have clearlv defined boundaries. it was 
easy to determine whether these areas were completely damaged (i.e., 
where the Nissl-stained tissue was devoid of neuronal somata). Birds 
with incomplete lesions were discarded from the study. In the case of 
HVc lesions, birds were also discarded if the lesion encroached in any 
way on the adjacent neostriatal tissue. Because the projection from 
1MAN to RA passes just ventral and lateral to HVc (Bottjer et al., 1989), 
these animals were not analyzed because the degenerating synapses in 
RA might otherwise have included a mixture originating from both 
HVc and 1MAN. The use of ibotenic acid also helped to prevent damage 
to 1MAN fibers, because this toxin is thought to leave axons en passage 
intact (Schwartz et al., 1979). In birds that received lesions of IMAN, 

the lesions sometimes included adjacent neostriatal tissue, but in no 
case did the lesion include any portion of area X. 

Statistical analysis 

To analyze differences between the three age groups of unlesioned con- 
trol birds, a one-way analysis of variance (ANOVA) was performed for 
each parameter measured, with n = number of animals in each group. 
If there was a significant main effect of age, post hoc tests (one-way 
ANOVA and Duncan’s multiple-range test) were also run to determine 
which individual groups differed from each other. 

To analyze differences among lesioned groups of birds, we used a 3 x 
3 two-way ANOVA for each parameter with main factors of age (three 
levels) and type of lesion (three levels: HVc lesion. 1MAN lesion. and 
no lesion). In each of the two-way ANOVAs, the dais were transformed 
with a square root or logarithmic transformation so that the data met 
the assumption of equality of variances, as assessed by a likelihood- 
ratio test (Woodward et al., 1990). In the case of ANOVAs comparing 
density or number of synapses on spines, these algebraic transformations 
did not result in groups with equal variances. In these two cases, we 
omitted the unlesioned control animals from the analysis and ran the 
two-way ANOVA with only two levels (IMAN and HVc lesion) of the 
treatment factor. This procedure allowed us to compare thk spine 
synapses in IMAN- and HVc-lesioned birds usina data that met the 
a&umptions for these parametric tests. In all of thetwo-way ANOVAs, 
if there was a main effect of age or treatment, or an interaction, planned 
comparisons were computed to determine which of the individual groups 
differed significantly from each other. Ap value less than 0.05 was taken 
as significant. 

Results 
Normal development of RA: control birds 
Volume. The volume of RA increased more than twofold be- 
tween days 28 and 56 (p < 0.05; from 0.112 ? 0.014 to 0.263 
+ 0.0 15 mm3), confirming previous reports (Bottjer et al., 1985; 
Konishi and Akutagawa, 1985; Herrmann and Bischof, 1986). 
After day 56, RA volume decreased by about 15% to an adult 
value of 0.223 f 0.02 mm3. The volume of neuropil in RA was 
0.079 f 0.009 mm3 at 28 d, 0.215 f 0.012 mm3 at 56 d, and 
0.182 k 0.017 mm3 in adults. 

Synapse density. This parameter did not change significantly 
between day 28 and adulthood (Fig. 1). However, there was a 
significant rearrangement between synapses on dendritic shafts 
and spines during that time. The density of synapses on dendritic 
shafts increased steadily with age [F(2,8) = 5.12; p < 0.0371. 
The density of synapses on dendritic spines also changed sig- 
nificantly with age [F(2,8) = 8.56; p < 0.011, though the de- 
velopmental trend was different. The density of synapses on 
spines increased significantly between days 28 and 56, and then 
declined significantly [F( 1,6) = 8.56; p -C 0.011) by adulthood. 
At 28 d, 0.16 f 0.2 1 synapses per 100 pm2 made synaptic 
contacts with growth cones. In 53-d as well as in adult zebra 
finches, no synapses on growth cones were identified. Because 
we avoided somata during sampling, the incidence of somatic 
synapses was low at all age groups (0.01-0.02/100 pm2). 

Length of PSDs. In control birds, the length of the synaptic 
apposition zone increased significantly with age [F(2,8) = 8.91; 
p < 0.0091. A significant growth occurred between days 28 and 
56 (from 0.257 k 0.006 to 0.296 i 0.005 pm), after which there 
was no significant change into adulthood (0.278 + 0.008). This 
pattern of results found in controls was confirmed when data 
from both control and lesioned birds were pooled. 

Total number of synapses. The total number of synapses in 
neuropil of RA changed significantly with age [Fig. 2; F(2,8) = 
88.4; p < 0.000 I]. The total number of synapses tripled between 
days 28 and 56 (p -C O.OOOl), after which the number decreased 
significantly by about 16% @ < 0.023). 
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Figure I. Postnatal changes in the density of synapses in RA of control 
animals (mean + SEM). The number of synaptic contacts per unit area 
(100 pmZ) did not change with age, though this parameter increased 
slightly between days 28 and 56. However, there was a significant re- 
arrangement of synapses on dendritic spines and shafts. The density of 
synapses on dendritic shafts increased significantly between day 28 and 
adulthood, whereas synapses that made contact with dendritic spines 
increased significantly between days 28 and 56 and then decreased by 
adulthood. *, p < 0.05. 

Density and number of degenerating synapses. The density of 
synapses degenerating from natural causes was low and constant 
across age in the control birds (see Fig. 5). The density of de- 
generating profiles on dendritic shafts did not change with age, 
nor did the density on dendritic spines. Similarly, the total num- 
ber of degenerating synapses in neuropil of RA did not change 
with age [25 d, 0.41 f 0.65 x lo6 (0.19 x lo6 on shafts, 0.22 
x lo6 on spines); 53 d, 0.95 +- 0.9 x lo6 (0.36 x lo6 on shafts, 
0.59 x lo6 on spines); adult, 0.56 + 0.82 x lo6 (0.39 x lo6 
on shafts, 0.17 x lo6 on spines)]. Because of the constancy and 
low incidence of degenerating synapses, we did not correct the 
values for lesion-induced degeneration (discussed below) by 
subtracting the small amount of naturally occurring degenera- 
tion. 

Number of synapses with perforated PSDs. The density and 
total number of synapses with perforated postsynaptic densities 
did not change significantly with age. However, in control zebra 
finches the density of perforated PSDs was higher on dendritic 
shafts than on dendritic spines at all ages (25 d, 0.38 f 0.14 vs 
0.27 + 0.12; 53 d, 0.38 + 0.24 vs 0.24 f 0.13; adult, 0.75 f 
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Figure 2. Postnatal changes in the total number of synapses in neuropil 
of RA (mean + SEM), as calculated via the formula by DeHoff and 
Rhines (1961). Because of the large volume increase in RA neuropil, 
the total number of synapses tripled between days 28 and 56 and de- 
creased by about 16% between day 56 and adulthood. Both the increase 
and the decrease were statistically significant. *, p < 0.05. 

0.20 vs. 0.13 f 0.10 per 100 pm*). About 5% of the total number 
of synapses in neuropil of RA contained perforated PSDs at all 
ages studied (28 d, 5.0%; 53 d, 4.0%; adult, 5.8%). 

Developmental changes in aflerents from HVc and IMAN: 
lesioned birds 
Density of degenerating synapses. Between day 25 and adult- 
hood, there was significant rearrangement of afferents from HVc 
and 1MAN in neuropil of RA. A two-way ANOVA yielded a 
significant interaction between the factors of age and treatment 
[F(4,43) = 5.08; p < 0.0021. The density of degenerating syn- 
apses from HVc increased significantly between days 25 and 53 
[F(1,43) = 4.70; p < 0.04), but did not change significantly 
thereafter (Figs. 3,4). The synapses from 1MAN showed exactly 
the opposite trend. The density of 1MAN synapses decreased 
80% between days 25 and 53 [F(1,43) = 8.66; p -C 0.0061, but 
did not change significantly between day 53 and adulthood. 
Lesion of either HVc or 1MAN significantly increased the den- 
sity of degenerating synapses at all ages tested. At day 25, there 
was a significantly greater density of synapses from 1MAN than 
from HVc, but this difference was not significant at the other 
ages. 

Figure 3. Comparison between the neuropil of RA in a 28-d-old (A) and an adult male zebra finch (B) 3 d after lesion of HVc. A, The electron 
micrograph of RA in a juvenile (25 d) zebra finch shows characteristics of immature nervous tissue. Many presynaptic terminals contain very few 
synaptic vesicles (arrowheads), and myelinated axons were rarely seen. In this photomicrograph, no degenerating synapses are present. B, In the 
adult, presynaptic areas (arrowheads) contain numerous synaptic vesicles, and the axons are myelinated (straight arrows). Note the two degenerating 
synapses (curved arrows). Magnification, 2 1,000 x . 
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Figure 4. Density (synapses per 100 Frn*) of degenerating synapses in 
the neurooil of RA after a lesion of HVc or 1MAN (mean + SEM). 
Between day 25 and adulthood, there was a significant rearrangement 
of afferents from HVc and 1MAN in RA. The densitv of deaeneratina 
synapses from HVc increased between days 25 and 53 and did not 
change thereafter. The density of degenerating synapses from 1MAN 
showed the opposite trend, they decreased significantly between day 25 
and adulthood, and the majority of this change occurred between days 
25 and 53. *, p < 0.05. 

The changes in density of degenerating synapses on shafts 
showed the same patterns of change as did all synapses. There 
was a significant interaction of treatment and age [F(4,43) = 
6.56, p < 0.0003]. There was a significant decline in the density 
of shaft synapses from IMAN between days 25 and 53 [F( 1,43) 
= 20.5; p < O.OOOl], and no significant change thereafter (day 
25, 1.5 f 0.36; day 53, 0.40 f 0.10; adult, 0.30 f 0.11). Al- 
though the density of HVc shaft synapses tended to increase 
with age (day 25, 0.26 + 0.05; day 53, 0.50 k 0.12; adult, 0.56 
f 0.15), these changes were not statistically significant. 

The density of degenerating synapses on dendritic spines also 
changed in a similar manner. There was a significant interaction 
between age and type of lesion [F(2,35) = 16.3; p < O.OOOl]. 
The density of degenerating spine synapses from HVc increased 
with age (day 25,0.33 + 0.09; day 53, 0.85 f 0.17; adult, 0.94 
f 0.29). The changes between days 25 and 53 were significant 
[F(1,35) = 7.5; p < 0.011, but the change thereafter was not. In 
contrast, the density of spine synapses from 1MAN declined 
significantlybetweendays25 and53 [J’(1,35)= 16.5;p= 0.0003], 
but not thereafter (day 25, 3.1 + 0.82; day 53, 0.49 f 0.11; 
adult, 0.35 f 0.07). The density of degenerating spine synapses 
from 1MAN differed significantly from the density from HVc at 
day 28 and in adulthood. 

Total number of degenerating synapses. In the two-way ANO- 
VA comparing the total numbers ofdegenerating synapses, there 
was a significant interaction between the effects of age and type 
of lesion [F(4,43) = 7.62; p < O.OOOl]. At day 25, the number 
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Figure 5. Total number of degenerating synapses (mean f SEM) in 
RA neurooil after a lesion of HVc or IMAN. The number of svnauses 
in RA originating from HVc increased sixfold between days 25 and 53. 
During the same period, 1MAN retracted 50% of its synaptic contacts. 
After day 53, no significant changes occurred in the number of degen- 
erating synapses. The incidence of degenerating synapses in control 
animals was low at all ages studied. *, p < 0.05. 

of synapses originating from HVc was low and was not signif- 
icantly different from the number that occurred in unlesioned 
control birds (Fig. 5). At this age, however, 1MAN made many 
more synapses than HVc [F( 1,43) = 25.9; p < 0.000 11. Between 
days 25 and 53, the number of synapses from HVc increased 
sixfold [F(1,43) = 17.5; p = O.OOOl], after which there was no 
significant change into adulthood. In IMAN, the total number 
of synapses decreased between days 25 and 53 [P’( 1,43) = 5.29; 
p < 0.03), after which there was no significant change. Thus, 
though there were eight times more synapses from 1MAN than 
from HVc in the neuropil of RA of 25-d-old zebra finches, by 
adulthood there were 2.4 times as many synapses from HVc as 
from 1MAN (not significant). 

The same trends can be seen when the total number of de- 
generating synapses are categorized into spine and shaft synapses 
(Fig. 6). For both shaft and spine synapses, there was a significant 
interaction between the effects of age and type of lesion [for 
shafts: F(4,43) = 4.34, p < 0.005; for spines: F(2,35) = 15.0, p 
< O.OOOl]. The number of degenerating synapses from HVc on 
shafts or spines increased dramatically between days 25 and 53 
[for shafts: F(1,43) = 10.6, p -C 0.003; for spines: F( 1,35) = 
15.9, p = 0.0003] and stayed constant thereafter. At day 25 
there was no statistically significant difference between controls 
and HVc-lesioned animals in the numbers of degenerating shaft 
synapses, though there were significant differences at the other 
two ages. In IMAN, shaft and spine synapses decreased between 
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Figure 6. Total number of degenerating synapses (mean -t SEM) in 
RA neuronil after lesion of HVc or 1MAN on dendritic shafts and spines. 
HVc and iMAN made synaptic contacts with both dendritic shafts and 
spines in the neuropil of RA. The ratio of shaft-to-spine synapses from 
HVc was about 1:2, except at day 25, when HVc made about the same 
number of contacts on shafts and spines. The ratio of shaft-to-spine 
synapses from 1MAN was about 1:2 at day 25, whereas at later ages the 
ratio was roughly 1: 1. The numbers in the open columns indicate the 
number of animals. 

days 25 and 53 [not significant for shafts; for spines: F(1,35) = 
6.75, p < 0.021 and remained stable thereafter. 

Size of synapses. There was a significant main effect of type 
of lesion on the size of degenerating synapses found in the neu- 
ropil of RA [F(1,35) = 9.39; p < 0.0041, which reflected the 
fact that synapses from 1MAN were significantly larger than 
those from HVc at day 53 [F(1,35) = 4.53; p < 0.041 and in 
adulthood [F( 1,35) = 6.95; p < 0.021. There was no significant 
main effect of age, nor a significant interaction for this measure 
(Figs. 7-9). 

Discussion 
The aim of the present study was to measure developmental 
changes in synaptic input to the neuropil in RA, a nucleus thought 
to be pivotal in the motor control of song because of its role as 
conduit for all telencephalic control of the syringeal muscles 
(Nottebohm et al., 1976). Our results indicate that there are 
major changes in the number of synapses between days 25 and 
53. The total number of synapses tripled in this period (Fig. 2) 
as a result of increases in synapses from HVc, and in synapses 
from unknown origin, probably from other RA neurons. In 
contrast, the number of synapses from 1MAN declined twofold 
at this same time. This developmental organization of synaptic 
contacts in RA occurs at a time when the young male is forming 

25 53 .I00 
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Figure 7. The size of degenerating presynaptic profiles in RA after a 
lesion of HVc or 1MAN (mean + SEM). The size of the profiles from 
HVc did not change with age. The modest increase (30%) in the size of 
profiles originating in 1MAN was not statistically significant. However, 
synapses from 1MAN were significantly larger than those from HVc at 
day 53 and in adulthood. *, p < 0.05. 

acoustic memories of songs that he has heard and is matching 
his own vocalizations to songs that he has adopted as models. 
It is likely that these synaptic changes in RA play a significant 
role in these learned changes in song behavior. 

Anatomical development of RA 
At day 25, RA is immature in its overall volume, volume of its 
neuropil, and neuron size (Bottjer et al., 1985, 1986; Konishi 
and Akutagawa, 1985; Herrmann and Bischof, 1986; E. Nor- 
deen and K. Nordeen, 1988). Our observation of dendritic growth 
cones at this age adds to this picture, because such growth cones 
are commonly believed to be found primarily in undifferentiated 
neuronal circuits (e.g., Tanaka and Alexander, 1978; Williams 
et al., 1986; Bunso-Bechtold and Vinsant, 1988). In contrast, 
synaptic density already reached adult levels in 25-d-old birds 
(see also Clower and DeVoogd, 1988). Because of the tremen- 
dous increase of the RA volume, however, the total number of 
synapses in the neuropil of RA increased between days 25 and 
53, from about 40 million to about 110 million. After day 53, 
there was a small decline (14%) in the total number of synapses. 
A similar developmental overproduction and subsequent elim- 
ination of synapses has been observed in many neuronal systems 
(Cragg, 1975; Purves and Lichtman, 1980; O’Kusky, 1985; Hol- 
stein et al., 1985; Rakic et al., 1986). The length of the PSD 
increased significantly between days 25 and 53. 

We were surprised to find that the incidence of degenerating 
synapses in RA from unlesioned birds did not change across 
the ages we examined. We had expected a large proportion of 
degenerating profiles at day 25 in our control birds because a 
high incidence of pyknotic cells has been reported in RA at this 
age (Kim and DeVoogd, 1989). The constancy of degenerating 
synapses in unlesioned birds may be explained if it assumed 
that the degenerating synapses were removed so quickly that 
we would not detect them with the present methods. 

Anatomical development of HVc and MAN 
HVc and IMAN, the only known afferent nuclei to RA (Bottjer 
et al., 1989) have opposite developmental patterns between 
days 25 and 53 (Bottjeret al., 1985,1986). The volume oflMAN 
decreases between days 25 and 53 because of a 50% decline in 
the number of neurons within this nucleus (Bottjer et al., 1985; 



2070 Herrmann and Arnold l Development of Afferents to RA in the Zebra Finch 

Figure 8. Degenerating synapses in 
nucleus RA 3 d after a lesion of HVc 
at day 25 (A), day 53 (B), and in adult- 
hood (C). In A, a degenerating synaptic 
profile (d) makes contact with a den- 
dritic shaft. A nondegenerating profile 
(nd) is also indicated. In B, a degener- 
ating synapse (d, makes contact with a 
dendritic spine. In C, there is a degen- 
erating axospinous synapse (d), result- 
ing from a lesion of HVc, and a non- 
degenerating synapse (nd) on a dendritic 
spine. Magnification, 36,000 x . 
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Figure 9. Degenerating synapses in the 
neuropil of RA 4-5 d after a lesion of 
1MAN at day 25 (A), day 53 (B), and 
in adulthood (C). In A, a degenerating 
presynaptic terminal (d) contains nu- 
merous vesicles and is much larger in 
size than nondegenerating terminals 
(nd). In B, the dark, degenerating ter- 
minal (d) engulfs a small, light profile, 
probably a spine. In C, there is a large 
degenerating shaft synapse that engulfs 
a small, nondegenerating profile. A 
nondegenerating shaft synapse (nd) is 
also marked. Presynaptic terminals 
originating from 1MAN were much 
larger than those from HVc (cf. Fig. 8). 
Magnification, 36,000 x . 
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Figure 10. Schematic cartoon of the 
development of the synaptic composi- 
tion of RA neuropil. Each symbol rep- 
resents 2 million synapses. At day 25, 
37% of the synapses in RA are of 1MAN 
origin, whereas only about 5% stem 
from HVc. About 60% are presumably 
intrinsic synapses, because they were not 
labelled by either HVc or 1MAN le- 
sions. The RA of 53-d-old birds is com- 
posed of 9% synapses from HVc and 
6% from IMAN, which leaves 85% for 
intrinsic synapses. In adult zebra fmch- 
es, only about 4% of the RA synapses 
stem from IMAN, whereas 10% are of 
HVc origin. 

Bottjer and Sengelaub, 1989). At the same time, HVc grows 
dramatically, increasing in volume, in number and size of neu- 
rons, and in the incidence of androgen-accumulating cells (Bottjer 
et al., 1986; Herrmann and Bischof, 1986; Nordeen et al., 1987; 
E. Nordeen and K. Nordeen, 1988; K. Nordeen and E. Nordeen, 
1988), and axons from HVc are thought to grow into RA (Koni- 
shi and Akutagawa, 1985). Our data indicate that the concom- 
itant growth of HVc and atrophy of 1MAN are reflected in 
dramatic changes in synaptic input from these nuclei to the 
neuropil of RA. At day 25,lMAN sends about 14 million syn- 
apses to the neuropil of RA, about 37% of the total number. 
This number drops to about 7 million synapses at day 53, 6% 
of the total. Conversely, HVc gives rise to 1.7 million synapses 
to RA neuropil at day 25 (5% of the total), which increases to 
about 10 million by day 53 (9% of the total; Fig. 10). 

One can use published estimates of the numbers of neurons 
in RA to derive estimates of the numbers of synapses made on 
the dendrites of individual RA neurons at various ages. There 
are 14,500 neurons in each hemisphere at day 25, 13,043 at day 
53 (Bottjer et al., 1986), and 13,600 in adults (Konishi and 
Akutagawa, 1985).Thus, the dendrites of a single RA neuron 
receive on average about 120 synapses from HVc at day 25. 
This number increases to about 650-800 synapses by day 53 
and stays stable thereafter. On the other hand, the dendrites of 
a single RA neuron are innervated by about 950 synapses from 
1MAN at day 25, but only by about half this number (520) by 
day 53. The dendrites of each RA neuron in adult zebra finches 
receive only about 300 synapses from IMAN. 

It is also possible to calculate the number of afferent synapses 
that individual 1MAN neurons send to the neuropil of RA, using 
our data from synapse numbers and published data for numbers 
of neurons at various stages of development. At day 25, there 
are about 16,000-19,800 1MAN neurons (Bottjer et al., 1985; 
Bottjer and Sengelaub, 1989) of which 54% project to RA (Kor- 
sia and Bottjer, 1990). Our present data show that, at day 25, 
1MAN makes 13.7 million synaptic contacts in RA, indicating 
that individual 1MAN neurons make about 1,400 synaptic con- 
tacts in neuropil of RA. By day 53, there are about 9600 neurons 
in 1MAN (Bottjer et al., 1985), about 5200 of which project to 
RA and make a total of 6.8 million synaptic contacts, so that 
the average 1MAN neuron makes about 1300.synaptic contacts 
in neuropil of RA. Although there are no published reports of 
the number of neurons in adult IMAN, if one assumes a stable 
neuronal population after day 53 and a stable percentage of 
projection neurons (Korsia and Bottjer, 1990), the number of 
synaptic contacts per 1MAN neuron in RA is further reduced 
to 780 in adulthood. Even the higher 1MAN neuron counts of 

E. Nordeen and K. Nordeen (1988; 32,750 and 12,250 at days 
20 and 53, respectively) lead to the same conclusion, that in- 
dividual 1MAN neurons lose about halfof their synaptic contacts 
in RA between day 25 and adulthood. Unfortunately, there are 
no comparable, consistent data sets on the number of neurons 
and the percentage of projection neurons in HVc (cf. Bottjer et 
al., 1986; E. Nordeen and K. Nordeen, 1988). 

Because 1MAN and HVc have a common target (RA), their 
opposite patterns of development lead to the hypothesis that 
the regression of 1MAN and growth of HVc are causally related. 
On the one hand, HVc axons growing into RA may displace 
1MAN synapses and lead to the death of 1MAN neurons. Al- 
ternatively, the loss of 1MAN synaptic contacts in HVc may 
allow ingrowth of HVc axons. Our data support the temporal 
correlation of the loss of 1MAN synapses and increase in HVc 
synapses, both ofwhich occurred between days 25 and 53. How- 
ever, these nuclei account for only a minority of the synapses 
in RA neuropil. The other synapses probably stem from RA 
neurons themselves. It seems unlikely that the regression of 
1MAN is caused by competition of HVc axons invading RA, 
because the HVc axons never contribute a large proportion of 
the synapses in RA. Thus, there may never be strong compe- 
tition between the synapses from these two nuclei. Of course, 
if the synapses from 1MAN and HVc compete for a subset of 
synaptic space in RA, then IMAN-HVc synaptic competition 
may be more fierce. 

Comparison between HVc and 1MAN synapses in the neuropil 
OfM 
One of our main findings is that, in RA neuropil of adult zebra 
finches, synapses from HVc were much more numerous than 
those from IMAN. One class of neuron in canary RA, the hor- 
mone-sensitive type IV neuron, receives 20 times more synapses 
from HVc than from 1MAN (Canady et al., 1988). If this ratio 
is the same in zebra finches, it can be concluded that the other 
neuron types in zebra finch RA receive a much higher percentage 
of 1MAN inputs, because the ratio of 1MAN to HVc synapses 
is about 1:2 in adult zebra finches. However, as stated above, 
during early development the picture is reversed. In 25-d-old 
zebra finches, about 37% of the synapses in neuropil of RA are 
of 1MAN origin, whereas only about 5% come from HVc. After 
this age, 1MAN retracts about 70% of its synaptic contacts in 
the neuropil of RA, both spine and shaft synapses. The loss of 
synapses reflects both a loss in total neuron number and an 
actual loss of synapses per neuron. 

Ontogenetic changes in size of synapses from 1MAN and HVc 
may contribute to the functional relationship of these regions 
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to RA. Synapses from 1MAN and HVc had about the same 
terminal size at day 25, after which terminals from HVc re- 
mained constant or declined slightly, but those from 1MAN grew 
until they were about twice the size of HVc terminals in adults. 
The growth of 1MAN synapses during the time of profound loss 
in the number of terminals contrasts with the addition of more 
HVc terminals of constant size. It is conceivable that the de- 
velopmental increase in the size of terminals from 1MAN axons 
partly offsets the loss in terminal number, so that the ability of 
1MAN neurons to drive R.4 neurons may not be reduced as 
much as would be predicted from the data on terminal number 
alone. 

The type of HVc and 1MAN synapses also appeared to change 
during development. 1MAN terminals were often packed with 
synaptic vesicles, even at day 25, when many synapses in RA 
looked immature. They had few synaptic vesicles and these were 
often not closely attached to the presynaptic membrane. At all 
ages, degenerating synapses from 1MAN (but not from HVc) 
often were found to engulf small dendritic spines. Canady et al. 
(1988) mentioned a high frequency of degenerating 1MAN ter- 
minals on Y-shaped spines. Our sampling method did not allow 
detection of this synaptic type, but it is possible that it corre- 
sponds to the engulfed spine seen in our material. Interestingly, 
in adulthood 5% of the synapses originating from HVc had 
perforated PSDs, whereas perforations were rarely found in syn- 
apses from IMAN, at any age. In general, perforated PSDs are 
thought to be involved in synapse turnover or synapse splitting 
(Nieto-Sampedro et al., 1982; Carlin and Siekevitz, 1983; Dyson 
and Jones, 1984; Geinisman et al., 1987). If this interpretation 
is valid, then HVc synapses express a higher degree of plasticity 
than 1MAN synapses. 

Implications for song learning 
As mentioned earlier, song learning is a process that involves 
two steps, sensory and sensory-motor learning. The period of 
sensory learning begins perhaps as early as day 20 and ends by 
days 35-50 (Bohner, 1983; Eales, 1985, 1987). Sensory-motor 
learning begins around day 25, proceeds most rapidly until day 
60, but may not end completely until day 90 (Immelmann, 1969; 
Eales, 1985,1987; BBhner, 1987). During these learning periods, 
a number of neuronal events take place that may explain the 
dramatic alterations in behavior. There is an increase in volume 
of HVc, RA, and area X; an increase in neuron number in HVc 
and area X; an increase in neuron size in RA; and a decrease 
in neuron number in 1MAN (Bottjer et al., 1985, 1986; Konishi 
and Akutagawa, 1985; Herrmann and Bischof, 1986; Bottjer 
and Sengelaub, 1989). At the same time, HVc develops a strong 
projection to RA (Konishi and Akutagawa 1985; K. Nordeen 
and E. Nordeen, 1988; Mooney and Konishi, 1989). Lesions of 
1MAN between days 25 and 60 have profound effects on the 
zebra finch’s ability to produce song later in life (Bottjer et al., 
1984), whereas ablations of this nucleus in adult birds have little 
effect on singing behavior (Bottjer et al., 1984). The present data 
strengthen these behavioral and anatomical data by adding ev- 
idence for synaptic growth and addition in the HVc-to-RA path- 
way and for large-scale loss of synapses in R4 from IMAN. 
1MAN loses about 70% of its synaptic connections to the neu- 
ropil of R4 between day 25 and adulthood, mostly between 
days 25 and 53, at the time when lesions of 1MAN produce the 
most pronounced effects on song learning. It is unlikely that the 
IMAN-to-RA projection is completely without function in adults, 

as might be inferred from the effects of 1MAN lesions on be- 
havior, because 1MAN makes 4 million synapses in the neuropil 
of RA in adult zebra finches. The growth of synapses from 1MAN 
between day 25 and adulthood also supports the idea that they 
serve a specific, unknown function. The observation that HVc 
synapses arrive in RA at the time when the young zebra finch 
actually produces song for the first time in his life, strengthens 
the idea that the HVc-RA-nXIIts projection is directly involved 
in the motor control of singing. Because of the dramatic increase 
in the number of synapses from HVc in R4 after day 25, there 
remains the important question of how the acoustic environ- 
ment influences the pattern of connections made by these new 
synapses during the process of song learning. 
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